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<1>Chapter 1. Introduction 

 

John E. Hobbie  

 

<1>Description of the Arctic LTER site and project 

 

Toolik, the field site of the Arctic Long Term Ecological Research (LTER) project, lies 

170 km south of Prudhoe Bay in the foothills of Alaska’s North Slope near the Toolik Field 

Station (TFS) of the University of Alaska Fairbanks (Fig. 1.1).[INSERT FIGURE 1.1 HERE] 

The project goal is to describe the communities of organisms and their ecology, to measure 

changes that are occurring, and to predict the ecology of this region in the next century. Research 

at the Toolik Lake site began in the summer of 1975 when the completion of the gravel road 

alongside the Trans-Alaska Pipeline, now called the Dalton Highway, opened the road-less North 

Slope for research. This book synthesizes the research results from this site since 1975, as 

supported by various government agencies but mainly by the U.S. National Science Foundation 

(NSF), and focuses on the Arctic LTER project started in 1987.  

Toolik Lake is located in the foothills of the North Slope (Fig. 1.1), the arctic region of 

northern Alaska, at 68o38’N and 149o43’W and an altitude of 719 m. The LTER research site is 

defined as the catchment south of the junction of two rivers: the Toolik Lake outlet and the 

headwaters of the Kuparuk River (Fig. 1.2).[INSERT FIGURE 1.2 HERE] The view looking 

south from above Toolik Lake shows the Toolik Field Station, the inlet stream, numerous lakes 

in the inlet basin, and the Brooks Range (Fig. 1.3).[INSERT FIGURE 1.3 HERE] 
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The North Slope (about the size of Nebraska) encompasses the 207,000 km2 of Alaska 

that drain to the Arctic Ocean. There are three physiographic divisions: coastal plain (71,000 

km2), foothills (62,400 km2), and mountains (73,600 km2). The North Slope is underlain by 

hundreds of meters of permafrost, which is defined as earth material (soil, rock, ice, and organic 

matter) that remains at or below 0 °C for at least two consecutive years (van Everdingen 1988). 

Permafrost is a product of the low annual temperature of -8 oC at Toolik; it limits the plants and 

roots to the upper layer of soil, called the active layer, which thaws during the three months of 

summer. Permafrost also holds the ~300 mm of annual precipitation at the surface so the tundra 

is moist, rivers and streams plentiful, and wetlands, ponds, and lakes abundant.  

The largest disturbance affecting this site occurred when a series of glaciers advanced 

northward from the valleys of the Brooks Range during the last ice age. Today, the age of the 

land surface across the research site is either >300,000 years, ~60,000 years, or ~10,000 years 

(Chapter 3). The age affects the chemistry and topography with the result that there are 

characteristic drainage patterns, land forms, and even vegetation communities on each of these 

glacial tills.  

The dominant plants of the foothills are the sedges and grasses of tussock tundra, a 

vegetation type that covers some 80 % of arctic Alaska. Low shrubs, including birches and 

willows, grow between the tussocks and abundantly along the streams. Nutrients, particularly 

nitrogen (N), are in short supply and primary productivity low. Low concentrations of N and 

phosphorus (P) are also found in streams and lakes; both are ultra-oligotrophic. During the nine 

months of winter the lakes are covered with ~1.5 m of ice and the streams are frozen solid. 

 

<2>Advantages of the Site for LTER Research 
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The LTER program includes more than 20 sites located in most of the major biomes of 

the U.S., surrounding oceans, and of the Polar Regions. In the north, there is the boreal Bonanza 

Creek site near Fairbanks, Alaska, and the Arctic LTER site at Toolik Lake. For comparative 

studies of ecological questions in the LTER network, the Toolik site provides the cold end of a 

temperature gradient and also a virtually pristine site where natural communities of fish and 

wildlife continue to exist and there is little air-borne pollution. There is virtually no nitrogen 

deposition from acid rain and the western Arctic location of the site minimizes the cross-pole 

deposition of pollutants (Ford et al. 1995). This contrasts with the Canadian Arctic where 

deposition of pollutants from Europe can be high.  

The site has become the location for a large number of non-LTER research projects, 

many of which cooperate with the LTER. It is quite probably the best known arctic research site 

because of logistics that include an excellent living and research facility, helicopter and truck 

transportation, the availability of the LTER database containing all the data since 1975, and 

availability of climate information from the LTER and the TFS. The LTER data set provides 

researchers with climate data, soil chemistry information, vegetation distribution information, the 

results of experiments, and other ecological information from many projects. In addition, 

scientists make use of the long-term terrestrial experiments (some running for more than 20 

years) of warming the tundra, fertilizing the tundra and streams, reducing the available solar 

radiation to plants, and excluding grazing animals. 

 

<1>History of Research at the Toolik LTER site 
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<2>Research on the Coastal Plain: Naval Arctic Research Laboratory (NARL) 

 

Environmental research on the North Slope of Alaska, summarized by Hobbie (1997) and 

Shaver (1996), began during the 1882 First International Polar Year when a research station was 

set up at Barrow. Over the next 60 years, expeditions collected plants and animals and surveyed 

the geological features. “Big science” in the north began in 1947 when the Arctic Research 

Laboratory, the predecessor of NARL, was established at the edge of the coastal plain at Barrow. 

The Office of Naval Research (ONR) at that time operated as a source of federal money for basic 

research at university laboratories (summarized from England 1982). Over the next three 

decades, NARL-ONR-supported research covered every aspect of the arctic environment 

including soils, vegetation, permafrost, beach formation, microbiology, taxonomy, marine 

biology, limnology, and atmospheric concentrations of carbon dioxide. The enlightened attitude 

of ONR was stated by Britton (1973, p. 11) that to the Navy "fell a first responsibility, and what 

might be considered a moral commitment, to learn both how to use the environment and how to 

protect it." Not only was research carried out near Barrow, but also float planes were used to set 

up field camps in the mountains on deep lakes in the Brooks Range (Livingstone et al. 1958, 

Hobbie 1964). 

“Big international science” reached the North Slope in the three years (1971-1973) of the 

NSF-funded International Biological Programme (IBP) at Barrow. The overall themes were (1) 

to develop a predictive understanding of the arctic ecosystem, (2) to obtain a database for 

modeling and comparison, and (3) to use environmental knowledge for problems of degradation, 

maintenance, and restoration of ecosystems. All of the major ecosystem components such as 

primary producers, decomposers, herbivores, predators, climate and microclimate, and soils, 
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were studied on the same site. For the aquatic study, investigators focused on three small ponds 

(results synthesized in Hobbie 1980). In the terrestrial study, the focus site was the wet sedge 

tundra (reported in Brown et al. 1980). One of the ways the entire project was integrated was the 

whole-system goal of understanding carbon, nitrogen, and phosphorus cycling. The scale of 

support and facilities enabled scientists to go far beyond descriptive ecology and investigate the 

processes and controls of carbon and nutrient fluxes. And the scale of support was immense; 

there were hundreds of scientists at Barrow during the IBP, 32 authors for the terrestrial book, 

and 19 for the aquatic study.  

In many ways, some of the IBP goals were ahead of the available technology. Computer 

programs for a database had to be written de novo, took years to complete, and never worked 

well. Ecological modeling of large systems was just beginning and computers were small; model 

results were inconclusive although the aquatic program pioneered the development of stochastic 

versions of deterministic models (e.g., Tiwari et al. 1978). However, the processes necessary for 

the modeling were studied in well-documented detail, many for the first time in the Arctic. The 

relationships and parameters from the IBP studies are still used in ecological modeling today 

(e.g., the effects of temperature and moisture on decomposition determined by Flanagan and 

Veum (1974)). The integration of research caused by the modeling efforts, by the concentration 

of research onto a single site, and by the crush of scientists and students into the close living and 

laboratory quarters at NARL produced close interactions and sharing of information. 

 

<2>Research in the Foothills: Toolik Lake, R4D, LTER 
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At the end of the IBP project in 1974, the aquatic scientists decided to look for a new site 

on the North Slope where they could investigate deeper lakes in the foothills, an area never 

before studied in arctic Alaska. At the same time the opening of the Dalton Highway in 

September 1974, the Prudhoe to Fairbanks supply route for the oil fields, suddenly created access 

to a magnificent environmental transect across the heart of northern Alaska. In June 1975 an 

ecological team surveyed the habitats along the road and chose Toolik Lake because it was 

suitably deep, contained fish, and contrasted with the shallow coastal ponds studied under IBP. 

Later the other advantages of the site became obvious: small lakes and headwater streams were 

nearby and a complex glacial history provided a variety of soils and vegetations.  

In 1975, research supported by the Division of Polar Programs (NSF) began at Toolik 

Lake at a small tent camp next to the lake on a former airstrip near the 400 person Toolik Lake 

Camp pipeline construction facility. The construction camp, built in 1970, used the lake for 

drinking water and the camp waste water (from tertiary treatment) drained downstream of the 

lake. One likely impact of the construction camp was recreational fishing for lake trout. An 

impact of the construction of the Dalton Highway was the mining of gravel deposits from 

periglacial kames in the catchment of Toolik Lake. When this occurred the underlying 

permafrost thawed and exposed previously frozen soil to weathering. One stream affected by 

gravel removal still showed elevated concentrations of alkalinity and phosphate 30 years later 

(see Chapters 6 and 10; Hobbie et al. 1999). 

The aquatic NSF research initially focused on the determination of the biomass and 

cycles of the organisms in the lake as well as the rates of primary productivity and chemical 

cycles of the nutrients. Some years later, the NSF research emphasized manipulations of the 

predators or fertilization of whole lakes to allow for comparisons of biotic controls of trophic 
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structure by top-down and bottom-up mechanisms. The lake work was augmented by studies of 

the nearby Kuparuk River, begun in the late 1970s. Here too, initial studies of the biology of 

organisms were followed by manipulations of nutrients and fish. O’Brien et al. (1997) and 

Hershey et al. (1997) synthesized the results of the observational studies of lakes and streams but 

not the results of the experiments, which are now described in Chapters 7 and 8.  

By 1979 terrestrial ecologists were using the Toolik Field Station as a site for research on 

nutritional controls over plant growth. Experiments on effects of increased temperature and 

nutrients and decreased light levels on tundra plants began in 1982. Additional base-line 

information for the LTER terrestrial studies came from a large multi-investigator study 

sponsored by The Department of Energy (DOE) in the late 1980s. The aim of this “R4D” study 

of response, resistance, resilience, and recovery was to predict the effects of disturbance. Results 

were synthesized in a special journal issue (Oechel 1989) and a book (Reynolds and Tenhunen 

1996). 

The Arctic LTER project was funded in 1987 to carry out a long-term study of streams, 

lakes, and tundra. The goal of the project is to understand all of the arctic ecosystems around 

Toolik Lake, their structure, function, and interactions, in order to predict the effects of changing 

landscapes and climate. A major approach of the Arctic LTER group continues to be the analysis 

of results of long-term, whole-ecosystem experiments, along with monitoring of key ecological 

variables over long time periods (Chapters 5, 7, and 8). A growing emphasis in the LTER 

research is the linkages between terrestrial and aquatic ecosystems, which requires a scaling-up 

of knowledge from individual plots, lakes, and streams to hill slopes, larger basins and 

heterogeneous landscapes (Chapter 6). Shaver (1996) has written a detailed history of the early 

terrestrial research at Toolik Lake. 
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The research reported in this volume was possible only because of the continued support 

of the NSF, especially of the Office of Polar Programs, for projects and for the construction and 

support of the Toolik Field Station operated by the Institute of Arctic Biology of the University 

of Alaska Fairbanks. LTER funds from NSF’s Division of Environmental Biology also have 

provided vital support for administration, for long-term observations, and for synthesis. The 

long-term help of the administration and logistics staff of UAF’s Institute of Arctic Biology is 

gratefully acknowledged.  

 

<1>The Natural Setting 

 

<2>The Kuparuk Basin 

 

The LTER site lies in the Kuparuk River Basin, a 9,000 km2 catchment stretching from 

the edge of the Brooks Range on the south to the Arctic Ocean on the north (Fig.1.4).[INSERT 

FIGURE 1.4 HERE] The elevation varies from sea level at the north to 720 m at Toolik Lake to 

several thousand meters at the southern crest of the basin in the Brooks Range. The combination 

of distance from the ice-covered Arctic Ocean in the north and the high elevations of the Brooks 

Range in the south results in a summer air temperature range of 5 oC; it is coldest closest to the 

ocean and in the mountains at the south end of the basin (Fig. 1.5)[INSERT FIGURE 1.5 HERE] 

and warmest mid-basin (see Chapter 2). Irradiance is closely correlated with temperatures. Zhang 

et al. (1996) pointed out, however, that in the winter a temperature inversion is often set up with 

a maximum height of around 500 m. The result is that the coastal region, lying beneath the 
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inversion, is often colder than the southern half of the drainage basin where the elevation is 

above 500 m.  

Tundra vegetation covers the Kuparuk River basin but there are differences in tundra 

communities and in the amounts of plant material. Walker’s vegetation maps 

(www.ArcticAtlas.org) show that wet tundra (e.g., sedges) dominates the northern part or coastal 

plain part of the basin (Fig. 1.4). There are areas of moist non-acidic tundra in the northern half 

of the basin as well as small areas near Toolik Lake in the south. Much of the basin is moist 

acidic tundra dominated by cotton grass (Eriophorum vaginatum) also called tussock tundra. 

Large shrubs (e.g., willows), found along the rivers south of the coastal plain, reach their 

maximum development in the central part of the watershed. The satellite view shows that the 

maximum “greenness” (NDVI) occurs in the mid-part of the basin. The NDVI can be converted 

to leaf area index (LAI) which is the area of leaf per area of land surface; the LAI is also highest 

in the middle parts of the river basin and, reasonably enough, so is the primary productivity as 

modeled by Williams et al. (2001) at the 1 km2 scale. 

The Kuparuk River flows northward from the edge of the Brooks Range to enter the 

Arctic Ocean at Prudhoe Bay. Flow begins in late May or early June with the snowmelt peak. 

Typically there are a few increases in flow during the summer caused by rainstorms and then a 

cessation of flow in late September. The chemistry of the river is described in Kling et al. (1992) 

and McNamara et al. (2008).  

Shallow lakes and ponds formed by thermokarst activity, which is the collapse and 

settling of soil caused by the melting of buried ice, are abundant on the coastal plain of the 

Kuparuk basin even though the region was never glaciated. Ponds with a maximum depth of 50 

cm often lie in patterned ground created by ice wedges formed in the permafrost. These ponds, 
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which freeze solid every winter, were extensively studied at Barrow during the IBP (see Hobbie 

1980). Lakes with a maximum depth of around 2.5 m form on the coastal plain when the ice 

within the soil melts. The biology and chemistry of some of these ponds and lakes is reported in 

Kling et al. (1992). 

 

<2>The LTER Site 

 

The site encompasses the upper headwaters of the Kuparuk River including the drainage 

basin of Toolik Lake and the Kuparuk River basin above the confluence of the outlet stream 

from Toolik Lake (Fig. 1.2). In practical terms, the research is concentrated in the drainage 

basins of Toolik Lake, Imnavait Creek, and of the Kuparuk River above the Dalton Highway 

bridge. The Sagavanirktok River and its tributary, Oksrukuyik Creek, are also sites of research 

but are not officially part of the LTER site. The U.S. Bureau of Land Management (BLM) has 

designated nearly the entire LTER research site a Research Natural Area. 

 

 <2>Natural History 

 

The climate at Toolik Lake is characterized as low Arctic (Hobbie et al. 2003, Walker et 

al. 2005), which is tundra north of tree line with a mean July temperature of 10 to 12 oC. The 

average annual temperature at the Toolik Field Station is -8 oC but during the summer months of 

June, July, and August the average temperature may climb above 10 oC (Fig. 1.6, Chapter 

2).[INSERT FIGURE 1.6 HERE] Winter temperatures average -20 oC in the coldest months. 

While snow may fall on any day of the year, a persistent snow cover begins in mid-to-late 
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September and lasts until late May. Maximum snow depth is around 30 cm but drifts form 

behind every obstruction and in every hollow. The sun is above the horizon continuously for 

more than two months in the summer and there is no sun for two months in the winter. During 

June, July, and August of the same period in Fig. 1.7[INSERT FIGURE 1.7 HERE], the three-

month rainfall averaged 188 mm while total annual precipitation ranged from 250 to 350 mm. 

Plant photosynthesis begins as soon as the snow melts but by this time, in late May, nearly half 

of the total solar radiation for the year is already past. 

There are only a handful of arctic field stations with climates more extreme than that of 

Toolik (Fig. 1.7). These are located on the northern tip of Alaska (Barrow), in north-east 

Greenland (Zackenberg), or on the northern coast of Siberia (Samoylov). Despite its far north 

location at 79 oN, the climate of Ny-Ålesund is very similar to that of Toolik because it is located 

on the Svalbard archipelago at the northern end of the Gulf Stream. All of these field stations are 

surrounded by tundra vegetation. In contrast, the sites at Bonanza Creek, Abisko, and other 

warmer and wetter sites are located in the boreal forest. 

The low annual temperature means that permafrost, or permanently frozen ground, is 

present to a depth of about 200 m throughout the LTER site. As noted earlier, permafrost is 

defined as earth material (soil, rock, ice, and organic material) that remains frozen for at least 

two consecutive years. This is strictly a temperature-based definition and does not depend on the 

presence of ice. Nevertheless, permafrost usually does contain ice, called ground ice. This is in 

several forms: (1) massive ice (e.g., ice wedges and pingo ice); (2) ice contained within 

microscopic soil pores, or (3) discrete lenses of segregated ice that are highly variable in size and 

shape. The most common form of massive ice are ice wedges that form as a consequence of 

fairly recent and regular freeze-thaw cycles when very cold air temperatures lead to vertical 
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cracks in the soil. During snowmelt, water fills the cracks and freezes inside the permafrost. 

Eventually vertical ice wedges build up and form into honeycomb structures of slightly raised 

ridges, often with central ponds, that are called patterned ground. These formations can cover a 

few hectares to hundreds of square kilometers, especially in flat, wet terrain like the arctic 

coastal plain.  

Ground ice can impart considerable strength and structure to permafrost, but what 

happens when permafrost thaws? When buildings and roads heat the soil or reduce the insulation 

of the vegetation then massive ice inclusions will melt and the soil collapses. When ice in 

microscope pores in the soil is lost the soil may lose internal structure and subside unevenly 

under its own mass. The result of loss of ground ice is called thermokarst, which refers to uneven 

ground (karst) caused by thermal changes. Thermokarst formation is a naturally occurring 

phenomenon that is at present much more important in central Alaska than on the North Slope. 

For example, Osterkamp et al. (2000) describes the so-called “drunken forest” where boreal 

forest trees grow at strange angles on thermokarst-affected soils.  

The large-scale effects of thermokarst formation on streams, nutrient budgets, vegetation, 

and soil carbon of the arctic landscape are described in detail in Chapters 5 and 7. Across the 

entire Arctic including the North Slope, gradual warming of the permafrost is occurring; 

temperature changes in permafrost along the Dalton Highway are presented in Chapter 2. 

However, the permafrost temperatures near Toolik Lake are close to -4 oC, a long way from the 

thawing point; widespread thawing is decades or centuries in the future. 

Each summer the top layer of soil thaws to a depth of 29-46 cm (range from 1990 to 

2000) depending upon how warm and wet the summer happens to be (Hobbie et al. 2003,see also 

Chapter 6). Note that in Fig. 1.6 the soil freezing is not complete for some months after the 
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insulating snow cover accumulates. Not only does permafrost restrict the rooting zone of plants 

to the active layer, it also acts like bedrock and seals the subsoil to water penetration. The result 

is that water from snowmelt and rain is held in the active layer, especially in the organic matter-

rich upper 10-20 cm, and the soils are usually moist despite the low precipitation. When there is 

enough precipitation to saturate the soil, the resulting runoff is “flashy”. That is, there is a quick 

peak of flow in the streams but there is little water storage in the ground and the recession from 

the peak is rapid. 

The distribution of vegetation is dependent upon topography (dry ridge tops, moist hill 

slopes, lowland areas of water-saturated soils) and upon the soil chemistry as determined by the 

age of the soils (Hamilton 2003, see Chapter 3). As shown in Fig. 1.8, [INSERT FIGURE 1.8 

HERE]the oldest soils developed on glacial till from the Sagavanirktok glacial advance 

(>~300,000 years ago), the next oldest soils on till from the Itkillik I advance (~60,000 years 

ago), and the youngest soils developed on till from the Itkillik II advance (~10,000 years ago). 

As a result of interactions of topography with age of soils, there are four dominant terrestrial 

ecosystems: moist acidic tussock, moist non-acidic tussock, heath, and wet sedge (see Chapter 

5). Most of the LTER site is covered with acidic tussock tundra (Fig. 1.4). Here, a number of 

shrubs (willow, dwarf birch) and forbs are always present but the sedge Eriophorum dominates. 

Nitrogen availability limits primary productivity and nitrogen is rapidly recycled. Net ecosystem 

productivity of the North Slope is ~ 10-20 g C m-2 yr-1 (McGuire et al. 2000), while grazing by 

large and small herbivores is minimal. Non-acidic tussock vegetation grows on the youngest 

soils and tends to lack dwarf birch. Large caribou herds pass through the site every 5 to 10 years, 

and grizzly bear and wolves are the chief predators. 
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The streams in the LTER site are small, 1-10 m across, and relatively shallow. Most 

streams have bottoms covered with rocks, but some streams have peaty bottoms. Because 

nutrients are tightly held in the plants and soils, only small amounts move into the stream water 

and the resulting inorganic N and P concentrations are exceedingly low. Most of the N and P is 

bound in organic forms as dissolved organic matter (DOM). Only a little of the nutrients in the 

DOM is available to microbes, perhaps none to algae. As a consequence, stream primary 

productivity is exceedingly low; most photosynthesis occurs in algae (diatoms) attached either to 

the stream bottom or to tubes of insect larvae. The food web of the stream is based on the algae, 

and insect larvae consume the algae and are themselves consumed by other insect larvae or fish. 

Black fly larvae filter particles from the water; most of their assimilated food is dislodged algae. 

There is only one species of fish, the arctic grayling, living in the streams. Because the streams 

freeze completely each fall, the fish must migrate some tens of kilometers to deep lakes where 

they survive the winter beneath the ice cover. 

The only large lake in the LTER site is Toolik Lake, a 26 m deep lake with an area of 1.5 

km2. A number of smaller lakes near Toolik Lake, such as those shown in Fig. 1.3, have been 

used for experiments manipulating nutrients and fish species. All the lakes are ultra-oligotrophic 

with a net primary productivity around 10 g C m-2 y-1. Both N and P have very low 

concentrations, so much so that either can be limiting to primary production at any given time. 

The primary productivity of the water column in the lakes comes mainly from the 

photosynthesis of nanoplankton, which are mostly small flagellates. Because the algal production 

and biomass are so low, the zooplankton grazers are also in low numbers and often have little 

grazing control over their main food. Another major source of primary productivity is benthic 
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algae attached to rocks and sediments in the shallow regions of the lakes. These algae are grazed 

by snails which, in turn, are consumed by lake trout or burbot, the top of the food web.  

Yet another lake food web, the microbial food web, has its origins in the primary 

production of lake algae and terrestrial plants (O’Brien et al 1997). In Toolik Lake, however, the 

numbers and production of bacteria and the numbers of their predator, small colorless flagellates, 

is much higher than expected for an ultra-oligotrophic lake. The extra organic matter, which may 

be the major factor affecting bacteria, comes from the dissolved organic matter which originates 

in peat and soil organic horizons and is transported by streams from land into the lake (Chapters 

6 and 8).  

 

 <2>Vegetation and Human History 

 

The most recent glacial advance, the Itkillik II, retreated from the site around 13,000 

years before present (Fig. 1.8). Pollen records and radiocarbon dates show that the initial herb 

tundra of sedge and grass was replaced by a birch-dominated shrub tundra about 12,000 yr B.P., 

and from ~ 9,500 to 7,000 B.P. alder became established on the North Slope (Brown and Kreig 

1983, and see Chapter 4). Radiocarbon dates from the Sagavanirktok River valley and elsewhere 

in the north-central Brooks Range also indicate that peat-forming plants and woody shrubs 

became relatively widespread during this interval. Bixby (1993) reports evidence for a warming 

peak ~ 7,000 yr B.P. and an unchanged vegetation since that time. Thus the vegetation has been 

stable at Toolik Lake for the past ~ 7,000 years. 

The LTER site is close to two of the oldest sites in North America for human habitation. 

One, the Gallagher Flint Station (Brown and Krieg 1983), is some 40 km to the northeast and is 
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radiocarbon dated to 10,400 yr B.P. The location is atop a small kame that provides a wide view 

of the Sagavanirktok River valley. Another site some 200 km to the west, the Mesa Site (Kunz 

and Reanier 1994), has a similar aspect on top of a small hill, and is radiocarbon dated to 

between 11,700 and 9800 yr B.P. Both of these sites are evidently places where hunters of the 

Paleoindian Tradition would sit and scan the valleys for game while reworking flint projectile 

points and other stone tools. At this time the large herbivores included bison as well as moose 

and caribou (Kunz and Mann 1997). Archeological evidence, especially the abundant tent rings, 

indicates that for the past 400 years Nunamiut (“mountain”) Iñupiat hunters and fishermen 

camped on the glacial moraines and other dry locations in the Toolik basin (Huryn and Hobbie 

2012).  

Oil was discovered at Prudhoe Bay in 1968 and in 1970 a construction camp to build a 

supply road to Prudhoe was set up at Toolik Lake. This 400-person camp was initially set up by 

truck transport along a winter road over frozen tundra, the Hickel Highway. In 1974 the gravel 

haul road, now the Dalton Highway, was completed from Prudhoe Bay to the Yukon River and 

the construction camp closed soon after the oil pipeline was completed in 1976. The scientific 

camp at Toolik was set up in the summer of 1975 and has evolved to become the Toolik Field 

Station. In recent years the road has been opened to the public. Caribou hunters arrive in late 

summer for a bow-hunting and rifle season. Tourist buses (one per day) pass Toolik Lake and 

there are a number of private vehicles as well. The BLM regulations do not allow camping or 

off-road vehicles in the Toolik Research Natural Area.  

 

<1>Disturbance 
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Ecologists now recognize how disturbances shape landscapes (Turner et al. 2003). In 

fact, ecological systems are seldom in equilibrium; rather, they are often in some phase of 

recovery from a prior disturbance. Some of these disturbances include fire, flood or drought, 

hurricanes, insect pests, exotic species, and land use. The landscape of the Arctic LTER site is 

unusual in that the major disturbance, a glacial advance, occurred some 13,000 years ago, and 

there has been little change in the vegetation for the past 7,000 years. Fire does affect some 

tundra systems, and is the key disturbance that has shaped ecosystems of the Bonanza Creek 

LTER, the other Alaska LTER project near Fairbanks in the boreal forest. For arctic Alaska, 

Walker (1996) stated that tundra fires are rare and that there was no record of a major fire in 

arctic tundra – the general belief was the tundra was too moist for a fire to spread. But in 2007 a 

combination of a dry summer and many lightning strikes on the North Slope created a fire that 

burned close to 1,000 km2 of tussock tundra northwest of Toolik Lake. This “natural experiment” 

is under current study to determine the changes in terrestrial carbon lost to the atmosphere and to 

the streams and lakes (Rocha and Shaver 2011). 

The natural changes that take place in a landscape after disturbance by glaciers include 

the geomorphic softening of landscapes, the leaching and development of soils, the growth of 

plants, the thickening of soil organic horizons, the erosion of stream channels and formation of 

water tracks, and the formation of ice wedges. Because the LTER site includes soils of three 

different geologic ages, these processes have produced different results across the landscape. For 

example, the youngest soils have a pH of 6-7 while the soils of the older surfaces are quite acidic 

(pH 4-5) because of leaching of carbonates and accumulation of dissolved organic matter. 

Sphagnum moss is only found on the low pH surface. 
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One natural disturbance that may be increasing as the climate warms is the formation of 

thermokarst, described earlier. When ice-rich permafrost warms, whole hillsides may shift and 

new streams may form. Not only is the vegetation disturbed or destroyed but water erosion may 

transport soil and nutrients into lakes and rivers, affecting the growth of algae and the survival of 

freshwater communities. An interesting interaction between fire and thermokarst that was found 

in the large 2007 fire described above, is that when fire disturbs the insulating vegetation on the 

soil surface, deeper soils warm, ice melts, and thermokarst disturbances of the land surface 

become very common, especially around streams and lakes.  

Walker (1996) discussed in detail the possible anthropogenic disturbances in the Arctic, 

many of which are only found in industrial sites such as the Prudhoe Bay oil fields. Those 

disturbances of possible importance at Toolik Lake include: trash and solid waste, diesel or 

gasoline spills, thermokarst and thermal erosion, snow drifts from roads and buildings, 

impoundments, fire, off-road vehicle trails, roads and road dust, gravel borrow pits, acid rain or 

increased sulfates, air-borne pollutants, and climate change. Because of large-scale patterns of air 

movement, this region of the Arctic receives very low pollutant loads (Ford et al. 1995) but even 

in this isolated site PCBs and organochlorine pesticides are present in fish (Wilson et al. 1995). 

Although there are no major disturbances affecting the landscape around Toolik Lake, 

there are minor disturbances that must be kept in mind when interpreting biological and chemical 

records. This region of the Arctic is experiencing warming which started around 150 years ago. 

At Barrow, there has been an increase in the annual average air temperature by nearly 2oC in the 

past 30 years. Details of the record and projections of climate into the future are discussed in 

Chapter 2, and the responses of the Arctic LTER ecosystems to this warming are discussed 

throughout the book. At Toolik Lake there is evidence that some species of plants now have 
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more biomass and are more abundant, and that the alkalinity of streams and lakes has increased 

in the last 30 years. This change in alkalinity is very likely caused by increased weathering of 

previously frozen glacial till but the exact process remains unknown. 

Another disturbance was the establishment of research (1975) and construction camps 

(1970) at Toolik Lake. The construction camp was sited at the north end of the lake and any 

drainage of waste water entered a river downstream from the lake. The scientific camp (now the 

Toolik Field Station) always had a strict policy that all wastes are removed from the site and 

taken for disposal to Prudhoe Bay. The field station is located at the site of a former gravel 

borrow pit. 

The building of the road was, however, a measurable disturbance (Walker 1996). One 

reason was that seven gravel borrow pits were excavated within the Toolik Lake drainage basin. 

In a typical borrow pit, the upper several meters of a glacial kame, a small hill of water-sorted 

sand and gravel, was removed for road construction. The resulting surface has no organic soil 

and is very dry. As a result, there is little revegetation and in some cases grasses were seeded and 

the sites fertilized. More important, the underlying permafrost thaws over the years and exposes 

fresh glacial till and gravels to erosion and weathering. Hobbie et al. (1999) describe the stream 

flowing at the edge of one of these pits in which the stream supplies 5% of the water entering 

Toolik Lake but 35% of the phosphate. 

A second disturbance from the road is road dust. Since the road opened in 1974, each 

truck that passes creates a dust plume, especially in the summer. The dust is deposited downwind 

in a log-decay relationship, where the amount of dust deposited decreases logarithmically with 

the log of distance from the road. Everett (1980) measured the dust load near Toolik over 96 

days to be 200 g m-2 at 10 m and 1.5 g m-2
 at 1000 m from the road. One effect is an earlier snow 
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melt by days and weeks along the road corridor caused by a lowered albedo of the dust-covered 

snow. Another effect is a change in reflectance of the road corridor that is visible in summer 

satellite pictures. While some environmental changes near the road have occurred (see Leadley et 

al. 1996), the overall importance of dust deposition is difficult to determine; however, there is no 

evidence so far of any widespread major changes in vegetation or surface water chemistry. 

 

<1>Research Approach of the Arctic LTER Project 

 

<2>Observations of Year-To-Year and Long-term Variability 

 

There are a large number of routine measurements made at regular intervals. These 

measurements include year-round climate measurements at several sites, stream and lake 

temperatures, the transparency and oxygen content of lakes, primary productivity of tundra, 

streams, and lakes, nutrient content of streams and lakes, stream flow, the algal biomass 

(chlorophyll a) of stream rocks and lake waters, zooplankton abundance and species, and fish 

abundance and growth. Nearly 12,000 grayling have been tagged in the Kuparuk River. 

With these measurements, we can describe the environmental variables at the Arctic 

LTER site; this baseline is beginning to allow scientists to distinguish changes from the noise of 

year-to-year variability. Some long-term changes have already been noted such as a change in 

the alkalinity of streams and small changes in the dominant vegetation types (Hobbie et al. 

1999). The year-to-year variation also gives information on the controls of plant flowering and 

grayling growth. For example, adult grayling grow best in summers with cold temperatures and 
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high water flow while young grayling grow best in low water flows of warm and dry summers 

(Deegan et al. 1999, and see Chapter 7).  

 

<2>Experiments  

 

Large-scale experiments, that is, larger than plot level, are an important tool for 

developing and testing our ecological understanding. For example, Chapin et al. (1995) report on 

experiments on the tundra that use greenhouses with nutrient additions and covered with shade 

cloth or with clear plastic. The Arctic LTER experiments have included: 

• Tundra: heat soil, reduce light, fertilize, exclude grazers (Fig. 1.9) [INSERT FIGURE 1.9 

HERE] 

• Land-water: increase soil moisture 

• Stream: fertilize, add or remove predators 

• Lake: fertilize, add or remove top predator (lake trout), add predator (sculpin). 

Response to these manipulations is often slow; we found that the results of greenhouse-

heating of tundra was different after nine years than after three or six years. Furthermore, 

response is often unexpected; mosses in a fertilized reach of stream came to dominate plant 

biomass, but only after a decade of low-level fertilization. Some of the large-scale experiments 

of the Arctic LTER were begun before the start of the LTER project. For example, stream 

fertilization began in 1983. 

 

<2>Process Studies 
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The measurements of processes include growth of organisms, primary productivity of 

stream and lake algae, changes in biomass, predation, rates of product appearance in chemical 

reactions, uptake rates of stable and radioactive elements (14C, 13C, and 15N), respiration rates, 

nitrification, and the growth of microbes. In many cases, the controls of the rates can be 

measured over a range of conditions (e.g., temperature, nutrients, light), that are manipulated in 

our large-scale experiments.  

 

<2>Synthesis 

 

One approach to synthesis is the construction of a budget of element fluxes and 

transformations based on field and experimental measurements. This approach can be extended 

by bringing together process information to describe fluxes and cycles in whole ecosystems, 

catchments, and river basins. Modeling can provide another means of synthesis, for example in 

the model of the gross primary productivity for the entire Kuparuk River basin (Williams et al. 

2001). Data from several field plots were initially used to construct a very detailed 

physiologically-based model with a half-hourly time step and plant responses to temperature, 

light, CO2, N content of leaves, and water. Next a simplified version of the model was developed 

using satellite NDVI to relate leaf area index to leaf N content, and then scaled up to the entire 

Kuparuk River basin at an hourly time step throughout the summer. The results have been tested 

against eddy correlation studies of net carbon flux at a number of sites in the basin, and a map 

was developed of the spatial distribution of gross primary production. This model illustrates the 

power of mathematical modeling for synthesizing observations and measurements made from 
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very small to very large scales, which has proved useful in the integration and understanding of 

our many studies conducted by the LTER, as described in detail in several chapters of this book. 

 

 <1>References 

 

Bixby, R. J. 1993. The Paleolimnology of Two Arctic Lakes: Regional and Local Changes in 

Climate. M.S. Thesis, University of Cincinnati, OH. 

Britton, M. E. 1973. Introduction. Pages 9-15 in M. E. Britton, editor. Alaskan Arctic Tundra. 

Arctic Institute of North America Technical Paper No. 25. Washington, D.C. 

Brown, J., P. C. Miller, L. L. Tieszen, and F. L. Bunnell. 1980. An Arctic Ecosystem. In J. 

Brown, P. C. Miller, L. L. Tieszen, and F. L. Bunnell, editors. Dowden, Hutchinson, and 

Ross, Stroudsburg, PA.  

Brown, J., and R. A. Kreig. 1983. Elliott and Dalton Highways, Fox to Prudhoe Bay, Alaska: 

Guidebook to Permafrost and Related Features. Fourth International Conference on 

Permafrost, University of Alaska, Fairbanks. 

Chapin, F. S., III, G. R. Shaver, A. E. Giblin, K. J. Nadelhoffer, and J. A. Laundre. 1995. 

Responses of arctic tundra to experimental and observed changes in climate. Ecology 

76:694-711. 

Deegan, L., H. Golden, C. J. Harvey, and B. J. Peterson. 1999. The influence of environmental 

variability on the growth of age 0 and adult arctic grayling. Transactions of the American 

Fisheries Society 128:1163-1175. 

England, J. M. 1982. A patron for pure science: The National Science Foundation's Formative 

Years, 1945-57. National Science Foundation, Washington, D.C. 423 p. 



24 
 

Everett, K. R. 1980. Distribution and properties of road dust along the northern portion of the 

Haul Road. US Army Cold Regions Research Engineering Laboratory, Report 80-19, pp. 

101-128. 

Flanagan, P. W., and A. K. Veum. 1974. Relationships between respiration, weight loss, 

temperature and moisture in organic residues on tundra. Pages 249-277 in A. J. Holding, 

O. W. Heal, S. F. MacLean, Jr., and P. W. Flanagan, editors. Soil Organisms and 

Decomposition in Tundra: Proceedings of the Microbiology, Decomposition and 

Invertebrate Working Groups Meeting, Fairbanks, Alaska, August 1973. Stockholm: 

International Biological Programme Tundra Biome Steering Committee. 

Ford, J., D. Landers, D. Kugler, B. Lasora, S. Allen-Gil, E. Crecelius, and J. Martinson. 1995. 

Inorganic contaminants in Arctic Alaskan ecosystems: Long-range atmospheric transport 

or local point sources? Science of the Total Environment, Special Issue, Ecological 

Effects of Arctic Airborne Contaminants 160/161:323-335. 

Hamilton, T. D. 2003. Glacial geology of the Toolik Lake and upper Kuparuk River regions. 

Biological Papers of the University of Alaska, Number 26. 

Hershey, A. E., W. B. Bowden, L. A. Deegan, J. E. Hobbie, B. J. Peterson, G. W. Kipphut, G. 

W. Kling, M. A. Lock, M. C. Miller and J. R. Vestal. 1997. The Kuparuk River: A long-

term study of biological and chemical processes in an arctic river. Pages 107-129 in A. 

Milner and M. W. Oswood, editors. Alaskan Freshwaters. Springer-Verlag, New York. 

Hobbie, J. E. 1964. Carbon-14 measurements of primary production in two Alaskan lakes. 

Verhandlungen der Internationalen Vereinigung Limnologie 15:360-364. 

Hobbie, J. E. 1980. Limnology of Tundra Ponds, Barrow, Alaska. In J. E. Hobbie, editor, 

US/IBP Synthesis Series No. 13. Dowden, Hutchinson and Ross, Inc., Stroudsburg, PA. 



25 
 

Hobbie, J. E. 1997. History of limnology in Alaska: Expeditions and major projects. Pages 45-60 

in A. M. Milner and M. W. Oswood, editors. Freshwaters of Alaska: Ecological 

Syntheses. Springer-Verlag, New York. 

Hobbie, J. E., B. J. Peterson, N. Bettez, L. A. Deegan, W. J. O'Brien, G. W. Kling, and G. W. 

Kipphut. 1999. Impact of global change on biogeochemistry and ecosystems of an arctic 

freshwater system. Polar Research 18:207-214. 

Hobbie, J. E., G. Shaver, J. Laundre, K. Slavik, L. A. Deegan, J. O‘Brien, S. Oberbauer, and S. 

MacIntyre. 2003. Climate forcing at the Arctic LTER Site. Pages 74-91 in D. Greenland, 

D. Goodin and R. Smith, editors. Climate Variability and Ecosystem Response at Long-

Term Ecological Research (LTER) Sites. Oxford University Press, New York. 

Huryn, A. D., and J. E. Hobbie. 2012. Land of Extremes: A Natural History of the Arctic North 

Slope of Alaska. University of Alaska Press, Fairbanks. 

Kling, G. W., W. J. O’Brien, M. C. Miller, and A. E. Hershey. 1992. The biogeochemistry and 

zoogeography of lakes and rivers in arctic Alaska. Hydrobiologia 240:1-14.  

Kunz, M. L., and D. H. Mann. 1997. The Mesa Project: Interactions between early prehistoric 

humans and environmental change in Arctic Alaska. Arctic Research of the United States 

11:55-62. 

Kunz, M. L., and R. E. Reanier. 1994. Paleoindians in Beringia: Evidence from arctic Alaska. 

Science 263:660-662. 

Leadley, P. W., H. Li, B. Ostendorf, and J. F. Reynolds. 1996. Road-related disturbances in an 

arctic watershed: Analyses by a spatially explicit model of vegetation and ecosystem 

processes. Pages 387-415 in J. F. Reynolds and J. D. Tenhunen, editors. Landscape 

Function and Disturbance in the Arctic Tundra. Ecological Studies 120. Springer, Berlin. 



26 
 

Livingstone, D. A., K. Bryan, Jr., and R. G. Leahy. 1958. Effects of an arctic environment on the 

origin and development of freshwater lakes. Limnology Oceanography 3:192-214. 

McGuire, A. D., J. Clein, J. M. Melillo, D. W. Kicklighter, R. A. Meier, C. J. Vorosmarty, and 

M. C. Serreze. 2000. Modeling carbon responses of tundra ecosystems to historical and 

projected climate: the sensitivity of pan-arctic carbon storage to temporal and spatial 

variation in climate. Global Change Biology 6:S141-S159. 

McNamara, J. P., D. L. Kane, J. E. Hobbie, and G. W. Kling. 2008. Hydrologic and 

biogeochemical controls on the spatial and temporal patterns of nitrogen and phosphorus 

in the Kuparuk River, arctic Alaska. Hydrological Processes 22:3294-3309. 

Muller, S. V., D. A. Walker, F. E. Nelson, N. Auerbach, J. Bockheim, S. Guyer, and D. Sherba. 

1998. Accuracy assessment of a land-cover map of the Kuparuk River basin, Alaska: 

considerations for remote regions. Photogrammetric Engineering and Remote Sensing 

64:619-628. 

O’Brien, W. J., M. Bahr, A. E. Hershey, J. E. Hobbie, G. W. Kipphut, G. W. Kling, H. Kling, M. 

McDonald, M. C. Miller, P. Rublee, and J. R. Vestal. 1997. The limnology of Toolik 

Lake. Pages 61-106 in A. M. Milner and M. W. Oswood, editors. Freshwaters of Alaska. 

Ecological Studies 119, Springer-Verlag, Berlin. 

Oechel, W. C. 1989. Nutrient and water flux in a small arctic watershed: An overview. Holarctic 

Ecology 12:229-237. 

Osterkamp, T. E., L. Viereck, U. Shur, M. T. Jorgenson, C. Racine, A. Doyle, and R. D. Boone. 

2000. Observations of thermokarst and its impact on boreal forests in Alaska, U.S.A. 

Arctic, Antarctic, and Alpine Research 32:303-315. 

Reynolds, J. F., and J. D. Tenhunen, editors. 1996. Landscape Function and Disturbance in 



27 
 

Arctic Tundra. Ecological Studies 120, Springer-Verlag, Berlin.  

Rocha, A. V., and G. R. Shaver. 2011. Postfire energy exchange in arctic tundra: The importance 

and climatic implications of burn severity. Global Change Biology 17:2831-2841. 

Shaver, G. R. 1996. Integrated ecosystem research in northern Alaska, 1947-1994. Pages 19-33 

in J. F. Reynolds and J. D. Tenhunen, editors. Landscape Function and Disturbance in 

Arctic Tundra. Ecological Studies 120, Springer-Verlag, Heidelberg, Berlin. 

Tiwari, J. L., J. E. Hobbie, J. P. Reed, D. W. Stanley, and M. C. Miller. 1978. Some stochastic 

differential equation models of an aquatic ecosystem. Ecological Modeling 4:3-27. 

Turner, M. G., S. Collins, A. Lugo, J. Magnuson, S. Rupp, and F. Swanson. 2003. Long-term 

ecological research on disturbance and ecological response. BioScience 53:46-56.  

van Everdingen, R. 1998, revised May 2005. Multi-language glossary of permafrost and related 

groundice terms. Boulder, CO: National Snow and Ice Data Center/World Data Center 

for Glaciology. http://nsidc.org/fgdc/glossary/. 

Walker, D. A. 1996. Disturbance and recovery of Arctic Alaskan vegetation. Pages 35-71 in J. F. 

Reynolds and J. D. Tenhunen, editors. Landscape Function and Disturbance in Arctic 

Tundra. Ecological Studies 120, Springer-Verlag, Berlin. 

Walker, D. A., M. K. Raynolds, F. J. A. Daniëls, E. Einarsson, A. Elvebakk, W. A. Gould, A. E. 

Katenin, S. S. Kholod, C. J. Markon, E. S. Melnikov, N. G. Moskalenko, S. S. Talbot, B. 

A. Yurtsev, and CAVM Team. 2005. The Circumpolar Arctic Vegetation Map. Journal of 

Vegetation Science 16:267-282.  

Williams, M., E. B. Rastetter, G. R. Shaver, J. E. Hobbie, E. Carpino, and B. L. Kwiatkowski. 

2001. Primary production of an arctic watershed: An uncertainty analysis. Ecological 

Applications 11:1800-1816. 



28 
 

Wilson, R., S. Allen-Gil, D. Griffin, and D. Landers. 1995. Organochlorine contaminants in fish 

from an Arctic lake in Alaska, USA. Science of the Total Environment, Special Issue, 

Ecological Effects of Arctic Airborne Contaminants 160/161:511-519. 

Zhang, T., T. E. Osterkamp, and K. Stamnes. 1996. Some characteristics of the climate in 

northern Alaska. Arctic and Alpine Research 28:509-518. 



29 
 

<1>Chapter 2. Climate and Hydrometeorology of the Toolik Lake Region and the Kuparuk 

River Basin: Past, Present, and Future  
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<1>Introduction to the Toolik Field Station and the Kuparuk River Basin  

 

The Arctic Long Term Ecological Research site is located at the Toolik Field Station 

(Toolik) in the northern foothills of the Brooks Range, Alaska, and near the headwaters of the 

Kuparuk River Basin at 68° 38’N, 149° 43’W with an elevation of 719 m. Soils in the Toolik 

region are glacial till and outwash from glacial advances approximately 10,000 and 60,000 yr 

B.P. (see Chapters 1 and 3). Soils are typically moist and vegetation is underlain by an organic 

mat and silty mineral soil with a maximum thaw depth of ~0.25 – 1.0 m in summer (Hinzman et 

al. 1991, Zhang et al. 1996). Vegetation at the site is dominated by tussock-forming sedges 

(mainly Eriophorum vaginatum ), deciduous shrubs (mainly Betula nana ), ericaceous 

evergreens (mainly Ledum palustre and Vaccinium vitis-idaea), and mosses (mainly Sphagnum 

spp.) (see Chapters 3 and 5). The temperature regime for this region has been relatively stable for 
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the last 7,000 – 7,500 years, and favorable for peat accumulation, while prior to ~10,000 yr B.P. 

conditions were much colder and drier (Kaufman et al. 2004, Chapter 4). 

 The Kuparuk River basin (KRB) extends northward from the divide of the Brooks Range 

to the Arctic Ocean, about 250 km. The river basin is centered near 70°N, 150°W and covers ~ 

9,000 km2 in area with an average elevation of 263 m above mean sea level. The Kuparuk River 

spans three principal physiographic regions: the mountainous headwaters (elevation ~1000 m), 

the foothills (600-1000 m), and the flat arctic coastal plain near the river’s delta at Prudhoe Bay 

(below 100 m). The basin is underlain by continuous permafrost that reaches depths as great as 

600 m in the north; the frozen ground acts as an impermeable boundary that generally hinders 

water infiltration.  

The climate of the KRB is dominated by the cold season, during which snow covers the 

surface for about two-thirds of the year. Snowmelt is between mid-May and mid-June and 

provides up to 80% of the river’s annual runoff into the Arctic Ocean. Total snowfall amounts 

are relatively low, with a typical value of 120 mm snow water equivalent (SWE) in any given 

year. Yet, snowfall (SWE) accounts for about half of the annual precipitation input into the 

catchment and may occur at any time of the year. High-wind conditions and blowing-snow 

events are also common in the basin, especially near the arctic coastline and in mountainous 

regions. Similar to other arctic regions, the KRB has experienced climate change and variability 

during the past few decades. Throughout the 1980s and 1990s, near-surface air temperatures 

warmed by about 2 °C in this region (Serreze et al. 2000), a trend which slowed somewhat in the 

early 2010s with the initiation of the ‘cold’ phase of the Pacific Decadal Oscillation. In response 

to increasing air temperatures and to increases in snow depth, a significant increase in permafrost 
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temperature (up to 1.5 °C at a 20-m depth over a 15 yr period) was reported for the area by 

Osterkamp and Romanovsky (1996). 

  

<1>Climate Datasets  

 

 As part of the North Slope Hydrology Research Project of the Water and Environmental 

Research Center (WERC) at the University of Alaska Fairbanks, meteorological information has 

been recorded throughout the KRB since 1985. Meteorological stations operated by the WERC 

typically consist of a 3-m or 10-m mast with a suite of instruments that measure similar 

meteorological parameters as those measured at Toolik. Four Wyoming snow gauges along the 

Dalton Highway from Atigun Pass to Prudhoe Bay, operated by the Natural Resources 

Conservation Service, supply essential information on wintertime snowfall. 

Excluding Toolik, data from 15 meteorological sites within the KRB are summarized in 

Table 2.1.[INSERT TABLE 2.1 HERE] For these 15 sites, the period chosen begins 1 January 

1989 and ends on 31 December 2010 (22 years). Meteorological data that are sparse (e.g., 

radiation measurements during winter) are not described here. All standard meteorological 

variables are available on an hourly basis (Table 2.1) including conditions of air temperature (T), 

relative humidity (RH), wind speed (U), surface atmospheric pressure (Ps) and precipitation (P). 

In addition to measurements made throughout the KRB, instruments at Toolik have 

provided meteorological information from June 1988 to the present. Meteorological instruments 

deployed on a 5-m tower measured air temperature (T), relative humidity (RH), wind speed (U) 

and direction (φ), surface atmospheric pressure (Ps), precipitation (P), soil temperature (Ts) and 

various radiation parameters. The Toolik data chosen for study begin on 1 January 1989 and end 
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on 31 December 2010 (21 years). 

Snow data discussed in detail here include data from the Kane and Hinzman group (Kane 

and Hinzman (2007) based at the University of Alaska Fairbanks (UAF), the NRCS Snotel 

network, and the gridded weekly snow cover estimates from Armstrong and Brodzik (2005) 

based on D. Robinson’s work on digitizing NOAA/NWS charts (Robinson et al. 2001). 

Correction factors for gauge-based data in the NCDC Global Summary of the Day archive are 

provided by D. Yang (Yang et al. 2005). 

 

<1>Analyses of Historical Climate Data from the Arctic LTER site 

  

Climate data collected at Toolik by the LTER project and the Toolik Field Station staff 

were used to examine seasonal values and long-term trends of incoming solar radiation, surface 

air temperature, ground temperatures (surface and 20 cm), precipitation, wind speed and wind 

direction at 5 m, and growing season length. Hourly meteorological data recorded at Toolik for 

the period 1989-2010 were checked, summed, and averaged to derive monthly or annual values. 

Periods of less than two weeks with missing values were filled in through linear interpolation. 

For precipitation, frequent periods of missing data greater than two weeks were filled in with 

data from the nearby Imnavait Creek watershed. General descriptions of the measurements and 

climatology will be provided, followed by a discussion of trends in each component of the 

climate system.  

 

<2>Solar Radiation and Thermal Regime 
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At Toolik a pyranometer (Kipp and Zonen CMP-6) currently measures global solar 

radiation (sun + sky, 400-1100 nm). Solar radiation data collected from 2009-2010 show clear 

seasonal variation in solar radiation received at Toolik (Fig. 2.1).[INSERT FIG. 2.1 HERE] 

Between mid-November and the end of January, the incident solar radiation is insignificant (< 

0.005 kW m-2). Beginning in February, solar radiation increases, peaks around the summer 

solstice, and then decreases to negligible intensity around mid-November. The incoming solar 

radiation per unit area is strongly affected by the low solar angle (maximum of ~45º at summer 

solstice). Consequently, Toolik receives far less solar radiation than tropical locations; peak 

summer radiation is ~0.35 kW m-2.  

Based on the record from 1989 to 2010, annual surface air temperature at 5 m (SAT 5 m) 

at Toolik fluctuated within the range -10.6 ºC (1999) to -5.8 ºC (1993) (Table 2.2).[INSERT 

TABLE 2.2 HERE] The average annual SAT during this period was -8.5 ºC. During this period, 

SATs reached their minimum typically between January and March and their maximum in July, 

with the exception of 2005 when the maximum was in June. 

The relationship of SAT to the ground surface temperature (GST) at Toolik is heavily 

influenced by snow. As Stieglitz et al. (2003) demonstrated, changes in ground temperature are 

not a direct expression of changes in the overlying air temperatures but also depend on changes 

in snow depth. As an effective insulator, snow attenuates the daily SAT signals – the deeper the 

snow pack, the higher the attenuation of the daily SAT signals. The GST record Toolik showed 

significant attenuation of the winter SAT signal (Fig. 2.2).[INSERT FIG. 2.2 HERE]  

Due to the insulation of snow, GST represents an attenuated SAT but with higher 

temperatures in winter. During the same period as the SAT measurements, the annual ground 

surface temperature (GST) at Toolik fluctuated within the range -4.5 C (1994) to -0.1 ºC 
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(1998) (Table 2.3)[INSERT TABLE 2.3 HERE]; the annual average was -2.4 ºC. During this 

period, GST reached minimum values typically between January and March and maximum 

values between June and July. 

As the GST signal propagates through the subsurface, the signal is attenuated and phase 

shifted. However, at the shallow subsurface (20 cm) the phase shift was insignificant and the 

ground temperature signal at 20 cm (GT 20 cm) tracked the GST signal closely. During the same 

period, the annual GT 20 cm fluctuated within the range -4.8 ºC (1994) to -1.3 ºC (1998) (Table 

2.4)[INSERT TABLE 2.4 HERE]. The minimum and maximum temperatures occurred in the 

same years as those of the GST. The average annual GT 20 cm during this period was -2.9 ºC. 

The seasonal trend of GT 20 cm was similar to that of the GST and reached a minimum typically 

between January and March and a maximum typically in the month of July. 

 

<2>Precipitation 

 

During the period 1989 to 2008, annual precipitation at Toolik ranged from 249 mm yr-1 

(1994) to 407 mm yr-1 (1996) (Table 2.5)[INSERT TABLE 2.5 HERE). Average annual 

precipitation during this period was 312 mm, 60% of the precipitation fell during summer 

months (Jun through Aug), and 40% fell during winter months. Data were typically collected 

with an OTT Pluvio gauge, although missing data were filled in using the nearby Imnavait record 

as described above.  

 

<2>Growing Season Length 
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Growing season length is defined here as the number of days in a year that the average 

daily SAT is above freezing. This liberal definition of growing season is used here because arctic 

plants are highly frost tolerant. The length of the growing season in the Arctic has been projected 

by some to increase due to earlier snowmelt (Foster et al. 1992, Stone et al. 2002), but warming 

temperatures could also lead to a deeper snow pack and a later snowmelt. Analysis of the Toolik 

growing season data reveal that from 1989 to 2010 the mean growing season length was 123  

(±3) days, with a mean start date of 15 May and a mean end date of 15 September. Linear trend 

analysis shows no statistically significant trend in the length of the growing season during this 

period (Fig. 2.3)[INSERT FIG. 2.3 HERE].  

Examining the first and second decades of this record separately (1989 to 1999, 2000 to 

2010), the mean growing season length from 1989-1999 was 128 (±4) days, with a mean start 

date of 9 May and mean end date of 14 September (Table 2.6)[INSERT TABLE 2.6 HERE]. The 

mean growing season for the period 2000-2010 was shorter than that of the previous decade, 119 

(±3) days, with a later mean start date of 20 May (11 days later) and a later mean end date of 16 

September (2 days later). At Toolik, a delay in the start of the growing season contributed 

significantly to the decrease of the growing season length.  

Growing season length calculated as functions of GST and GT also shows no apparent 

trend from 1989 to 2008. When calculated as a function of GST, the mean growing season length 

was 126 (±4) days with a mean start date of 14 May and mean end date of 17 September. When 

calculated as a function of GT at 20cm, the mean growing season length was 119 (±4) days with 

a mean start date of 23 May and mean end date of 18 September. 

 

<2>Wind Speed and Direction 
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Monthly wind speed and direction at 5 m were averaged for the period 1989-2010 to 

obtain the monthly mean wind speed and direction (Met-One sensors). The monthly means 

provide insight into the seasonal trend of wind speed and direction at Toolik. Monthly mean 

wind speed ranges from 2.48 m s-1 (May) to 4 m s-1 (Feb) (Table 2.7)[INSERT TABLE 2.7 

HERE]. On average wind comes mainly from the south, i.e.,180° (Table 2.8)[INSERT TABLE 

2.8 HERE]. During December and January, winds have a weak easterly component and come 

from south-southeast (170° in Dec and 167° in Jan). In contrast, from April to July, winds have a 

westerly component. In May, winds predominantly come from the southwest. Seasonal wind 

shifts are the result of large-scale changes in atmospheric circulation (especially the Beaufort Sea 

pressure high that dominates during the warm season) and smaller-scale processes such as 

katabatic winds from the mountains or differential heat fluxes from the ocean and land that can 

result in a pressure gradient and corresponding winds.  

 

<2>Recent Temperature and Precipitation Trends at Toolik 

 

Over the latter half of the twentieth century, arctic air temperatures increased 2-3 °C and 

the majority of this warming was in winter. Subsurface warming was also observed in borehole 

measurements. There is evidence of both SAT warming and snow depth increases in the long-

term record at Barrow (ACIA 2004). Trends during the early twenty-first century have continued 

upward at the same approximate rate for winter and autumn, but temperatures have cooled in 

spring at Barrow (author’s analysis from NWS data). Taken as a whole, the North Slope has been 
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the site of rapid climate change during the past few decades and near-surface air temperatures 

have warmed more than 3 °C over the past 60 years (Shulski and Wendler 2007). 

In contrast to the warming observed in many arctic regions during the past few decades, a 

linear trend analysis of the LTER datasets from 1989 to 2010 reveals no significant trend in SAT 

5 m (Fig. 2.4)[INSERT FIG. 2.4 HERE] or precipitation (Fig. 2.5)[INSERT FIG 2.5 HERE]. 

This is largely an artifact of the shorter period of the Toolik record than of the Barrow record; the 

Toolik record is consistent with the Barrow temperature record over their period of overlap. 

Barrow shows a long-term warming trend over its 110-year record. The air temperature sensor 

used at Toolik, and its lower boundary temperature, have also changed over time. Only 20 km to 

the south at Galbraith Lake, permafrost temperatures at a depth of 20 m in a borehole have 

increased significantly by up to 0.8 °C over the past 20 years (Smith et al. 2010), consistent with 

long-term warming in the area. It should be noted that the SAT measurements are quite variable 

from year-to-year; therefore, small changes are difficult to discern at a decadal scale. On the 

other hand, the permafrost temperature changes measured at 20 m depth are by their nature an 

integrated measure of climate over time. In fact, measurements are taken at 20 m because at this 

depth the seasonal changes are damped out, and it is easier to determine small changes in the 

trend of climate.  

In this book, several other indicators of a warming climate in the vicinity of the Arctic 

LTER site at Toolik Lake are presented. These are in addition to the warming permafrost 

temperatures and include changes in stream and lake chemistry, indicating an increase in 

weathering, and changes in the amount of plant biomass (Chapters 5, 6, 10).  

 

<1>Analyses of Historical Climate Data from the Kuparuk River Basin 
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<2>Spatial Patterns of Meteorological Parameters  

A climatology of observed meteorological parameters for the Arctic LTER site and the 

KRB over the period 1989-2010 used all available stations listed in Table 2.1. Hourly 

meteorological data recorded at the stations were summed or averaged to provide monthly or 

annual climatologies of air temperature, relative humidity, atmospheric pressure, rainfall, wind 

speed, and wind direction. Missing data were filled in by linearly weighting the corresponding 

meteorological parameters from neighboring stations inversely to the square of distance between 

stations. Those stations listed in Table 2.1 with nonexistent or missing data at the same time did 

not contribute to the weighting scheme and more emphasis was given to other locations. This 

yields a continuous, hourly time series of meteorological parameters for the stations that were 

then summed or averaged to provide monthly or annual totals and means, which were used to 

construct spatial distribution maps. 

Wind speeds measured 5 m above the surface (U5) are adjusted to a standard reference 

height of 10 m (U10) through the log-law wind relationship (Oke 1987) such that: 

 

U10 = U5 ln(z10/z0)/ln(z5/z0) = 1.08U5, 

  

where z10 = 10 m and z5 = 5 m above the surface, and where z0 (taken here as 0.001 m) 

denotes the aerodynamic roughness length. Thus the adjusted wind speeds may be compared to 

those recorded at similar heights throughout the KRB. 

Obtaining accurate records of precipitation on the North Slope of Alaska remains an 

arduous task. Gauge undercatch, frequent trace events, and other complicating factors lead to 
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large uncertainties in precipitation measurements in the region, especially for snowfall. 

Fortunately, there exists a substantial network of rainfall gauges across the KRB to estimate 

liquid precipitation amounts. For the purpose of this study, precipitation recorded when T > 0 °C 

is considered as rainfall. There are sparse measurements of snowfall such that a gauge-based 

estimate of solid precipitation is not readily available and will be discussed further in the snow 

subsection. 

An interpolation scheme was adopted to construct spatially complete data over the entire 

domain of the KRB. A grid with 0.25° × 0.25° horizontal resolution covering 68°N to 71°N and 

148°W to 151°W was first developed. Time series of meteorological data at each grid point were 

interpolated from all available stations using an inverse least squares approach as described 

previously. This provides the time series to construct the climatology for the KRB.  

 

<1>Results of Analyses 

 

<2>Air temperature 

 

The mean annual air temperature at Toolik, based on the 1989-2010 data, was relatively 

warmer than that in regions closer to the Arctic Ocean (Fig. 2.6)[INSERT FIG. 2.6 HERE]. 

There was a range of about 3.5 °C in mean annual air temperatures from north to south across the 

KRB, equivalent to a gradient of about 1.5 °C per degree of latitude. This temperature gradient 

can be attributed to factors such as incoming solar radiation, height above sea level of the station, 

and distance to the Arctic Ocean, which are latitudinally dependent. 
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<2>Relative Humidity 

 

The relative humidity (RH) at Toolik was near 75% on average. Its values show not only 

a pronounced annual cycle but also a strong diurnal one in summer. On a monthly average, the 

highest relative humidity (85-87%) occurred early in the morning (0400 local time) during 

summer, whereas the driest conditions (RH = 64-67%) occurred at any time of day during 

January or in late afternoons (1600 local time) in summer. There was a modest gradient in mean 

annual RH across the KRB from about 75% in the Upper Kuparuk to 85% at the coast.  

 

<2>Precipitation 

 

Similar to mean annual air temperatures, mean annual precipitation shows a strong 

latitudinal gradient ranging from about 130 mm yr-1 along the arctic coast and increasing 

southward to reach up to 380 mm yr-1 (Fig. 2.7A) [INSERT FIG. 2.7 HERE]. However, few 

stations report precipitation year round and these numbers are highly uncertain. More stations 

report summer rainfall and these numbers range from 50 mm yr-1 along the coast to 240 mm yr-1 

closer to Toolik (Fig. 2.7B). This sharp gradient in precipitation may be attributed in part to 

orographic effects of the Brooks Range, which enhance rainfall by mechanical lifting of air 

masses over the mountains. 

 

<2>Winds 
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The North Slope of Alaska is subjected to strong winds during the entire year; mean 

monthly 10-m height wind speeds peaked near 3.8 m s-1 in both summer and winter (Table 

2.9)[INSERT TABLE 2.9 HERE]. Peak winds registered at Toolik were in excess of 25 m s-1 

and occurred during intense winter storms. A frequency histogram of wind speeds illustrates the 

strong tendency for winds in the range of 1 to 4 m s-1, with a declining probability of stronger 

winds (Fig. 2.8)[INSERT FIG. 2.8 HERE]. Calm conditions (wind speeds < 1 m s-1) occurred 

approximately 10% of the time at Toolik. Mean annual wind speeds increased from about 3.3 m 

s-1 in the southern parts of the KRB to values > 4.0 m s-1 along the arctic coast (Fig 2.9)[INSERT 

FIG. 2.9 HERE]. 

Winds are predominantly from the south (~180o) throughout the year except during 

summer when winds exhibit a more northwesterly component (Table 2.9), making the region 

somewhat different than Toolik. Regions closer to the coast experience winds preferentially from 

the southeast compared to those further inland that experience southerly flows (Fig. 

2.10)[INSERT FIG. 2.10 HERE]. 

 

<2>Water Balance Calculations 

 

Water balance over time is a particularly interesting measure of change in the hydroclimate 

system. The water budget for the KRB may be expressed as:  

 

P = R + E + ΔS  

 

where P is precipitation, R is river runoff, E is evapotranspiration, and ΔS is a change in storage 
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(positive for a net gain of water). The evapotranspiration rate can be further partitioned into three 

distinct components: evapotranspiration with snow-free conditions (including bare soils, lakes, 

and vegetation), surface sublimation from the snowpack, and wind-related sublimation during 

periods of blowing snow. All terms are expressed here in units of mm yr-1. McNamara et al. 

(1998) provide values of P = 262 mm yr-1 and of R = 139 mm yr-1 based on observations 

collected from 1993 to 1995 and the USGS gauge at the mouth of the Kuparuk. If no change in 

soil moisture or subsurface storage (i.e., ΔS = 0) is assumed over this time period, this implies 

that E = 123 mm yr-1. Kane et al. (2004) report these numbers to be P = 359 mm yr-1, R = 181 

mm yr-1, E = 178 mm yr-1 for the Imnavait Creek watershed for 1985-2003 and assume no 

change in storage. For the KRB from 1991-2001 Déry et al. (2005) report P = 293 mm yr-1 

(including 130 mm yr-1 of snowfall in SWE) and R = 159 mm yr-1 for the Kuparuk River. They 

also calculated model-based estimates of R = 169 mm yr-1, E = 127 mm yr-1 and change in 

storage (ΔS) of 1 mm yr-1, over the same period 1991-2001. More recently, investigators are 

using gravity-based measurements to look at changes in groundwater storage. Muskett and 

Romanovsky (2011) using data from the GRACE satellite report increases in groundwater 

storage of about 1.15 km3 yr-1 for the period of 1999-2009 for the entire Arctic Coastal Plain.  

 

<2>Spatial Variability in Temperature and Precipitation 

 

 Determining spatial variability in the Arctic is difficult because strong micro-climates can 

exist even in gently sloping topography, due in part to the extreme angles of the sun. Sparse data 

throughout the Arctic are another challenge to estimating spatial variability. Figures 2.6 to 2.10 

show spatial variability on the scale of the KRB. Relative to the pan-Arctic, Alaska is colder than 
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Scandinavia in winter but not as cold as central Siberia. In summer, there is less spatial 

variability across the Arctic and sub-Arctic but a more maritime climate prevails in the coastal 

areas as sea ice retreats to the high Arctic. In general, Alaska receives less precipitation than 

Scandinavia but more than central Siberia. 

 There is an entirely different scale of spatial variability over Alaska (Fig. 2.11, Fig. 2.12). 

[INSERT FIG. 2.11 HERE][INSERT FIG. 2.12 HERE] These plots are climatologies for the 

period 1961-1990 and are the output from an analysis (combination of station and model data) 

produced by the PRISM Climate Group at Oregon State University and made available by the 

Spatial Climate Data Analysis Service. This statistical methodology for interpolating station and 

model data over complex topography is described in Daly et al. (1994) and Simpson et al. 

(2005). The mean annual precipitation on a 4 km grid shows a dominant north-south gradient, as 

also happens at the KRB and pan-Arctic scales, but with a more obvious influence of topography 

and proximity to the ocean (Fig. 2.11). The North Slope shows considerably less variability 

because the variation in the topography is smaller than the grid cell and data here are very sparse 

(WERC sites were not assimilated). A small deviation can be seen at Imnavait Creek where the 

data from the NRCS Wyoming snow gauge were assimilated. Toolik and the North Slope have a 

cold continental climate during winter, similar to that of the ice-locked coast, but a much warmer 

climate during summer, quite different than that of the arctic coast (Fig. 2.12).  

 

<1>In-depth Analysis of Snowfall and Snow Cover of the Kuparuk River Basin 

 

<2>Snow-climate Interactions 
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 Snow seasonally covers up to 40% of the Northern Hemisphere landmass and constitutes 

the most prominent transient feature across continental surfaces. With its high albedo and high 

thermal emissivity, snow cover leads to a suppression of near-surface air temperatures. The low 

thermal conductivity of snow insulates the underlying ground from the relatively cold 

atmosphere. Through surface and blowing sublimation processes, a snow cover constitutes a sink 

of energy near its surface while providing a source of atmospheric moisture (Déry et al. 1998). 

During the spring transition period, snow retained in this temporary reservoir is quickly released, 

yielding high runoff rates that contribute up to 80% of the yearly discharge of some arctic 

streams and rivers. Snow also has significant interactions with biogeochemical cycles and 

vegetation, which is discussed throughout this book. 

 Spatial variability in snow cover is found on regional (10 to 1000 km), local (100 m to 10 

km), and small (1 cm to 100 m) scales (McKay and Gray 1981, Pomeroy and Gray 1995). 

Atmospheric processes and patterns that govern storm tracks and the formation of solid 

precipitation determine the spatial distribution of snow on a regional scale (Stewart et al. 1998). 

Altitudinal control over precipitation type and intensity (by enhanced orographic lifting), in 

addition to ambient air temperatures, contribute to regional and local nonuniformity in the snow 

cover. At local scales, the elevation, slope, and aspect regulate the amount of incoming radiation 

available for melt. Snow redistribution during high-wind events further enhances the 

heterogeneous aspect of the snow cover at local to small scales. The presence of trees and shrubs 

can also influence snow depth at small scales. 

 

<2>Measurement Problems 
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 Of all climatic variables, snowfall may be the most difficult to measure well. The 

simplest bucket gauge and the most sophisticated shielded gauge share similar systematic biases 

because they disrupt the normal flow of snow in the atmospheric boundary layer, and snow 

preferentially falls away from the gauge. In addition, there are many unsystematic biases 

including unrepresentative gauge siting, mechanical failures, and snow freezing around the 

gauge (Goodison et al. 1998).  

 Previous efforts to estimate “true” precipitation, liquid and frozen, include correcting 

gauges according to the amount of precipitation they catch relative to a well-tested reference 

gauge or a pit. This correction is typically a regression function based on meteorological 

parameters such as wind speed and temperature and has shown gauge errors of up to 200% for 

snowfall (Yang et al. 2005). Biases for liquid precipitation are smaller by an order of magnitude 

and will not be addressed here. Adam and Lettenmaier (2003) published an excellent summary 

of gauge corrections. Problems associated with the statistical approach may be that it does not 

account for gauge siting and other unsystematic biases (Cherry et al. 2005).  

Other efforts to estimate solid and liquid precipitation include radar measurements, 

merged gauge-satellite analysis products, budgetary approaches, and global climate re-analyses. 

Disadvantages to these approaches include a relatively short satellite era, errors associated with 

the indirect measurement of precipitation from satellites, inconsistent levels of assimilated 

observations in the re-analyses, and errors associated with interpolating or assimilating 

sparse observations of a heterogeneous substance to large grid cells.  

 

<2>Spring Snow Melt 

 



46 
 

 The emphasis of both the WERC and the NRCS surveys has been to capture the timing 

and water equivalent of snowmelt during the spring. There are scientific as well as practical 

reasons for this. The timing of snowmelt is critical for the start of the growing season, represents 

a regime shift in land-atmosphere coupling, and is strongly controlled by the temperature of 

regional air masses and the radiation budget at the surface. When the snow pack contains liquid 

water that evaporates and condenses in clouds, downwelling longwave radiation is a particularly 

powerful mechanism for snow ablation (lead author’s field observations). The melting of snow 

and breakup of lakes and rivers also starts the active hydrologic season in which there is far more 

exchange of heat and moisture between the land, atmosphere, and ocean than in the winter. The 

other reason for emphasizing observations during snowmelt is that manual snow surveys are 

costly and time consuming. Because the active hydrologic season starts in the spring, it is simply 

the most efficient time to focus observational efforts.  

A time series of the day of the year since 1985 when the average snow depth in Imnavait 

Basin goes to zero, i.e., melts completely, is shown in Fig. 2.13[INSERT FIG. 2.13 HERE]. 

While average surface air temperatures on the North Slope have certainly increased over the past 

twenty years, there is not a strong trend in the timing of snowmelt. This plot shows a modest 

trend toward later snowmelt (caused by cooler springs or deeper snow), but this trend is not 

statistically significant. Figure 2.14 shows snow pack depletion curves for Imnavait Basin since 

1985. While the final spring snow depth maximum is not always captured, in general deep snow 

packs tend to be associated with later snowmelt years.  

 

<2>Estimates of Annual Snowfall over Time 
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 Because of the challenges of measuring solid precipitation, particularly in regions of high 

winds, the snowfall budget on the North Slope is poorly constrained. The USDA/NRCS’s Snotel 

Station network includes six stations in northern Alaska: (south to north) Gobblers Knob, 

Coldfoot, Atigun Pass, Imnavait, Sagwon River, and Prudhoe Bay. Wyoming snow gauges at 

these stations may have less undercatch than typical precipitation gauges, but they are still 

known to have losses of up to 70% or more. In the same way as for liquid precipitation, moisture 

appears to be transported from south to north. Unfortunately, the data record is less than a decade 

long for all but three of these stations and there are several missing years. However, analysis of 

the time series suggests that Imnavait is the only station to show an upward trend, although 

Atigun, the next station to the south, shows a slight decrease in total precipitation over the same 

period. These data do not have a correction factor applied, which requires a wind measurement 

that is all too often missing because of mechanical failures or animal disturbances. Correction 

factors for solid precipitation at National Weather Service stations on the North Slope vary from 

about 1.00 (no correction) to about 1.75 according to Yang et al. (2005), but only for periods 

when the anemometer was functional and only when calculated over a year or less. 

 

<2>Snow Re-distribution by Wind 

 

While snowfall is difficult to estimate, the redistribution and sublimation of snow is even 

more difficult to measure. For the KRB, Liston and Sturm (2002) used a blowing snow model 

and end-of-winter snow depth observations to determine the sublimated losses. Expressed as the 

fraction of winter precipitation returned to the atmosphere by blowing-snow sublimation, they 

estimated ~15% in the south (near Toolik) up to 34% in the north, near the coast, and a basin 
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average of 21%. These results are based on three years of observations (1995-1997) including 

snow depth, water equivalent, and interpolated meteorological observations such as wind. Déry 

and Yau (2002) took a different approach for the pan-Arctic. They looked at the large-scale mass 

balance effects of both blowing snow and surface sublimation and used the surface wind, 

temperature, and humidity fields from the European Centre for Medium-Range Weather 

Forecasts (ECMWF) Re-Analysis project for 1979-1993. They estimated sublimation of 25-50 

mm (SWE) per year, of which 2-5 mm or ~10% is due to blowing snow. From the wind fields 

they calculated a mass flux of snow to be 1-5 mm, or no more than 10% of the total sublimation. 

This mass flux increased from south to north. Both studies suggest that the blowing-snow 

sublimation had a much bigger influence over the water budget on the medium to large scale 

than does redistribution by wind. 

 

<2>Spatial Variability of Snow 

  

 Another challenge to the observation of snow is its tremendous variability over all spatial 

scales. Measurements collected from a transect in the Imnavait Basin by the WERC in 2007 

show snow depth variation on scales from 1 cm to 1 km. Modest depth differences are seen over 

the small scale, representative of tussock-scale topographic change up to the significant 

differences in distribution even in this gently sloping landscape. Liston and Sturm (2002) show 

large variability in depth distributions from 100 m to larger spatial scales, driven by larger-scale 

topography and vegetation trapping. Representative sampling in a data sparse region is 

particularly difficult. The depth sampling that occurs during the WERC snowmelt sampling 

includes averaging of 100 measurements, 1 m apart, split between two transects, 90 degrees 
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apart. Density shows less variability and is time consuming to measure, so five measurements are 

taken at each site and averaged. Berezovskaya et al. (2008) describe average snow density values 

ranging from 214 kg m-3 (in the mountains) to 248 kg m-3 (on the coast) during that year’s 

survey. While these surveys and others have expanded in recent years, the long-term 

observations of snow depth on the North Slope are generally limited to the small (2.2 km2) 

Imnavait Basin. As the North Slope is approximately the size of Nebraska, there is likely to be 

large-scale variability that is simply not captured by the existing observational programs.  

Remote sensing products derived from MODIS and AMSR-E have much greater spatial 

coverage. Their limitation is that the field of view is relatively large (100s of meters for MODIS 

and 1000s of meters for AMSR-E). For MODIS the time series of Snow Covered Area (SCA) is 

short and it depends on visible wavelengths (of no use in the Arctic during mid-winter or on 

cloudy days); for AMSR-E, there are known to be large errors in the estimate of SWE and it is 

no longer operating at the time of writing. Whenever comparing data from a pixel or grid cell 

with a ground-truth station, it is important to take into account that with few exceptions, 

meteorological stations are representative of an area much smaller than the typical pixel or grid 

cell. Comparisons of SCA over space and time for (1) the pixel nearest the Arctic LTER site, (2) 

the North Slope, and (3) Alaska, for both May and October for 1982-2006 show no significant 

trends over time. These data are from remote sensing-based snow maps digitized by D. Robinson 

and gridded by Armstrong and Brodzik (2005). However, the 25 km pixel resolution does not 

capture the small-scale melt initiation or possible shifts in ablation time on the order of days. 

This can be seen in the Kane and Hinzman data record from Imnavait Basin (Figures 2.13 and 

2.14)[INSERT FIG. 2.14 HERE]. On the other hand, records such as the one at Imnavait may not 

capture the large-scale regional trends evidenced in the satellite-based records.  



50 
 

 

<1>Recent Climate Trends of the Kuparuk River Basin 

 

The magnitude and spatial extent of high latitude warming during the past century is well 

documented and expected to continue into the next century. Over the last half-century, air 

temperatures in the Arctic have increased 2-3 °C; the majority of this warming has been winter 

warming. In many arctic regions this warming is associated with increased precipitation, a longer 

growing season, a change in the distribution of plant species, an increase in the spatial extent of 

woody species, and higher aboveground photosynthetic rates. Subsurface warming has been 

observed in borehole measurements (Fig. 2.15)[INSERT FIG. 2.15 HERE]. The impact of 

climate changes on ground temperatures is non-linear; for example, as demonstrated by Stieglitz 

et al. (2003), changes in ground temperature are not a direct expression of changes in the 

overlying air temperatures but also depend on changes in snow depth. Their study shows that 

changes in the permafrost temperatures from 1983-1998 on the North Slope of Alaska are 

consistent with decadal-scale variability in snow cover. Specifically, increase in snow cover 

contributes as much to the increase in permafrost temperature as does the increase in near-

surface air temperature. Trends in arctic cloudiness and shortwave radiation observed from 

satellites show increased cloudiness in spring and summer, decreased cloudiness in winter, and 

decreased surface albedo during all seasons with the strongest decreases in fall and winter. 

Changes in cloudiness are associated with increased cooling in the summer, fall, and winter, 

suggesting that clouds in these seasons may be damping warming trends (Wang and Key 2003). 

 In contrast to ground and air temperatures, changes in the distributions of precipitation 

are less clear. White et al. (2007) show from satellite images that there were increases in 
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precipitation in most but not all regions. Sparse ground observations in the Arctic lead to 

considerable uncertainty about the amount and distribution of precipitation. The problem of 

sparse observations is further exacerbated when station records are interpolated to fit a grid. 

Much of the uncertainty regarding precipitation and other arctic freshwater trends is tied to the 

difficulty in measuring solid precipitation. Furthermore, according to estimates by Aagaard and 

Carmack (1989), the pan-Arctic landmass is the single greatest contributor to the arctic 

freshwater budget. The uncertainty associated with arctic precipitation makes it difficult to 

interpret observed changes in surface runoff as being caused by changes in subsurface storage of 

water, land use, or precipitation distribution.  

 A confounding factor for attribution of trends in the Arctic, and the KRB in particular, is 

the strong influence of large-scale modes of variability such as the Pacific Decadal Oscillation 

(PDO), the Arctic Oscillation (AO), and the El Niño Southern Oscillation (ENSO). Of these 

modes, the PDO has the most dominant impact on this region (Papineau 2001) and its effects are 

strongest in winter. Few records in arctic Alaska capture more than two or three decadal shifts in 

the PDO, making the distinction between natural climate variability and long-term change 

difficult to make. This highlights the importance of long-term monitoring and is discussed 

further in the final section.  

  

<1>Climate Projections for the Kuparuk River Basin 

 

 General Circulation Models (GCMs) have been used to conduct climate simulations 

spanning the period 1800-2100 by the Intergovernmental Panel on Climate Change (IPCC). First, 

a control integration simulation using present-day CO2 concentrations was conducted to evaluate 
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the ability of the models to simulate today's climate and to determine the stability of the 

simulated climate. Thereafter, a warming simulation was conducted using an effective 

greenhouse forcing corresponding to that observed from 1900 to 1990 and a forcing thereafter 

which corresponds to an increase of CO2 along particular economic development pathways 

known as emissions scenarios (IPCC 2007, ACIA 2004). While mean annual air temperatures 

are expected to increase by 4-6 ºC, most of the warming is projected to occur during the winter. 

In coastal regions, nearby ice-free ocean conditions that prevail in summer months act to 

diminish the overriding warming through the high thermal inertia of the ocean. A decrease in the 

inter-annual variability of air temperature seems to be associated with an enhanced period of ice-

free ocean conditions. With higher annual air temperatures, the atmospheric water holding 

capacity increases and precipitation increases by 10 % over the next 100 years. While some 

GCM simulations do produce slightly more warming, the drying effects of enhanced warming 

are offset by enhanced precipitation. All simulations, however, yield more winter warming than 

summer warming, as has been observed.  

To determine what the long-term climate projections are for the Arctic LTER site and the 

surrounding KRB, the output from five GCMs under the B1 Emissions Scenario (SRES) was 

analyzed. Spatial distributions, climatologies, and projected time series were plotted for surface 

air temperature, precipitation, relative humidity, and wind speed and direction in order to 

correspond with the historical data. The GCMs were chosen from the full suite of IPCC AR4 

WG1 models because they are known to agree well with past observations in Alaska. These 

models, their boundaries for the KRB, and the number of grid cells used are shown in Table 

2.10[INSERT TABLE 2.10 HERE].  
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<2>Surface Air Temperature 

 

 The multi-model mean of projected annual mean surface air temperature for the decade 

2090-2099 shows a warming of the KRB of approximately 0.2 °C in the south to 3 °C in the 

northern end of the basin (compare Fig. 2.16 with Fig. 2.6)[INSERT FIG. 2.16 HERE]. 

Consequently, the north to south temperature gradient has decreased by 1.5 °C. The projected 

time series of annual mean surface air temperature over the KRB for the 21st century for each 

model and the multi-model mean show strong interannual variability, with an approximately 

linear long-term warming of ~0.4 °C per decade and a slight slowing of warming after 2070 (Fig. 

2.17)[INSERT FIG. 2.17 HERE]. However, Fig. 2.17 also shows a cold bias in the current 

temperature mean of the KRB in the model mean of ~3 °C. 

 

<2>Precipitation 

 

 The projected multi-model mean of total annual precipitation (mm) averaged for 2090-

2099 indicates a much wetter future on the North Slope with ~1.5 times the amount of current 

precipitation in the southern end of the basin and ~3 times the amount in the north (compare Fig. 

2.18 with Fig. 2.7A)[INSERT FIG. 2.18 HERE]. As was the case for temperature, these results 

also show a substantially decreased precipitation gradient from ~160 mm south to north to a 

projected 50 mm south to north. The projected time series of annual precipitation totals over the 

KRB for the 21st century show that, as is the case for temperature, there is strong interannual 

variability (stronger for individual models than for the mean) and an approximately linear 

increase in precipitation of ~10 mm per decade (Fig. 2.19)[INSERT FIG. 2.19 HERE]. However, 
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as for temperature, the multi-model mean shows an overall bias which is wet relative to the 

historical observations.  

 

<2>Relative Humidity 

 

Relative humidity is projected to remain stable over the next century, although the 

models show a much higher humidity than do the observations. The model projections show a 

reversed humidity gradient from that currently existing, with decreasing humidity from the south 

to the north. The time series shows no significant long-term trend; both the mean and time series 

are calculated for a subset of the GCMs that output relative humidity. 

 

<2>Wind Speed and Direction 

 

 Future wind speed is lower over the KRB, with a weaker gradient from south to north, 

although from the time series it can be seen that the models are simply projecting too low a wind 

speed, even for the present (data not shown). The time series actually shows a slight increase in 

wind over the course of the 21st century. The models suggest a future with a somewhat different 

wind direction (115° over most of the KRB) than the present gradient of 155-175° north to south. 

The time series also shows a modest shift from around 115° to more like 120° by end of the 

century, also with strong inter-annual variability. Again the direction of the wind in the models 

seems to be misrepresented, even for the present. This may be indicative of problems in the 

atmospheric pressure values and other dynamics for the Alaska and high arctic domain. 
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<1>Discussion and Conclusions 

 

 This chapter focuses on the climate past, present, and future for Toolik and its environs 

within the KRB. The arctic climate is highly variable on inter-annual and longer time scales. 

While at the time of this writing 20 years of observations exist at Toolik, this may be insufficient 

for significant trends to emerge in this highly variable dataset. It is easier to separate the ‘signal’ 

from the ‘noise’ in air temperature, snow depth, and ground temperatures at Barrow, for 

example, which has temperature records for over 100 years and snow depth data for more than 

50 years. The advantage that the Toolik site has over the Barrow site is the wealth of process-

oriented data described throughout this book. Certainly the various biologic, hydrologic, and 

biogeochemical processes described in the other chapters are strongly impacted by inter-annual 

variability in climate, and over the longer term, climate change. 

 The second important caveat to the past and present observations is the problem of biased 

measurement that is described throughout the snow subsection. For the case of snow, not only is 

the inter-annual variability in amount, timing, and distribution high but the measurement error is 

greater than the magnitude of long-term change over the past 20 years. This makes it particularly 

difficult to separate all of the snow-related climate parameters (i.e., precipitation and 

sublimation) using observations alone. On the other hand, the measurements taken during 

snowmelt in the KRB are of a spatial resolution unmatched in Alaska and most other northern 

basins. This is a particularly valuable dataset for the Arctic LTER community. 

 Finally, there are caveats associated with the projections of the future climate at Toolik 

and throughout the KRB. It was mentioned that for several variables the models and the multi-

model mean are simply biased in magnitude even for the present period. There are known 
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shortcomings in the models with regard to the representation of arctic clouds and their feedbacks, 

which impact the projections of many hydroclimatological processes. Another critical problem is 

the misrepresentation of atmosphere-land surface feedbacks with respect to snow, ground 

thermodynamics, and subsurface storage of water in a permafrost-dominated landscape. The 

development of most GCMs has largely focused on the equatorial dynamics. Regional model 

development for the Arctic is a field that is rapidly growing to fill this void and is making use of 

data from process studies such as those at Toolik.  

 While it seems likely that the future climate throughout the KRB will be warmer and 

wetter, with more snow, it is not entirely clear how these changes will impact other 

characteristics such as the ground temperatures and vegetation. The answer to this may depend in 

part on the seasonality and timing of changes, which may not be accurately represented in the 

climate model projections. The more information that can be gained from studying the feedbacks 

of environmental response (e.g., shifts in vegetation) to climate variations, the higher the 

accuracy of the projection of this response into the future on climate change time-scales. The 

Arctic LTER site, in coordination with other observing programs, is well positioned to provide 

the data to help build this understanding. 
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<1>Chapter 3. Glacial History and Long-Term Ecology in the Toolik Lake Region 
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Martha K. Raynolds 

 

<1>Introduction 

 

An understanding of the glacial history of the Toolik Lake region is key to understanding 

the present-day variety of landforms, soils, and vegetation that occupy the extraordinarily 

beautiful landscapes that surround the lake. Landscape evolution following deglaciation proceeds 

much slower in the Arctic than in more temperate regions. Glacial surfaces with ages that span 

hundreds of thousands of years are present within a few kilometers of the Toolik Field Station. 

These surfaces have not been altered by agriculture or other anthropogenic influences, so the 

region is also an excellent laboratory to study the effects of glacial age on Arctic ecosystem 

function. Such studies can help us understand how Arctic systems change over long periods of 

time and provide insights about how they might change in the future. Here we synthesize 

information from maps and analysis of glacial geology, landforms, and vegetation of the 823 km2 

area of Toolik Lake and the upper Kuparuk River region (Fig. 3.1)[INSERT FIG. 3.1 HERE].  
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<1>Glacial Geology 

 

The complicated topography of the upper Kuparuk River region (Fig. 3.1) is the result of 

deposits laid down by valley glaciers that flowed into the region from the south during three 

major glacial advances that span the period of time between the Middle Pleistocene (610,000 to 

132,000 yr B.P.) and the Late Pleistocene (115,000 to 10,000 yr B.P.) (Table 1, Fig. 3.2) 

[INSERT TABLE 3.1 HERE] [INSERT FIG. 3.2 HERE]. The glacial deposits are assigned to 

the Sagavanirktok (middle Pleistocene), Itkillik I, and Itkillik II (late Pleistocene) glaciations of 

the central Brooks Range glacial succession (see Hamilton 1986, 2003a, and 2003b for more 

details on the glacial chronology of the region). 

Most of the Upper Kuparuk River watershed, including Imnavait Creek, developed on 

glacial deposits of Sagavanirktok-age (light and dark purple, Fig. 3.2). The Sagavanirktok River 

glaciation consisted of several glacial events dating broadly from about 610,000 to 132,000 yr 

B.P. During the oldest recognized (maximum) advance of Sagavanirktok River age, large valley 

glaciers flowed north down the Itkillik, Sagavanirktok, and Kuparuk River drainages and reached 

their northern limit 50-60 km beyond the northern flank of the Brooks Range. End moraines of 

the Sagavanirktok River glaciation are about 25 km north of northern edge of the map along the 

Kuparuk River and about 9 km north along the Toolik River and about 55 km north along the 

Sagavanirktok River. Several massive lateral moraines of Sagavanirktok River age trend SSE to 

NNW across the central part of the upper Kuparuk River watershed (Fig. 3.3 Top)[INSERT FIG. 

3.3 HERE]. These broad gently sloping moraines are rounded by slope-erosion processes and 

rise about 100 m from the valley bottoms to their crests (Hamilton 1986, 2003a,b). The glacial 
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till of these moraines is well covered by varying thicknesses of loess and colluvial sediments. 

Only a few widely dispersed glacial erratics protrude above the tundra surface. The hillcrests and 

slopes are generally topped by 20 to 40 cm of peat and tundra vegetation of various types that 

have been described in studies of a west-facing hill toposequence at Imnavait Creek (Walker and 

Walker 1996).  

A less extensive late advance of Sagavanirktok River age (darker purple on Fig. 3.2) 

overflowed the upper Kuparuk drainage from the west and south to form moraines and outwash 

remnants that are intermediate in appearance between those of the maximum advance and the 

subsequent Itkillik I moraine succession.  

Glaciation of Itkillik I age occurred more than 55,000 14C yr B.P. (light green on Fig. 3.2) 

and probably postdates the warmest part of the last interglacial ~120,000 years B.P. These 

glaciers abutted Sagavanirktok-age moraines on the west side of the upper Kuparuk River 

drainage, and bedrock ridges on the south side, but overflowed divides on the east and southeast 

sides of the upper Kuparuk River watershed. Itkillik I moraines are modified by weathering and 

erosion, but on a much smaller scale than deposits of the Sagavanirktok River glaciations; stony 

surfaces, small patterned-ground features, and lakes are more common on the Itkillik I surfaces 

than on the Sagavanirktok surfaces. 

The subsequent but much less extensive Itkillik II advances, which date between about 

25,000 and 11,400 14C years B.P. (medium green on Fig. 3.2 and Fig. 3.3 Bottom), are 

contemporaneous with the major late Wisconsin advances of the standard North American 

glacial succession. Two major advances of Itkillik II age took place between about 25,000 and 

17,000 14C yr B.P, forming extensive ice-stagnation features around Toolik Lake. Glacial flow 

patterns during the Itkillik II advance were generally similar to those of the present-day river 
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drainages. A subsequent Itkillik II re-advance occurred between 12,000 and 11,400 14C yr B.P. 

(dark green on Fig. 3.2). Itkillik II age surfaces are generally rocky and gently undulating with 

small blockfields (areas with >50% cover of moderate to large-sized angular rocks). Crests are 

slightly flattened, and loess and vegetation cover locally absent. Kettle lakes with irregular 

shorelines are common. 

Bedrock exposures also occur within the mapped area. These include Cretaceous-age 

fluvial and shallow marine conglomerates, sandstones, shales, and siltstones (Chandler, Toruk, 

and Fortress Mountain Formations) that outcrop along several WSW-ENE trending ridges 

(Brosgé et al. 1979). A mountain, composed of Pennsylvanian and Mississippian limestone 

(Lisburne Formation), occurs in the southeast corner of the map (Fig. 3.1).  

  

<1>Surface Geomorphology 

 

The surficial deposits of Pleistocene age within the study area have been modified by a 

variety of postglacial (Holocene) geomorphologic processes (Fig. 3.4) [INSERT FIG. 3.4 

HERE]. Common periglacial surface geomorphic features within the mapped area include sorted 

and nonsorted circles (frost boils) and stripes, turf hummocks, gelifluction lobes and terraces, 

water tracks, ice-wedge polygons, wetland features (strangmoor, aligned hummocks, palsas), and 

thermokarst features. More detailed descriptions of the various surface geomorphic units are 

contained in the maps of Walker and Walker (1996) for Imnavait Creek.  

The broad hillslope deposits of the Sagavanirktok-age surfaces are more modified by 

weathering and erosion than are the younger Itkillik-age surfaces. Area analysis of the three 

dominant glacial surfaces (Fig. 3.5)[INSERT FIG. 3.5 HERE] shows that the Sagavanirktok-age 
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surfaces have more well-developed and indistinct hillslope water tracks than the Itkillik I and 

Itkillik II age surfaces (55%, 13%, and 9%, respectively), fewer lakes (1%, 2%, and 5%), more 

wetlands (3%, 2%, and 1%), fewer stony surfaces (1%, 8% and 3%), fewer non-sorted stripes 

(12%, 13%, and 16%), and fewer areas with greater than 20% cover of non-sorted circles (1%, 

1%, and 3%).  

 

<1>Vegetation  

 

The vegetation map of this part of the upper Kuparuk River basin (823 km2, Fig. 

3.6)[INSERT FIG. 3.6 HERE] shows 14 map units originally mapped at 1:25,000 scale (Walker 

and Maier 2008). Within these map units, 33 distinct plant-community types and 19 subtypes are 

recognized. Seven of the most common plant-community types are shown in Fig. 3.3 Top and 

Fig. 3.7[INSERT FIG. 3.7 HERE]. Most of the published plant-community information in the 

Toolik Lake region comes from 81 permanent vegetation study plots at Toolik Lake and 73 plots 

at Imnavait Creek (Walker et al. 1994). The locations of the study plots and details of plant-

species cover, soil properties, site factors, and photographs of each study plot are contained in 

two data reports (Walker et al. 1987, Walker and Barry 1991), which are available at the Arctic 

Data Coordination Center (ADCC), Boulder, Colorado at http://adcc.colorado.edu and the Arctic 

Geobotanical Atlas http://www.arcticatlas.org/support/. 

 

<2>Description and Environmental Controls 

 

http://adcc.colorado.edu/
http://www.arcticatlas.org/support/
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Toolik is within Arctic Bioclimate Subzone E, the southernmost subzone of the 

circumpolar Arctic (Walker et al. 2005). Mean July temperatures in Subzone E are typically 9-12 

°C. The zonal vegetation is dominated by either low-shrub tundra (in areas with warmer soils 

and thick active layers) or tussock tundra (in areas with ice-rich permafrost, cold wet soils, and 

shallow active layers.  

Jorgenson (1984) first described the contrasting nature of the vegetation on different-age 

glacial surfaces near Toolik Lake. Several more recent studies have expanded on his 

observations (e.g., Walker et al. 1995, 1996, Munger et al. 2008).  

Sphagno-Eriophoretum vaginati (Walker et al. 1994) (moist acidic tussock tundra, Fig. 

3.3 Top) is the zonal plant association on ice-rich sediments with shallow active layers and low 

soil pH (3.8-5.5 in the Toolik Lake area); the nomenclature for plant associations follows that of 

the Braun-Blanquet approach (Westhoff and van der Maarel 1978). This plant association is 

common throughout much of subzone E of Beringia on older surfaces that have been unglaciated 

for long periods of time and where ice-rich permafrost and cold wet soils have developed on 

stable hillslopes. It is found extensively in northern Alaska, northwestern Canada (Lambert 

1968) and Chukotka (Alexandrova 1980). Typical taxa in this association include the tussock 

cottongrass, Eriophorum vaginatum, a mixture of dwarf shrubs (including Betula nana, Ledum 

decumbens, Salix pulchra, Vaccinium spp.), mosses (including Sphagnum spp., Dicranum spp., 

Aulacomnium spp., Polytrichum strictum, and Hylocomium splendens), and lichens (Peltigera 

aphthosa, Cladonia spp., Dactylina arctica); the species nomenclature here for the most part 

follows that used by Walker et al. (1994). Either graminoids or shrubs can be dominant in 

response to local variations of temperature, moisture, and nutrients. These physiognomic 

variations within the association can be important from an ecosystem-function perspective. For 
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example, the relative cover and size of deciduous shrubs can strongly affect microclimate, net 

primary productivity, energy, water and trace-gas fluxes, and animal habitat characteristics 

(Myers-Smith et al. 2011). 

The plant association Dryado integrifoliae-Caricetum bigelowii (Walker et al. 1994) 

(moist nonacidic tundra, Fig. 3.7 Middle right) occurs on surfaces with somewhat higher soil pH 

(5.5-7.5) and warmer (in summer) soils, which are typically found on mesic sites of loess 

deposits, solifluction features, frost-boil complexes, alluvial terraces, and younger glacial 

surfaces (Walker and Everett 1991, Kade et al. 2005). Characteristic plant species in this 

association include graminoids (Carex bigelowii, C. membranacea, C. scirpoidea, Eriophorum 

triste, Arctagrostis latifolia), prostrate dwarf shrubs (Dryas integrifolia, Salix arctica, S. 

reticulata, Arctous rubra), forbs (Bistorta vivipara, Senecio atropurpureus, Chrysanthemum 

integrifolium, Pedicularis lanata, P. capitata, Tofieldia coccinea, Astragalus spp., Oxytropis 

spp., Hedysarum spp., Saxifraga oppositifolia), bryophytes (Tomentypnum nitens, Hylocomium 

splendens, Aulacomnium turgidum, Rhytidium rugosum, Ptilidium ciliare), and lichens 

(Thamnolia spp., Cetraria spp., Peltigera spp.).  

Variations of plant-species composition within moist acidic and moist nonacidic tundra 

occur along the north-south climate gradient in northern Alaska (Kade et al. 2005) and Russia 

(Matveyeva 1998). For example, plant communities in Bioclimate Subzone E and the southern 

part of Subzone D are more species rich and have more erect shrubs than similar communities 

farther north. 

 

<2>Relationship of Vegetation to Glacial History 
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Compared to the younger Itkillik-age surfaces Sagavanirktok-age glacial surfaces have 

much greater cover of tussock-sedge, dwarf-shrub, and moss tundra (Unit 3 in Fig. 3.7), much 

less nontussock-sedge, dwarf-shrub, and moss tundra (Unit 4), relatively high cover of erect-

dwarf shrub tundra types (sum of Units 12, 13, and 14), more poor-fen wetlands (Unit 5), fewer 

rich fens (Unit 6), fewer snowbeds (Units 10 and 11), and less dry nonacidic tundra (Unit 9)(Fig. 

3.8)[INSERT FIG. 3.8 HERE].  

Each glacial surface also has distinctive patterns of biomass (Fig. 3.9 and Fig. 

3.10)[INSERT FIG. 3.9 HERE][INSERT FIG. 3.10 HERE]. The normalized difference 

vegetation index (NDVI) is a commonly used measure of photosynthetic capacity that is derived 

from the red and infrared bands of multi-spectral data (Tucker and Sellers 1986). NDVI is 

strongly correlated with tundra aboveground biomass at the circumpolar scale (Raynolds et al. 

2012) and with a variety of tundra biophysical properties including aboveground biomass, leaf 

area index, and trace-gas flux at the local scale (Shippert et al. 1995, Stow et al. 2004). Older 

landscapes in the Toolik Lake region have higher NDVI (Fig. 3.10). The higher NDVI values of 

the older landscapes are due in part to more-shrubby zonal vegetation. Biomass of the Sphagno-

Eriophoretum vaginati tussock tundra, which grows on the older acidic surfaces, is about 25% 

greater than its nonacidic counterpart Dryado integrifoliae-Caricetum bigelowii that is dominant 

on the younger glacial surfaces (512 g m-2 vs. 403 g m-2, see also Chapter 5). Older landscapes 

have more water tracks filled with high-biomass shrub tundra (average of 735 g m-2 in the 

shrubby plots of Walker et al. 1995). The older surfaces also have less area with low NDVI, such 

as lakes and ponds, non-sorted circles, bare soil, and cobbles.  

Several studies have shown broad-scale tundra greening of the Alaskan Arctic in recent 

decades as documented with AVHRR satellite data at 1 to 8-km pixel resolution (Jia et al. 2003, 
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Verbyla 2008, Bunn et al. 2007, Bhatt et al. 2010). Do the different landscapes also have 

different rates of vegetation change under the prevailing climate? We might expect change to 

occur more rapidly on disturbed sites and on younger landscapes with warmer, more nutrient-

rich soils. Tundra disturbances, for example, landslides, thermokarst, fire, roadside areas, and 

off-road vehicle trails, often lead to enhanced plant growth and are likely to be areas of increased 

productivity and enhanced NDVI (Walker et al. 2009).  

An analysis of NDVI changes in the upper Kuparuk region using 30-m-resolution 

Landsat data permitted a closer examination of the parts of the region where significant changes 

in NDVI have occurred (Raynolds et al. 2010). The most rapid and significant (p>0.05) changes 

occurred in areas of anthropogenic disturbance such as roadsides and re-vegetated gravel pads 

(21% increase). Compared to the Sagavanirktok-age surfaces, areas on the Itkillik surfaces with 

significant changes in peak-NDVI had larger NDVI increases and the areas of NDVI increase 

covered a larger percentage of the vegetated glacial drift and outwash surfaces. The changes on 

the Itkillik-age surfaces were distributed widely across the surfaces, whereas significant changes 

on the Sagavanirktok-age surface were concentrated in a few areas, possibly areas of local buried 

ice or thawing permafrost or other large disturbances. These results suggest that NDVI and 

biomass changes in the future will also be larger and more widespread on younger surfaces and 

in areas of disturbance.  

 

<2>Landscape Paludification 

 

Paludification is the long-term accumulation of organic matter (peat) that leads to 

increased soil moisture and water logging of previously dry landscapes (Gorham et al. 2007). 
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The process has been described extensively in forested landscapes and also has been invoked to 

describe landscape-evolution in the Low Arctic (Walker and Walker 1996). Paleoecological 

studies from lakes on the Itkillik II and Sagavanirktok-age surfaces near Toolik Lake indicate 

that during the early part of the Holocene both surfaces likely had tundra with many prostrate 

dwarf shrub and species indicative of drier, non-paludified conditions (e.g., Equisetum, 

Thalictrum, Rosaceae, Encalypta, Selaginella) (Walker and Walker 1996, Mann et al. 2002, 

Oswald et al. 2003; see Chapter 4). Tundra with plants typically found in acidic tussock tundra 

(e.g., Rubus chamaemorus, Sphagnum spp., Ericales, Betula nana, Polygonum bistorta) 

increased on the older surfaces between 10,000 and 7,500 years ago.  

Mosses are critical to this paludification process. The advent of the mosses changes the 

soil hydrology, soil thermal properties, and soil chemistry, which result in acidic mires in 

colluvial basins and tussock tundra and extensive water-track development on hillslopes. 

Observations of the moss carpet at Prudhoe Bay, Sagwon, and Toolik Lake indicate that before 

Sphagnum becomes established, other mosses cause the initial trend toward wetter and more 

acidic conditions. Early colonizing species include small mosses such as Encalypta spp., 

Ceratodon purpureus, Distichium spp., and Ditrichum flexicaule. These are followed by larger 

branching moss species, such as Tomentypnum nitens, Aulacomnium turgidum, and Rhytidium 

rugosum, that can develop thick moss mats that insulate the soil, trap moisture, reduce the active-

layer thickness, and promote the process of paludification. Once the soils are continuously wet, 

peat buildup and pH reduction occur permitting the spread of Sphagnum spp., Dicranum spp., 

ericaceous shrubs, and other acidophilus species. 

Based on the present-day contrasts between the glacial surfaces, we can deduce that 

enhanced peat formation and reduced thickness of summer thaw layers on the older surfaces led 
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to restricted drainage, a general acidification of the soils, and the introduction of thick moss 

carpets to hillslopes (Walker and Walker 1996). The landscapes gradually became less diverse 

with more tussock tundra, more shrub tundra (primarily in water tracks), fewer lakes, less moist 

and dry nonacidic tundra, fewer snowbeds, and fewer rich fens.  

The patterns of vegetation on present-day landscapes that span multiple glaciations do 

not, however, represent a continuous successional sequence spanning >100,000 years. Cores 

taken along foothill toposequences near the Mesa archeological site 150 km west of Toolik Lake 

show that peat accumulation began near the beginning of the Holocene, slowed during the 

cooling of the Younger Dryas (12,800 to 11,500 yr B.P.), and then resumed by about 8,500 yr 

B.P. when the organic surface horizons probably had approached their present wide distribution 

(Mann et al. 2002; see Chapter 4 for the local paleo-environmental interpretation). A critical 

factor affecting the different rates of soil and vegetation development on the different-aged 

glacial surfaces during the Holocene was the accumulation of weathered clays and wind-blown, 

glacially-derived silt (loess) on the older landscapes, which promoted higher soil moisture 

retention, colder soils, more mosses, thicker organic soil horizons, and greater overall vegetation 

cover.  

 

<1>Relevance to Arctic Ecology 

 

Much of the LTER terrestrial research at Toolik Lake occurs on the south and east sides 

of the lake on glacial drift surfaces of Itkillik I age (greater than 55,000 yr B.P.) Research occurs 

on the west and north sides of Toolik Lake on drift and outwash deposits of Itkillik II age 

(<25,000 yr B.P., Fig. 3.3 Bottom). The 1x1-km research grid at Toolik Lake (small red square 
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in Fig. 3.6) is mainly on an Itkillik I glacial moraine, but includes areas of Itkillik II outwash on 

the east side of the map. More detailed maps of the Toolik Lake area are contained in Walker 

and Maier (2008) and the online Toolik-Arctic Geobotanical Atlas (http://www.arcticatlas.org/, 

Walker et al. 2009). 

LTER research is also conducted on surfaces of Sagavanirktok age (>125,000 yr B.P.) in 

the upper Imnavait Creek watershed (Reynolds and Tenhunen 1996) (Fig. 3.1, Fig. 3.3 Top). The 

1x1-km research grid at Imnavait Creek (small black rectangle in Fig. 3.6) spans two broad 

Sagavanirktok-age lateral moraines with a stream and colluvial basin in between the moraines. 

The landforms and vegetation at Imnavait Creek were mapped as part of Department of Energy 

R4D studies, which readers should consult for more detailed vegetation and surficial 

geomorphology maps of this area (Walker and Walker 1996). 

The relationship between soil pH and vegetation patterns has been described in 

association with other types of long-term disturbance such as wind-blown loess at Prudhoe Bay 

(Walker and Everett 1991), cryoturbation associated with small-scale patterned ground features 

in northern Alaska (Kade et al. 2005), and landslides on the Yamal Peninsula, Russia (Walker et 

al. 2009). A study of ecosystem properties of acidic and nonacidic tundra was conducted at a 

major soil pH boundary near Sagwon, Alaska (Walker et al. 1998). Compared to acidic tundra at 

the same location, nonacidic tundra had less gross photosynthesis, respiration, leaf area index, 

NDVI, average canopy heights, moss cover, and shrub cover; and much greater 

evapotranspiration, soil heat flux, active layer depths, and cover of non-sorted circles. More 

recent studies on different aged glacial surfaces near Toolik have noted that litter decomposition, 

soil respiration, dissolved organic C production, and net N mineralization are much greater in 

acidic tundra than in nonacidic tundra (Hobbie et al. 2002, Hobbie and Gough 2004). Both soil 

http://www.arcticatlas.org/
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pH and calcium ion concentrations appear to affect microbial respiration and dissolved organic 

carbon dynamics of tundra and different aged surfaces, and both need to be considered in models 

of tundra biogeochemistry (Whittinghill and Hobbie 2011).  

Plant diversity is also higher in areas of moist nonacidic tundra (Walker et al. 1998, 

Gough et al. 2000). Kade et al. (2005) showed the southern variant of nonacidic tundra, Dryado 

integrifoliae-Caricetum bigelowii var. Lupinus arcticus, has very high diversity within this plant 

community (alpha diversity) with an average of 30.8 vascular-plant species per 1-m2 study plot, 

compared to 13.8 species per plot in the acidic Sphagno-Eriophoretum plant community. A total 

of 155 species, including vascular plants, lichens, and bryophytes, were recorded in the 

nonacidic plant association. Numerous basiphilous species in this association have distributions 

restricted to Beringia or western North American, e.g., Claytonia bostockii, Lagotis glauca, 

Novosieversia glacialis, Parrya nudicaulis ssp. septentrionalis, Potentilla biflora, and Saussurea 

angustifolia.  

Furthermore, plant community diversity (beta diversity) is higher within nonacidic tundra 

landscapes because of the abundance of non-sorted circles that have a different plant association 

(Junco biglumis-Dryadetum integrifoliae, Kade et al. 2005), which also has high vascular-plant 

species diversity (20 species per 1-m2 plot). This greatly increases the amount of species and 

microhabitat diversity within nonacidic-tundra landscapes (Walker et al. 2011). Exceptional 

diversity has also been noted in the equivalent vicariate plant association, Carici arctisibiricae-

Hylocomietum alaskani, on the Taimyr Peninsula in Russia (Matveyeva 1998).  

Although the connection between wildlife and nonacidic tundra has apparently not been 

studied in Alaska, there are numerous characteristics that likely make it important to a wide 

range of animal species (Walker et al. 2001). The higher floral diversity and greater diversity of 
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microhabitats undoubtedly also affects the local diversity of microbes and invertebrates. Our 

aerial and ground observations of wildlife during many years of vegetation mapping indicate that 

many mammals, including ground squirrels, caribou, muskoxen, wolves, and grizzly bears are 

more commonly found in areas that are rich in nonacidic habitats. The ecosystem properties of 

moist nonacidic tundra are analogous to those of the hypothesized “Mammoth Steppe” or steppe 

tundra of glacial Beringia (Guthrie 1990). Compared to acidic tussock tundra, nonacidic tundra 

has firm, well-drained, deeply thawed, nutrient-rich soils, high diversity of plant species and 

habitats, and plants low in secondary protective compounds. Plant-tissue calcium is also much 

higher in nonacidic tundra (Walker et al. 2001, Hobbie and Gough 2002) and could be a factor 

affecting wildlife patterns.  

Within the southernmost tundras (Bioclimate Subzone E), nonacidic tundra is not 

common except on carbonate-rich tills or bedrock, river floodplains, and on late-Pleistocene 

glacial surfaces. Such areas are likely to be especially important to wildlife. Areas with a 

juxtaposition of acidic and nonacidic tundra may be particularly valuable to some species, such 

as caribou, that use different parts of the landscape during their annual migrations as plants 

change their phenological development.  

 

<1>Conclusion 

 

Most studies that have related vegetation succession to glacial history have taken place 

on surfaces recently exposed by the retreat of glaciers (e.g., Chapin et al. 1994). The terrain 

around Toolik Lake offers a unique opportunity to study landscape evolution on glacial surfaces 

that span much longer periods of time. The analyses at Toolik Lake showed that glacial surfaces 
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all have characteristic vegetation, geomorphology, and patterns of plant production and changes 

in productivity. Over time, plant succession trends towards peaty, wetter upland surfaces and 

infilling of lakes in lowland sites. The highest NDVI values occur on those portions of the 

landscape with abundant shrubs, such as water tracks, on moderate slopes, and on older glacial 

surfaces. Greening as indicated by NDVI during the period of available satellite imagery 

occurred heterogeneously across the landscape, with the most rapid change occurring in areas of 

recent disturbance and on relatively young glacial surfaces. The oldest surfaces show little 

change except in isolated areas that may be undergoing thawing permafrost. Acidic and 

nonacidic areas that are characteristic of relatively old versus young landscapes have very 

different ecosystem properties that are important to aquatic ecosystems (e.g., Kling et al. 1992, 

2000) and wildlife, and to their response to climate change. 

The surfaces discussed in this chapter span the second (younger) half of the Quaternary. 

Further north there are glacial deposits from early-Pleistocene and Tertiary times (Table 1, 

Hamilton 1986)[INSERT TABLE 1 HERE]. Aerial photos and initial ground surveys of these 

areas indicate that these surfaces have even fewer lakes, more subdued topography, more 

abundant and larger water tracks, more abundant shrub cover associated with the water tracks, 

less dry heath vegetation on hillcrests, and even less diverse landscapes than the Sagavanirktok-

age surfaces of this study. Thus, each different aged surface spanning the entire Quaternary 

period in northern Alaska has distinctive assemblages of periglacial features and vegetation that 

are legacies of their geomorphic histories. These differences are clear and striking and can been 

quantified by means of maps derived from aerial photographs and satellite-derived data. Such 

differences are important with respect to water chemistry of streams and transport of materials 

into river systems and the general ecology of these regions. 
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<1>Introduction 

 

To understand the modern processes and future dynamics of arctic ecosystems, in 

particular their response to climatic variability and anthropogenic perturbations, a 

paleoecological perspective can yield important insights. Records of past environmental change 

provide numerous natural experiments, including examples of past climate changes and 

associated ecosystem responses at a variety of temporal and spatial scales. Various types of late-

Quaternary paleoenvironmental evidence are available for arctic Alaska, including 

geomorphology and soils, plant and insect macrofossils, lake-sediment geochemistry, and pollen 

records from peat deposits and lake sediments. In this chapter we summarize the environmental 

and ecological history of northern Alaska to characterize the responses of terrestrial and aquatic 

ecosystems to climatic changes of the past ~30,000 years (calibrated 14C years, referred to here 

as “cal yr B.P.”). Our interpretations of past environmental and ecological changes focus mainly 

on evidence from the Toolik Lake area, although we also draw upon data from other parts of the 

Arctic Foothills and Arctic Coastal Plain. We pay special attention to pollen records of changing 
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vegetation composition, as these data are available from many sites in the Arctic Foothills, 

including Toolik Lake itself (Bergstrom 1984). 

 

<1>Glacial Interval (~27,000-15,000 cal yr B.P.) 

 

Several types of paleoenvironmental evidence suggest that cold and dry conditions 

existed in northern Alaska during the late Pleistocene. For example, glaciers advanced from the 

Brooks Range onto the Arctic Foothills, including the Toolik Lake area, during the early phase 

of the Itkillik II glaciation (~27,000-21,000 cal yr B.P.; Hamilton 2003). Severe environmental 

conditions during the glacial interval are also evidenced by an extensive area of eolian dunes on 

the Arctic Coastal Plain (Carter 1981) and the formation of sand wedges in the lower Kuparuk 

River basin by periglacial freezing and thawing (Carter 1983). 

In lake-sediment records from sites in the Arctic Foothills, including Tukuto Lake 

(Oswald et al. 1999), Ahaliorak Lake (Eisner and Colinvaux 1990), and Oil Lake (Eisner and 

Colinvaux 1992, Oswald unpublished; also known as Lake E5, Chapter 8 Fig. 8.1), Pleistocene 

pollen spectra are dominated by herbaceous taxa, including Poaceae, Cyperaceae, and Artemisia 

(Fig. 4.1, Fig. 4.2)[INSERT FIGURE 4.1 HERE][INSERT FIGURE 4.2 HERE]. Although these 

major taxa are difficult to interpret because of their broad ecological tolerances, minor taxa such 

as Encalypta rhaptocarpa and Selaginella siberica indicate sparse, xeric tundra. Taken together, 

the geomorphic and paleoecological data suggest cold, dry climatic conditions and xeric 

vegetation in northern Alaska during the late Pleistocene. 

 

<1>Late Glacial (~15,000-11,500 cal yr B.P.) 
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During the transition from the Pleistocene to the Holocene, landscapes of arctic Alaska 

underwent major changes. A summary of late-glacial paleoenvironmental evidence by Mann et 

al. (2010) suggests that conditions between ~15,000 and 13,000 cal yr B.P. were warmer and 

wetter than during the glacial interval, leading to stabilization of eolian dunes, aggradation of 

streams, formation of organic peat deposits, higher lake levels, and the presence of scattered 

Populus balsamifera trees in the Arctic Foothills (Fig. 4.3)[INSERT FIG. 4.3 HERE]. The pollen 

record from Tukuto Lake (Oswald et al. 1999) indicates the development of more-continuous 

vegetation cover in the western Arctic Foothills, with shrub tundra communities dominated by 

Cyperaceae, Salix, and non-Sphagnum moss species, and rising abundance of Betula (Fig. 4.2). 

In the Toolik Lake area, the late-glacial interval saw the re-advance of glaciers into the foothills 

during the Itkillik II late-phase glaciation (~15,000-13,000 cal yr B.P.; Hamilton 2003), perhaps 

due to increased snowfall. In the pollen record from Oil Lake, Poaceae and Artemisia pollen 

percentages decline while Cyperaceae and Betula percentages increase during the late-glacial 

interval, supporting the interpretation of a warmer, moister climate (Oswald unpublished; Fig. 

4.2). 

Several lines of evidence indicate that climate changes during the Younger Dryas interval 

(~13,000-11,500 cal yr B.P.) had effects on ecosystems in northern Alaska. Mann et al. (2002, 

2010) report that for this period there are geomorphic and paleoecological signs of stream down-

cutting, eolian dune activity, reduced peat formation, and a contraction in the range of Populus 

balsamifera, indicating a return to cold and dry conditions. In the pollen record from Lake of the 

Pleistocene in the western Arctic Foothills, the Younger Dryas interval is characterized by 

increased pollen percentages for xeric tundra taxa, including Artemisia, Poaceae, Selaginella 

siberica, and Juniperus (Mann et al. 2002). Reduced abundance of Pediastrum algal cell nets in 
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the Lake of the Pleistocene record may indicate lower lake levels during this interval. In the 

Toolik Lake area, the Itkillik II late-phase glacial advance ended around the onset of the Younger 

Dryas, perhaps in response to drier conditions. 

 

<1>Early Holocene (~11,500-7,500 cal yr B.P.) 

 

After the end of the Younger Dryas interval, climate in arctic Alaska appears to have 

become warmer or wetter or both, presumably in response to a peak in summer insolation 

between ~11,000 and 9,000 cal yr B.P. (Kaufman et al. 2004). Fossil insects from an early-

Holocene fluvial deposit in the northern Arctic Foothills indicate summer temperatures 2-3°C 

warmer than present (Nelson and Carter 1987), although some paleoclimatic records from other 

parts of Alaska do not feature elevated temperatures during the early Holocene (Clegg et al. 

2011). The re-expansion of Populus balsamifera north of the Brooks Range (Fig. 4.3) has been 

interpreted as a response to warm climatic conditions, but Populus balsamifera may also have 

established on newly stabilized gravel bars as stream aggradation increased the availability of 

alluvial deposits (Mann et al. 2002).  

Pollen records from several sites in the Arctic Foothills, including Imnavait Creek, Oil 

Lake, and Upper Capsule Lake in the Toolik Lake area, suggest that additional ecological 

changes coincided with the early-Holocene expansion of Populus balsamifera. For example, 

relatively high percentages of Selaginella siberica, Polypodiaceae, Equisetum, and Rosaceae 

indicate well-drained soils and prostrate-shrub communities (Eisner 1991, Oswald et al. 1999, 

2003b). Itkillik II-age landscapes were likely unstable at this time due to the melting of residual 

ice and low vegetation cover on coarse-textured soils. However, increasing pollen percentages of 
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Ericaceae, Rubus chamaemorus, and other taxa indicative of mesic tundra, along with evidence 

of increased paludification (Mann et al. 2010), suggest that some moist substrates became 

available during the early Holocene, especially on fine-textured soils like those of surfaces dating 

to the Sagavanirktok River glaciation (>132,000 years ago, Chapter 3). 

 

<1>Middle to Late Holocene (~7,500 cal yr B.P. to present) 

 

During the middle Holocene there appears to have been a shift from the warmth of the 

early Holocene to cooler conditions and higher effective moisture. Populus balsamifera became 

rare in the Arctic Foothills after ~9,000 cal yr B.P. (Fig. 4.3), and Alnus expanded in the Brooks 

Range and southern Arctic Foothills between ~8,000 and 7,000 cal yr B.P. (Fig. 4.2). The pollen 

record from Upper Capsule Lake, located on the Sagavanirktok surface 7 km east of Toolik 

Lake, suggests that prostrate-shrub tundra elements disappeared from the vegetation of older 

glaciated surfaces ~7,500 cal yr B.P. (Oswald et al. 2003b), marking the completion of the 

transition from relatively dry and sparse tundra to tussock tundra dominated by Betula nana, 

Eriophorum vaginatum, Ericaceae species, and Sphagnum mosses. Similar changes are seen in 

pollen records from other old-landscape sites in the Arctic Foothills (Eisner 1991, Oswald et al. 

1999). In contrast, the pollen record from Red Green Lake, located on the Itkillik II surface 3 km 

northwest of Toolik Lake, does not indicate a dramatic change in vegetation composition at 

7,500 cal yr B.P. Vegetation cover may have increased somewhat at this time, but the pollen 

evidence suggests that the Itkillik II surface responded differently than the older surfaces and has 

supported prostrate-shrub tundra communities since the early Holocene. 
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Differences in soil texture and geomorphology between the young Itkillik II and old 

Sagavanirktok glaciated surfaces were likely responsible for the contrasting ecological responses 

at Red Green and Upper Capsule to the climatic changes of the early to middle Holocene 

(Oswald et al. 2003b). As effective moisture increased between ~10,000 and 7,500 cal yr B.P., 

soil moisture became higher on the Sagavanirktok surface than on the Itkillik II surface because 

its fine-textured soils and flatter landforms retained more water than the better-drained soils of 

the Itkillik II landscape. Higher soil moisture led to the development of continuous vegetation 

cover, which led to a series of ecological and hydrological changes leading ultimately to the shift 

from prostrate-shrub tundra to tussock-tundra communities. Of primary importance were effects 

of the vegetation on the depth of the permafrost thaw layer. Higher plant coverage, including 

upright, woody species such as Betula nana and Vaccinium uliginosum, would have shaded and 

thus cooled the soil. In addition, these woody species, as well as mosses, would have contributed 

recalcitrant litter to the soil, thus helping to create a thicker organic layer and more insulation. 

The deep layer of organic matter, mosses, and Cyperaceae tussocks would have further reduced 

the amount of solar energy reaching the soil, and together these changes would have reduced soil 

temperature and depth of seasonal thawing. Shallower thawing reduced soil drainage, leading to 

anoxic and acidic conditions. The combined effects of cold soil temperatures, increased 

abundance of slowly decomposing litter, and soil anoxia and acidity would have greatly reduced 

decomposition rates, contributing to further permafrost aggradation. The outcome of this 

transition can be seen at present, as tussock-tundra soils have thicker organic horizons and 

shallower active layers than soils of drier tundra communities (Walker et al. 1995, Bockheim et 

al. 1998). 
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In contrast to the evidence suggesting that terrestrial ecosystems on the Sagavanirktok 

glaciated surface were more sensitive than those of the Itkillik II surface to middle-Holocene 

climate changes, geochemical data indicate a more-pronounced shift in the aquatic ecosystems 

on younger landscapes at ~7,500 cal yr B.P. than was the case for older glaciated surfaces (Kling 

2000). In the record from Red Green Lake, an increase in sediment organic matter (OM) and a 

drop in the C:N ratio (Hu unpublished) indicate a rise in aquatic productivity at that time. The 

sediment record from Toolik Lake, which like Red Green is located on a younger landscape, also 

features an increase in OM during the middle Holocene (Bixby 1993). At Upper Capsule Lake, 

OM increases gradually throughout the Holocene, whereas C:N exhibits a step increase ~7,500 

cal yr B.P. (Hu unpublished). This shift suggests a higher influx of terrestrial OM related to the 

changing vegetation and soils within the watershed. The C:N ratios are consistently higher for 

Upper Capsule than for Red Green since ~7,500 cal yr B.P., supporting the inference that organic 

soils have been more abundant or thicker on older than on younger glaciated landscapes since the 

middle Holocene. Mollusk remains from Red Green Lake sediments also indicate further aquatic 

ecosystem changes because remains are present in sediments older than ~4,000 cal yr B.P. but 

absent in the youngest, late-Holocene sediments (Oswald 2006). This shift may reflect reduced 

alkalinity of the lake in response to acidification of the upland ecosystem. 

 

<1>Conclusions 

A primary conclusion from paleoecological studies conducted in arctic Alaska is that the 

composition of tundra plant communities experienced dramatic changes in response to late-

Quaternary environmental variations. The cold, dry climate of the glacial interval resulted in 

xeric tundra dominated by herbaceous taxa, including Poaceae, Artemisia, and Cyperaceae. 
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Increasing temperatures during the late-glacial and early-Holocene intervals allowed the 

expansion of Betula nana and other shrub species, and Populus balsamifera stands were 

common in the Arctic Foothills when a peak in summer insolation at ~11,000-9,000 cal yr B.P. 

fostered warm temperatures. Effective moisture increased after the early-Holocene warm 

interval, reducing the prevalence of Populus balsamifera and allowing the regional expansion of 

Alnus between ~8,000 and 7,000 cal yr B.P. This long-term perspective is consistent with 

modern studies illustrating the sensitivity of arctic tundra ecosystems to recent variations in 

climate (e.g., Chapin et al. 1995, Sturm et al. 2001). 

The finding that sites with contrasting edaphic characteristics experienced different 

ecological responses to the middle-Holocene rise in effective moisture also has important 

implications for understanding ongoing and future changes in arctic tundra ecosystems. Substrate 

varies greatly across the Arctic, with heterogeneity occurring across spatial scales in response to 

glacial history, parent material, or eolian deposition (Walker et al. 1998, Walker 2000). The 

critical role of substrate in the ecosystem history of the Toolik Lake area suggests that this 

edaphic variability may impart strong spatial heterogeneity on the responses of arctic tundra 

ecosystems to future climate change. 
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<1>Introduction  

 

The broad aim of terrestrial research of the Arctic LTER is to develop a predictive 

understanding of the distribution of tundra ecosystems in the landscape, the controls over their 

structure, functioning, and biogeochemical cycles, and their interactions with each other and with 
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the local and regional environment. Ultimately this leads to predictions of how they will respond 

to anthropogenic, development-related disturbances and to global environmental change. To 

meet this aim the research includes a combination of (1) comparative analyses of contrasting 

ecosystem types, (2) long-term monitoring of key system properties and processes in relation to 

local weather variation and secular climate change, and (3) long-term experimental 

manipulations of environmental factors related to global change. The conceptual framework for 

this research emphasizes interactions among multiple limiting factors in regulating biodiversity 

and overall carbon and other element budgets, with a particular emphasis on temperature, light, 

and soil nutrient availability as dominant controls; effects of varying species composition on 

ecosystem properties and interactions of vegetation with herbivores are also important 

considerations (Shaver et al. 1992, 2000). 

The following sections first describe and compare the overall structure and major 

functions of contrasting tundras near Toolik Lake. Key physical, chemical, and biological 

controls over distribution and function of these ecosystems are then described and compared. 

This leads to a discussion of timescales and trajectories of system-level change in response to 

changes in the controls, followed by a discussion of how system-level changes interact with and 

feed back on the controls. Finally, we predict how the expected changes in global and arctic 

climate may alter the landscape and terrestrial ecosystems near Toolik Lake, and suggest 

priorities for future research. 

 

<1>Biogeochemistry of Contrasting Tundras  

 

<2>A Mosaic of Ecosystems 
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The landscape near Toolik Lake consists of a diverse mosaic of tundra ecosystems. The 

dominant plants in the vegetation of these ecosystems may be evergreen, deciduous, or 

graminoid, woody or herbaceous, vascular or nonvascular. There are no trees except in a few 

isolated groves along rivers, and annual plants are extremely rare. The distribution of these 

ecosystems in the landscape is predictable and largely related to topographic position and 

landscape age. The fundamental environmental gradients in the landscape include a topographic-

moisture gradient from dry uplands to wet lowlands (Fig. 5.1)[INSERT FIGURE 5.1 HERE] and 

a soil pH gradient related to time since deglaciation (Chapter 3). Additional differences are due 

to local, fine-scale drainage at any point along the topographic gradient and to snow cover or 

winter exposure, which is also related to topography.   

All of the tundra ecosystems near Toolik Lake are underlain by continuous permafrost 

~200 m thick, so there is no deep drainage of soil water and, unlike the freshwater springs and 

larger stream and lake systems in the area, there is little or no connection with groundwater 

(Hinzman et al. 1991). The depth of the annually-thawed “active layer” of soil varies from ~30 

cm to 1-2 m depending on topographic position, soil moisture and surface water flow paths, the 

thickness of the overlying organic and litter layers, and the structure and density of the 

vegetation canopy. In some locations the annual maximum depth of thaw does not reach below 

the surface organic mat, and in these locations the vegetation is essentially isolated from mineral 

soils. Soils are all gelisols (formed over permafrost), typically cold, wet, and with high organic 

content. The parent material within a few kilometers of Toolik Lake is fine-grained loess and 

glacial deposits of age ranging from ~10,000 yr to >300,000 yr; older glacial surfaces exist 

farther north (Hamilton 2003). 
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<2>Vegetation Biomass and Productivity 

 

The dramatic variation in species and functional type composition of tundra vegetation 

(Fig. 5.1 and Chapter 3) is accompanied by an equally dramatic variation in standing biomass 

and its productivity. The live aboveground biomass of vegetation varies more than 15-fold 

among the major vegetation types in the Toolik Lake region, ranging from <90 to >1300 g m-2 

(Fig. 5.2)[INSERT FIGURE 5.2 HERE]. Although the majority of the total biomass (above plus 

belowground) is always composed of vascular plants, mosses account for >40% of the 

aboveground biomass in several vegetation types including some shrub tundras, some tussock 

tundras, and relatively well-drained wet sites (no standing water). Mosses are least abundant in 

extremely wet tundras (under standing water most or all of the summer) and in very dry heath 

tundras. Lichens are the largest component of aboveground biomass in some dry heath tundras 

and are important components of most other vegetation types except for tall shrub tundras and 

very wet tundras.  

The vascular plant component of aboveground biomass varies at least 11-fold from ~80 

to >900 g m-2, including wide ranges in the relative abundance of major plant forms (Fig. 5.2). In 

general the highest vascular biomass is found in tundras dominated by erect, woody shrubs, 

particularly deciduous Betula and Salix species; the lowest vascular biomass is found in very dry, 

evergreen lichen-heaths and very wet sedge tundras. Most of the live biomass of vascular plants 

lies below the soil-moss surface, including belowground stems and rhizomes (Fig. 5.2) as well as 

roots. Belowground stem and rhizome mass alone is usually greater than aboveground vascular 

biomass although the ratio of aboveground biomass to belowground stem mass varies from 0.3 to 
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1.3 among vegetation types, with belowground stems being relatively most important in wet 

sedge tundras. Root biomass has not been measured systematically in most of the tundras near 

Toolik Lake, but measurements in acidic tussock tundra range from 160 to 250 g m-2 (Mack et al. 

2004, Sullivan et al. 2007, LTER unpublished data). Combining these root data with the 

belowground stem and rhizome data in Fig. 5.2 gives a vascular above:belowground biomass 

ratio of 0.51:1 for the LTER moist acidic tundra site; including nonvascular plants the 

above:belowground biomass ratio is 0.77:1. 

Tussock tundra is the most widespread vegetation type in Alaskan upland tundra and is 

well represented by sites studied near Toolik Lake (Chapter 3). Within tussock tundra, the most 

striking differences relate to soil pH. The three acidic tussock sites at Toolik Lake are all quite 

similar to each other in functional type composition and in biomass (Fig. 5.2), while the 

nonacidic tussock site is lower in biomass and has a similar functional type composition but very 

different species composition (Hobbie et al. 2005). The nonacidic tussock site also has much 

higher species richness, including >40 vascular species (mostly forbs) while the acidic tussock 

sites contain only 9-14 vascular species (Gough et al. 2000). All four of these tussock sites are on 

relatively young (12,000 - 25,000 yr old) soils. Tussock tundras on older soils are generally 

lower in vascular biomass with greater moss biomass, and have lower soil pH; examples include 

the tussock tundras at Imnavait Creek and at the Sagavanirktok River, both within 50 km NE of 

Toolik Lake, and Eagle Creek in central Alaska near Fairbanks (e.g., Shaver et al. 1991).  

Annual aboveground net primary production of vascular plants also varies more than 7-

fold, from <50 to >330 g m-2 (Fig. 5.3)[INSERT FIGURE 5.3 HERE]. Most of this production is 

the result of growth from apical and intercalary meristems (i.e., growth of new leaves, twigs, and 

inflorescences). However, in sites dominated by woody deciduous shrubs, secondary growth 
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from cambial meristems (i.e., wood production as annual rings) accounts for 30-45% of 

aboveground production (Shaver 1986, Bret-Harte et al. 2002).   

Belowground stem or rhizome production also has apical and secondary growth 

components. The apical component is small except in graminoids (Shaver et al. 1986a, Shaver 

and Chapin 1991) because most belowground stems of evergreen and deciduous species actually 

complete their apical growth above or on the surface of the ground and are later engulfed by 

upward growth of mosses, which buries them. Some evergreen species like Vaccinium vitis-

idaea also produce apical growth from belowground stems but this is small relative to apical 

growth aboveground. Secondary growth of belowground stems does not occur in graminoids and 

cannot be measured in woody belowground stems because stem diameters do not increase with 

age at a measureable rate once adventitious roots begin to appear after the stems are buried by 

mosses.  

Estimates of root production at sites near Toolik Lake are available only for wet sedge 

tundra and moist acidic tussock tundra (Nadelhoffer et al. 2002, Sullivan et al. 2007). These 

estimates (75 g m-2 yr-1 in wet sedge tundra and 60-160 g m-2 yr-1 in tussock tundra) indicate that 

root production is about 70-100% of aboveground vascular production, or 35-50% of the total 

vascular production.  

No direct estimates of moss or lichen production are available from the Toolik Lake 

region. However, if it is assumed that the relative growth rate of mosses is about 17% per year 

(Hobbie and Chapin 1998), moss productivity ranges from near zero to >120 g m-2 yr-1 (Fig. 5.3). 

Moss production may account for 40-60% of total aboveground production in old, relatively wet 

tussock tundras. Lichens probably account for more than half of total production in some dry 

heaths (Shaver and Chapin 1991) although this has not been measured. 
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_____________________________________________________________________________ 

 

<1> Vignette 5.1. Plant Species Diversity in the Vicinity of Toolik Lake, Alaska, by Laura 

Gough 

 

Plant species diversity in arctic tundra is limited overall by the low temperatures, short 

growing seasons, and other abiotic and biotic environmental conditions to which these species 

must be adapted in order to survive. There are no trees (except in a few, isolated groves) and 

annual plants are extremely rare. Most of the seed plants near Toolik Lake are long-lived 

perennials that produce new individuals clonally or vegetatively (without sexual reproduction). 

The graminoids, or grass-like species, survive the winter underground, by storing large reserves 

of resources in belowground stems and roots. Dwarf shrubs, both deciduous and evergreen, 

maintain woody biomass aboveground through the winter, and rely on snow cover during the 

coldest months to protect them from wind and frost damage. Perennial broad-leaved herbaceous 

plants, or forbs, also occur. Most arctic species produce flowers and thus are capable of 

reproducing sexually, although recruitment from seed is relatively rare. Mosses are a very 

important component of many tundra plant communities. In particular, Sphagnum mosses build 

peat and organic matter and maintain many tundra communities with highly acidic soil 

conditions. Lichens, consisting of a fungus and a photosynthetic organism (either a 

cyanobacterium or a green alga), are also important, and often serve as valuable food sources for 

mammals such as caribou. 
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Local abiotic conditions, often influenced by topographic position in the landscape, can 

restrict or facilitate occurrence of individual species and thus affect community diversity. 

Extremes of soil moisture, either very wet or quite dry, and rocky soils prevent certain species 

from germinating and surviving. Exposure during winter restricts some communities to very 

small plant species (less than 5 cm in height). There is a strong relationship between soil pH or 

acidity (influenced by soil age and dust inputs) and plant species diversity, so that less acidic 

soils support more species (Fig. 5.V1)[INSERT FIGURE 5.V1 HERE]. Several factors likely 

contribute to this relationship, including differences in element toxicity, nutrient availability, and 

occurrence of mosses that affect soil conditions. Soil nutrient availability has also been shown to 

affect plant species diversity experimentally, such that when nutrients are added, plant species 

diversity declines. This is likely occurring because nutrients allow one or two species to grow 

faster than the others, and they then competitively exclude the other species (see Vignette 5.4). 

Biotic factors also affect plant diversity. In the Toolik area, vascular plant species 

successfully partition resources such as light (by occupying different locations in the canopy) 

and soil nitrogen (by preferentially taking up different forms of nitrogen), suggesting niche 

differentiation that promotes co-existence and diversity. To date insect herbivory has not been 

adequately measured, but observations suggest it is likely not very important for most plant 

species. Mammalian herbivory (by small mammals such as voles as well as caribou), however, 

may play an important role in particular tundra communities, and current research suggests it 

may become more important in the future with climate warming. Facilitation (positive 

interactions between plants) may also be important in arctic plant communities, although 

evidence from near Toolik is scarce to date.  
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Thus plant species diversity in the tundra communities around Toolik Lake is determined 

by the landscape position and particular characteristics of the area, such as soil moisture, nutrient 

availability, and exposure, as well as by interactions among plants and between plants and other 

organisms including mammals. As the region continues to warm these factors are also changing, 

thus diversity of these communities will likely be affected as certain species benefit from these 

new conditions.  

______________________________________________________________________________ 

 

<2>Consumers and Decomposers  

 

Herbivores at Toolik Lake include small and large mammals, birds, insects, and other 

invertebrates. These animals affect the composition and biogeochemistry of the landscape 

through selective consumption of live and dead plant material, through their burrowing and 

trampling, and through their redistribution of elements in urine and feces. Although long-term, 

overall consumption of vegetation by arctic herbivores is relatively small in comparison with 

more temperate ecosystems (usually less than 5-10 % of annual aboveground primary 

production; Jefferies et al. 1994), herbivory in the Arctic is strongly influenced by spatial, 

temporal, and species-related variation in nutritional quality. This means that intense, short–term 

pulses of herbivory can have considerable long-term impacts on vegetation, particularly at fine 

scales (1-20 m).  

The area around Toolik Lake supports a number of small and large mammalian 

herbivores. Five species of microtine rodents occur, the most abundant being tundra voles 

(Microtus oeconomus) and singing voles (M. miurus). These animals appear to be food limited as 
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tundra vole abundance increases with food subsidies (Batzli and Lesieutre 1995), although voles 

show strong preferences for palatable plant species and are able to consume in quantity only 

some of the species present, in particular sedges and some dicots. Batzli and Hentonnen (1990) 

suggested that vole population dynamics (cycling every 3-5 years in areas close to waterways 

with more preferred food, and less frequently in upland areas, G. Batzli, pers. comm.), might be 

correlated with predator abundance, particularly of foxes and weasels, as is true for lemmings in 

coastal Alaska (Batzli et al. 1980). The other common and often abundant small mammal is the 

Arctic ground squirrel (Spermophilus parryii), which burrows extensively in dryer, deeply-

thawed soils. Small mammals serve as the primary food source for a number of bird and 

mammal predators including jaegers, owls, several species of raptors, foxes, wolves, and 

weasels. Caribou serve as a food source for larger predators such as wolves and grizzly bears. 

Results of >10 years of limiting herbivore access to Moist Acidic Tundra (MAT) and dry 

heath tundra at Toolik Lake indicate that small mammals have small but significant effects on 

plant community structure, primary production, and biomass under ambient nutrient conditions 

and at large spatial scales (Johnson 2008). At the level of the individual plant, however, and 

particularly under increased soil nutrient conditions, mammals clearly affect the vegetation 

(Gough et al. 2007, 2008). For example, Eriophorum vaginatum, the abundant tussock-forming 

sedge in MAT, does not easily recover from intense vole damage at the level of the individual 

tussock, even under increased nutrient conditions. One result of this may be competitive release 

of other co-occurring but less palatable species, such as Betula nana, which has greater growth in 

plots exposed to animal activity. In dry heath tundra lichens are negatively affected by herbivory 

and by animal disturbances and herbivory exacerbates the fertilizer-induced dominance of the 

grass, Heirochloe alpina. 
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Caribou (Rangifer tarandus) are not major foragers in the Toolik Lake region in most 

years, as Toolik lies within the range of the Central Arctic Herd but is not a calving ground 

(Griffith et al. 2002, Cameron et al. 2002, Lenhart et al. 2002). Caribou are present, however, 

every year at Toolik Lake and every 5-8 years are abundant in late summer (August); their winter 

activities have not been documented but their feces are found in abundance after snowmelt in 

some years, particularly in vegetation such as dry heaths, which has less snow cover than 

surrounding areas and also has abundant lichen cover. 

Interannual variability in snowmelt and vegetation phenology propagates throughout the 

terrestrial food web. For example, several studies have shown that interannual variability in 

weather and plant growth exhibits significant control over the abundance and phenology of 

arthropods on the tundra (MacLean and Pitelka 1971, Pitelka 1973, Myers et al. 1979). 

Preliminary data collected at Toolik by J. Wingfield (pers. comm.) show clear correlations 

between interannual variability in weather and arthropod abundance. Cold spring temperatures, 

for example, may result in late emergence and fewer flying insects than in other years. 

Higher up on the trophic ladder, and thus dependent for food and shelter on climate, 

vegetation, and arthropod food sources, are arctic birds. Because the arrival time of migratory 

songbirds is strongly photoperiod dependent, breeding success of arctic avifauna has been shown 

to vary as a result of interannual climate variability, most notably with the timing of spring 

snowmelt (Hahn et al. 1995, Skinner et al. 1998, Martin and Wiebe 2004). Wingfield et al. 

(unpublished data) have shown that near Toolik Lake, interannual variability in early season 

breeding activity (i.e., male call, song, and flight frequencies) of Lapland longspurs are strongly 

correlated with spring snowmelt date. Males sing more and show greater numbers of flight 

displays when the tundra is snow free. Stress hormone levels of the same species are elevated 
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during storm events. Together, these results suggest that through a complex web of multi-trophic 

level interactions, interannual variability in climate dictates the breeding success of the tundra’s 

migratory songbirds from year to year. 

The most abundant consumer organisms in the Toolik Lake landscape are the 

decomposers, including bacteria, fungi, and other microbial and invertebrate members of the soil 

food web (Doles 2000). These soil organisms account for the majority of the heterotrophic 

respiration in the ecosystem (RH) and for most of the recycling of essential elements like N and P 

from plant litter into forms that can be used by plants (discussed below). The abundance and 

composition of these communities is related to the productivity and composition of the 

vegetation aboveground (Gough et al. 2012). They also contain in their bodies a disproportionate 

amount of labile forms of these essential elements; for example, Schmidt et al. (2002) found that 

in moist acidic tundra and wet sedge tundra at Toolik Lake and in heath tundras at Abisko, 

Sweden, the amount of labile N and P in microbes typically equaled or exceeded the amounts in 

the vegetation.  

_____________________________________________________________________________  

 

<1>Vignette 5.2. Belowground Food Web Responses to Warming and Nutrient Additions, by 

John Moore 

 

Soil ecological research at Toolik Lake has studied how current and anticipated changes 

in climate affect the dynamics of soils and soil biota in arctic tundra ecosystems. The soils of the 

dominant moist acidic tussock (MAT) ecosystem are characterized by a thick organic horizon 

overlying a poorly developed mineral layer. The microtopographic features include tussocks 
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formed by the growth of sedges and shrubs and water saturated inter-tussock depressions 

dominated by mosses. The organic layer that has formed is a result of the low pH of the plant 

debris (roots, stems, and leaves), soggy soils, and cold temperatures, which act to inhibit the 

activities of biota that decompose the materials. Over the past 30 years, the Arctic has 

experienced significant regional warming. A series of manipulations at Toolik Lake that included 

warming during the growing season with greenhouses (GH), and annual applications of nitrogen 

(10 g N m-2 yr-1 as NH4NO3) and phosphorus (and 5 g P m-2 yr-1 as P2O5) following snowmelt 

have driven shifts in plant species composition with a loss of mosses, and increases in NPP and 

biomass, particularly among shrubs (Chapin et al. 1995, Gough et al. 2012). Nutrient additions 

dating back to 1982, have precipitated large net losses of soil organic C (40-100 g C m-2 yr-1) in 

the organic and mineral horizons (Mack et al. 2004), and changes in the size distribution and 

quality of soil aggregates within the mineral horizon (Simpson 2010).  

Nutrient additions and warming have initiated changes in the configuration of the 

belowground community as well (Fig. 5.V2)[INSERT FIGURE 5.V2 HERE]. The soil food web 

experienced structural shifts in terms of the diversity of functional groups, the vertical 

distribution of biomass with trophic position, and horizontal distribution of biomass within 

energy channels. Phytophagous nematodes declined with nutrient additions and warming, but 

established themselves within the mineral layers of both treatments coincident with observed 

increases in root densities within the mineral layers. Enchytraeids, which were absent in controls, 

became established in treated plots. Fungi dominate the microbial biomass in all plots, but 

bacteriovores are the dominant consumers, indicating great activity within the bacterial energy 

channel. Activity within the fungal and bacterial energy channels appears less stratified in the 

treated plots. Predator biomass increased at all depths with warming and declined within the 
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organic horizons following nutrient additions. These results and others point to an ecosystem that 

is vulnerable to changes in temperature and nutrient availability. The results also provide insights 

into the types of changes we can anticipate under continued climate warming. 

 

______________________________________________________________________________ 

 

<2>Soil Organic Matter and Element Stocks  

 

In tundra ecosystems, soils contain by far the largest pools of organic matter and essential 

elements such as C, N, and P. Near Toolik Lake the soils typically have an organic (O) horizon 

of varying thickness overlying a poorly-developed mineral soil. The O horizon (often called the 

“peat layer”) consists largely of poorly-decomposed plant material with very little mineral 

content while the lower, mostly mineral soil also contains significant organic matter and mineral 

elements. Because all of these soils are underlain by permafrost, the depth of the annually-

thawed “active layer” is a critical determinant of the volume of soil in which C and other 

elements actively cycle. Depending on the thickness of the O horizon and the depth of thaw, the 

active layer may consist entirely of organic soil, or it may include a thin (0-2 cm) O horizon 

above a meter or more of thawed, rocky mineral soil (Table 5.1)[INSERT TABLE 5.1 HERE]. 

In most tundra soils there are also significant organic matter and element stocks below the active 

layer (within the 1-2 meters of permafrost), reflecting former conditions of deeper annual soil 

thaw and “cryoturbation” or mixing of the soil by freeze-thaw processes (Ping et al. 1997, 1998, 

2008).  
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Both the thickness of the O horizon and the thickness of the active layer are highly 

variable (Table 5.1), reflecting a complex interaction among topography, soil moisture, drainage, 

the thermal properties of the peat and mineral soil, and the effects of surface litter and the plant 

canopy on heat flux into the soil. Near Toolik Lake the parent material is generally glacial till, 

outwash, or morainal material of various ages. The pH of the younger soils is generally close to 

neutral or slightly acidic (>5.5 or “nonacidic”), while the pH on older surfaces is often 3.5-4.5 or 

“acidic”. Soil temperature and moisture also interact with the amounts and chemical composition 

of plant litter to determine the rate of decomposition and thus net organic matter accumulation or 

loss. The presence of permafrost is a key factor, because it means that soils are frozen solid in 

winter and thaw from the surface down only after snowmelt. Deep drainage of water does not 

occur through permafrost, meaning soil water must drain laterally over the permafrost surface 

and soils are always wet at depth. Although soil surface temperatures can exceed 30 ºC in the 

summer, the bottom of the thawed “active layer” is always at 0 degrees. The maximum thaw 

depth is not reached until the end of July or later, and when the soil refreezes in autumn it does 

so both from the top down and from the bottom up. This autumn refreezing may take 8-10 weeks 

to complete after the mean air temperatures go below freezing in September, depending mainly 

on snow cover, and even then microbial activity may continue as soil temperatures descend to 

below -5 to -10 °C (Grogan and Chapin 1999, Schimel et al. 2006). 

In the O horizon, C stocks vary 40-fold, from <500 to almost 20,000 g m-2 (Fig. 

5.4[INSERT FIGURE 5.4 HERE]; Giblin et al. 1991). Much of this variation is due simply to 

differences in the thickness of the O horizon, but variation in bulk density (usually ~0.06 g cm-3 

but varying from 0.04-0.14) and C concentration (usually >35% but as low as 10-15% depending 
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on how much mineral material is incorporated) also contribute. N stocks of the O horizon are 

smaller but show similar patterns of variation (from <20 to >1100 g m-2).  

In the mineral soil, C and N stocks also vary greatly but generally inversely with the O 

horizon, so overall C and N stocks within the active layer are less variable than in the individual 

organic or mineral layers (Fig. 5.4). In the mineral soil, C and N concentrations are much lower 

but bulk density is much higher, so the mineral soil per unit area often contains more C and N 

than the O horizon. The mineral soil horizons, however, are also colder than the O horizons, they 

spend a larger portion of the year frozen, and the organic matter they contain is less readily 

usable by soil microbes (Weintraub and Schimel 2003, 2005, Shaver et al. 2006). For these 

reasons the highest rates of element turnover occur in the O horizon. 

 

<2>Inputs, Outputs, and Turnover of Carbon, Nitrogen, and Phosphorus 

 

<3>Carbon 

 

As in virtually all terrestrial ecosystems, the main input of C to tundras is by 

photosynthesis (Gross Primary Production, GPP) and the main losses of C are as respiration by 

plants (RA, autotrophic respiration) and by heterotrophs (RH), largely microorganisms; 

respiration of the whole ecosystem (RE) is the sum of RA and RH. In tundras most of the RH 

occurs in the soil in association with decomposition processes, and soil respiration (not including 

root respiration) is often considered a measure of RH. Soil carbon emissions in tundras also often 

include a significant methane component, particularly in wet sites with anaerobic soils (Walter et 

al. 2006). In addition to these gaseous fluxes, C may enter and leave patches of tundra as 
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dissolved organic and inorganic C moving in soil water across the surface of the permafrost 

(Kling et al. 1991, Judd and Kling 2002), and as leaf litter redistributed by wind and snow 

(Fahnestock et al. 2000). Lateral losses of dissolved inorganic plus organic C range from ~2-5 g 

C m-2 yr-1 (see Chapter 6).  

In the landscape near Toolik Lake, GPP varies with vegetation composition, topographic 

location, time of year, and recent and current weather conditions including radiation, rainfall and 

temperature (Fig. 5.5)[INSERT FIGURE 5.5 HERE]. Despite considerable variation in 

photosynthetic rates at the leaf level among species (Starr and Oberbauer 2003), there is a strong 

convergence in canopy leaf area:leaf N relationships suggesting an “optimal” canopy structure in 

which GPP increases similarly with both leaf area and canopy N content (Williams and Rastetter 

1999). About 75% of the variation in GPP is explained by leaf area and light (photosynthetic 

photon flux density or PPFD) alone (Shaver et al. 2007). In the middle of the growing season and 

at a constant PPFD of 600 µmol photons m-2 s-1, GPP ranges from ~2 to 8 µmol CO2 m-2 s-1 in 

wet, moist, and dry tundras at Toolik Lake and is closely correlated with canopy leaf area. Light-

saturated (mid-day) GPP can be much higher (up to 15-20 µmol CO2 m-2 s-1) but the daily 

average rates are in the range 1 to 3 µmol CO2 m-2 s-1 (Oberbauer et al. 2007).  

Most studies of respiration in the Toolik Lake region have focused on whole-ecosystem 

respiration (RE; e.g., Hobbie and Chapin 1998), or have used bulk soil respiration (without roots) 

as an estimate of RH (e.g., Hobbie et al. 2002, Schimel et al. 2006). Overall, RE is correlated with 

GPP; in the long term GPP is the ultimate source of all C lost in respiration, so RE cannot exceed 

GPP indefinitely. Nonetheless, extrapolations of short-term measurements of RE to seasonal and 

annual estimates consistently exceed estimates of GPP in the Toolik Lake region even during 

midsummer (Oberbauer et al. 2007).  
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Winter respiration probably accounts for at least 20% of annual RE although there is great 

variability among estimates (3-50%; Grogan and Chapin 1999). One reason for the variability in 

“winter” respiration estimates is variation in the definition of when the “winter” starts and ends; 

most of the cold-season respiration actually occurs during the autumn (late September through 

December) and a smaller portion during the spring (May and early June; Schimel et al. 2006). 

Respiration rates of soil microorganisms (RH) during the coldest parts of the winter are extremely 

low (e.g., Fahnestock et al. 1999). Such respiration is possible because even down to 

temperatures as low as -10º C, liquid water films remain on soil particles and allow microbes to 

remain physiologically active. Although RA has not been measured through the arctic winter, 

there is little reason to expect that RA is significant except in the same fall and spring periods as 

with RH; in fact it is likely that the aboveground component of RA is very low through most of 

the autumn as air temperatures are colder than soil temperatures in autumn, winter, and spring.  

Although C losses from methane are rarely more than 5% of the total C loss from arctic 

landscapes, because methane has a higher greenhouse warming potential than CO2 there may be 

a net greenhouse warming effect even when GPP exceeds RE. Methane losses are greatest in wet, 

anaerobic soils and carbon-rich sediments such as the “yedoma” (loess) soils of northeast Siberia 

(Walter et al. 2006). Near Toolik Lake, these wet anaerobic soils include wet sedge tundras and 

moist tussock tundras where water is close to or above the soil surface and methane can be lost 

by diffusion and ebullition without passing through a surface horizon, where it may be consumed 

by methane oxidizers (Christensen et al. 2003). Methane losses may also be facilitated by 

passage through internal plant air spaces (Schimel 1995, Torn and Chapin 1993). 

Net Ecosystem Exchange (NEE) is the balance of GPP and RE.  Midday, midsummer 

measurements of NEE near Toolik Lake range from a small net loss of C to the atmosphere (0-6 
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µmol m-2 s-1), especially in wetter sites, to net gains of ~10 µmol m-2 s-1 to the tundra (Fig. 5.5B). 

Nighttime values of NEE show consistent small C losses to the atmosphere despite the lack of 

full darkness in summer months. The summer value of NEE is most strongly correlated with leaf 

area and PPFD, reflecting the strong influence of these variables on the GPP component, 

although there is also a significant effect of daily variation in temperature on RE (Williams et al. 

2006). Integrated over a full day, midsummer NEE of tundra usually shows a net C gain of 0.5-

1.5 g C m-2 d-1 (0.04-0.13 mol C m-2 d-1) and is also correlated with leaf area (McFadden et al. 

2003). Over the three summer months when GPP exceeds RE on most days, cumulative NEE at 

Imnavait Creek near Toolik Lake varies from 50 to 95 g C m-2 stored in the tundra (Euskirchen et 

al. 2012). Over longer periods, NEE may be positive or negative and is related to summer 

weather (especially summer rainfall) and to multiyear changes in temperature and 

evapotranspiration. 

 

<3>Nitrogen 

 

The main N inputs are by bacterial fixation and by deposition in rainfall and snow (Fig. 

5.6)[INSERT FIGURE 5.6 HERE]. The highest rates of N fixation (per g tissue) occur in the 

roots of legumes such as Lupinus species and actinorrhizal shrubs such as Alnus species, but the 

majority of the N fixation (per m2 ground area) occurs in free-living algae or in moss-algal 

associations and in several lichen species. The lichen Peltigera apthosa in particular is widely 

distributed especially in moist tundra and is capable of very high rates of fixation (0.77 µmol N g 

lichen-1 h-1; Weiss et al. 2005). Although these lichens constitute important hotspots of N 

fixation, the algal-associated inputs are probably more important over the whole landscape 
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(Hobara et al. 2006). At Imnavait Creek near Toolik Lake, the overall average rate of N fixation 

is 80-131 mg N m-2 yr-1. These inputs by fixation are 5-10 fold larger than the long-term average 

summer (unfrozen) deposition rate of ~14 mg N m-2 yr-1. Winter deposition in snowfall is similar 

on average to the summer deposition but much more variable due to redistribution of snow, from 

near zero in windblown, snow-free hilltops to >50 mg N m-2 yr-1 in snow accumulation areas 

(Shaver et al. 1991). 

The gross inputs of N by fixation and deposition (0.1-0.2 g m-2 yr-1) are considerably 

smaller than the annual vegetation uptake requirement for N used in Net Primary Production 

(NPP) (0.4-4.5 g m-2 yr-1), indicating that most of the vegetation N supply must come from 

recycling of N already in the ecosystem. This recycling occurs as the mineralization of soil 

organic N to ammonium or nitrate, followed by plant uptake, and by short-circuits of this process 

including uptake via mycorrhizae (Hobbie and Hobbie 2006) and direct plant uptake of organic 

N (Kielland 1994, Schimel and Chapin 1996).  

Net N mineralization rates have been estimated in several studies near Toolik Lake, under 

the assumption that the inorganic N supply to plants is essentially the remainder of the gross N 

mineralization after microbial N uptake (Table 5.2)[INSERT TABLE 5.2 HERE]. Net N 

mineralization, however, is insufficient to account for total plant N uptake, usually amounting to 

only about one third of the amount needed. Typically during the growing season, net N 

immobilization occurs, with net N mineralization occurring only during the winter. Thus by this 

measure plants appear to compete directly with microbes for uptake of N produced by gross 

mineralization processes, in which case net mineralization underestimates the mineral N 

available to plants (Schmidt et al. 2002). Alternatively, plants may use organic N in addition to 

mineral N (McKane et al. 2002). Both of these forms appear to be used at least for abundant, 
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non-mycorrhizal graminoid species such as Eriophorum vaginatum. In the case of the majority of 

species that are mycorrhizal, including dominant shrubs such as Betula nana, N uptake via 

mycorrhizae probably accounts for more than half of N uptake (Hobbie and Hobbie 2006). 

According to these authors, the plants with low values (15N depleted) of 15N in the leaves in Fig. 

5.7[INSERT FIG. 5.7 HERE] are receiving large amount of N from mycorrhizal fungi. 

The main losses of N from tundra ecosystems are by leaching as dissolved organic and 

inorganic N and by denitrification. Leaching losses, determined as the amounts of N leaving 

tundra watersheds in stream flow, are ~ 50-100 mg N m-2 yr-1 (Peterson et al. 1992, McNamara 

et al. 2008), about the same magnitude and perhaps smaller than the sum of the N inputs by 

fixation and deposition. Losses by denitrification are still uncertain and have not been measured 

directly; the only study to date (Alexander-Ozinskas 2007) indicates that under optimum 

conditions N loss by denitrification may be as high as 1-2 g m-2 yr-1 in wet and moist tundras 

where soils are frequently anaerobic, and near zero in dryer, well-aerated heath soils. These high 

rates of potential denitrification are unlikely to occur under field conditions. 

______________________________________________________________________________ 

 

<1>Vignette 5.3. Mycorrhizal Fungi Provide Nitrogen to Plants: a Vital Symbiosis, by John 

Hobbie 

 

Most of the plants in the Toolik region, in fact, 90% of all plants, are symbiotic with 

fungi; plants provide sugars to the fungi and the fungi provide several kinds of nutrients and 

probably water to the plants. Threads of fungal hyphae, each 5 to 15 µm in diameter, attach to 

plant roots in several ways and extend out as far as a meter to mine the soil for carbon, nitrogen, 
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and phosphorus. At Toolik, the ectomycorrhizal fungi (ECM) are symbiotic with birch and 

willow roots while the ericoid mycorrhizae are symbiotic with ericaceous plants such as Ledum, 

blueberry, and cranberry. Exactly how much carbon and nutrients are transferred is difficult to 

quantify but the benefits to the plants must be large or they would not give up an estimated 20% 

of their net photosynthetic sugars to the fungi (Hobbie and Hobbie 2008). The functional 

relationship of ectomycorrhizal and ericoid mycorrhizal fungi to plants is just beginning to be 

understood; pure cultures show that many fungi have the enzymes to decompose proteins.  

The low stature of the vegetation, the abundance of fruiting bodies of mycorrhizal fungi, 

and the nitrogen limitation of plant growth made the tussock tundra at Toolik an ideal location 

for quantification of the fungal nitrogen cycle. This is accomplished through analysis of the 15N 

content of soil nitrogen, of the ectomycorrhizal fruiting bodies (mushrooms) that are composed 

of hyphae, and of the ectomycorrhizal plant stems and foliage; it has the great advantage over 

other ways of studying a soil process in that the natural isotope abundance is measured and the 

belowground system remains undisturbed.  

The process that makes the analysis possible occurs during the transfer of nitrogen from 

the hyphae to the plant. At Toolik (Hobbie and Hobbie 2006), the soil organic matter has a δ15N 

of +1-2‰, the plant values average ~ -5‰ for ecto- and ericoid mycorrhizal plants, and the 

ectomycorrhizal fungi average +7‰. Note that in Fig. 5.7 this analysis applies only to the plants 

with negative δ15N values, the ectomycorrhizal and ericoid mycorrhizal plants. At the tip of the 

hyphae, enzymes are produced that break down soil proteins into amino acids. The hyphae take 

up the amino acids and transport them back to the roots. Before transfer, all the amino acids are 

transformed to the amino acid glutamine; this transamination process favors the light isotope, 

14N, and results in glutamine with less 15N being transferred to the plant. The amino acids and 
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chitin with more 15N remain in the hyphae. From a mass balance of the 15N, 61-86% of the 

nitrogen in plants came from the fungal pathway while 8-17% of the net photosynthetic carbon 

was transferred to fungi. A slightly different analysis (Yano et al. 2010b), using the δ15N of 

hydrolysable organic nitrogen, estimated that 30-60% of the plant nitrogen came from fungi.

 The warming of arctic plants, already well-known to commonly cause increased growth, 

also leads to a shift in their allied ECM fungal community; moreover, the new community of 

fungi has a distinctly different ecological function (Deslippe et al. 2011). An experimental 

warming experiment took place over 18 years in acidic tussock tundra at Toolik where 

greenhouses raised the temperature of plants and soil ~2oC causing a dramatic increase in height 

of the Betula nana. An analysis of the internal transcribed spacer sequences of ECM fungi in 

1000 root tips from Betula found that the ECM fungi in control, fertilized, and fertilized plus 

warming treatments were dominated by a Russula-associated community while the fungi in the 

warming treatment changed to a Cortinarius-dominated community (Deslippe et al. 2011). 

Based on data on fungal exploration types, the warming enhanced growth of Betula which 

responded to an increasing nutrient limitation (likely nitrogen) by increasing organic carbon 

transport to roots. Growth of roots and the Russula-associated fungal community depleted the 

more labile organic and inorganic nitrogen compounds in the near vicinity of the roots. As a 

result, the community of ECM fungi shifted to Cortinarius species which can mine nitrogen 

from widely dispersed and recalcitrant organic matter and transport solutes back to fruiting 

bodies and plants in hydrophobic rhizomorphs (a root-like mass of hyphae associated with 

transport). The hyphae and rhizomorphs of Cortinarius species can be up to a meter long. The 

ECM community shifts in the experiments described here not only help in understanding how 
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ecological function differs among mycorrhizal taxa, but may also presage changes in the 

diversity of ECM communities as the arctic tundra continues to become warmer and shrubbier. 

 

<3>Phosphorus 

 

Much less is known about the P cycle near Toolik Lake, although fertilizer experiments 

have indicated P-limitation to productivity of the vegetation in most wet sedge tundras and some 

moist tussock tundras (Shaver and Chapin 1986, 1995). Dissolved inorganic P in soil solution 

was low (0.3-0.4 µmol L-1) and frequently below detection limits along a sequence of six tundras 

on a hillslope above the Sagavanirktok River, but KCl-extractable PO4-P varied more than 20-

fold (Giblin et al. 1991). The greatest amounts of KCl-extractable and resin-exchangeable P 

occurred in deeply-thawed soils such as the hilltop heath, Equisetum tundra on a steep hillslope, 

and riparian shrub tundra (Fig. 5.1). In younger soils most of the P occurred as primary mineral P 

(HCl-extractable and “residual” P), while the amounts of Fe- and Al-bound P increased in older 

soils.  

The largest pool of actively-cycling P is held in the top 30 cm of soil organic matter, 

about 19.5 and 22 g P m-2, respectively, in moist tussock tundra and wet sedge tundra at Toolik 

Lake (Schmidt et al. 2002). Soil microbial P is the second largest organic P pool, accounting for 

about 3 g m-2 in moist tundra and 1.3 g m-2 in wet sedge. The P content of live vegetation is the 

smallest of these pools, less than 2 g m-2 in moist tussock tundra and less than 1.2 g m-2 in wet 

sedge (Shaver and Chapin 1991).  

 

<2>Overall Element Budgets and Stoichiometry 
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An overall conceptual model of element cycling and element interactions is needed to 

integrate and compare the above information. We do this in the context of a generalized organic 

matter budget for a terrestrial ecosystem, accounting for the fact that all organic matter is 

composed of multiple, essential, non-substitutable elements and that the relative abundance of 

those elements changes among different kinds of organic matter. When the data on C and N 

cycles are combined in this way (Fig. 5.6; Shaver et al. 1992), several key facts emerge:   

 

First, the budget components include organic matter pools that differ widely in their magnitudes, 

turnover rates, and C:N ratios, yet they are all linked through the exchanges of these elements 

among pools, either as organic matter containing both C and N or as inorganic N.  

Second, the “external” inputs and outputs of N (fixation, deposition, denitrification, and leaching 

losses) are all small relative to the “internal” exchanges of N among organic matter pools 

(plant uptake, litter fall, mineralization). In other words, the N cycle of this model tundra is 

relatively closed and depends strongly on internal recycling of N.  

Third, in contrast to the situation for N, the “external” inputs and outputs of C (GPP, RA, RH, 

leaching losses) are mostly large relative to “internal” exchanges of C (litter fall, plant uptake 

of organic molecules, consumption by microbes, leaching losses, and (not shown) herbivores; 

in other words, the C cycle is relatively “open” in comparison with the N cycle. 

 

These facts indicate that controls on short- and long-term change in either the C cycle or the 

N cycle depend on controls over both elements. In particular, in the short term the C balance of 

such a system can be thought of as C gains (NPP = GPP-RA) associated with plant N uptake 
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balanced against C losses (RH) associated with the breakdown of litter and soil organic matter 

into forms of N that can be taken up by plants. In the long term there are three general kinds of 

controls that should mediate change in overall organic matter stocks of this model ecosystem: 

 

(1) Controls on variability of C:N ratios in both pools and fluxes. As the range in possible C:N 

ratios changes, the greater the possibilities for changes in the C budget without change in the 

N budget, and vice versa. The C:N ratios of pools and fluxes may change for many reasons, 

including changes in species composition (and thus the chemical composition of plant 

tissues), changes in processes like N resorption at leaf litterfall (and thus the C:N ratio of the 

litter), and changes in microbial growth efficiencies (and thus the amount of CO2 lost per unit 

of microbial biomass produced). 

(2) Controls over the distribution of organic matter among plants, soils, and microbes. For 

example, because soil organic matter always has a lower C:N ratio than plant biomass, the 

transfer of N from soil organic matter to plant biomass will result in a higher carbon storage 

in the ecosystem as a whole, even if there is no change in total N in the ecosystem. Microbes, 

in contrast, have very low C:N ratios, so consumption of soil organic matter by microbes, 

associated with increases in microbial biomass, results in loss of C while N is retained.  

(3) Changes in the balance of element inputs and outputs and thus total element stocks. In the 

case of this model tundra, the C cycle is relatively “open” and the N cycle is relatively 

“closed”. This means that short-term increases in C inputs (such as the expected 

photosynthetic response to warming) cannot be sustained without a corresponding increase in 

N inputs, changes in the distribution of N, or changes in C:N ratios as described above. In 

general it means that long-term changes in organic matter stocks and turnover in this system 
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should be more sensitive to changes in factors controlling N balance, N turnover, and N 

distribution than to changes in factors controlling C balance and distribution. 

By incorporating these controls and relationships between C and N, the Simple Arctic 

Model (SAM; Shaver et al. 1992) outlined in Fig. 5.6 provides an overall, integrated framework 

for interpretation of experimental and monitoring studies of the Terrestrial Arctic LTER. This 

framework has proven particularly useful in developing long-term predictions (decades to 

centuries) of change in response to climate change and human impacts on the tundra near Toolik 

Lake. 

 

<1>Controls on Ecosystem Structure and Function   

 

<2>Climatic and Other Environmental Controls 

  

The major environmental controls on tundra ecosystems near Toolik Lake include 

temperature, light, soil moisture, snow cover, and length of the growing season. Effects of 

changes in these controls have been studied in a wide range of short-term and long-term 

experiments, often involving factorial combinations of two or more controls. Because past 

research showed the productivity of these systems is consistently limited by N or N and P 

availability to plants, N and P fertilization experiments were also included in all of the major 

terrestrial ecosystems near Toolik Lake. The major overall lessons from these experiments 

include:  
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(1) On time scales of 1-20 years, the greatest changes in primary production, plant biomass, 

species composition, and soil processes are caused by N and P fertilizers, indicating strong 

control of the C cycle by the availability and turnover of these elements (Fig. 5.8)[INSERT 

FIGURE 5.8 HERE].  

(2) Essentially all ecosystem processes in the tundra are temperature-limited in the sense that 

increases in temperature result in immediate, short-term increases in process rates. However, 

long-term changes in element budgets and stocks take place relatively slowly and less 

dramatically in response to increases in air temperature (Fig. 5.8). Changes in air 

temperature also lead to much smaller changes in soil temperature, leading to smaller and 

slower changes in temperature-limited processes in the soils, including mineralization of N 

and P. 

(3) Changes in photosynthetically active radiation have an immediate impact on photosynthesis 

at both leaf and canopy levels, but longer-term changes in C cycling are smaller and depend 

more on regulation of leaf area, which is also limited by nutrient availability and plant 

allocation patterns. In multiyear experiments a 50% reduction in photosynthetically active 

photon flux density (PPFD) during the summer results in a 25-50% reduction in both 

production and aboveground biomass (Fig. 5.8). 

 

Results from tundra at Toolik Lake (Fig. 5.8) are consistent with similar experiments 

throughout the Arctic (Shaver and Jonasson 1999, van Wijk et al. 2003, Dormann and Woodin 

2002), which generally show a greater whole-system responsiveness to changes in N or P 

availability than to changes in temperature or light.  
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At present it is not possible to say which kinds of tundra (wet, moist, dry, or shrubby) are 

more or less responsive to these manipulations of growing conditions. Overall they all respond 

similarly to the changes in nutrients, temperature, and light. In experiments where N and P 

fertilizers have been added factorially, the response to N generally dominates especially in moist 

and dry tundras, although some moist tundras are P-limited and co-limitation has also been 

observed (Shaver et al. 1986a, Shaver and Chapin 1995). The productivity of wet sedge tundras 

near Toolik Lake is typically (but not always) P-limited or co-limited by P and N (Shaver et al. 

1998). The greater importance of P limitation in wetter sites is probably related to the chemical 

immobility of P at low pH and low soil oxygen status, as well as to the common isolation of 

these tundras from mineral soils (as a source of P) due to their thick O horizons and shallow thaw 

depths (Table 1).    

Species composition of all tundras responds strongly to changes in nutrients, temperature, 

light, and other manipulations such as changes in herbivory and snow cover. Here again, the 

greatest changes occur in response to fertilizer addition, and changes in species composition in 

response to other treatments often appear to be linked to secondary changes in N and P cycling. 

In moist acidic tundra, grasses and sedges often dominate in fertilized plots in the first 1-6 years 

of treatment; these graminoids may retain their dominance where Betula is absent (Bret-Harte et 

al. 2008). The long-term response (6-20 y) to nutrient addition in moist acidic tundra, however, 

is a dramatic increase in the rapidly-growing woody shrub Betula nana (Shaver et al. 2001). In 

moist nonacidic tundra where Betula is rare or absent, there is a general increase in abundance of 

all plant functional types, resulting in an overall increase in biomass and productivity similar in 

magnitude to that of moist acidic tundra (Hobbie et al. 2005). In other systems, such as dry heath 

tundra initially dominated by evergreen shrubs and lichens, the dominant species of fertilized 
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plots is the grass Hierochloe alpina (Gough et al. 2002). Warming also changes the species 

composition although more slowly than fertilizer addition, probably because the species changes 

are more limited by the temperature effect on nutrient availability than by the direct effect of 

warming on growth. As for the nutrient response, deciduous shrubs and forbs are typically the 

most responsive plant functional types to warming (Walker at al. 2006).  

Mosses and lichens are also strongly affected by these treatments. Although the direct 

response is often similar to the vascular plants (i.e., increased growth with higher nutrients or 

warming), in the long term mosses and lichens generally decline or disappear in treatments 

where taller shrubs or other species form a closed, dense canopy (Shaver et al. 2001, Cornelissen 

et al. 2001). Lichen abundance is reduced by herbivores and increases in response to herbivore 

exclusion in dry heath and moist acidic tundras (Gough et al. 2008). 

 

<2>Effects of Species Composition on Biogeochemistry  

  

Variability and change in species composition are important because different species 

have very different responses to environmental change, and species composition has important 

impacts on biogeochemical cycles. A multitude of effects of species on biogeochemistry derive 

from differences in their growth rates, morphology, and allocation patterns. For example, 

because leaves of grasses and sedges grow from basal, intercalary meristems, grass and sedge 

species are less constrained in terms of the size and number of leaves that can be produced each 

year (Shaver and Laundre 1997). For this reason, grasses and sedges respond very quickly to 

changes in environment and dominate the initial changes in LTER fertilized plots. Other species, 

in particular the dominant evergreens like Ledum palustre, are limited in their ability to respond 
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within the same growing season to change in the environment because the current-season’s 

growth is limited by the characteristics of the buds produced at the end of the previous season; 

the growth of individual shoots cannot respond fully until the following season, with growth 

from a new set of buds (Shaver 1981, 1983).  

Vegetative demography is thus a key aspect of controls over the multiyear response to 

environmental change in the tundra near Toolik Lake. One of the most important differences 

among species in this regard is the ability to branch rapidly and to grow taller as biomass 

accumulates with more favorable growing conditions. Although graminoids can produce new 

tillers quickly (Fetcher and Shaver 1982), they cannot grow tall because they do not produce 

woody stems. The deciduous shrub Betula nana, on the other hand, is typically the dominant 

species in nutrient-rich moist and wet tundras because it can (1) rapidly produce new, upward-

growing “long shoot” branches from the store of meristems it maintains as “short shoots” under 

less favorable environmental conditions, and (2) rapidly increase stem wood production by 

secondary growth from cambial meristems (Bret-Harte et al. 2001, 2002). 

A second important effect of species composition is related to differences in their nutrient 

uptake, particularly N uptake in these typically N-limited systems. Experiments using 

isotopically-labeled N sources have shown that tundra plant species are physiologically able to 

acquire N in a wide range of different chemical forms, at different depths, and at different times 

of year (Kielland 1994, Schimel and Chapin 1996, McKane et al. 2002). The common tundra 

plant species are also known to differ consistently in δ15N, a measure of the relative abundance 

of N isotopes, in their tissues (Fig. 5.7; Nadelhoffer et al. 1996). Because changes in δ15N within 

plants are assumed to be negligible, the differences in δ15N among species must be due to 

differences in sources of N taken up by those species (i.e., NO3
-, NH4

+, amino acids and other 
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forms of organic N taken up directly by roots, and N acquired via mycorrhizal symbionts). 

Surveys of δ15N in leaves (e.g., Fig. 5.7) consistently show that evergreen and deciduous shrub 

species have low δ15N values (in the range -4 to -8o/oo) while graminoids and most forb species 

have much higher δ15N values (in the range +4 to 0o/oo). The shrub species all have ecto- or 

ericoid mycorrhizae associated with their roots, and these mycorrhizae are known to transfer N 

to their plant hosts at low δ15N. Much of the N supply to evergreen and deciduous shrubs appears 

to be via mycorrhizae. The graminoid and forb species, on the other hand, are mostly non-

mycorrhizal or endomycorrhizal and appear to meet most of their N requirement by direct uptake 

of a wide range of N forms (Pedicularis, a forb in the Scrophulariaceae, is a root hemiparasite of 

B. nana and may obtain much of its N in this way). These differences in N uptake source among 

species may promote diversity in the tundra vegetation and may increase the community total N 

uptake in this N-limited system. 

In addition to these species effects, there is also considerable within-species variation in 

responses to environment that must be considered in extrapolating these responses over large 

areas. Populations (“ecotypes”) of Eriophorum vaginatum from south of the Brooks Range, for 

example, are significantly more responsive to environmental variation in reciprocal transplant 

experiments than are northern populations (Shaver et al. 1986b, Fetcher and Shaver 1990). A 

recent resurvey of these now 30 year old reciprocal transplant experiments shows that 

individuals of the same species from local populations are more fit than foreign populations in 

common gardens (Bennington et al. 2012). 

One of the best-documented effects of species composition on biogeochemistry is that of 

litter “quality” (relative decomposability) on decomposition and nutrient mineralization. In a 

comparison of decomposition rates using litter from 18 sites around the Arctic (Cornelissen et al. 
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2007), differences among plant functional types (deciduous, evergreen, graminoid, moss) 

accounted for about 30% of the explained variance in decomposition rates while “life zone” 

(overall differences in environment between the two experimental sites where the litter 

decomposed) accounted for about half of the explained variance (Fig. 5.9)[INSERT FIG. 5.9 

HERE]. Among the species and ecosystems at Toolik Lake, the different kinds of litter also 

decompose at very different rates and immobilize and release N differently; at constant 

temperature the range of decomposition rates among litter types from Toolik Lake is greater than 

the effect of a 6ºC change in temperature (Hobbie 1996). However, when weighted-average 

decomposition rates are used to estimate overall community litter decomposition at different 

sites, the site effects (moist acidic versus nonacidic tundra) on decomposition become more 

important than species composition effects (Hobbie and Gough 2004). The combination of 

species effects on initial litter “quality” and site effects on decomposition and mineralization is 

ultimately related to the chemical composition and nutrient mineralization of soil organic matter 

(Shaver et al. 2006), and likely to the microbial community composition (Zak and Kling 2006).  

Finally, differences in growth and allocation patterns among species can converge on 

similar overall ecosystem responses to environment despite very different component responses. 

For example, the concentration of N in plant tissues varies widely both among species and 

among tissues (leaves, stems, roots, inflorescences) as well as among sites and experimental 

treatments. However, when the overall N requirements of production and biomass accumulation 

by whole tundra vegetation are calculated, there is very little variation in overall N concentration 

across a 10-fold range in production and biomass in vegetation ranging from dry heath to tall 

shrub tundra (Shaver and Chapin 1991). In un-manipulated vegetation, this convergence in 

overall N use results more from changes in the mix of species and tissues with different N 
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concentrations than from variation in N concentration within species or tissues. However, even 

in long-term fertilized plots where species composition has changed dramatically and N 

concentrations in all tissues have increased, because increases in woody stem mass (with low N 

concentrations) are much greater than increases in leaf mass (with high N concentrations), the 

overall N concentration in the whole vegetation has not changed despite a doubling of biomass, 

production, and N content (Shaver et al. 2001). This convergence in N use appeared even when 

dominant species had been removed from the vegetation for six years, and regrowth by 

remaining species resulted in no change in overall N concentration (Bret-Harte et al. 2008). 

Together, these studies indicate strong constraints on N allocation and N use efficiency in these 

typically N-limited tundras, resulting in similar overall N use in all tundras. 

The convergence among species and vegetation types in overall response to environment 

is particularly well-illustrated by controls over canopy-level carbon exchange. In a comparison 

of 14 different tundras in the Kuparuk River basin (including Toolik Lake), Williams and 

Rastetter (1999) found a constant, linear relationship between canopy leaf area and canopy N 

content, irrespective of species or plant functional type composition, and showed that this 

relationship was optimal for GPP at any leaf area or N content. A comparison of long-term 

harvest data from LTER study sites indicates a very close correlation between Aboveground 

NPP (ANPP) and leaf area among years in control plots despite some year-to-year variation in 

species composition (Fig. 5.10 A-C)[INSERT FIG. 5.10 HERE], and that this relationship is 

continuous with the relationship between ANPP and leaf area in fertilized plots despite major 

changes in species composition and total N mass in these plots. A similar relationship exists 

between canopy photosynthesis (GPP) and leaf area across contrasting tundra types both with 

and without fertilization (Fig. 5.10 D). Here again, these studies taken together indicate very 
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strong constraints on how canopy-level CO2 exchange is regulated, with ~80% of the variation in 

CO2 exchange explained knowing only leaf area, light intensity, and temperature, irrespective of 

species composition (Street et al. 2007, Shaver et al. 2007). Despite a wide range of leaf 

morphology, leaf longevity, and leaf chemistry among the common species and tundra types, 

CO2 exchange at the canopy level is regulated mainly by leaf area and its display. 

 

_____________________________________________________________________________ 

 

<1>Vignette 5.4. Species Effects of Terrestrial Plants, by M. Syndonia Bret-Harte 

 

It has been proposed that plant species with similar effects on ecosystem function, such 

as species with highly decomposable leaf litter that stimulates decomposition, can be grouped 

into a single “functional type”. Chapin et al. (1996) identified six functional types in tussock 

tundra, corresponding to the recognized physiognomic growth forms (deciduous shrubs, 

evergreen shrubs, graminoids, forbs, mosses, and lichens). Species in a given functional type are 

expected to be better at replacing each other than species from other functional types, because 

they share similar patterns of resource acquisition and use (Symstad 2003). However, there have 

been few tests of this idea.  

To understand how species affect ecosystem functioning and the trajectory of ecosystem 

response to increased nutrient availability, we removed the dominant evergreen shrub (Ledum 

palustre), the dominant deciduous shrub (Betula nana), all mosses, and the combination of 

mosses, B. nana, and L. palustre, in the presence and absence of fertilization. We did not remove 
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graminoids because the dominant graminoid is a tussock-forming sedge upon which many other 

species grow, and removing it would have changed microtopography and drainage. 

After six years, the remaining plants had grown enough to restore total biomass to control 

levels (i.e., biomass compensation had occurred) in most unfertilized removal treatments (Bret-

Harte et al. 2008). Net primary productivity was not different from controls in unfertilized 

removal treatments. Compensation was remarkably rapid, considering how slow plant growth is 

in arctic ecosystems, and how much biomass was removed. Contrary to prediction, the species 

that provided most of the compensatory growth were not from the same functional type as the 

removed species, but were instead the most abundant species in other functional types .  

Fertilization did not increase total plant community biomass, because some growth forms 

and species benefited at the expense of others (Bret-Harte et al. 2008). However, under 

fertilization, deciduous shrub biomass increased more than any other growth form when Betula 

nana was present, but graminoid biomass increased the most when B. nana had been removed. 

Betula nana and many graminoid species can rapidly increase their numbers of active meristems 

under fertilization, which makes them good competitors under increased nutrient availability.  

Changes in plant species composition might alter ecosystem N use efficiency, because 

different plant species have different uptake rates and use different forms of N (McKane et al. 

2002). However, N use efficiency of plant biomass (total live plant biomass divided by total N 

content) was not significantly different among most unfertilized removal treatments (Fig. 5.V3A) 

[INSERT FIGURE 5.V3 HERE], although removal changed the relative abundance of species. 

Only removing the combination of moss, Betula, and Ledum decreased the N use efficiency of 

biomass relative to control plots; this treatment was dominated by graminoids and had not 

completely compensated in biomass (Bret-Harte et al. 2008). Removal did not alter N use 
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efficiency in net primary production, either (Fig. 5.V3B). These similar N use efficiencies 

probably result from the strong N limitation of plant productivity in unfertilized tundra (Shaver 

and Chapin 1980, 1986, Chapin and Shaver 1985, Chapin et al. 1995, Shaver et al. 2001). In 

contrast, fertilization decreased N use efficiency of biomass (Fig. 5.V3A), increased the total N 

pool in live biomass, and increased N concentrations in plant tissues. Fertilization decreased the 

N use efficiencies of both biomass and production most where B. nana biomass was the least, 

where plots were dominated by graminoids. Fertilized B. nana produces a large amount of wood 

of low N content, which is not produced by graminoids. 

Our results suggest that plant species composition does not affect capture of N by 

vegetation in unfertilized tundra, but does so when nutrient limitation is released by fertilizer 

addition. Species composition changes the trajectory of ecosystem response to fertilizer, and can 

affect other aspects of ecosystem functioning. Large shrubs decrease albedo in spring, and thus 

alter tundra energy balance (Chapin et al. 2005). Betula nana is unpalatable to most mammalian 

herbivores, and a transition to dominance by shrubs would negatively impact caribou if it occurs 

over a large area. In a future shaped by climate warming and increased N deposition, shrub 

dominance and graminoid dominance may be alternative outcomes, depending on the local 

abundance of these growth forms now. 

______________________________________________________________________________ 

 

<1>Timescales and Trajectories of Change 

 

In the absence of major disturbances like fire or permafrost thawing, change at the 

ecosystem level takes time because multiple, linked processes are involved and not all processes 
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change at the same rate (Shaver et al. 2000). For this reason, annual variation in production and 

biomass of the tundras near Toolik Lake is poorly correlated, if it is correlated at all, with annual 

variation in weather variables like temperature and radiation. Productivity of moist acidic tundra, 

for example, varied more than 2-fold between 1982 and 2000 (Fig. 5.11A)[INSERT FIGURE 

5.11 HERE], but there was little indication of a long-term trend in productivity despite persistent, 

strong summer warming throughout the late 1980s and 1990s. Although the highest production 

and biomass were both measured in the final year, 2000, neither was significantly different from 

the long-term mean production or biomass. During this time there was also little change in 

species or functional type composition of moist acidic tundra. Although the biomass of E. 

vaginatum was 30% lower in 2000 versus 1982, most of that decline took place during the early 

1980s (before climate warming) and graminoid biomass was, if anything, recovering during the 

1990s (Fig. 5.12A) [INSERT FIGURE 5.12 HERE]. There were no clear trends in biomass of 

the dominant deciduous and evergreen shrubs (Betula nana, Ledum palustre, Vaccinium vitis-

idaea), with the exception that between the final two harvests, in 1995 and 2000, Betula biomass 

doubled (Fig. 5.12A). 

Even the responses to strong, artificial manipulation of the environment may take many 

years to develop. In fertilized plots in moist acidic tundra, aboveground productivity increased 2- 

to 2.5-fold relative to control plots in every year they were harvested (Fig. 5.11B). Aboveground 

biomass, on the other hand, took much longer to change because initially strong increases in 

production by graminoid species declined after the mid-1980s while the long-term dominant 

species in the fertilized plots, Betula nana, took about 5 years to emerge (Fig. 5.12B). Thus the 

species replacement process delayed the increase in community biomass in fertilized plots 

despite an immediate and sustained increase in production.  
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Almost all the changes in species composition that were observed in experimental plots 

within the first 10-15 years of treatment took place as a result of differential growth of the same 

individual plants that were present at the start of the experiment, with little or no establishment 

of new individuals by seed and thus little or no addition of new species (Shaver et al. 2001). 

Exceptions occurred in the dry heath tundra and in some tussock tundras with higher-pH soils 

where several grass species increased several-fold in abundance in fertilized plots, by both seed 

establishment and vegetative growth (Gough et al. 2002). In a few individual plots in wet sedge 

and heath tundras, weedy species like Epilobium angustifolium invaded and became very well-

established (Shaver et al. 1998). Nonetheless, decade-scale changes in community composition 

are possible by addition of new species and have been observed, for example, in the 

establishment of Betula nana in fertilized wet sedge tundra after 12 years (Boelman et al. 2003) 

and the invasion of fertilized, acidic tussock tundra by Calamagrostis lapponica and Stellaria 

species after ~15 years. These slow additions of species to experimental plots indicate potential 

for continued change over many decades although their effects, if any, on overall productivity, 

organic matter accumulation, or biogeochemistry are both unknown and unpredictable at present.  

Even processes that vary dramatically from year to year are unrelated to annual variation 

in weather. For example, flowering of Eriophorum vaginatum at Toolik Lake varies more than 

100-fold among years (Fig. 5.13 Top)[INSERT FIGURE 5.13 HERE] and is correlated with the 

annual variation in flowering along a 300 km transect running from the Yukon River to the 

northern Coastal Plain (Fig. 5.13 Bottom; Shaver et al. 1986b). The most likely explanation for 

this observation is that flowering is a process that is controlled over several years of weather and 

plant response. Only after 30 years of observation is it becoming clear that years of high 

flowering appear to follow at least two warm summers with good growing conditions and 
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favorable conditions for soil N mineralization and N uptake by plants (J. Laundre unpublished; 

LTER data base); the same high flowering also occurs in fertilized plots in the 2nd (but not the 

first) year of treatment, and secondary peaks in flowering occur in older, abandoned fertilized 

plots in years following warm years. 

Overall, these long-term observations of variability and change in individual species and 

whole vegetation suggest that changes in production and biomass are well-buffered against short-

term variation in weather. The major components of this “buffering” include: 

  

(1) Physiological characteristics such as the internal storage and recycling of C and nutrient 

resources used in growth, which make each year’s production a function of resources 

acquired over more than one year;  

(2) Morphological characteristics such as (for some but not all species) the need to form new 

buds from which each year’s growth is produced, and constraints on the rate and pattern of 

new meristem production ; 

(3) Species differences in physiology and morphology, which means that growth of each species 

has a different relationship to short-term variation in weather or sustained changes in climate; 

(4) Population dynamics of the different species in the community, which tend to reduce overall 

variation in vegetation biomass because increases in some species are compensated by 

simultaneous decreases in others. 

 

Soil-plant interactions also play a key role in regulating long-term change in tundra 

ecosystems, in particular because production and biomass accumulation are so strongly linked to 

soil nutrient supply. For this reason, the limited responses to greenhouse warming that were 
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observed in tussock and wet sedge tundras (Fig. 5.6) are interpreted as resulting from a relatively 

slow increase in soil nutrient availability in response to modest temperature increases, in contrast 

to the larger and more rapid responses to fertilizer addition. Similarly, in open-topped chamber 

warming experiments completed at >20 arctic and alpine sites (including Toolik Lake) as part of 

the International Tundra Experiment (ITEX), initial increases in individual plant growth in the 

first 1-2 years of treatment were frequently not sustained over longer periods, suggesting some 

secondary limitation, perhaps related to nutrients, that restricted the potential for sustained 

increases in growth (Arft et al. 1999, Walker et al. 2006, Elmendorf et al. 2011). 

In addition to revealing the long-term trajectories of change in composition and processes 

in response to manipulation, the ARC LTER experiments allow us to document overall changes 

in standing stocks of elements and organic matter. In fertilized moist tussock tundra, a total of 

200 g m-2 N and 100 g m-2 P were added over the 20 years from 1981-2000 (10 g m-2 yr-1 N and 5 

g m-2 yr-1 P). Increased N and P incorporation into plant biomass (Figs. 5.10A-C, 5.11, 5.12) can 

account for only a small proportion of these amounts. This leads to the question, “Where did the 

added fertilizer nutrients go and can we track their accumulation in some other part of the 

ecosystem?” When complete C and N budgets were calculated for these plots at the 2000 harvest 

(Mack et al. 2004), it was discovered that the total amount of N in fertilized plots was, if 

anything, less than the amount in control plots (Fig. 5.14C)[INSERT FIG. 5.14 HERE], whereas 

if all of the added N had remained on the fertilized plots the total amount should have been at 

least 50% greater. All of the losses of N were from (a) mineral soils and (b) portions of the 

organic mat below 10 cm; other components of the soil-plant system gained N (Figure 5.14D). 

Because the N losses were from deeper soil pools, this suggests that much of the N that was lost 

was not from fertilizer N, but from N in older organic matter that was mineralized and either 
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leached or denitrified. The net losses of N in fertilized plots were matched by a similar pattern of 

net C loss (Fig. 5.14A,B), despite a doubling of productivity that should have increased total C 

inputs by at least 1500-2000 g m-2 over 20 years, relative to control plots. All of the net C losses 

were from deeper levels of organic soil and especially from the mineral soil (Fig 5.14B), again 

indicating that the C lost was old soil organic C and not recently-fixed C or surface litter C.  

The net long-term losses of both C and N in this “N-limited” moist acidic tussock tundra 

were not expected but still are consistent with the strong control of organic matter cycling by 

interactions among the C and N cycles as discussed in relation to Fig. 5.6. Overall, C and N were 

lost or gained in similar proportions in each of the pools described in Fig. 5.14, with little change 

in C:N ratios overall or in individual pools. The large losses of deep, presumably older soil 

organic matter after 20 years of fertilization support the hypothesis that soil decomposition 

processes, as well as primary production, are N-limited in these ecosystems (Schimel and 

Weintraub 2003). Addition of readily available N (as NO3
- and NH4

+) in the fertilizer appears to 

have stimulated both C fixation by plants and also respiratory C loss by soil microbes (Nowinski 

et al. 2008). Much of the increased C loss must have come in association with increased 

denitrification and gaseous N losses (Alexander-Ozinskas 2007).  

Increased downslope leaching losses of C and N are unlikely to have contributed greatly 

to the overall losses from fertilized plots. In the case of N, for example, the background rate of 

leaching loss (~0.1 g N m-2 yr-1, or ~2 g m-2 over 20 years) would have had to increase 10-fold to 

account for only ~20 g, or ~8%, of the “missing” 240 g m-2 of N in the fertilized plots (including 

200 g N added as fertilizer plus a reduction in standing stock of ~40 g m-2). Because the amount 

of water leaching from the fertilized plots should, if anything, have decreased due to higher leaf 

area and presumably higher evapotranspiration in fertilized plots, any large increase in 
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downslope leaching could only have occurred as a result of large increases (10-fold or greater) in 

dissolved C and N concentrations in the water moving downslope. However, the concentrations 

of dissolved N that were actually measured within fertilized plots were only about 3-5x control 

values (e.g., Chapin et al. 1995), and any excess N in soil water is likely depleted rapidly to 

control levels within 1-5 meters down slope (Yano et al. 2010). The maximum contribution of 

increased leaching to the total N loss from fertilized moist acidic tundra is thus <4-5% of the 

total loss over 20 years. Using the same argument for C, increased C leaching from fertilized 

plots cannot account for more than about 4% of the “missing” C.  

 

<1>Feedbacks and Interactions: Changes in Surface Energy Balance, C and N Balance, and 

Disturbance Regime 

 

Each patch of tundra interacts with its neighbors, with the atmosphere, and with 

downslope aquatic ecosystems through exchanges of energy, elements, and water. These spatial 

interactions play an important role in regulating long-term change in tundras, and constitute an 

important system of feedbacks on the external drivers of change including climate change, 

disturbances such as fire and thawing of permafrost, and direct human impacts. As terrestrial 

ecosystems respond to these drivers, changes in their surface energy balance, overall C and N 

balance, and leaching losses to downslope tundras and aquatic systems will create both positive 

and negative feedbacks. 

One example of this system of feedbacks is related to the expected general increase in 

abundance of shrubs, especially deciduous shrubs, in response to climatic warming. An increase 

in shrub abundance has been predicted for over 25 years based on observed species-level 
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responses to weather, climate, human and natural disturbance, and experimental manipulations 

(e.g., Chapin and Shaver 1985). The principal basis for this prediction is the higher abundance of 

shrubs in warmer, better-drained, and higher fertility sites, and the consistent increases in 

abundance of deciduous shrubs in disturbed, warmed, and especially fertilized tundras 

throughout the Arctic (e.g., Shaver and Chapin 1986, Walker et al. 2006). Analyses of pairs of 

photographs taken 30-40 years apart appear to support this prediction for many alder-dominated 

sites in northern Alaska (Sturm et al. 2001), although isolating long-term increases in shrub 

abundance from annual variation and from concurrent changes in other functional types gives 

more equivocal results for the area around Toolik Lake (e.g., Fig. 5.12A, Wahren et al. 2005). 

The expected general increase in “shrubbiness” has very substantial implications for both 

surface energy balance and C and N cycling (Fig. 5.15)[INSERT FIGURE 5.15 HERE]. Because 

shrub canopies absorb more energy from incoming solar radiation, particularly in spring when 

shrub branches emerge from the snow, they reflect less of that energy and warm up more, 

ultimately transferring more energy back to the air as latent and sensible heat rather than as 

reflected shortwave radiation. The change in the atmospheric heating is quite large, potentially as 

large as 8.9 Watts m-2 if the tundra landscape is completely converted to shrubland (Chapin et al. 

2005); this amount is double the global average 4.4 W m-2 heating experienced since the last 

glacial maximum (or predicted due to greenhouse gas accumulations by the end of this century), 

suggesting that the regional feedback on climate resulting from a complete change to shrub 

dominance could have a greater effect on regional climate than the original driver, global 

warming.  

Changes in shrub dominance will have major impacts on soil thermal regime and on the 

cycling of C and N in soils (Fig. 5.15, 5.16)[INSERT FIGURE 5.16 HERE], in addition to the 
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direct impacts of warmer temperatures and decreases in the period of snow cover (Euskirchen et 

al. 2006). Because shrub vegetation accumulates deeper snow in winter (Sturm et al. 2001), the 

soils beneath shrub canopies are better insulated from very cold air temperatures, taking longer 

to freeze and not falling below the extremely low temperatures that would stop microbial activity 

(Schimel et al. 2004). Thus it is likely that mineralization of C and N and respiratory loss of C 

will continue for longer periods into the middle of winter and at higher rates than in tundras with 

less shrub cover (Borner et al. 2008). In contrast to this winter warming beneath shrub canopies, 

during the summer the denser shrub canopy intercepts incoming solar radiation above the soil 

surface and less energy reaches and warms the soil, leading to cooler soils in the summer (Fig. 

5.16) and shallower depth of thaw. This negative feedback may act to limit the magnitude of the 

change in community composition in the long term. However, at present it is not known which of 

these two opposing feedbacks will predominate in regulating the response to climate warming.  

Exchange of CO2 with the atmosphere will also be affected by changes in species 

composition, including increased shrub abundance. Here again, one of the main factors 

determining the net effect will be the effect of species composition on soil respiration via the 

effect of the canopy on soil temperatures (Fig. 5.16). Another key factor is the effect of plant 

litter quality (decomposability) on soil and litter respiration. Shrub vegetation is not only more 

productive than other tundras (Fig. 5.3), it also produces more wood than other tundras (Fig. 

5.11; Weintraub and Schimel 2005). Although higher productivity means higher litter production 

and thus more respiration from litter, woody litter decomposes much more slowly than most leaf 

litters (Hobbie 1996). Shrub tundras do have higher soil and litter respiration rates than other 

tundras, at least during the summer (Grogan and Chapin 1999), but they do not have above-

average soil C accumulation (Fig. 5.4). Thus it is still not clear whether a shift to shrub tundras 
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should be accompanied by a net increase or a net decrease in ecosystem C stocks although the 

overall rate of C turnover should be increased.  

In addition to the direct effects of climate change on species composition, surface energy 

balance, and biogeochemical processes, changes in the regional disturbance regime have the 

potential to affect the entire arctic region even though the area of disturbance is relatively small. 

For example, in 2007 a single wildfire north of Toolik Lake released >2 Tg of carbon to the 

atmosphere, mostly due to combustion of the upper few cm of soil organic matter over an area of 

1039 km2, about one half of one percent of the area of the North Slope of Alaska (Mack et al. 

2011). This was the largest wildfire known to have occurred in arctic tundra, and the amount of 

C it released was equal to about half the annual net C sequestration of the entire arctic region 

(McGuire et al. 2009). In the years following this wildfire, changes in C balance in the burned 

tundra were also large as the burned tundra slowly regrew, initially losing C to the atmosphere as 

RE exceeded GPP, and then sequestering C as plant canopies recovered and GPP increased 

(Rocha and Shaver 2011a and unpublished data). These changes in C balance in regrowing, 

burned tundra were large enough to cancel any predicted increases in C sequestration due to 

warming climate over much larger areas, suggesting that future increases in wildfire frequency, 

severity, and area burned have the potential to dominate the regional changes in C balance as the 

climate warms. Although wildfires in northern Alaska have been rare or absent for at least 5000 

years (Hu et al. 2010), clearly the tundra plants are well-adapted to at least occasional burning, as 

shown by spectacular flowering of plants in 2010 and 2011 that survived the burning (M.S. Bret-

Harte, A. Rocha and others, personal observation). 

Disturbances such as wildfire also interact with changes in permafrost that are already 

occurring as the climate warms. Because wildfire reduces surface albedo and increases net 
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radiation in burned sites, soils are warmer and depth of thaw is greater (Rocha and Shaver 

2011b), leading to abundant thermokarst features on burned land. Several recent studies have 

found increases in thermokarst activity in northern Alaska (e.g., Bowden et al. 2008, Gooseff et 

al. 2009), often leading to loss of much of the organic matter in thermokarst-impacted sites. 

These “hot spots” of C and other element turnover have the potential to affect regional element 

balances because the rates of change in element stocks per unit area can be several orders of 

magnitude greater than slower, climate-driven rates of change over much larger areas. 

 

____________________________________________________________________________ 

 

<1>Vignette 5.5. Decadal-scale Changes of Vegetation from Long-term Plots in Alaskan 

Tundra, by William A. Gould and Joel A. Mercado-Díaz  

 

Climate-related changes in vegetation structure and composition may be both subtle and 

slow. These changes have been studied in the tundra near Toolik Lake using both experimental 

manipulations and long term monitoring. As part of the International Tundra Experiment (ITEX; 

Walker et al. 1999, Elmendorf et al. 2012), manipulations of summer temperatures have been 

carried out using open-topped chambers and snow depths have been manipulated using snow 

fences; long-term response of plant communities to ambient climate has been monitored in two 1 

km2 grids located at Toolik Lake and nearby Imnavait Creek (Walker et al. 1989). Monitoring in 

the two grids involves resampling a set of permanent experimental and control plots at 5 to 7 

year intervals, beginning in 1989, using the point frame method. In this method an aluminum 

frame with a paired-grid of wires is placed over vegetation plots and aligned to a set of 
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permanent markers. By sighting downward and aligning the paired cross-hairs (100 sampling 

points per frame), the same point can be resampled over many years. The sampling is designed to 

measure changes in species abundance and vegetation structure over time to understand plant 

community dynamics in the Alaskan tundra. 

Prediction and experimental observation of tundra vegetation changes in recent decades 

has indicated a likely increase in the relative abundance of shrubs in response to climate 

warming (Sturm et al. 2001). The ITEX manipulation of summer temperature and snow depths 

began in 1994 and continues to show effects on vegetation. Changes in snow regimes have the 

largest impact. Both warming and snow effects are strongest in the moist tussock tundra relative 

to dry heath tundra. The most common changes associated with increased snow depths included 

increases in canopy height and shrub abundance and decreases in species diversity and lichen 

cover. Experimental warming was associated with a relative increase in shrub abundance in the 

moist tussock tundra. In contrast, analysis of our 20 year record of tundra vegetation structure 

and composition from 156 permanent monitoring plots at Toolik Lake and Imnavait Creek 

indicate a general increase in vascular plants. Over the last two decades the relative abundance of 

vascular vegetation increased by 18.6% whereas abundance of the non-vascular component of 

vegetation has decreased significantly: lichens by 9.3%, non-Sphagnum mosses by 20%, and 

Sphagnum by 28%. Graminoids, herbaceous dicots, and shrubs all increased significantly in 

abundance: graminoids by 25.5%, herbaceous dicots by 24%, and shrubs by 13% (p < 0.05) (Fig. 

5.V4)[INSERT FIGURE 5.V4 HERE]. The canopy height, as well as the horizontal extent of the 

canopy, increased over time with the amount of horizontal surface having multiple strata 

increasing from about 60% to 80% (Mercado-Díaz 2011). The increase of canopy overstory in 

these plots represents a structural response to the shift in the relative abundance of vascular 
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plants vs. bryophytes. The increase in the abundance of vascular vegetation and in canopy height 

and complexity will likely affect snow redeposition, winter biological processes, and will have 

feedbacks to nutrient allocation and cycling (Sturm et al. 2005). 

______________________________________________________________________________ 

 

<1>Predictions of Future State and Key Uncertainties 

 

As global warming and other climate changes continue, tundra ecosystems will continue 

to respond through many decades and centuries. Over the long term (a century or more) it is 

reasonable to expect that tundra ecosystems will look more like the warmer ecosystems farther 

south, with taller, woodier vegetation including trees, higher overall species richness, higher 

productivity, higher organic matter accumulations in plants and soils, and higher overall rates of 

element cycling. Short-term changes (a decade or less) are also relatively predictable – in the 

short term one would again expect higher productivity and element turnover (unless there is a 

dramatic decline in precipitation, not currently predicted). Most of the short-term changes in 

species composition will result from changes in relative abundance within the existing flora and 

fauna, and rates of species loss will initially exceed gains so species richness may decline 

slightly. Most of the losses will be among sub-dominant species. In the vegetation, grass and 

sedge species will be the most responsive to change in the first 1-5 years while it will take 5-10 

years for others (like shrubs) to fully respond. The overall C balance is more likely to show a net 

C loss in the short term, as increases in soil respiration accompanied by increased N 

mineralization and plant N uptake must precede an expected increase in NPP. 
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Prediction of ecosystem changes between 20 and 100 years in the future is much more 

difficult than over shorter or longer periods. The longest-running experimental manipulation at 

Toolik Lake was in its 30th year in 2010 and shows no sign of reaching an endpoint in its long-

term responses to fertilizer addition. Because we are generally unable to observe directly the 

changes in tundra ecosystems at a time scale of 20-100 years, model predictions are not well-

corroborated at this scale (Rastetter 1996). We can say, though, what we expect the major drivers 

of ecosystem change to be at this time scale, including: 

• Changes in permafrost, soil drainage, and surface energy balance  

• N retention and overall balance of N inputs and losses  

• Changes in coupling or synchrony between processes like N mineralization and N uptake, 

or between plant processes and soil microbial processes 

• Spatial linkages in C, nutrient, and water cycling among landscape units, especially along 

hillslopes (see Chapter 6) 

• Plant species invasions including especially invasions of trees and shrubs 

• Changes in herbivory  

• Changes in disturbance regime especially thermokarst failures and fire 

 

Modeling studies consistently show that long-term changes are constrained by C-N 

interactions (Rastetter et al. 1997, McKane et al. 1997) as well as by the characteristics of 

competing plant species (Herbert et al. 2004). Models of the physiology of tundra canopies have 

also proven very successful and are well-corroborated (Williams et al. 2000, 2001). However, it 

is clear that models lack mechanisms to explain large losses of N (and hence C) from soils in 

fertilized plots (Mack et al. 2004). This failure of the models is particularly surprising given how 
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well the models predict C and N losses in litter decomposition studies (Moorhead et al. 1999). 

The missing mechanisms in these models might be associated with the forms of N lost from 

tundra ecosystems and the availability of these N forms to plants and microbes (Rastetter et al. 

2005). Nevertheless, models are vital in scaling the results of plot-scale experiments to regions 

and the PanArctic (Le Dizes et al. 2003, Rastetter et al. 2003). However, as with the intermediate 

scale in time (20-100 yr), intermediate scales in space present particular problems for model 

applications and corroboration. Most prominent among these intermediate scale problems are the 

spatial interactions among ecosystem patches on hillslopes (Rastetter et al. 2004), the 

understanding of which requires the linkage of ecosystem and hydrological models (see Chapter 

6 Vignette). 

 

<1>Conclusions 

 

Understanding of tundra ecosystems has advanced greatly since the first studies began at 

Toolik Lake in the mid-1970s, including much research done at other Arctic sites and not 

discussed in this chapter. Before the 1970s, most research on tundra was focused on specific, 

species-level adaptations to a cold, short growing season, on the distribution of species in 

relation to fine-scale environmental variation, and on broad regional patterns of distribution and 

abundance. Interactions among species, feedbacks on ecosystem properties in relation to species 

composition, soil processes in general, and nutrient limitation of plant growth received relatively 

little attention because the Arctic was viewed as a “cold-dominated” landscape where survival 

was primary and extremes of the physical environment limited the importance of both species 

interactions and biogeochemical limitations (e.g., Billings and Mooney 1968). There were just a 
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few notable early studies that took an ecosystem perspective (e.g., Summerhayes and Elton 1923, 

Pitelka 1973), leading the way to later work on trophic interactions and whole-system 

biogeochemistry and feedbacks.  

The focus of research on tundra ecosystems began to change rapidly in the early 1970s, in 

large part due to the International Biological Program’s Tundra Biome study which produced the 

first reasonably complete descriptions of tundra biogeochemical cycles (Brown et al. 1980, Bliss 

et al. 1981); these descriptions indicated that slow inputs and turnover of elements other than C, 

particularly N and P, were likely important limiting factors in tundra biogeochemistry. This 

knowledge was a major factor influencing the design and initial hypotheses of the long-term 

fertilizer, shade, greenhouse, and other experiments at Toolik Lake and other arctic sites (Shaver 

et al. 1992).        

By the end of the 1980s it was clear that the species that live in tundra ecosystems were 

generally very well-adapted to the cold environment and short summers. Although essentially all 

species and all processes within the tundra ecosystem are responsive to temperature in the short 

term (within a year), the primary limitation and regulator of long-term response to temperature 

(years to decades) is the slow input and turnover of elements like N and P, and the long time it 

takes for temperature change to affect this input and turnover. At the same time it was becoming 

clear that species interactions in tundra plant communities were much more important in 

determining community composition than previously believed, and that the species composition 

of tundra ecosystems has a major impact on biogeochemistry and on vegetation, soil, and even 

air temperatures. Together, these species effects and the slow change in element cycles make the 

tundra ecosystem much more resistant and resilient to climate warming than was expected when 

the research at Toolik Lake began.    
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Since the 1990s, the importance of physical disturbance in effecting major, long-term 

change has become particularly clear. Although fine-scale disturbances like frost boils, ice-

wedge polygon formation, and other periglacial phenomena have for long been viewed as 

important sites of change in tundras (Walker et al. 2008), as the Arctic has warmed the 

increasing frequency, severity, and area affected by major disturbances like thermokarst and fire 

has shown that these disturbances are not only where rapid change is possible, but also that 

extremely rapid change in a relatively small proportion of the tundra landscape can dominate the 

carbon or energy balance of a large region.  

In sum, arctic tundras have been viewed as model systems for ecological research for 

decades, but the focus of that research has changed greatly since the 1970s. Before the 1970s the 

tundra was viewed as a useful model system because it was dominated by the physical 

environment, and because specific adaptations to that environment could be studied in a system 

where species interactions were relatively unimportant and low temperatures and short growing 

seasons were the primary limiting factors. After another four decades of research, at Toolik Lake 

and elsewhere in the Arctic, tundra is still viewed as a model system but one in which the low 

stature of the vegetation, low species richness, and relatively fine-grained environmental 

heterogeneity make tundra ecosystems particularly amenable to ecosystem-level experimentation 

and to studies of individual species effects on ecosystem properties. Overall, this is a major 

change in how ecologists think about tundra ecosystems, and it opens the way for a rich new era 

of whole-system experimentation, observation, and understanding.  
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<1>Introduction 

 

At the scale of whole catchments, ecosystems function through the interactions among 

land, groundwater, surface water, and the atmosphere. The dominant forms of interaction within 

and among catchments are the fluxes of materials and organisms, and the fluxes of energy 

through climate forcing. For example, carbon moves from land to water and from water to the 

atmosphere, while the land and atmosphere exchange carbon in both directions. The amounts, 
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chemical forms, and timing of delivery of water and materials from land to water are critical to 

the functioning of aquatic ecosystems. Thus understanding how the production and chemical 

transformations of material in terrestrial environments respond to changes in climate and land 

use are critical for developing a predictive understanding of the response of surface waters. In 

our research on land-water interactions we consider the controls on production, transformation, 

and export of materials from land, and study how those materials are processed within lakes and 

streams.  

 

<2>Organizing Concepts 

   

The simple idea of a hydrological catchment as a study ecosystem has provided a clear 

framework of biogeochemical cycling within and between ecosystems for several decades (e.g., 

Likens et al. 1967, Bormann et al. 1974). Yet it has proved an extraordinary challenge to 

measure the outputs of energy and biochemical elements and relate them back to the underlying 

processes controlling the structure and function of the terrestrial ecosystem. We still understand 

little about the complex dynamics and rates of production of dissolved materials on land, and 

their delivery to surface waters. For example, a review of 42 studies of DOC and DON 

concentrations and fluxes in temperate forests found that lab and field studies differed greatly in 

their results, and that site-specific controls such as temperature or C:N ratios were rarely evident 

at regional scales (Michalzik et al. 2001). To study these complex dynamics we follow a general 

conceptual model (Fig. 6.1)[INSERT FIG. 6.1 HERE], which illustrates that in any biome there 

are four major controls on the dynamics: climate and vegetation influence the production of 

dissolved materials and especially C, N, and P moving from land to water, and the effects of 
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hydrology and biological processing exert a strong control on the export of materials from land 

to aquatic systems. In addition, the integration of hydrological and biological processes appears 

to depend on hillslope processes and interactions between the hillslope and broader landscape 

scales. These four major control steps in Fig. 6.1 combine to determine what is exported from 

land to water, and thus in part govern the response of the receiving aquatic ecosystems. In this 

chapter we describe and synthesize our research in these four major areas within the framework 

of land-water interactions. 

 

<2>History of Land-water Interactions Research  

  

In the 1980s terrestrial researchers at Toolik Lake began studying the transfers of 

nutrients across the landscape and focused on a toposequence of different ecosystems from the 

upland terrace down a slope to the Sagavanirktok River. This work showed dramatic variation in 

soil nutrient cycling among adjacent ecosystems along the toposequence (Giblin et al. 1991), and 

suggested that transport of N and P in soil water moving through the unfrozen soil above the 

permafrost was potentially an important component of landscape nutrient budgets (Shaver et al. 

1991). These ideas were extended to carbon cycling with the discovery that C transport in soil 

water was a major landscape-level C flux from land to streams and lakes. Some of this C from 

land was then transported downstream to oceans, and some was released from surface waters to 

the atmosphere as CO2 (Kling et al. 1991). Since the early 1990s our LTER research has focused 

on the controls of these land-water-atmosphere transfers in terms of specific processes within 

ecosystems as well as the interactions between ecosystems including terrestrial hillslopes and 

aquatic networks of lakes and streams.   
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<1>Production and Fate of Dissolved Materials on Land 

 

The general topic of land-water linkages, and specifically the movement of C and 

nutrients from arctic terrestrial ecosystems to the oceans, is of critical importance to 

understanding how the arctic system functions (McGuire et al. 2009). Although the amounts, 

forms, and timing of terrestrial exports have been studied extensively (e.g., Lewis and Saunders 

1989), we understand little about the specific plant and soil origins of these materials or the 

controls on their production and delivery. Previous work in the Arctic along a toposequence of 

tundra soil showed that different vegetation types and locations differed strongly in the inorganic 

nutrient chemistry of their soil waters. Beyond the inorganic nutrients, what little information 

exists for temperate systems on dissolved organic N, P, and C in soil waters (e.g., McDowell and 

Likens 1988, Binkley et al. 1992) suggests that vegetation type and soil composition exert a 

major control on concentrations as well as DOM composition and processing (e.g., Cory and 

Kaplan 2012). However, information on the rates of production is rare. 

In our LTER we approached this problem by making measurements of soil water 

chemistry under different vegetation types and at different locations within catchments. In 

addition we have added 14C-CO2 for photosynthesis by plants to act as a tracer to determine the 

origins and rates of production of C in soil waters, and have manipulated plant-soil mesocosms 

by adding water to determine the impact of hydrological flushing (Judd and Kling 2002). We 

also developed coupled hydrological-biogeochemical models that are capable of simulating the 

flow of water from the hillslope to the river network, and that incorporate biological processes so 

as to predict the fixation and respiration of CO2 and its flux between land and the atmosphere 
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(Stieglitz et al. 1999, 2000). These models also predict the uptake and release of nutrients 

including carbon by terrestrial vegetation (Rastetter et al. 2004). As one of the first steps in 

determining the magnitude of material movements, we investigated the flux of carbon gases from 

land to water and water to the atmosphere as it relates to overall terrestrial carbon budgets. 

 

<2>Lateral C Transfers and Atmospheric Evasion from Surface Water   

 

The movement of C gases from land and water to the atmosphere and back (e.g., 

respiration and photosynthesis) is well understood, but the sources of C to surface waters and the 

interactions between the terrestrial, aquatic, and atmospheric systems are less clear. In the Arctic, 

the cycle begins by fixation of atmospheric CO2 by tundra vegetation, and the subsequent 

respiration of plant organic matter in the soil to produce CO2 and CH4. These gases then dissolve 

in groundwaters to the point of extreme excess of atmospheric partial pressures (from ~3 to 200 

times atmospheric), and are transported to lakes and streams where they are subsequently 

released to the atmosphere to complete the cycle (Fig. 6.2). [INSERT FIG. 6.2 HERE] 

Net positive gas fluxes from surface waters to the atmosphere were unexpected because 

lakes were generally thought to be in equilibrium with the atmosphere on an annual time step, 

especially for dissolved CO2 and CH4. In addition, the lateral transport of C, and especially C 

gases, from land to water was assumed to be minor in the overall landscape C budget. These 

general views of lake and stream C cycles began to change with the research done near Toolik 

Lake in the early 1990s, and the realization that lateral C fluxes from land to water are large in 

tundra ecosystems, on the order of 4 g C per m2 of land surface per year (Table 6.1).[INSERT 

TABLE 6.1 HERE] This flux is also consistent enough over time to help explain why short-term 
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measurements of C accumulation in soils are much higher than long-term accumulation rates 

assessed from peat cores – the short term measurements ignore the lateral losses, whereas this 

loss is included in the time-averaged net storage rates from cores (Kling et al. 1991). The net, 

areal rates of fluxes of CO2 to the atmosphere per square meter of land are similar in magnitude 

to the aquatic fluxes from a square meter of lake or stream (~20 g C m-2 yr-1). But because the 

water surface area is much smaller than the land surface area on the landscape overall, when the 

total flux from surface waters is expressed per square meter of all land area in the catchment, the 

aquatic loss is reduced to ~ 4 g C m-2 (of land) yr-1. However, this 4 g C m-2 is still substantial, 

and when these lateral C losses are accounted for in the total C loss it reduces the net, global 

terrestrial sink of C in the Arctic by ~20%. Models indicate that the 20-year running mean of 

arctic terrestrial net ecosystem productivity (NEP, which is the net land-atmosphere CO2 flux) 

varies from ~ -15 to +10 g C m-2 yr-1 (McKane et al. 1997), and when the aquatic loss term is 

accounted for in this estimate it can represent up to 100% of the NEP in years when terrestrial 

NEP is between -4 to +4 g C m-2. Once recognized, this land-water-atmosphere flux was also 

found to be important in most ecosystems worldwide (Cole et al. 1994), and has led to a large 

body of research showing that on a global scale the movement of C from land to inland waters 

and the evasion of gases to the atmosphere from lakes and streams are both greater than the total 

global C flux from land to the oceans through rivers (Fig. 6.2; Battin et al. 2009, Aufdenkampe 

et al. 2011).   

One of the surprising aspects of this pattern of landscape C cycling is that it appears to be 

scale invariant; that is, the amount of C lost from aquatic systems per square meter of land was 

similar regardless of the size of the catchment. We constructed C budgets for three different-

sized catchments in arctic Alaska, including dissolved losses in rivers and gaseous losses to the 
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atmosphere from lakes and streams (Table 6.1). Catchment size ranged over five orders of 

magnitude, and the surface water extent ranged from ~4% in the largest catchment, which 

contained both lakes and streams, to <0.1% in the smallest catchment, which contained only a 

first-order (temporary) stream. The evasion of CO2 was the largest component of aquatic flux in 

the basin with the highest surface water area, and the lowest component in the smallest basin 

with no lakes and the least surface water area. However, despite this variation in the proportion 

of dissolved versus gaseous export in the three basins, the total C export was quite similar among 

basins at ~2 – 5 g C per m2 (land surface) yr-1 (Table 6.1). The lower gas evasion in the smallest 

catchment with the least surface water area was compensated for by an increase in DOC flux. 

We interpret this higher DOC flux as a consequence of (a) a closer connection to soil water in the 

small stream, and (b) shorter water residence times in the catchment leading to less bacterial or 

photochemical decomposition of DOC to CO2 during transport. 

   

<2>Soil Water Production of Dissolved Carbon   

 

On the basis of these findings for whole catchments, we examined the production rates of 

dissolved C in soils, and applied a 14C tracer to intact tundra ecosystems (Fig. 6.3, Table 6.2). 

[INSERT TABLE 6.2 HERE][INSERT FIG. 6.3 HERE] The tracer was added as 14CO2 and the 

tundra plants were allowed to take up this CO2 from a 1 m2 chamber placed over the ground 

surface in upland moist acidic tundra (tussock tundra) and in lowland wet sedge tundra (see 

Chapter 5 for more detail on these vegetation types). The 14C tracer was taken up by the plants in 

photosynthesis and then followed into plant pools and dissolved pools of inorganic and organic 

carbon in the soils. The results from these studies indicate an unexpectedly fast transition from 
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CO2 taken up by leaves and converted into methane (King et al. 2002) and into DOC (minutes), 

and an unexpectedly large exudation of dissolved C by roots (see also Judd and Kling 2002). For 

example, the DOC exudation from plant roots alone was extremely high, from 1 to 4 g C m-2 per 

day as estimated by the 14C tracer experiments. This amount is comparable to the annual DOC 

export from nearby catchments, which is only ~2 – 5 g C m-2 of catchment per year (Table 6.1). 

By dividing the standing stock of DOC measured in soil waters by this DOC supply rate, we 

calculate that the turnover time for DOC is <10 days in both ecosystem types (Table 6.2). We 

similarly calculated that the dissolved CO2 and CH4 pools in the soil turned over within ~5 – 18 

days at the times of measurement in this experiment. Overall, from 5 to 20% of the DOC, CO2, 

and CH4 dissolved pools were added to the soil water from roots each day (Table 6.2).   

Our conclusion, given that soil C production rates are about two orders of magnitude 

higher than net C catchment export, is that microbial processing of this C must be substantial 

during transport through the landscape. This importance of microbial processing as DOM moves 

from land to oceans is not restricted to the Arctic; consider that in most terrestrial systems NPP is 

very large, 100s of g C m-2 per year, and yet the NEP is usually near zero and dissolved export 

averages only ~6 g C m-2 yr-1 worldwide (Hope et al. 1994). Thus the huge difference in 

terrestrial C production and aquatic export must be due mainly to microbial processing in soils, 

and perhaps to a lesser extent to DOC adsorption or photochemical reactions. Given this strong 

biogeochemical influence across landscape scales, we can ask questions about the spatial pattern 

of microbial processing – where are the control points, and who is responsible? 

 

<1>Microbial Processing Across the Landscape 
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The microbial transformations of nutrients and organic matter are a dominant aspect of 

aquatic ecology, and microbial transformations of these materials underlie primary production, 

respiration, and atmospheric gas-exchange in ecosystems. But consideration of how these 

processes are linked and interact across the landscape is relatively new, and requires an 

integration of concepts in microbial and landscape ecology. For example, we must first consider 

the spatial boundaries of ecotones and ecosystems with respect to the rates of microbial activity. 

In addition, we must understand the biogeographical diversity of microbes and the time scales 

over which microbes adapt physiologically and adapt by changing population frequencies. As 

described below, we found several distinct patterns of microbial species and processing rates in 

terrestrial and aquatic ecosystems across the landscape. 

Arctic terrestrial ecosystems are commonly defined by the dominant vegetation such as 

hilltop heath or lowland wet sedge, and these ecosystems differ from each other consistently in 

landscape position, plant species composition, litter biochemistry, and biogeochemical cycling 

rates (see Chapter 5). To test the idea that these ecosystems contain distinct microbial 

communities that differentially transform dissolved organic matter (DOM) as it moves 

downslope from dry upland to wet lowland tundra, we studied soil microbial communities in 

upland tussock, stream-side birch-willow, and lake-side wet sedge tundra ecosystems (Fig. 6.4). 

[INSERT FIG. 6.4 HERE]   

One set of experimental results indicated that differences in the quality of the organic 

carbon were related to its place of origin on the landscape and to the time of season, and this 

controlled the rate of conversion of DOC to CO2 (Michaelson et al. 1998). In a second set of 

experiments, phospholipid fatty acids and 16S rRNA analyses were used to examine differences 
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in the microbial community composition among tundra ecosystems; we found that tussock tundra 

had a higher abundance and activity of fungi and a higher ratio of fungal:bacterial phospholipid 

fatty acids than did birch-willow or wet-sedge ecosystems (Judd et al. 2006, Zak and Kling 

2006). A third study added compound-specific 13C isotope tracers and made measurements of 

extracellular enzymes to determine the potential rates of microbial activity during the 

degradation of organic molecules representing the common biochemical categories of cellulose, 

chitin, and lignin in soils. For example, the rates of chitin degradation were assessed by tracing 

the fate of 13C-labeled N-acetylglucosamine added to soil microcosms. Although the majority of 

13C-labeled substrates rapidly moved into soil organic matter in all tundra soils (i.e., 50 to 90% 

of applied 13C), microbial respiration of labeled substrates in wet sedge tundra was lower than in 

tussock and birch-willow tundra (Fig. 6.5).[INSERT FIG. 6.5 HERE] Despite these differences, 

wet sedge tundra exhibited the greatest potentials for extracellular enzyme activity. 

Another critical control on microbial activities in tundra is soil moisture, and the effects 

of soil moisture also depend on the microbial community composition and DOC chemical 

characteristics. In soil incubation experiments we found, as expected, that respiration was lower 

in saturated soils than in soils at field capacity (Fig. 6.6).[INSERT FIG. 6.6 HERE] However, 

differences in microbial assemblages and DOC characteristics among vegetation types controlled 

the respiration response to moisture. Path analysis revealed significant (p < 0.05) direct effects of 

microbial community composition on soil respiration, but the strength of the relationship and the 

aspect of community composition influencing respiration differed among vegetation types. For 

example, respiration in birch-willow soils was strongly influenced by factors related to microbial 

community composition (based on PLFA analysis), while soil moisture was the stronger control 

in tussock and wet sedge soils. Thus, topographic variation in plant litter biochemistry and soil 
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drainage shape the metabolic capability of soil microbial communities, which, in turn, influence 

the chemical composition of DOM across the arctic tundra landscape. 

In addition to discovering these patterns of community composition and potential 

activity, we tested an ongoing debate in ecology that revolves around how species composition 

and ecosystem function are related. To address the mechanistic controls of this relationship, 

manipulations in mesocosms of the composition of DOM fed to aquatic bacteria were used to 

determine effects on both bacterial activity and community composition. Sites along terrestrial to 

aquatic flow paths were chosen to simulate movement of DOM through catchments (Fig. 6.4), 

and DOM was fed to downslope and control bacterial communities. Bacterial production was 

measured and DOM chemistry and bacterial community composition (using denaturing gradient 

gel electrophoresis (DGGE) of 16S rRNA genes) were characterized following incubations. 

Bacterial production, DOC-specific bacterial production, and DOC consumption were greatest in 

mesocosms fed soil water DOM; soil water DOM enhanced lake and stream bacterial production 

by 320 – 670% relative to lake and stream controls (Judd et al. 2006). But the novel finding was 

that adding upslope DOM to stream and lake bacterial communities resulted in significant 

changes in bacterial community composition relative to controls. In these experiments the 

bacterial community composition converged based on DOM source regardless of the initial 

inoculum (Fig. 6.7).[INSERT FIG. 6.7 HERE] In other words, when lake bacteria were fed soil 

or stream DOM, the lake community assemblage shifted to resemble the species present in the 

soil or the stream (dashed arrows in Fig. 6.7). Clearly the soil and stream bacteria were already 

present in the lake in undetectable numbers, but when exposed to soil or stream DOM these 

populations had a metabolic advantage and grew to replace the originally-dominant lake bacteria. 

These results demonstrate that shifts in the supply of natural DOM were followed by changes in 
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both bacterial production and community composition, suggesting that changes in function are 

likely dependent on at least an initial change in the community composition in order to take 

advantage of the new DOM source.   

In similar experiments we also examined how photo-oxidation of DOM affected 

microbial activity and DOM processing along these dominant hydrological flow paths. The 

impacts of DOM photo-oxidation depended in part on DOM source, but also on the relatively 

rapid shifts in bacterial community composition to groups better able to consume photo-products 

or tolerate harmful radicals (see Vignette 6.1; Judd et al. 2007). We have also shown, using 

mesocosms, bioassays, and monitoring of inflow events, that the DOM exported from land is 

accessible to lake bacteria and that the C use by bacteria depends on the time of year and the 

extent of pre-processing in soils. In early spring when soils are frozen, the runoff water from 

snowmelt leaches and flushes DOM from the organic mat, but the flow path short-circuits deeper 

soil microbes and the exported C is of relatively high quality for lake bacteria (Kling 1995, 

Crump et al. 2003). As soils thaw in summer the water flow path allows soil microbes the first 

chance to process high-quality C, and the reactivity of the remaining C reaching lakes is reduced. 

Our newest findings relate to the lability to microbes of soil carbon frozen for thousands of years 

and recently exposed by thermokarst activity (land-surface failures, see Chapter 7). In general 

this deep, “thermokarst C” is as susceptible to bacterial attack as is soil C in the active layer, and 

on exposure to UV the thermokarst C supports ~40% more bacterial respiration than does 

thermokarst C held in the dark (R. Cory, pers. comm.). It is apparent that as thermokarst 

disturbances increase on the landscapes in the future (see Chapter 10), more and more soil C will 

be exposed to light and processed at the surface rather than being processed in situ in the soils. 

Overall, these results on microbial processing of materials moving from land to surface waters 
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indicate that (1) variation in DOM composition of soil and surface waters influences bacterial 

community dynamics, and (2) in turn different communities and exposure to light control the 

rates of carbon processing in set patterns across the landscape. 

 

 

___________________________________________________________________________  

 

<1>Vignette 6.1. DOM Photo-oxidation and Community-level Bacterial Responses, by Kristin 

E. Judd 

 

Terrestrial DOM is more chemically heterogeneous than aquatic-derived DOM and 

originates from the decomposition of soil organic matter and plant litter, plus leakage from and 

decomposition of living plant and microbial cells. When DOM is exposed to ultra-violet (UV) 

light, photo-oxidation reactions alter its chemical composition and bioavailability to aquatic 

bacteria. Because the amounts and chemistry of DOM vary spatially, seasonally, and with thaw 

depth in tundra soils, the response of aquatic bacteria to photo-exposed DOM affects the 

movement and export of DOM from land to surface waters and eventually the ocean.   

The extent to which DOM fuels microbial growth depends on its chemical composition 

and on the metabolic capabilities of the microbial community. At the catchment scale, spatial 

patterns of DOM chemistry and microbial community composition are often related to the 

overlying vegetation. For example, water flowing downslope encounters distinct microbial 

communities that differ in their ability to consume particular mixtures of DOM, and bacterial 

communities respond to new (i.e., chemically distinct) mixtures of DOM from upslope by 
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shifting their community composition to groups that can consume the new sources of DOM (Fig. 

6.4). 

Ultra-violet light can break down large, plant-derived DOM compounds characteristic of 

terrestrial DOM into smaller molecules more readily available to bacteria. However, photo-

oxidation reactions can also inhibit bacterial growth by producing harmful by-products (e.g., free 

radicals) and by producing partially oxidized molecules that are less labile to bacteria. The 

current paradigm is that the initial chemical composition of the DOM explains the direction and 

magnitude of photo-oxidation on DOM bioavailability because recalcitrant compounds become 

more labile, while labile compounds become more recalcitrant after UV exposure. However, 

these models fail to incorporate changes in bacterial communities in response to photo-products.   

We addressed these questions by comparing short- and long-term responses of bacteria to 

photo-oxidized DOM. We found that contact time between photo-oxidized DOM and bacterial 

communities influenced the direction of bacterial responses, and that the direction and magnitude 

of response depended on the DOM source (Fig. 6.V1).[INSERT FIG. 6.V1 HERE] For example, 

photo-oxidation of soil DOM, not previously exposed to sunlight, greatly reduced bacterial 

growth at short contact times (hours) compared to dark controls. The effect was reversed at 

longer contact times (weeks), with light-exposed DOM significantly increasing bacterial growth. 

This shift from a negative to positive effect of light-exposed DOM on bacterial growth with 

increasing contact time between DOM and bacteria suggests that (1) harmful radical production 

initially inhibits bacterial growth, (2) bacterial communities require time to respond to the new 

DOM through either shifts in enzyme production or community composition, or (3) both 

processes are occurring. The same pattern in bacterial growth was seen with DOM from a first-

order stream, although the magnitude of response at both short and long time scales was lower. 
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This response may occur because previous sunlight exposure of stream DOM reduces the degree 

to which photo-oxidation reactions occur. Lake water, on the other hand, which has likely had 

extensive sunlight exposure, showed the opposite pattern; short-term effects were slightly 

positive, but long-term effects were negative. These results from lake water suggest that low 

production of harmful radicals at short contact times account for the lack of a negative response 

at short time scales, while photo-oxidation of labile aquatic DOM explains the negative effects 

over longer contact times. 

DNA fingerprint analysis revealed that exposure to photo-oxidized DOM altered the 

bacterial community composition (Judd et al. 2007), indicating that specific bacterial groups are 

either resistant to harmful radicals or more efficient at using photo-oxidized forms of DOM. 

Either way, the community changed only in the longer incubations which suggests that pulsed 

inputs of terrestrial DOM (e.g., during a rain event) may require several bacterial generations 

before these groups are present in high enough numbers to use the photo-products. These 

experimental studies indicate that the ultimate effect of photo-oxidation on DOM and its 

movement through catchments is a result of the interaction between DOM source and chemical 

composition, microbial community composition, and the contact time between DOM and 

microbial communities. 

______________________________________________________________________________ 

 

<1>Ecosystem Interactions at Hillslope and Landscape Scales 

 

One of the principles of ecology is that most descriptors of a system vary with the spatial 

or temporal scale of measurement. In biology, the spatial and temporal heterogeneity of 
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organisms is a central component of several theories (e.g., evolution, succession, disturbance), 

and new advances in understanding the consequences of environmental heterogeneity on 

biological systems have been made in the last ~25 years (Turner and Gardner 1991, Kratz et al. 

1991). In addition to the importance of spatial distribution or patchiness of resources and 

organisms, the movement of organisms and materials and the "connectivity" among patches is 

critical to system functioning (e.g., Reiners and Driese 2001), and this movement has been 

studied in detail at the Arctic LTER (e.g., Giblin et al. 1991). In addition to movement itself, in 

studies of temporal dynamics, organisms are considered to adapt and evolve, and characteristics 

of the environment (e.g., soil properties) are considered to change from one time period to 

another. However, in studies of system function across spatial scales, the environmental 

characteristics and organisms of interest are often considered to be static. In other words, the 

rates of movement of organisms or materials may be affected by the boundaries or ecotones (e.g., 

riparian zones) that separate different environmental patches, but there is little or no change or 

“processing” that occurs as materials and organisms move within a patch or even across the 

landscape. 

The exceptions to this generalization of an assumed lack of processing of materials 

moving across a landscape include one derived from concepts in stream ecology (the “river 

continuum”, “resource spiraling”, and “serial discontinuity” concepts), and one from studies of 

landscape position of lakes (Magnuson et al. 1990, Kling et al. 2000). While these ideas about 

spatially-dependent processes in rivers and in lakes have had utility in aquatic ecology, there has 

been very little empirical or conceptual integration of lakes and rivers at a landscape level. The 

result is that a large amount of ‘residual variation’ remains among lakes and among streams that 

may only be explained through an understanding of ecosystem interactions at larger scales, 
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including linkages at “hillslope” scales (similar to a soil catena or toposequence) and at broader, 

landscape scales. Our LTER research has contributed to this topic by studying the spatially-

dependent processing of materials in ecosystems that are linked in space.   

 

<2>Aquatic Ecosystem Interactions Across the Landscape – (1) Chemistry 

 

Studies of the series of eight connected lakes that flow into Toolik Lake (the “Inlet 

Series, or I-Series”, see also Chapter 8) have shown that there are distinct spatial patterns in 

chemical variables (Kling et al. 2000). These observed spatial patterns include mean 

concentrations of variables that increase, decrease, or remain constant along the lake chain from 

high to low altitude in the catchment (data for stream sites as yet show no strong spatial patterns 

with any variables). These patterns are determined in part by the effect of increasing catchment 

area feeding into lakes further downslope, and in part by the systematic processing of materials 

in lakes and in the stream segments between lakes. This processing in lakes and streams can be 

substantial for many limnological variables (Table 6.3).[INSERT TABLE 6.3 HERE] For 

example, lakes tend to “consume” alkalinity and calcium, while the stream segments produce 

these materials. These results, plus the more detailed analysis presented in Kling et al. (2000), 

illustrate that over small geographic areas, and somewhat independent of lake or stream 

morphometry, the consistent and directional (downslope) processing of materials helps produce 

spatial patterns that are coherent over time for many limnological variables. 

 

<2>Aquatic Ecosystem Interactions Across the Landscape – (2) Biology 
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The next stage in our research investigated whether biological variables responded in the 

same way that chemistry did to the landscape-level interactions between lakes and streams. In 

this research we showed that the processing of DOM by microbes, and the species of microbes 

present, vary consistently as water moves through a network of streams and lakes in the Toolik 

catchment. One study found that temperature is a critical factor in setting the level of bacterial 

activity (see Vignette 6.2; Adams et al. 2010). A second study found that in Toolik Lake itself 

the rate of bacterial activity was related to shifts in the source (terrestrial plants versus 

phytoplankton) and lability of DOM, and that bacterioplankton communities were composed of 

persistent populations present throughout the year and transient populations that appeared and 

disappeared (Fig. 6.8).[INSERT FIG. 6.8 HERE] Shifts in community composition, measured by 

DGGE of 16S rRNA genes, were associated with an annual peak in bacterial productivity driven 

by the large influx of terrestrial DOM, some of which is labile to bacteria, associated with spring 

snowmelt runoff. A second shift occurred after the terrestrial DOM flux declined and as the 

summer phytoplankton community developed.   

Bacterioplankton community composition was also compared across 10 lakes and 14 

streams within the Toolik catchment. Both lake and stream systems shared bacteria species 

(Operational Taxonomic Units from DGGE analysis), and stream communities changed with 

distance from the upstream lake, suggesting a role of both dispersal of species between lakes and 

streams as well as inoculation and dilution with bacteria from soil waters or hyporheic zones 

(Crump et al. 2007). At the same time, similarity in lake and stream communities shifted 

gradually down the catchment (Fig. 6.9).[INSERT FIG. 6.9 HERE] We found evidence that 

dispersal influences bacterioplankton communities via advection and dilution (mass effects) in 

streams, and via inoculation and subsequent growth in lakes, and that the spatial pattern of 
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bacterioplankton community composition was strongly influenced by interactions among soil, 

stream, and lake environments. Overall these results reveal large differences in lake-specific and 

stream-specific bacterial community composition over restricted spatial scales (< 10 km), and 

suggest that geographic distance and connectivity influence the distribution of bacterioplankton 

communities across a landscape. 

_____________________________________________________________________________   

 

<1>Vignette 6.2. Temperature Controls on Bacterial Activity and Communities, by Heather E. 

Adams 

 

Bacterial activity is controlled primarily by temperature, carbon inputs, and community 

composition. Temperature impacts both bacterial metabolism and cell structure, and warmer 

temperatures generally increase reaction rates and also require more stable cellular membrane 

structures. Cold-adapted bacteria have more fluid cellular membranes and have enzymatic 

structures that allow reactions to proceed at colder temperatures. These structures result in 

bacterial populations adapting for particular temperature ranges as designated by the cardinal 

temperatures of minimum, optimal, and maximum temperatures for growth. Psychrophilic 

bacteria are defined as bacteria with optimal temperatures of < 15ºC and maximum temperatures 

< 20ºC, while psychrotolerant bacteria can tolerate cold waters down to 4ºC but have a higher 

optimal growth temperature around 20ºC (Morita 1975). Both psychrophilic and psychrotolerant 

bacteria are found in arctic lakes and streams.   

Studies on the controls of bacterial activity at Toolik Lake include incubation 

experiments where bacteria have been held under different conditions or “fed” DOM from 



188 
 

different habitats (e.g., lake-inlet water provides more terrestrial carbon while lake-outlet water 

provides more aquatic carbon). Experiments run at temperatures ranging from 6 to 20ºC showed 

two peaks in activity at 12 and 20ºC, most strikingly after five days of incubation (Fig. 6.V2). 

[INSERT FIG. 6.V2 HERE] These two peaks correspond with the optimal temperatures for 

psychrophilic and psychrotolerant bacteria, and the peak temperatures were independent of the 

carbon source (terrestrial versus aquatic) for the bacteria. DNA fingerprinting of the bacterial 

communities using 16S rDNA verified that there was a shift in bacterial populations during the 

five-day incubation. The development of distinct peaks in activity indicates that the effect of 

temperature is community specific and can shift bacterial community structure. It is likely that 

differential growth of better-adapted populations within the community drives the community 

shift and also the substantial differences in activity rates at different temperatures.   

Temperature can also interact with and constrain bacterial response to carbon inputs. In 

addition to having distinct optimal temperatures, bacterial populations also vary in their ability to 

break down different types of organic matter. Bacteria that are flushed into lakes from terrestrial 

and stream habitats are typically able to break down more heterogeneous forms of carbon (from 

land plants) than can lake bacteria, which are better able to process labile algal carbon. 

Heterogeneous, large-molecule terrestrial carbon requires greater enzyme action to be broken 

down, and low temperatures limit enzymatic activity. If temperatures are below the optimal 

range for an enzyme or bacterial species, temperature will constrain the bacterial response to 

available carbon. For example, in Lake I-8, near Toolik, bacteria increased their activity in 

response to storm events that brought in terrestrial carbon subsidies. However, later in the 

summer season, bacteria did not respond to similar storm events that had colder water 

temperatures. This switch of the bacteria from carbon limitation early in the summer to 
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temperature limitation later in the summer was also seen in the other lakes of the I-series 

catchment in 2003. Therefore, both carbon source and water temperature interact to govern the 

bacterial response in these lakes and streams. 

____________________________________________________________________________    

 

Following on these results, a study of the distribution and biodiversity of microbes across 

the both terrestrial and aquatic habitats specifically examined the importance of dispersal. We 

know that microbes are transported in hydrological networks, but little is known about the 

composition and dynamics of underlying microbial metacommunities and the impact of dispersal 

on patterns of microbial diversity across landscapes. Using 454-pyrosequencing we found a 

general pattern of decreasing microbial diversity (Bacteria and Eukarya) along a hydrological 

continuum from soils to small streams to lakes, with highest species richness in soil waters and 

headwater streams and lowest species (OTU) richness in lake water (Crump et al. 2012). This is 

the first report of decreasing downslope diversity along a set of hydrologically-connected 

ecosystems, but what was most surprising was the pattern of overlap in species distributions. For 

example, in Toolik Lake a substantial fraction of the taxa of Bacteria (58% of taxa) and Archaea 

(43% of taxa) were first observed in soil water or a headwater stream (Fig. 6.10).[INSERT FIG. 

6.10 HERE] This included the 39 most common bacterial taxa in the lake, and accounted for the 

vast majority (89%) of the bacterial sequences that we collected from the lake. In addition, most 

of these abundant lake taxa were classified as “rare” in the upslope environments (<0.1% of 

sequences), which indicates that the rare taxa transferred into the lake must undergo species 

sorting processes (e.g., competition and predation) in order to form the resultant lake community. 

These results suggest that terrestrial environments serve as critical reservoirs of microbial 
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diversity, and that the patterns of diversity in surface waters are structured by initial inoculation 

from upslope habitats. One implication of this conclusion is that environmental changes on land 

(e.g., permafrost thaw from climate warming) that affect microbes will propagate to surface 

waters, and understanding freshwater microbial diversity and dynamics can only be 

accomplished by also studying the diversity and dispersal of terrestrial communities. 

 

<2>Hillslope Dynamics and Controls on Biogeochemistry and Catchment Export 

 

One of the most critical issues in ecosystem research today is understanding how, 

exactly, do we apply our mechanistic or process-based knowledge of ecosystem function 

generated at small scales, such as a square meter plot, to larger scales such as an entire 

catchment, region, or biome. There are myriad concerns and approaches related to issues of 

“ecological scaling”, but in the Arctic LTER we have focused on hillslopes as the “missing 

scale” required to transfer detailed process information to larger and larger areas (Figs. 6.2, 6.4, 

and 6.11).[INSERT FIG. 6.11 HERE] The toposequence of a hillslope represents the major 

ecosystem types and landscape morphology of an entire catchment, yet can be studied in depth 

and cohesively (e.g., Giblin et al. 1991). For example, we can monitor soil water chemistry from 

the hilltop to valley bottom through time and relate the observed patterns to soil, plant, and 

microbial processes. One study by Yano et al. (2010) added a 15N tracer to plots on the mid-slope 

and found that N retention was high and thus the movement of N downslope was slow. Another 

study in 2005 (Fig. 6.12) showed that the pattern of DOC concentration in soil waters across the 

entire Imnavait Creek hillslope had early and late summer peaks at mid-slope, and slightly 

elevated concentrations at the footslope near the valley floor throughout the summer.[INSERT 
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FIG. 6.12 HERE] Similar to the 15N tracer results, there was no evidence of major transport of 

DOC from upslope to downslope during the summer. Our interpretation of this pattern is that 

most DOC production and consumption occurs in situ, which is consistent with the idea 

presented earlier that large amounts of DOC processing occur before DOC leaves the catchment. 

Because 2005 was a relatively wet year, compared to 2003 and 2004 for example, we assume 

that downslope transport of C, N, and P would be lower in drier years (see Vignette 6.3). 

Preliminary data also suggest that the same patterns (and interpretation) occur for other dissolved 

materials such as inorganic P and both inorganic and organic N; the next step is to examine the 

specific processes and rates at the landscape points where concentrations are high or where they 

change rapidly.   

Although the mass of C or nutrients processed on the hillslope may be much greater than 

that transported downslope and into streams and lakes, the materials transported have both great 

impacts on the functioning of receiving surface waters, and can be substantial relative to the net 

C storage on land. Modeling of these landscape interactions based on a spatially linked, transect 

model, indicates that hillslope interactions such as the downslope movement of nutrients and 

water may account for a ~40% increase in C sequestration in tundra ecosystems over the next 

century (Fig. 6.13; Rastetter et al. 2004).[INSERT FIG. 6.13 HERE]   

 _____________________________________________________________________________   

 

<1>Vignette 6.3. Modeling Hillslope Dynamics, by Edward B. Rastetter 

 

The down-slope movement of water and materials on hillslopes produces strong linkages 

among hydrological, biogeochemical, and plant-community processes. The importance of these 
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hillslope processes in the Arctic is clearly evident when moist tundra hillslopes are viewed from 

the distance of a kilometer or two, especially in early autumn. From that distance it is easy to see 

the zonation of vegetation from dry heath at the crest through moist tussock tundra and shrub-

filled water tracks on the slopes to wet-sedge meadows and tall riparian shrubs at the base. This 

striking pattern of vegetation composition and productivity arises because of the movement and 

accumulation of water and nutrients down slope, the effects of water and nutrients on plant 

growth and decomposition, and the interaction of these processes with soil freeze-thaw 

dynamics.  

Rastetter et al. (2004) developed a hillslope model to assess the importance of these 

hillslope interactions on the responses of tundra ecosystems to changes in CO2 and climate. The 

model was based on a model of linked C and N cycling through vegetation and soil organic 

matter on square-meter plots. These plot-scale models were linked to one another in series using 

a simple hydrology model that moved water and nutrients down slope. Thus, each plot received 

nutrients and water both from the atmosphere (nutrient deposition and rainfall) and from upslope 

so that at steady state the inputs of water and nutrients to each plot included the cumulative 

runoff from all plots up slope. Simulations then examined responses to the projected changes in 

climate and atmospheric CO2 over the next century.  

An increase in CO2 
increased N demand along the entire hillslope, causing down-slope N 

losses to initially decline (Rastetter et al. 2004). Thus, vegetation at all slope locations, except 

the very top, must contend with both the increase in CO2 and a decline in N supplied from up 

slope. Down-slope locations cannot fully respond to the change in CO2 until nutrient fluxes from 

upslope have come back to a steady state, causing the response to propagate down slope. This 

propagation is slow because nutrients moving down slope are repeatedly taken up, cycled 
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through vegetation and soils, and released back into the soil solution. Thus nutrients spiral down 

slope in a way directly analogous to long-recognized nutrient spiraling in streams. Because of 

this spiraling, responses might take over 1000 years to fully propagate down a 100 m slope. 

Nevertheless, the simulations indicate that the base of the hillslope will store ~40% more C than 

the top over the next 100 years in response to elevated CO2 and projected changes in climate 

(Fig. 6.13, main text). However, because of the long delays associated with nutrient spiraling, the 

magnitude of the difference between C storage at the top and bottom of the slope is likely to be 

much larger in the very long term.  

Many of the anticipated responses of the Arctic to a warming climate are likely tied to 

these hillslope processes. For example, the nutrients necessary to fuel increases in shrub 

production and biomass must come either from mineralization of the organic matter on site or 

from mineralization of upslope organic matter and subsequent movement down slope (or from 

fixation, in the case of alder). In either case, hillslope processes are an important component of 

warming-induced changes in nutrient availability; if the nutrients are derived on site but are 

accompanied by down-slope losses, production should eventually decline once the organic 

matter is mineralized. On the other hand, if the nutrients are derived from upslope, it is unclear 

how long an enhanced nutrient supply will persist once the upslope locations have equilibrated to 

climate warming. 

____________________________________________________________________________   

 

<1>Responses of Aquatic Ecosystems to Terrestrial Processes 

 

<2>Permafrost Thawing and Biogeochemical Impacts on Terrestrial and Aquatic Ecosystems 
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Despite clear evidence of arctic warming, from the loss of sea ice to shifts in vegetation 

and species ranges, many measurements throughout the Arctic, including at Toolik Lake, show a 

surprising lack of permafrost thawing in the soil (Fig. 6.14).[INSERT FIG. 6.14 HERE] At the 

same time, we have measured a substantial increase (a doubling) in the alkalinity of Toolik Lake 

since 1975; these changes are unrelated to processes in the lake and appear instead to be caused 

by deeper hydrological flowpaths and increased weathering of mineral soils in the catchment. 

This is puzzling given the fact that the depth of summer thaw has not increased significantly over 

time to expose more mineral soil. However, these measurements of the maximum depth of 

summer thaw in soils are traditionally made at many hundreds of points along a set transect using 

steel probes to measure the depth to permafrost. This method is limited to upland terrestrial 

tundra, and has a relatively large coefficient of variation due to variable surface topography. To 

overcome these limitations we used a new approach with geochemical tracers instead of steel 

probes to show that changes in the geochemistry of surface waters must be related to changes in 

thaw depth, although the thawing may be confined to rocky hilltops with less vegetative 

insulation, and especially to the unfrozen zones underneath streams and lakes rather than to the 

entire upland catchment (Fig. 6.2 Top).   

The first piece of evidence we have to build this conclusion is that the carbonate 

concentrations in the soils increase with depth because the deeper soils are more mineral rich, 

and they have been frozen so that less weathering has occurred (Keller et al. 2007). The second 

piece of evidence is that the ratio of strontium isotopes (87Sr/86Sr) in soils decreases with depth 

near the Arctic LTER (Fig. 6.15).[INSERT FIG. 6.15 HERE] This means that as rainwater flows 

through deeper and deeper soils it will pick up the soil signature and the strontium isotopic ratio 
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in the water will decrease. Finally, we observed just such a decrease in strontium isotope ratio in 

the stream entering Toolik Lake over a 10 year period (Fig. 6.15). The implication is that water 

flowpaths in the basin have progressively deepened and are now in contact with previously 

frozen soils of different chemistry. Because thaw depths of terrestrial sites have not changed 

during that time period (Fig. 6.14 Top), it is likely that the unfrozen thaw bulb found underneath 

streams and lakes has actually expanded, and the deeper thaw here contributes most to the altered 

chemistry. Our results also suggest that increasing thaw depth will lead to increasing Ca supply 

to soils and streams as well as to spatially variable increases in P and K supply (Keller et al. 

2007). It may be that such changes in stream chemistry caused by permafrost thawing are more 

widespread in the Arctic than currently believed; this can be tested using this new geochemical 

method at other sites in arctic and boreal regions with permafrost. 

Given the soil profiles of increasing concentrations of carbonates and other elements with 

depth (Keller et al. 2007), it is likely that as temperature warms or precipitation increases in the 

future (Chapter 2) there will be increases in active layer depth and in weathering of these 

currently frozen materials. We expect that such weathering will continue to impact the amounts 

of materials transferred from land to water, and may have important effects on the chemistry of 

surface waters.  

 

<1>Summary  

 

In summary, the main conclusions of land-water research at Toolik Lake thus far are 

related to the four major control steps presented in Fig. 6.1: (1) The amount of C exported from 

land to surface waters and subsequently released to the atmosphere is important for tundra 
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carbon budgets from local scales to the circumarctic. Despite this important C export, the 

amounts exported are dwarfed by the amount of C produced in the soil, especially by roots, 

which means that DOC processing by microbes in terrestrial ecosystems must be substantial; (2) 

Microbial community composition and activity are strongly linked, and there are distinct and 

consistent patterns of microbial processing at key points as hydrological export moves materials 

along the continuum of terrestrial to aquatic ecosystems across the landscape; (3) Interactions 

between different ecosystems along the toposequence of hillslopes are critical to the processing 

of carbon and nutrients and must be understood before plot-scale, process-level knowledge can 

be scaled-up to answer questions about catchment and regional biogeochemistry; and (4) Despite 

no evidence of increasing thaw depth in terrestrial uplands near Toolik Lake, observed changes 

in the geochemistry of lakes and streams over time can only be explained by a thawing of 

permafrost and thus systematic changes in thaw depth in the basin due to global warming. 
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<1>Introduction 

 

The original goal of the stream research was to describe the basic ecology of streams near 

Toolik, including the organisms of the streams, stream flow, water chemistry, and selected 

ecological processes such as primary productivity, respiration, and fish growth rates. Monitoring 

continues today to quantify year-to-year variability and to identify long-term changes in the 

ecology of streams. Long-term fertilization experiments have been a critically important tool 

used to understand the role of nutrients in limiting and structuring stream ecosystems. Today the 

overall theme of stream research is to integrate past work to inform future expected changes 

driven by climate. 
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This chapter first describes the ecological characteristics of the five types of arctic 

streams in the Toolik region, including biogeochemistry, primary producers, microheterotrophs, 

and secondary producers. Next, we describe the details of three stream-fertilization experiments 

that provide the basis for much of our past and current research. Finally, we synthesize our 

research results under six themes: resource limitation (bottom-up control); recovery from 

nutrient enrichment; trophic cascades (top-down control); hyporheic processes; disturbance as a 

driver; and how warming leads to changes in permafrost and thermokarst. 

How do arctic streams differ from their boreal, temperate, and tropical counterparts? 

First, and perhaps most significantly, the vast majority of arctic streams less than a depth of 2 m 

freeze solid during winter. This results in communities with low taxonomic richness and a strong 

pan-Arctic element. Second, small arctic streams are underlain by permafrost (described in 

Chapter 1). This restricts hyporheic processes to seasons during which water can flow and affects 

catchment-level patterns of runoff. Third, biotic communities receive nearly continuous light in 

the summer months, affecting patterns of primary production and the behavior of consumers. 

Fourth, arctic streams lack surrounding forest canopies; they have little shade and receive lesser 

amounts of coarse particulate organic matter than do streams in forested regions or in riparian 

forests of grasslands. Finally, arctic streams and their watersheds are undergoing extensive 

warming that will continue for a century or more (Chapter 2) which will affect organisms, 

especially fish, and will increase their nutrient supply. 

 

<1>Streams of the Toolik Lake Region 

 

<2>Types of Streams 
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The landscapes of the Toolik Lake region have five general types of streams – tundra, 

mountain, glacier, tundra spring, and mountain spring. These stream types are characterized on 

the basis of their primary water sources and have been described in detail (Craig and McCart 

1975, Oswood et al. 1996, Huryn et al. 2005). Briefly, the stream types have the following 

characteristics.  

 

<3>Tundra, Mountain, and Glacier Streams  

 

Tundra streams flow from the foothills and across the coastal plain (Fig. 7.1A)[INSERT 

FIG. 7.1 HERE]. The source of water to tundra streams is snowmelt and precipitation. Their 

catchments are composed of a relatively thin layer of peat (often only 25-30 cm deep) underlain 

by a largely impermeable layer formed by permafrost. Thus, tundra streams are particularly 

responsive to rainfall events. Tundra streams that drain areas with ice-rich permafrost often have 

a “beaded” channel form – a series of pools (the “beads”) connected by relatively short 

connector reaches (Fig. 7.1B). The pools are roughly circular and deep (1-2 m) relative to their 

width (typically <10 m) and form by thermal erosion of ice wedges in the permafrost that form 

the borders of polygons (Hopkins et al. 1955). Consequently the beads and their connector 

reaches often have a zigzag pattern rather than the looping meanders commonly expected for 

stream channels. In terms of overall stream length, tundra streams are by far the most abundant 

stream type on the North Slope where they contribute 82 % of the total stream length.  

Mountain and glacier streams (Fig. 7.1C,D) drain high-elevation catchments of the 

Brooks Range. Like tundra streams, the source of water to mountain streams is runoff from 
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snowmelt and precipitation. However, unlike tundra streams, these streams drain deep deposits 

of talus and rubble. In addition, glacial streams receive melt water from cirque glaciers. The 

snow and ice that persists in these bowl-like depressions on mountains are the most common 

form of glacier in the Toolik region. The channels of mountain and glacier streams tend to have 

high gradients with habitats consisting of a series of cascades and pools structured by cobble and 

boulders. The channels of glacier streams differ from mountain streams in having angular stones 

rather than stones rounded by alluvial erosion, large amounts of fine sediment derived from 

glacial flour, and frequent shifts in channel location. Together, mountain and glacier streams 

contribute 16% to total stream length on the North Slope. 

The peak flows in tundra, mountain, and glacier streams typically occur during spring 

and early summer with low flows during late summer. Mountain and tundra streams also have 

relatively “flashy” hydrographs characterized by rapid increases in discharge in response to 

storms (Fig. 7.2, Parker 2008)[INSERT FIG. 7.2 HERE]. Unlike mountain and tundra streams, 

the hydrographs of glacier streams respond relatively slowly to storms. They are characterized by 

a regular fluctuation in flow driven by the daily cycle of melt water release from headwater 

glaciers; the highest discharge occurs late in the afternoon and the lowest discharge early in the 

morning (Fig. 7.2). With the onset of winter, runoff to mountain, glacier, and tundra streams 

generally ceases, channel volume reduces, and the water column freezes although unfrozen water 

may persist at the bottom of deep pools (>2 m). 

 

<3>Spring Streams 

  



206 
 

Flowing water may persist during the arctic winter in rare locations where thawed ground 

water feeds perennial springs. Spring streams typically arise in tundra and mountain 

environments. These springs receive discharge from deep limestone beds (the Lisburne 

Limestone Group) that underlie parts of the eastern North Slope and Brooks Range (Craig and 

McCart 1975, Yoshikawa et al. 2007) and in some places also from deep lakes and 

suprapermafrost sources associated with Tertiary sediments.  

The streams that arise from springs (Fig. 7.1E) differ from tundra, mountain, and glacier 

streams because they have perennial flow and water temperatures that exceed 0oC year-round, 

despite air temperatures below -20o to -30oC during winter. In addition, they have relatively 

uniform depths and well-sorted particle distributions usually consisting of gravel to cobble size 

particles. This lack of spatial complexity is due to the absence of scouring storm flows. Because 

a large proportion of the discharge of tundra spring streams and mountain spring streams is 

derived from groundwater infiltration, their hydrographs are relatively flat and typically they do 

not respond dramatically to storm runoff (Fig. 7.2). The water discharged from springs 

eventually cools and will freeze at some point downstream. This ice often accumulates 

downstream of the spring source and may cover many hundreds of hectares to a thickness of 

many meters, depending on the size of the spring. This ice formed from spring water is one 

source of aufeis, the overflow ice that accumulates in streams and rivers overwinter (Fig. 7.1F). 

Some of the aufeis in certain locations may persist throughout the year; the larger formations are 

visible in summertime satellite imagery. Tundra and mountain spring streams together contribute 

<1% of total stream length on the North Slope. 

 

<2>Characteristics of the Streams Near Toolik Lake 
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<3>Chemistry of Nitrogen, Phosphorus, and Organic Carbon 

 

Comparisons among the stream types on the basis of soluble reactive phosphorus and 

ammonium are generally difficult because the concentrations of these nutrients are at or below 

the detection limits of standard analytical methods. However, concentrations of nitrate, dissolved 

organic nitrogen (DON), total dissolved nitrogen (TDN), and total dissolved phosphorus (TDP) 

are all at concentrations that can be measured readily. Although these forms of nitrogen and 

phosphorus are less readily available to algae, they may serve as an important supplemental 

source of these essential nutrients.  

The summer season concentrations of nitrate are highest in glacier streams, intermediate 

in mountain and spring streams, and lowest in tundra streams (Fig. 7.3)[INSERT FIG. 7.3 

HERE]. Conversely the DON concentrations are lowest in glacier streams, intermediate in 

mountain and spring streams, and highest in tundra streams. This pattern appears to reflect the 

amounts of terrestrial primary production and soil organic matter in the catchments of the 

contrasting stream types.  

The absolute concentrations of TDP are low in all stream types with slightly higher 

average concentrations in springs and glacier streams and lower concentrations in mountain and 

tundra streams (Fig. 7.3). In addition, the relative concentrations of TDP compared to 

concentrations of TDN are also quite low in the same streams. The TDN:TDP molar ratios 

average over 100 in mountain and tundra streams and over 40 in spring and glacier streams. 

Compared to the molar Redfield ratio of about 15:1 which represents the expected composition 
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of algae, it appears that all of these stream types are phosphorus limited; i.e., they have on 

average a nitrogen surplus relative to phosphorus.  

A survey of 20 headwater streams in the Toolik region showed a wide range of DOC 

concentrations (Table 7.1)[INSERT TABLE 7.1 HERE]. Springs and streams in the mountains 

had the lowest concentrations (the means ranged from 112 to 137 μM) while tundra springs and 

tundra streams had the highest concentrations (465 and 563 μM, respectively). Other chemical 

measures were highly variable within and among catchments making it difficult to identify 

consistent differences among stream types. For example, in a related survey of 32 headwater 

streams in the Toolik Lake region (Table 7.1) there was a ten-fold difference in conductivity 

within springs, a pH range from 6.4 to 8.6 in springs, and a many-fold range in nutrient 

concentrations among stream types. In general all chemical constituents were higher in 

concentrations in the tundra springs and streams than in mountain waters. 

Particulate organic matter in the form of detritus is an important source of carbon and 

energy to stream food webs. Major sources of detritus include senescent aquatic macrophytes, 

epilithic biofilms and riparian vegetation, particularly deciduous tree leaves (willows, poplar, and 

birch) that enter stream channels during autumn. Erosion of peat banks in tundra streams is 

another source. Compared with forested streams in temperate regions, arctic streams, including 

those in the Toolik Lake region, tend to receive and store relatively low amounts of detritus 

because the shrubby vegetation that dominates in the riparian zones of these streams does not 

overhang the channel as would be the case for canopy-forming trees in the riparian zones of 

other biomes (Benstead et al. 2005). The larger amounts of coarse particulate organic matter 

(CPOM) stored in small tundra streams than in other stream types is likely due to greater inputs 
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of riparian litter per unit streambed area, as well as higher retention of CPOM in these small 

streams (Table 7.2). [INSERT TABLE 7.2 HERE] 

Breakdown rates of leaf detritus in the Kuparuk River and nearby Hershey Creek are 

relatively slow (0.004-0.006 d-1) compared with rates measured in temperate streams (Benstead 

et al. 2005). Breakdown rates are driven by the initial colonization of leaf tissues by aquatic 

hyphomycete fungi (“conditioning”, Suberkropp 2001) followed by consumption of such 

conditioned detritus by macroinvertebrates. The spores of aquatic hyphomycete fungi were 

common in samples of surface foam taken from streams in the Toolik Lake region, and changes 

in concentrations of ergosterol (a component specific to fungi and found in all fungal cell walls) 

in leaf litter incubated in a tundra stream indicated rapid rates of fungal colonization and 

conditioning. Nevertheless, ergosterol concentrations were consistently lower in willow and 

sedge leaf detritus incubated in an arctic tundra stream compared to concentrations generally 

reported for tree leaves decomposing in temperate streams. Once conditioned, willow and sedge 

leaf detritus in arctic tundra streams is readily consumed by “shredders,” a group of 

macroinvertebrates that are defined functionally by their preference for feeding on CPOM. 

 

<3>Primary Producers 

 

Most is known about autotrophic communities in alluvial streams that have cobble 

substrate. In comparison, peat or silt-bottomed streams are common but little studied. In alluvial 

streams the cobbles are covered with a biofilm that contains a diverse community of autotrophic 

organisms dominated by diatoms (Table 7.3).[INSERT TABLE 7.3 HERE] In the Kuparuk 

River, the four most common genera, out of 187 found, accounted for about 90% of the total 
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diatom abundance. In 24 headwater streams, 120 taxa of periphyton were found including two 

widespread cyanobacteria. Differences in periphyton community structure between streams and 

stream types are likely attributed primarily to frequency of scouring during storm flows as 

described in the section below on “Disturbance as a Driver in Arctic Streams”.  

Aquatic bryophytes can be an important component of the autotrophic community and 

may be responsible for the majority of primary production and nutrient uptake where they are 

abundant (Arscott et al. 1998, Stream Bryophyte Group 1999). Bryophyte biomass in tundra 

spring streams and mountain spring streams was significantly greater than in other stream types 

(Table 7.2). The ecophysiology of aquatic bryophytes is generally not well known. Arscott et al. 

(2000) found significant differences in the responses of two groups of bryophytes commonly 

found in the Kuparuk River to changes in light, temperature, nutrients, and desiccation. Two 

species of Hygrohypnum (H. alpestre and H. ochraceum) increased net primary production as 

light, temperature, and nutrient levels increased. In contrast, Schistidium agasizzii was relatively 

unresponsive to changes in these variables. These differences explain why S. agasizzii is able to 

persist in the extremely oligotrophic waters characteristic of tundra streams and why the 

Hygrohypnum spp. invade and overtake S. agasizzii when nutrient levels increase.  

Other aquatic macrophytes are found occasionally in arctic streams. Canadian waterweed 

(Elodea canadensis), Eurasian watermilfoil (Myriophyllum spicatum), and Sparganium 

hypoboreous are sometimes abundant in peat-bottomed streams, especially in the deep and fairly 

protected pools of beaded streams. 

 

<3>Microhetertrophs 
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Relatively little is known about microheterotrophs in streams in the Toolik Lake region. 

Lock et al. (1990) studied the effect of phosphorus fertilization on selected autotrophic and 

heterotrophic processes in the Kuparuk River and found that phosphorus stimulated both. 

Peterson et al. (1985) concluded that the stimulation of heterotrophic activity observed in the 

Kuparuk River was an indirect effect of greater algal production which led to greater production 

of algal exudates which then directly stimulated heterotrophic activity. Heterotrophs presented 

with phosphorus in the dark where algal exudates were absent did not exhibit greater uptake or 

production.  

Crump et al. (2007) studied the planktonic bacteria in a chain of connected lakes and 

streams in the major catchment that discharges into Toolik Lake (the “Inlet Series”, see details in 

Chapter 6). This study was based on analysis of fragments of DNA to indicate when different 

taxonomic units were present. In the Inlet Series the bacterial communities were most similar in 

connected lakes and streams (see Fig. 6.9). The similarity between stream segments decreased as 

the water moved downstream and the number of stream or lake elements between the 

comparison points increased. 

Larouche et al. (2012) used similar methods to show that bacterial community 

composition in the epilithic biofilm of tundra and mountain streams in the Feniak Lake region 

(about 200 km southwest of Toolik Lake) differed somewhat on the basis of local geology but 

differed strongly between epilithic diatom communities and interstitial sediment communities 

only a few centimeters away. Based on phylogenetic analyses they determined the presence of 32 

families of bacteria belonging to 14 classes. The most common bacterial families in interstitial 

sediment samples were Enterobacteriaceae (25.1%), Paenibacillaceae (28.3%), 

Pseudomonadaceae (9.4%), and Xanthomonadaceae (11.6%). Epilithic biofilm samples were 
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dominated by species of Cyanobacteria (43.5%), Flexibacteraceae (17.7%), Comamonadaceae 

(12.9%), and Deinococcaceae (5.5%).  

 

<3>Secondary Producers 

 

Seventy-two macroinvertebrate taxa were identified in a survey of 32 streams in the 

Toolik Lake region (Huryn et al. 2005, Table 7.4).[INSERT TABLE 7.4 HERE] The regional 

pool of taxa (β-richness) is represented by 70+ taxa (approximates generic richness), which is 

relatively low when compared with streams in interior Alaska (Oswood 1989). The taxonomic 

richness of individual stream communities (α-richness) ranged from a high of 42 taxa (tundra 

stream) to a low of 12 taxa (two glacier streams). The Oligochaeta and the chironomid genera 

Diamesa and Eukiefferiella were the most widespread taxa, with both occurring in almost all 

streams sampled. Acarina (water mites), Baetis (Ephemeroptera: Baetidae), and the chironomid 

genera Orthocladius, Corynoneura, and Tvetinia were also widespread. Ordination analysis 

indicated that regional macroinvertebrate community structure of the Toolik region is comprised 

of five assemblages structured by the position of a stream within the landscape (tundra, tundra 

spring, mountain, mountain spring, and glacial). Differences in community structure among 

stream types is attributed to differences in physical disturbance regime due to landscape position 

(see “Landscape Habitat Template and Macroinvertebrate Community Structure”, below). 

Macroinvertebrate abundance ranges over three orders of magnitude among stream types 

near Toolik. Tundra spring streams (1.2 x 105 individuals m-2) and mountain spring streams (9.2 

x 104 individuals m-2) have the greatest mean abundance; mountain streams have the lowest (4.2 

x 103 individuals m-2). Mean macroinvertebrate biomass, which ranges over two orders of 
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magnitude among streams, is greatest in mountain spring streams (5800 mg dry matter (DM) m-

2) and lowest in glacier (442 mg DM m-2) and mountain streams (399 mg DM m-2). The range of 

community biomass among streams is similar to that documented worldwide (Benke 1993), 

which is somewhat surprising for this harsh arctic environment. 

Five functional feeding groups are generally recognized among freshwater stream 

macroinvertebrates: filter feeders, predators, shredders, scrapers and collector-gatherers. Near 

Toolik only the filter-feeders and predators show significant differences in contribution to total 

macroinvertebrate biomass among stream types (Table 7.4). Compared with filter feeders and 

predators, the distribution of biomass among scrapers, shredders, and collector-gatherers is 

relatively uniform among stream types, with no significant differences in their proportional 

contributions to total macroinvertebrate biomass (Huryn et al. 2005). 

Three species of fish can be abundant in headwater streams near Toolik: Dolly Varden 

char (Salvelinus malma), arctic grayling (Thymallus arcticus), and slimy sculpin (Cottus 

cognatus). All are opportunistic predators that feed primarily on benthic macroinvertebrates. 

Sculpin are commonly found in spring streams and inlet and outlet streams of deep lakes. Dolly 

Varden char are year-round residents of spring streams. Following hatching, most populations of 

arctic Dolly Varden remain within their natal spring streams for about three years, after which 

they migrate to the Beaufort Sea during summer and then return during early autumn to spawn 

and overwinter (Richardson et al. 2001). There is also a “residual” form of Dolly Varden that is 

non-migratory. These consist of males that remain within the spring stream for their entire lives. 

Grayling are widely distributed in mountain and tundra streams, as well as in the lower reaches 

of spring streams. Grayling require overwintering habitat of deep lakes and rivers to which they 

migrate from headwater streams to overwinter. For more information on arctic grayling see the 
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sections on Life History of Arctic Grayling and Forecasting the Future for Fish later in this 

chapter. 

A number of bird species use stream habitats in the Toolik Lakes region. Most are 

piscivorous; e.g., the Arctic tern (Sterna paradisaea) and glaucous gull (Larus hyperboreus). 

Two other species, the dipper (Cinclus mexicanus) and harlequin ducks (Histrionicus 

histrionicus), feed at several trophic levels and thus are more intimately integrated with stream 

food webs. The dipper nests along several mountain spring streams in the Toolik Lake region, 

but is absent from other stream types (Parker and Huryn 2006). Dippers feed on larvae of stream 

macroinvertebrates (stoneflies, black flies, mayflies) and young-of-the-year Dolly Varden char. 

Presumably their trophic focus on spring streams, where they are apparently year-round 

residents, is related to the presence of perennially flowing water combined with high levels of 

invertebrate productivity that remain accessible through the winter. Harlequin ducks are summer 

residents of North Slope tundra streams and near Toolik they nest along headwater streams of the 

Kuparuk River (Huryn, personal observation). Like dippers, harlequin ducks enter streams to 

feed on benthic macroinvertebrates, including caddisflies, black flies, stoneflies, and mayflies. 

 

<3>Food-Web Characteristics 

 

Detailed connectance food-webs have been produced for three stream communities 

representing three stream types (Parker and Huryn 2006): specifically, a tundra stream (Fig. 7.4, 

Kuparuk River)[INSERT FIG. 7.4 HERE], a mountain stream, and a mountain spring stream in 

the Ivishak River drainage. Differences in food web size (i.e., number of taxa participating in a 

food web) were relatively minor: 38 in the mountain stream, 42 in the mountain spring stream, 
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and 52 in the tundra stream. Food-web connectance (i.e., the proportion of realized links relative 

to all possible links) was also similar: 0.12 for tundra stream and 0.19 for the mountain stream 

and the mountain spring stream. 

There were, however, major differences in mean food-chain length, total 

macroinvertebrate biomass, and the apportionment of this biomass among trophic positions. 

Mean food-chain length jumped from 1.7 in the mountain stream and 1.9 in the tundra stream to 

3.1 in the mountain spring stream, indicating the presence of an additional trophic level in the 

spring stream (~ three trophic levels) compared with the tundra and mountain streams (~ two 

trophic levels). The third trophic level in the mountain spring stream is occupied by the dipper C. 

mexicanus (Parker and Huryn 2006). Given the high energy requirements of birds, dippers can be 

significant predators of stream invertebrates. As noted above and in Table 7.4, the mountain 

spring stream also had the greatest total macroinvertebrate biomass and the highest proportion of 

biomass attributed to predators. Such differences in food web structure indicate major functional 

differences (e.g., productivity, nutrient cycling) among the communities in these different stream 

types. These differences are ultimately driven by factors related to landscape position, 

particularly those affecting patterns of channel morphology and disturbance regime. 

 

<1>Stream Research Themes 

 

Over the past three decades several major themes have guided research on streams in the 

Toolik Lake region. Studies of three tundra streams, in particular, have demonstrated that the 

community structure and function is responsive to changes in nutrient inputs and to changes in 

physical factors such as discharge. The focus of the longest and most thorough investigation is 
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the Kuparuk River near the Dalton Highway where a 30-year stream fertilization experiment is 

continuing. Oksrukuyik Creek also near the Dalton Highway was the site of a shorter (six year) 

fertilization experiment and Hershey Creek, a tributary of the Kuparuk, was the site for a one 

year fertilization experiment. While all three streams are in the tundra stream class, they differ 

substantially in size and morphology. The climate in the area of these study streams is described 

in Chapter 2 and the types of vegetation found in the watersheds are described in Chapter 3. In 

the following sections we first describe the general ecology of these three main study streams 

and then summarize the key findings from six research themes that have defined our research on 

streams in the Toolik area. 

 

<2>General Ecology of Detailed Study Streams 

 

<3>The Kuparuk River 

 

The 5-km study reach is centered on the Dalton Highway (68o 38' N, 149o 24' W), where 

the Kuparuk is a meandering, fourth order stream (Fig. 7.5)[INSERT FIG. 7.5 HERE] with a 

catchment area of 143 km2 of alpine and moist tundra communities. Dwarf birch and willows 

line sections of the stream bank but do not shade the channel. For a more complete description of 

the Kuparuk watershed see Kriet et al. (1992), Harvey et al. (1997), and Hershey et al. (1997). 

This headwater reach ceases to flow in late September or early October and pools are 

frozen solid from October to May; the open-water growing season is approximately four months. 

Discharge during the flowing season is highly variable and ranges from less than 1 m3 sec-1 to 

around 5 m3 sec-1 (Fig. 7.6)[INSERT FIG. 7.6 HERE]. Peak flows during the spring freshet 
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regularly range from 10 to 30 m3 sec-1 and can deliver 25% of the total seasonal runoff 

(McNamara et al. 1998). However, the two largest runoff events ever recorded on the upper 

Kuparuk River occurred during summer rain events in July 1999 and August 2002 and produced 

estimated peak flows in excess of 100 m3 sec-1 (Kane et al. 2008). In contrast, drought conditions 

prevailed in 2005, 2007, 2009, and 2011 during which some reaches of the upper Kuparuk River 

became “hyporheic” with no surface water flowing. 

Light inputs are high during most of the growing season due to the open canopy and 24 

hr photoperiod. Summer water temperature in the Kuparuk River averages 7 to 13oC (Fig. 

7.7)[INSERT FIG. 7.7 HERE]. Maximum precipitation occurs in July and August (Kane et al. 

1989), however, the peak discharge usually occurs in late May or early June because of 

snowmelt. The Kuparuk River is oligotrophic and primary production here is most frequently 

phosphorus limited (Peterson et al. 1993). 

Autochthonous production is dominated by benthic net primary production but is 

relatively low compared to temperate streams, ranging from 15 to 30 g C m-2 y-1 (Bowden et al. 

1992). Early estimates of benthic primary production in the Kuparuk River were made using 

closed, recirculating chambers (Fig. 7.8)[INSERT FIG. 7.8 HERE]. Cappelletti (2006) adapted 

the widely-used whole-stream metabolism methodology (e.g., Bott 2007), which is dependent on 

a nighttime “dark” period to identify daily respiration values; at the bottom of streams light 

intensity drops to near zero levels even at the summer solstice (Fig. 7.9)[INSERT FIG. 7.9 

HERE]. Cappelletti (2006) concluded that estimates of net and gross primary production from 

the whole-stream method were similar to the historical database of estimates based on closed 

chamber methods (Fig. 7.10)[INSERT FIG. 7.10 HERE]. Estimates for ecosystem respiration by 

the whole-stream method were much larger than estimates of community (epilithic) respiration 
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from the closed chambers, primarily because the whole-stream method includes hyporheic 

respiration and the closed chamber method does not (Fellows et al. 2001).  

Peterson et al. (1986) and Harvey et al. (1997) assessed the relative importance of 

allochthonous versus autochthonous contributions to the carbon in the Kuparuk River (Fig. 

7.11)[INSERT FIG. 7.11 HERE]. Allochthonous organic matter input is comparable to 

temperate, closed-canopy forest streams, but of different composition. Peat from eroding banks – 

rather than leaves from riparian vegetation – is the major source of particulate organic matter 

loading to the river (~ 200-300 g C m-2 y-1). Dissolved organic carbon comprises over 90% of the 

total organic carbon (mean TOC = 6.8 mg C L-1) export from the watershed. 

The Kuparuk River is a tundra stream and so reflects that community type, as described 

above. Filter-feeding black flies Stegopterna mutata and Prosimulium martini are abundant and 

emerge in mid-July and in early August (Hiltner 1985). Baetis and Acentrella spp. are the 

dominant grazing mayflies. The mayfly Ephemerella sp. is also present, but is far less abundant. 

There are several species of chironomids present, including the univoltine, tube-dwelling grazer 

Orthocladius rivulorum which is one of the largest and most abundant (Hershey et al. 1988). The 

caddisfly Brachycentrus americanus is both a filter feeder and a grazer and is represented by at 

least two cohorts during the summer season because this organism has a three year life cycle 

(Peterson et al. 1993). 

Arctic grayling (Thymallus arcticus) is the only fish species found in the study reach of 

the Kuparuk River. The grayling reside in the river from late June through mid-August, and then 

migrate upstream to overwinter in headwater lakes. There are approximately 50-100 adult 

grayling (20-40 cm total length, Deegan et al. 1997) per river kilometer during the summer. 

Juveniles (5-20 cm) are present, but in very low abundance (<10 per km). Mean estimates of age-
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0 (YOY, Young-of-the-Year) grayling density range from 50 to 100 per pool and they are 

seldom found in riffles (Deegan and Peterson 1992). 

 

<3>Oksrukuyik Creek 

 

Oksrukuyik Creek is a tundra stream that drains a cluster of lakes north of the Brooks 

Range and flows northeast into the Sagavanirktok River (Fig. 7.5). Average discharge is 1.0 m3 

s-1 which may increase to more than 5 m3 s-1 during summer rains, although the headwater lakes 

provide water storage and dampen discharge fluctuations. The benthic invertebrate biomass is 

dominated by insect larvae especially Orthocladius rivulorum. Several species of the mayfly 

Baetis occur, all of which are univoltine, generalist collectors. The main filter feeders are a 

species complex of univoltine black flies, notably Prosimulium perspicuum. Unlike the Kuparuk 

River, Oksrukuyik Creek lacks a large population of the caddis fly Brachycentrus americanus.  

One fish species, the arctic grayling Thymallus arcticus, occurs in the study area. The 

creek provides spring spawning habitat and summer feeding areas for adult grayling (>30 cm) 

that probably overwinter in the Sagavanirktok River. Juvenile grayling occur infrequently. YOY 

grayling hatch in late June or early July and inhabit the margins of the stream throughout the 

summer.  

Three experimental reaches were established for a short-term fertilization study on 

Oksrukuyik Creek (Harvey et al. 1998): reference, pre-fertilized, and fertilized. The pre-fertilized 

and fertilized zones are the same physical reach; pre-fertilized refers to the reach in 1989 and 

1990 before fertilization began, and fertilized refers to the reach from 1991 to 1994 when 

nutrients were added.  
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<3>Hershey Creek 

 

Hershey Creek is a short stream that flows into the Kuparuk River at a point where the 

Trans-Alaska Pipeline crosses the river (Fig. 7.5). CPOM storage is higher in small tundra 

streams like Hershey Creek than in the larger streams and rivers. The upper 2 km reach of 

Hershey Creek was used for as short-term phosphorus enrichment experiment (Benstead et al. 

2005). The study reach was bounded at its upstream and downstream limits by the pipeline and 

forded at both points by the pipeline’s gravel access road (Fig. 7.5). The most common riparian 

plants in this relatively low-gradient reach are Salix spp. and Carex spp.; shading of the channel 

by the dwarfed vegetation is limited to narrowest (<0.5 m width) sections of the stream. With the 

possible exception of Hershey Creek’s deepest pools, those >1.5 m in depth, its channel is frozen 

solid from October to May. 

 

<2>Synthesis Theme (1): Resource Limitation (Bottom-up Control) 

 

<3>The Kuparuk River Long-Term Fertilization Experiment 

 

The Kuparuk River ecosystem has been studied intensively from 1978 until the present. 

The first years of this study were focused on the basic hydrology, nutrient biogeochemistry, 

primary productivity, and organic matter budgets. In 1980, nutrient enrichment bioassays showed 

that the low levels of dissolved phosphorus were limiting to primary production of the epilithic 
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algal community. Starting in 1983 a long-term nutrient fertilization study began that continues to 

the present (results in Bowden et al. 1992 and Slavik et al. 2004).  

Starting in the summer of 1983, the Kuparuk River was fertilized with a low-level, 

constant-drip addition of phosphoric acid which raised the average P concentration by ~ 0.3 μM 

at a nominal flow rate of 2 m3 sec-1. This experimental manipulation of the system stimulated 

algal production by 1.5 to 2 fold. The fertilization also increased bacterial activity, rates of 

respiration of the epilithic biofilm, and rates of decomposition of recalcitrant substrates such as 

lignin and lignocellulose. The bottom-up impacts of phosphorus addition increased the 

abundance of insects such as Brachycentrus and Baetis. In the first few summers of fertilization 

there was evidence that at times insect grazers limited chlorophyll accumulation on the bottom 

rocks (Fig. 7.12)[INSERT FIG. 7.12 HERE]. While this can occur when mayfly and especially 

chironomid populations are at their maxima, subsequent studies with tracers (Wollheim et al. 

1999) indicated that energy flow through grazers was on average far less than required to control 

algal biomass. However, the increased insect abundance stimulated the growth of both adult and 

YOY grayling in the fertilized reach relative to the reference reach (Deegan and Peterson 1992).  

Although there was a consistent response to fertilization, the populations of algae and 

insects and the rates of fish growth were highly variable (~10 fold) from year to year. This was 

true in the reference and fertilized reachs (Hershey et al. 1997, Deegan et al. 1999, Slavik et al. 

2004). Much of this variability is correlated with year to year variation in discharge. Under high 

discharge conditions (and presumably high scouring) algal biomass was only half as great as 

under low discharge conditions. Adult fish thrived when discharge was high but the YOY grew 

poorly under high-flow conditions which are associated with low temperatures (Deegan et al. 

1999). These impacts of discharge appear to be equally strong in the reference and fertilized 
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reaches, although the higher biomass and productivity in the phosphorus fertilized reach made 

the effects easier to measure.  

After nearly a decade of continuous summer fertilization an important transition 

occurred. A carpet of two closely related aquatic moss species, Hygrohypnum alpestre and H. 

ochraceum rapidly covered the riffle habitat for several kilometers downstream of the 

phosphorus addition point (Fig. 7.12). This was a surprise because neither of these species was 

observed in this reach of the Kuparuk prior to fertilization. A less obvious and slower growing 

species, Schistidium agasizzii, was always present in relatively low abundance but had not 

responded to the added phosphorus. Between 1990, when the presence of Hygrohypnum spp. was 

first noted, and 1997, the bryophyte biomass in the treatment reach (riffles only) reached ~200 g 

AFDM m-2 while bryophyte biomass in the reference reach was only ~25 g AFDM m-2 (Arscott 

et al. 1998). Subsequent studies showed that the Hygrohypnum species are present in nutrient-

rich seeps and springs in the headwaters of the Kuparuk River and that these species are capable 

of rapid growth under the conditions of nutrient enrichment. 

The impact of this moss invasion on the physics, biogeochemistry, and biota of the 

Kuparuk River has been profound (Stream Bryophyte Group 1999). Hygrohypnum spp. provide a 

large amount of surface area for algal epiphytes, and the moss community (moss plus epiphytic 

algae) is several-fold more productive than the epilithic biofilm in the reference reach (Arscott et 

al. 1998). The biomass of moss dwarfs by orders of magnitude the biomass of epilithic algae. 

Consequently, biomass in the experimentally-enriched reach is significantly higher than biomass 

in the reference reach. The moss fronds create a matrix containing slow moving water, and the 

matrix traps and stores a large amount of fine particulate matter and may serve as an important 

locus of nutrient recycling. The moss matrix habitat is host to an insect community quite 
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different in abundance and species composition than found in the rocky-bottom reference reach 

(Lee and Hershey 2000). Chironomids, Brachycentrus, and a large mayfly (Ephemerella) are 

more abundant by an order of magnitude in the mossy fertilized reach (Fig. 7.13)[INSERT FIG. 

7.13 HERE]. In contrast, other common insects including baetid mayflies, black flies, and 

Orthocladius are less abundant in the mossy reach than in the reference reach. Despite higher 

insect biomass and secondary production in the fertilized reach, the growth of adult, drift-feeding 

grayling was sometimes greater and sometimes less in the fertilized reach compared to the 

reference reach (Fig. 7.14)[INSERT FIG. 7.14 HERE]. Some aspect of the link between insect 

production and fish growth was changed by the phosphorus-induced moss invasion, but further 

work is required to understand these results. 

 

<3>Oksrukuyik Creek Fertilization Experiment  

 

The Kuparuk River fertilization experiment was repeated on a smaller tundra stream, 

Oksrukuyik Creek, to determine if the responses to nutrient enrichments were repeatable (Harvey 

et al. 1998). Additions of phosphorus or phosphorus+nitrogen were continued for six years and 

once again nutrients stimulated production at all trophic levels. Nitrogen was added in addition 

to phosphorus to avoid depletion of available nitrogen downstream of the phosphorus addition 

point. Epilithic chlorophyll, primary production, and respiration increased in the fertilized reach. 

The biomass of filamentous algae and epilithic diatoms also increased in the fertilizer reach 

relative to stocks in the reference reach. The densities of the mayfly Baetis spp. and the 

chironomid Orthocladius rivulorum were increased by fertilization whereas the abundance of 
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black flies was not significantly affected. Fertilization stimulated the growth of both YOY and 

adult grayling. 

Comparison with the Kuparuk River results showed that of nine measures of biotic 

responses to fertilization six were the same in the two rivers. Fertilization of the Kuparuk caused 

Brachycentrus abundance to increase significantly, but in comparison Brachycentrus was too 

scarce in Oksrukuyik Creek for abundance measurements. Black fly production did not change in 

Oksrukuyik but decreased in the Kuparuk when nutrients were added. The decrease in black fly 

abundance in the Kuparuk, where Brachycentrus increased, and the lack of a response by black 

flies in Oksrukuyik, where Brachycentrus was essentially absent, suggests a negative interaction 

between these two organisms. Orthocladius production increased in Oksrukuyik Creek but did 

not change in the Kuparuk. As in the Kuparuk, summer discharge interacted significantly with 

nutrient fertilization to modulate biotic activity. For example, in both rivers nutrients stimulated 

YOY and adult grayling growth but discharge had an even larger impact. The YOY grew fastest 

in low flow years in both reference and fertilized reaches whereas adults grew best in moderate 

to high flow years.  

 

<3>Hershey Creek Fertilization Experiment 

 

Ammonium-N and phosphoric acid were added to a second-order beaded, tundra stream 

to investigate the consequences of nutrient enrichment for low-order arctic streams (Benstead et 

al. 2005). Responses in nutrient chemistry, chlorophyll a standing crop, and in the breakdown 

and macroinvertebrate colonization of leaf litter were measured over a 38-day summer period. 

During the time of P addition, nutrient concentrations immediately downstream of the dripper 
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averaged 6.4 µM NH4-N and 0.45 µM soluble reactive P (SRP). Concentrations upstream of the 

dripper averaged 0.54 µM NH4-N and 0.03 µM SRP. Uptake of both nutrients was rapid. 

Concentrations were reduced on average to 28% (NH4-N) and 15% (SRP) of maximum values 

within 1500 m. Standing crops of chlorophyll a on standardized substrates were significantly 

higher by the end of the experiment. Breakdown rates of senescent willow (Salix sp.) and sedge 

(Carex sp.) litter and associated fungal biomass were also significantly increased by nutrient 

addition. Fertilization resulted in four- to seven-fold higher macroinvertebrate abundance and 

two- to four-fold higher macroinvertebrate biomass in litter bags, as well as an increase in late 

summer body mass of larval Nemoura stoneflies. 

 

<2>Synthesis Theme (2): Recovery from Experimental Nutrient Enrichment 

 

 Community recovery from experimental fertilization (i.e., relative return to reference 

conditions) has been studied in three stream reaches at the Arctic LTER (Benstead et al. 2007). 

The three stream reaches (Figs. 7.15 and 7.16)[INSERT FIG. 7.15 AND FIG. 7.16 HERE]were 

created either by successive movement of nutrient addition points (“drippers”) downstream from 

their original locations (Kuparuk River, two reaches) or by complete cessation of experimental 

nutrient addition (Oksrukuyik Creek). Specifically, in 1985 the original phosphorus dripper on 

the Kuparuk River was moved 0.59 km downstream from its original position at 0.0 km, forming 

the first Kuparuk recovery reach (enriched for the two previous summers, 1983-1984) between 

0.0 km and 0.59 km. In 1996 the dripper was moved downstream a second time, to 1.4 km below 

the original dripper site. The reach between 0.59 km and 1.4 km became the second Kuparuk 

recovery reach (prior enrichment for 13 consecutive summers, 1983-1995). The third recovery 
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reach was on Oksrukuyik Creek and was created when the original experiment was terminated 

after six consecutive summers of fertilization (Harvey et al. 1998). During the first two summers 

of fertilization (1991 and 1992), Oksrukuyik Creek was fertilized with phosphorus only. For the 

last four summers (1993 to 1996), NH4-N was also added as ammonium sulphate to prevent the 

possibility of severe N-limitation. The reference reach, upstream of the dripper, was not treated 

in any way throughout the entire experiment. 

In all three of the recovery reaches, return of epilithic algal biomass to reference levels 

occurred within a year after cessation of fertilization (Fig. 7.17)[INSERT FIG. 7.17 HERE]. 

Rapid shifts in algal standing crop were likely due to high turnover of algal cells combined with 

a return to P-limited growth after cessation of phosphorus addition. In contrast, bryophytes, 

which became the dominant primary producer in the Kuparuk River’s fertilized reach only after 

seven years of long-term nutrient addition (Bowden et al. 1994), persisted for seven years after 

the phosphorus nutrient subsidy had been removed (Fig. 7.18)[INSERT FIG. 7.18 HERE]. 

Bryophyte cover eventually declined to 7% by 2003, but annual decreases prior to that year were 

highly variable with large relative decreases in bryophyte cover occurring only in 2001 and 

2003. The relative persistence of bryophyte cover was presumably related to the longevity of 

individual bryophyte plants combined with secure attachment to cobbles and boulders by tough 

rhizoids (Stream Bryophyte Group 1999). The taxon largely responsible for increases in 

bryophyte cover, Hygrohypnum spp., has been shown to be strongly P-limited under ambient 

nutrient conditions in the Kuparuk River. It therefore seems likely that the gradual attrition of 

Hygrohypnum cover in the Kuparuk’s second recovery reach was driven by senescence of 

individual plants stressed by increasing nutrient limitation, combined with storm-associated 

scour. 
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 The benthic macroinvertebrates in the Kuparuk River differed in community structure 

among the unfertilized reference reach, the second recovery reach, and the fertilized reach during 

the years 1992-1998 (i.e., first seven years of recovery of the second recovery reach; Fig. 

7.19)[INSERT FIG. 7.19 HERE]. Density data for six numerically dominant taxa could be 

divided into three groups: those that were positively affected by bryophytes and that persisted at 

relatively high densities in the recovery reach (brachycentrid caddisflies, the mayfly Ephemerella 

and most midge taxa); taxa that were negatively affected by bryophytes and that showed 

depressed densities (the tube-building midge Orthocladius rivulorum) and taxa that showed 

variable or neutral responses (simuliids and baetid mayflies). The presence of the bryophytes, 

which persisted longer than expected, tended to slow the recovery of the benthic 

macroinvertebrate community structure to a reference condition, compared to the recovery rates 

for the first recovery reach (Peterson et al. 1993, <two years), where the Hygrohypnum spp. had 

not yet established. 

Growth rates of adult and YOY grayling initially showed clear positive responses to N 

and P addition in Oksrukuyik Creek, presumably because of the observed increases in 

availability of important prey taxa (Harvey et al. 1998). Growth of both age-classes returned to 

reference values rapidly (within one to two years) after nutrient addition ceased. Arctic grayling 

feed predominantly on drifting benthic insects (Deegan and Peterson 1992), so it is likely that 

rapid return of grayling growth to reference rates was linked to correspondingly fast return of 

important prey taxa to lower levels of availability. However, no insect data are available for 

Oksrukuyik Creek’s recovery reach. 

Differences in recovery from nutrient enrichment among the three stream reaches 

appeared to be driven by the duration of nutrient enrichment and by the effects of bryophyte 
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colonization. Short-term nutrient enrichment of the Kuparuk’s first recovery reach (two years 

prior fertilization) and Oksrukuyik Creek (six years) did not result in bryophyte colonization. 

These two reaches showed a rapid, community-wide return to reference levels of biomass and 

biological activity. The main effect of bryophyte colonization on recovery patterns was the 

establishment of a high-biomass and physically complex benthic environment that was more 

stable, relatively resistant to scouring, and consequently persistent in the long term (Stream 

Bryophyte Group 1999). In turn, this allowed some dominant ‘moss-loving’ primary consumer 

taxa to remain at high levels relative to other taxa that were negatively affected by bryophytes. 

Nutrient enrichment of oligotrophic arctic stream ecosystems is likely to increase in the 

future due to permafrost thawing associated with climate change, as well as local anthropogenic 

impacts such as mining and drilling. The results of the recovery studies at the Arctic LTER site 

show that streams can recover rapidly from short-term, low-concentration nutrient enrichment, as 

has been seen in studies of many different perturbations to stream ecosystems (Niemi et al. 

1990). Longer enrichment can lead to shifts in the primary producer community, however, with 

persistent effects on benthic habitat and community recovery (see Benstead et al. 2007 for more 

information on recovery in the Kuparuk River and Oksrukuyik Creek). 

 

<2>Synthesis Theme (3): Trophic Cascades (Top-Down Controls) 

 

<3>Life History and Feeding Ecology of Arctic Grayling 

 

Arctic grayling are an attractive sport fish, taken primarily by fly-fishing. They are 

distributed throughout the Arctic and are symbolic of clear, cold streams in the northern 
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wilderness. Grayling are considered an obligate fluvial species, although some populations have 

been isolated from streams with suitable summer habitat and have adapted to lake environments. 

These populations are still obligate stream spawners and move into lake outlets to spawn and 

then return immediately to the lake. Away from lakes, grayling are often the only fish species in 

tundra rivers; this is the case for over 200 km of the Kuparuk River. Individual grayling can 

range widely, moving as much as hundreds of kilometers on a seasonal or annual basis between 

spawning, rearing, and sheltering habitats (Parkinson et al. 1999, West et al. 1992). 

Grayling make an annual migration to deep-water lakes or flowing spring habitats, driven 

by the fall freeze-up of tundra streams (West et al. 1992). In late May they re-enter the river, 

spawn, and then move to summer territories that they defend against other grayling. Grayling 

faithfully return to the same spawning and feeding areas (Buzby and Deegan 2004). Juvenile age 

classes (1 to 5 yr old fish; 5-20 cm; 2-150 g) use smaller streams while adult grayling (6 to18 yr 

old fish; 20 to 40 cm total length; 150 to 450 g) tend to use larger rivers. Thus, there is a distinct 

separation in size classes between small and large streams (Fig. 7.20)[INSERT FIG. 7.20 

HERE]. An important consequence of this observation is that it clearly takes an interconnected 

landscape composed of lakes and large and small rivers to support a viable arctic grayling 

population.  

Within the three months of June, July, and August, grayling must obtain enough energy 

through feeding on insects in the stream to grow, migrate, survive the winter, and spawn the 

following spring. Grayling are generalists in their food habits, but drifting aquatic insects, 

especially mayflies, stoneflies, and caddis flies are their primary food items (Fig. 7.21)[INSERT 

FIG. 7.21 HERE]. Despite differences in the size of fish occupying each river, diets of grayling 

in Hershey Creek and the Kuparuk River are similar. Early in the summer, fish in both streams 
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rely heavily on Chironomidae although the Kuparuk diet was slightly more diverse. The 

numerical dominance of the Chironomidae was somewhat less when diets were viewed on a 

biomass basis due to the small size of Chironomidae and the much larger sizes of Trichoptera, 

Tipulidae, and terrestrial insects. Fish in the Kuparuk River consumed more prey; when results 

are normalized for fish size, however, there were no differences between streams. Diets were less 

similar late in the summer when fish in the Kuparuk River began consuming Ephemeroptera 

almost exclusively while diets of fish in Hershey Creek were dominated by Chironomidae. Fish 

in the Kuparuk River consumed four times more biomass than fish in Hershey Creek and, unlike 

earlier in the summer, significant differences were maintained even after prey biomass was 

normalized for fish size. In addition to consuming more prey, fish in the Kuparuk River 

consumed larger prey late in the summer thereby reducing apparent foraging costs. 

Terrestrial insects made up only a small fraction of the prey items in Hershey Creek and 

in the Kuparuk River (Fig. 7.22)[INSERT FIG. 7.22 HERE]. Less than 10% of the abundance 

and less than 20% of the biomass consumed by fish in both streams came from terrestrial 

sources. Fish in Hershey Creek tended to have the same fraction of terrestrial insects in their diet 

over the season while fish in the Kuparuk River substantially reduced their reliance on terrestrial 

insects later in the season. The low reliance on terrestrial insects by fish in Hershey Creek 

contrasts with the predictions made by the River Continuum Concept (Vannote et al. 1980) 

which suggests that grayling diets in smaller creeks should reflect a greater terrestrial component 

because small streams are expected to have a greater connectivity to the surrounding terrestrial 

environment. Drift data were unavailable so it was not possible to determine if the low 

consumption of aerial prey was due to low quantities in the drift or because grayling did not 

actively select them. These results were comparable to those found by Huryn (1998) in New 
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Zealand streams. However, they were lower than the 15-45% of terrestrial prey found in 

salmonid stomachs from forested streams in southeastern Alaska (Wipfli 1997). 

The degree to which grayling feed in overwintering lakes during the arctic fall and winter 

is not known. Arctic grayling are visual feeders (O’Brien and Showalter 1993) and short day 

length, thick lake ice, and snow greatly reduce the light available for feeding during mid-winter. 

During the fall and spring arctic grayling may feed in overwintering lakes, however. Lake-

adapted grayling are zooplanktivores, while fluvial grayling consume drifting mayflies and other 

benthic food. It is unknown if fluvial grayling that enter lakes in the fall continue to focus on 

insects and benthic invertebrates or switch to zooplankton. A few arctic grayling caught in 

March under the ice in central Alaska, had mayfly and stonefly larvae in their guts (Ziemann 

1986). 

 

<3>Response to Food Changes and Other Environmental Variables 

 

The rate of grayling growth is food limited. When fertilization with phosphorus 

stimulated the underlying food web (Fig. 7.23) there was enhanced growth of adult and age 0 

grayling in some years more than two-fold over reference habitats, although in most years the 

difference was less enhanced (Fig. 7.23)[INSERT FIG. 7.23 HERE]. Overall, growth in the 

reference and fertilized reaches was linearly related with high and low years of growth in the 

same years in both reaches, and with about a 20% increase in the fertilized reach. 

However, the year-to-year variation in the growth of grayling driven by environmental 

variability exceeded the differences caused by nutrient enhancement. Between 1986 and 2004 a 

15-fold difference in growth among years (range 0.1 to 1.7 g d-1) was measured, while nutrient 
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enrichment provided only a 1.2 times increase in growth. Thus, it was not possible to identify a 

reliable growth benefit from the phosphorus enrichment. There is a correlation between 

discharge and growth for adult and YOY fish in the Kuparuk River and in Oksrukuyik Creek 

(Deegan et al. 1999), but this was evident only after many years of study because of the high 

variability in this system (Fig. 7.24)[INSERT FIG. 7.24 HERE]. Fifty-six percent of the variance 

in adult grayling growth rate in both rivers was associated with nutrient level and mean summer 

discharge while 60% of the variance in YOY grayling growth was associated with nutrient level, 

mean summer discharge, mean summer temperature, and differences between the two study 

streams. As noted previously, it appears that adult fish do better when discharge is high but that 

YOY grow poorly under high flow conditions that are associated with low temperatures. 

Superimposed on the relationship between growth and discharge is the stimulatory effect of 

altering the nutrient regime of the river.  

 In these arctic tundra streams, because of the opposite response of adult and young 

grayling to the same environmental conditions, inter-annual sequences of environmental 

conditions can influence population structure. Optimal conditions for growth include a 

combination of beneficial temperature and discharge regimes superimposed on basic levels of 

stream productivity set by nutrient input. Recruitment may be maximized when environmental 

conditions in sequential years first favor adult (high flow, low temperature) then young (low 

flow, high temperature) fish. Adults would grow well in the high flow year resulting in high egg 

production the following year; a low flow year would lead to high growth and survivorship of 

YOY grayling resulting in a strong year-class the following year. Conversely, consecutive years 

of high discharge, while producing a healthy adult population, could result in little to no 

recruitment because of poor YOY growth and survivorship. Grayling appear to have evolved a 
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life history in response to the variability of the arctic environment including a relatively long life 

span, annual reproduction, and relatively few offspring per spawning event, which increases the 

likelihood that some offspring will encounter exceptionally good conditions in some years. 

 

<2>Synthesis Theme (4): Hyporheic Processes  

 

______________________________________________________________________________ 

 

<1>Vignette 7.1. The Unseen River Below, by Breck Bowden 

 

The bottoms of most streams are composed of porous materials like sand, gravel, and 

cobble that allow water in the open stream channel to move into and out of the stream substrate. 

The subsurface zone in which this exchange occurs is called the hyporheic zone. The thickness 

of this zone may range from centimeters in low-gradient streams dominated by small particle 

sizes (silt and sand) to many meters in high-gradient streams dominated by large particle sizes 

(gravel and cobble). Water in the hyporheic zone typically flows at speeds that are intermediate 

between the speed of groundwater in the soil (which may be less than a meter in a year) and 

stream water in the channel (which may be a meter per second). Thus, water that enters the 

hyporheic zone from the stream channel will move more slowly than it would in the open 

channel and is in intimate contact with surfaces of the particles that make up the stream 

substrate. These particles are covered by a diverse and active microbial biofilm. Essentially, the 

hyporheic zone behaves like a flow-through bioreactor that can process large quantities of carbon 

and nutrients.  
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All streams that have porous substrates (i.e., excluding streams that flow over bedrock) 

have a hyporheic zone of some size that remains relatively fixed. However, in frigid 

environments like the Arctic, streams can freeze solid during the winter and so the hyporheic 

zone ceases to function. During the summer, the stream sediments thaw and the hyporheic zone 

becomes thicker. Thus, these frigid streams are special in that they have a transition zone in 

space – from groundwater to open-channel flow (like all other streams) – but they also have a 

transition zone in time from frozen winter conditions to flowing summer conditions and back 

again.  

______________________________________________________________________________ 

 

Prior to the Arctic LTER research program, virtually nothing was known about hyporheic 

dynamics in arctic streams. Substantial evidence from temperate streams suggests that the 

hyporheic zone can be an important – perhaps critical – area of organic matter turnover and 

source of nutrient regeneration. Results from field studies on streams and rivers around Toolik 

region reported by Edwardson (1997) and Edwardson et al. (2003) are consistent with results 

from these temperate studies. In particular, this early research on arctic hyporheic processes 

found that geomorphic profiles of stream channels (longitudinal more so than lateral) provide the 

necessary hydraulic gradients to drive hyporheic exchange through the streambed, as shown by 

Kasahara and Wondzell (2003). It also showed that biogeochemical processing could potentially 

supply from 14 to 162% of the benthic nitrogen uptake requirements in the Kuparuk River. 

 

<3>Hyporheic Dynamics in Seasonally Thawed Streams 
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A variety of mechanisms detain water as it moves down a stream channel, including 

eddies, backwaters, and hyporheic storage. Collectively these detention mechanisms are referred 

to as transient storage and they are thought to significantly influence biological and 

biogeochemical dynamics in stream ecosystems. Conservative tracer additions are used widely to 

calculate transient storage indicators such as mean storage residence time, storage zone area, 

hydraulic retention, and storage exchange rates. However, an important limitation of this 

approach is that it does not distinguish among different storage modes within streams. In 

particular, it does not distinguish between in-channel storage locations such as eddies and 

backwaters and below-channel storage locations such as the hyporheic zone. It is important to 

estimate the relative influences of in-channel and below-channel storage because the two 

environments are very different and will likely have very different influences on biogeochemical 

dynamics in streams.  

It was found that ground penetrating radar (GPR) could be used to follow changes in the 

depth of the thawed zone below arctic stream channels (Bradford et al. 2005). Because frozen 

water and liquid water have very different dielectric values, GPR can easily distinguish between 

the two. The depth to the liquid-frozen interface was interpreted from GPR data by hammering a 

metal probe into the stream substrate to the point of refusal and recording the temperature. 

Brosten et al. (2006) used this approach to acquire a series of thaw profiles at five sites from 

May to September 2004 in fast-flowing, cobble-bottomed (alluvial) streams as well as slow-

flowing, peat bottomed streams. Development of the thawed zone beneath the two stream 

environments was distinctly different (Fig. 7.25)[INSERT FIG. 7.25 HERE]. Within cobble-

bottom streams thaw depths increased in thickness up to 1 m within the first four weeks after 
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flow began but only up to 32 cm in the peat-bottomed streams. In August and September the 

cobble-bottomed sites began to refreeze while the peat-bottom sites continued to thaw; thaw 

depths had not receded at the peat-bottom sites by the last site visit in September. These results 

indicate that rapid heat absorption and loss occurs in the cobble-bottom stream sites while peat 

insulates the permafrost and introduces a lag in the seasonal thermal profile. 

Conservative tracer additions were used to calculate transient storage indicators. 

Zarnetske et al. (2008) showed that these indicators were sensitive to discharge and strongly 

correlated with total stream power (Fig. 7.26)[INSERT FIG. 7.26 HERE]. However, the 

relationship between transient storage and extent of thaw was less clear, suggesting that 

hyporheic storage might not be a large proportion of overall transient storage. Transient storage 

indicators increased with increasing thaw depths under base- and low-flow conditions, but as 

expected these relationships diminished at high flow. There were good correlations between 

easily measured hydrologic variables of these channels (e.g., the Darcy-Weisbach friction factor) 

and several metrics of transient storage, in agreement with previous studies (e.g., Harvey and 

Wagner 2000). Notably, this research showed that stream power is a particularly good predictor 

of transient storage characteristics because it normalizes simple characteristics of hydraulics and 

morphology, thereby allowing better comparisons across streams that differ widely in these 

characteristics. Thus, it may be possible to estimate transient storage in these streams using 

metrics that are very simple to derive rather than methods that are laborious and expensive. It is 

likely that these results are transferable to non-arctic streams. 

Water samples taken at fixed depths in the hyporheic zones of the cobble-bottomed and 

peat-bottomed streams during conservative solute tracer experiments described above (Fig. 

7.27)[INSERT FIG. 7.27 HERE] showed clearly that hyporheic exchange depths in the cobble-
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bottom and peat-bottomed streams were constrained by the depths of thaw beneath these two 

streams. In the cobble-bottom stream–which had a greater depth of thaw–stream water 

penetrated the hyporheic zone to a depth of up to 54 cm. In the peat-bottom stream, which had a 

much shallower depth of thaw, the actively functioning hyporheic zone was limited to a depth of 

10 cm or less. The greatest depth of stream water penetration into the hyporheic zone in the 

cobble-bottom stream was seen at riffle head locations, while hyporheic exchange at riffle tail 

and pool features was less extensive. In the peat-bottom stream, a distinct boundary of active 

hyporheic exchange was observed at 10 cm, regardless of the stream feature sampled. In both 

streams the maximum extent of hyporheic penetration was much less than the maximum extent 

of thaw. 

What would happen to the hyporheic zone in the future if the arctic environment warms? 

The finding described above, that the hyporheic zone occupies only a portion of the thaw basin, 

indicates that even if the depth of thaw increases the hyporheic zone will not expand. However, 

in a future warmer environment the flowing season of the year will be longer and so the 

hyporheic zone will be active for a greater portion of the year. Thus, changing seasonality of the 

arctic system is more likely to have important influences on organic matter processing and 

nutrient dynamics in arctic streams by extending the period of time that the hyporheic zone is 

active rather than extending the volume of thawed soil or substrate it occupies. This is an 

important finding that will guide future models of how and why biogeochemical dynamics in 

arctic streams may change in future.  

 

<2>Synthesis Theme (5): Disturbance as a Driver in Arctic Streams 
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<3>General Context 

 

 In the Toolik Lake region the spatial variability of stream ecosystem structure is, to a 

substantial degree, determined by the interaction between channel scouring, water column 

freezing, and nutrient supply (Huryn et al. 2005, Parker and Huryn 2011). Channel scouring, 

which is a form of disturbance caused by sediment transport during storm flows, has been 

identified as a major type of stream disturbance worldwide (Scarsbrook and Townsend 1993). 

Streams with channels that are frequently scoured will be inhabited by taxa with life history 

attributes allowing them to persist in such a physically unstable habitat. 

 Similarly, streams that regularly freeze solid will be inhabited only by taxa with life 

history stages able to survive periods without liquid water. Water column freezing is a form of 

disturbance that is assumed to contribute to the relative simplicity of arctic stream communities 

(Hershey et al. 1995) and that interacts with channel scouring to provide an additional level of 

physical control on stream community structure (sensu Poff 1997). Streams that are frequently 

scoured and that freeze during winter are expected to have extremely low levels of taxonomic 

richness, being inhabited by taxa with life history attributes allowing them to persist in such a 

physically unstable habitat while also enabling them to survive cold periods without liquid water. 

 Nutrient supply will interact with a stream’s physical disturbance regime to affect the 

dynamics of community recovery following disturbance and will ultimately control levels of 

stream ecosystem productivity. An extremely oligotrophic stream, for example, may be expected 

to show long-term decreases in biofilm and bryophyte biomass following a scouring disturbance 

due to nutrient limitation of rates of net primary production, while a nutrient rich stream may 

show more rapid recovery (Huryn et al. 2005). 
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<3>The Landscape Disturbance-Habitat Template 

 

The combination of physical disturbance, freezing, and nutrient scarcity creates an 

environmental template that explains community structure and complexity in the region around 

Toolik Lake. January benthic temperatures of different stream types in this region range from 

well below zero for mountain and glacier streams (Fig. 7.28)[INSERT FIG. 7.28 HERE], to 

temperatures near zero for tundra streams, to well above freezing for mountain springs and some 

tundra springs (Parker and Huryn 2011). Given the overall stream length for different stream 

types described earlier, the winter freezing of streams in this region indicates that only the spring 

streams, or <1% of total stream length, remain flowing year-round. Although spring streams 

provide a negligible amount of habitat area, they may have large consequences for biodiversity 

and food-web dynamics of the North Slope landscape. During winter, for example, springs 

provide 100% of flowing headwater habitat and critical winter refugia for predators that are 

unable to tolerate freezing (e.g., perlodid stoneflies, Dolly Varden char, American dippers). 

 Parker and Huryn (2006) measured channel scouring of streams in the mountain and 

mountain spring streams associated with the Ivishak Spring. These measurements indicate that 

rates of movement of stones on the stream bottom range from a low of 4% measured over a ~6 

week summer period in Ivishak mountain spring-stream, to a high of 66% measured over the 

same period in Ivishak mountain stream. Although this study was limited to only two streams 

and stream types, these data approximate the extremes of stream bottom displacement among the 

five different stream types of the Toolik region, as subsequently measured in 19 different streams 

by Parker and Huryn (2011). Surprisingly, given the large differences in the intensity of channel 



240 
 

scouring between Ivishak mountain stream and Ivishak mountain spring-stream, the effect of 

disturbance on the macroinvertebrate communities appeared to be manifested primarily by 

differences in food-web function rather than food-web architecture (e.g., Fig. 7.4). Although 

essentially the same macroinvertebrate taxa occurred in both streams, total macroinvertebrate 

biomass was 635 mg DM m-2 in Ivishak mountain stream and 4617 mg DM m-2 in Ivishak 

mountain spring-stream, and predators contributed 25% to biomass in the mountain spring-

stream but only 7% in the mountain stream. 

Although compared with other regions the concentrations of solutes tend to be uniformly 

low in North Slope streams (Kling et al. 1992), variability in the abundance of many solutes is 

high among individual streams within stream types. This variability may be explained, in large 

part, by differences in catchment geology, soil, and vegetation. Tundra streams, which have 

catchments consisting of layers of peat overlying permafrost and consequently little mineral 

material, tend to have extremely low concentrations of dissolved ions and are consequently very 

oligotrophic. These systems are similar to perched lakes that receive the majority of their solutes 

from the atmosphere. Compared to tundra streams, it was expected that other stream types would 

have greater concentrations of dissolved ions due to their proximity to less-weathered mineral 

sources. However, as noted earlier, differences in concentrations for many solutes are so variable 

that it is not possible to establish clear differences among stream types.  

 Nonetheless, each of the five stream types has a discrete periphyton and 

macroinvertebrate community type that is related to the characteristic disturbance regime of the 

stream type (Fig. 7.29, Huryn et al. 2005, Parker and Huryn 2011)[INSERT FIG. 7.29 HERE]. 

Although many factors likely contribute to the spatial variation of stream periphyton and 

macroinvertebrate community structure across the Toolik Lake landscape, the major factors can 
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be conceptualized as a two-dimensional habitat template structured by a gradient in 

conductivity–substratum instability for periphyton, and a gradient in substratum instability–

freezing probability for macroinvertebrates. 

 The domain of the landscape template is roughly bounded by the characteristics of 

mountain spring streams, glacier streams, and tundra streams (Fig. 7.29). Each of these stream 

communities has unique structural and functional attributes that are responses to its position 

within the Toolik Lake landscape. Mountain spring streams have macroinvertebrate communities 

that are structured by a habitat with perennial flow and stable substrata. Mountain spring streams 

also have, by far, the greatest total macroinvertebrate biomass. Communities of glacier streams 

offer habitats that freeze during winter, have unstable substrata, and the highest nutrient 

concentrations. Glacier streams have the lowest total macroinvertebrate biomass, indicating low 

productivity, and the lowest taxonomic richness. Communities of tundra streams are structured 

by a habitat that freezes during winter and has relatively stable substrata. Tundra streams also 

have the highest taxonomic richness. 

 

<2>Synthesis Theme (6): Changes in the Land: Permafrost and Thermokarst 

 

Permafrost is an important feature of northern Alaska (Chapter 1) that shapes the ecology 

through, e.g., soil moisture and drainage, stream flow patterns, weathering of soil material, 

distribution of plants, the sequestration of large stores of organic matter, and even the location of 

animal burrows. Permafrost is defined by its temperature, always below 0oC, and it may or may 

not contain ice (van Everdingen et al. 1988). Ice in permafrost occurs as massive ice (ice wedges, 

pingo ice), as ice within microscopic soil pores, and as lenses of segregated ice of various sizes.  
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When permafrost thaws and the contained ice melts, the land surface may subside 

forming irregular features that are collectively referred to as thermokarst terrain. After the soil is 

destabilized, an event such as a large rainfall may cause mass movement of the soil downslope. 

This movement can take several forms including glacial thermokarst, retrogressive thaw slumps, 

gully thermokarst, and active layer detachments (Fig. 7.30)[INSERT FIG. 7.30 HERE]. These 

thermokarst features have the potential to impact small lakes and tundra streams like the 

Kuparuk River by increasing sediment and nutrient loading. The sediments and nutrients that 

come from newly thawed and exposed minerals and soils may affect all aspects of the food web 

in arctic streams, from primary production to fish growth. Even when streams are not involved, 

the land surface will change because of downslope redistribution of soil organic matter, 

increased availability of organic matter to microbes and subsequent increases in CO2, methane, 

and nitrous oxide, alterations of drainage and snow accumulations, and better growth sites for 

shrubs. 

Thermokarst terrain is a natural feature of the arctic landscape, but it is relevant to 

question whether the rate of thermokarst formation has increased in recent decades along with 

climate warming in the Arctic. Unfortunately, most of these features are too small to be 

discerned reliably from satellite imagery. However, comparisons of recent aerial photos with 

aerial photos of the same areas taken in the late 1970s document a significant increase in the 

number of thermokarst hillslope failures in the region around Toolik Lake at a time when 

permafrost in the area has warmed (Fig. 2.15). In 2006 a semi-quantitative, low-level aerial 

survey identified at least 34 active thermokarst features in a ~25 km x ~25 km area between 

Toolik Lake and areas east of Happy Valley to the north (Bowden et al. 2008, Gooseff et al. 

2009). The climate of the south slope of the Brooks Range is warmer than that of Toolik, and in 
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subsequent, quantitative surveys in the regions around Feniak Lake (central) and Kelly River 

(west) within the Noatak National Preserve, we enumerated over 800 active features. We 

concluded on the basis of aerial photos taken ~25 years apart that the number of active features 

may have increased by 200% and that thaw slumps on lake shores have expanded over this 

period (Gooseff et al. 2009, Fig. 7.31)[INSERT FIG. 7.31 HERE]. 

Several thermokarst features near the Toolik Field Station have been studied to determine 

the impacts of thermokarst formation on the arctic tundra landscape and environment. One of 

these is a gully thermokarst that formed rapidly in late July 2003 in the headwaters of the Toolik 

River, immediately after a period of heavy rainfall (Fig. 7.32)[INSERT FIG. 7.32 HERE]. This 

thermokarst feature occurred along a small drainage track on a gentle hillslope in an area 

characterized by Hamilton (1978) as ice-rich silt in the Sagavanirktok River glaciation. This type 

of feature tends to form when an ice wedge in the permafrost melts, leaving a large void through 

which water begins to move. At some point the overlying soil fails, creating a sharply defined 

gully. Initially the gully may expand due to localized permafrost thaw and further soil erosion. 

However, over time the side slopes of this form of thermokarst lessen and begin to revegetate, 

stabilizing the feature (Fig. 7.33)[INSERT FIG. 7.33 HERE].  

During the early rapid development and active expansion, sediment and nutrient export 

from thermokarst features can add significantly to the background load in receiving streams. In 

the case of the gully thermokarst on the Toolik River tributary, the TSS (total suspended solids) 

concentration in the stream below the thermokarst drainage confluence were two to three orders 

of magnitude higher than just above the thermokarst (Fig. 7.34)[INSERT FIG. 7.34 HERE]. It is 

instructive to consider the impact of this single gully thermokarst on the Toolik River in the 

context of the background levels of sediment generation and transport in the Kuparuk River, 
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located 5 km to the west. Water and sediment yield from the Kuparuk River were measured from 

1978-1980, including one of the wettest years on record (1980) (Kriet et al. 1992). Discharge 

ranged from 0.3 to 28.3 m3 sec-1 and sediment concentrations ranged from 0.4 to 35 mg L-1. 

Average water yields over the three years (late May to mid-August) were 15.7, 29.7, and 33.2 cm 

with specific sediment yields of 0.5, 1.1, and 3.5 metric tons km-2. For comparison, an estimated 

2000 m3 of soil was displaced from the gully thermokarst on the Toolik River tributary in the 

first 2-3 years, and assuming a density of 2 t m-3 (not unusual for a silty soil) it would have 

yielded 4000 t of sediment (less minor volumes of organic matter and boulders). Thus, over a 

period of 2-3 years, this single thermokarst feature in a small (0.9 km2) sub-watershed on the 

Toolik River delivered 18 times more sediment than would normally be delivered by the entire 

143 km2 upper Kuparuk River over the same time period. 

Thermokarst features may also elevate nutrient concentrations in streams. Concentrations 

of ammonium and SRP measured above thermokarst features are typically low and consistent 

with long-term observations from other pristine streams and rivers in the area. However, 

ammonium and SRP concentrations downstream of thermokarsts (Fig. 7.35)[INSERT FIG. 7.35 

HERE] are usually high, sometimes orders of magnitude higher than the ‘reference’ upstream 

concentrations (Bowden et al. 2008). Ammonium concentrations in these disturbed reaches are 

among the highest measured anywhere in the region and phosphate concentrations are similar to 

the target enrichment levels used for the long-term experimental fertilization of the Kuparuk 

River. Thus, it is possible that if high levels of nutrients persist, there may be significant changes 

to the structure and function of thermokarst-impacted streams, such as has been documented in 

the experimentally fertilized reaches described earlier in this chapter. 
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In summary, we have observed that thermokarst hillslope failures in the foothills of the 

Brooks Range can substantially alter the loadings of sediments and nutrients to headwater stream 

ecosystems. These loadings can persist over many years and even small thermokarst features can 

affect long reaches of headwater streams. Thus, even a low density of thermokarst features might 

have widespread impacts on arctic headwater stream ecosystems. As permafrost continues to 

warm and begins to thaw under the influences of continued warming in the Arctic, thermokarst 

terrain will likely become more extensive and hillslope failures in foothills of the Brooks Range 

will become more numerous. The expectation is that between now and 2100 a considerable 

portion of the permafrost in the Arctic will thaw (Schuur et al. 2011) and when it does, 

thermokarst terrain will likely increase. 

 

<1>Changes in Arctic Streams: Past and Future 

 

<2>General Context 

 

Chapter 2 provides an overview of the past and probable future climate changes in the 

vicinity of Toolik Lake. At a wider regional level, mean annual temperatures in the Arctic 

increased 2-3oC over the last half century, primarily due to winter warming. It has become 

cloudier in the spring and summer but less cloudy in the winter. Albedo has decreased during all 

seasons, but most in fall and winter. Trends in precipitation are equivocal. However, the patterns 

near Toolik have been somewhat different. There has been no significant increase in the mean 

annual temperature. Similarly, there does not seem to be a significant trend in precipitation over 

time, though there is a strong increasing trend of the differences in precipitation from north to 
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south (closer to the Brooks Range) that may be due to orographic effects. Significant trends in 

mean annual temperature and precipitation are potentially obscured by high inter-annual 

variation and in the case of snow (which affects runoff) by high measurement error. 

Nevertheless, there is other evidence of changing environmental conditions near Toolik over the 

last 20-30 years, including warming trends in nearby permafrost boreholes (e.g., Romanovsky et 

al. 2010) and increased formation of thermokarst terrain (e.g., Bowden et al. 2008). 

The descriptions in Chapter 2 used a suite of five general circulation models to explore 

scenarios for the climate of the Toolik region in 2100. The results of these models suggest that it 

will be slightly warmer and considerably wetter than now, especially in the winter, with much 

more snow. These observations and projections provide a context for what has been observed in 

streams over the last 30 years and what might be expected in the future. 

 

<2>Discharge 

 

The best record available for the long-term trends in daily river discharge is from the 

USGS gauge at the mouth of the Kuparuk west of Prudhoe Bay. The data strongly suggest that 

the seasonal hydrologic regime of the basin is shifting systematically in response to the regional 

warming of the North Slope, although this trend is less evident at the scale of the Toolik Lake 

region.  Total annual runoff has not changed significantly over the period 1972 to 2005. The 

spring runoff typically occurred during the months of May and June (Fig. 7.36)[INSERT FIG. 

7.36 HERE], but prior to 1980 runoff in May was uncommon. From 1980 to 1990 there was a 

shift to significant runoff during May in about half the years. After 1990, runoff in May was 

common and dominated the spring runoff in a number of years. Overall the May runoff has 
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increased while June runoff has declined so that the sum of June plus May runoff has remained 

about the same. This shift in seasonality is expected to continue. 

Inter-annual variability in average monthly runoff at the mouth of the Kuparuk River 

during the months of July and August was high and did not exhibit any particular trend. However 

in fall months there was strong evidence of an increasing trend in discharge (Fig. 7.36). In 

September and October average monthly discharge nearly doubled over the period of record. 

Prior to 1990 discharge in November was typically low, but has increased after 1990. Runoff in 

December was nearly unheard of prior to 1990, but since 1990 there has been at least some flow 

in December in all but 4 years. Total runoff during the fall season was still a small part of the 

total annual runoff, but it is undeniable that fall discharge has been increasing in recent years.  

Since the runoff total during the summer and fall was still small relative to that in the 

spring, the small, non-significant decline in spring runoff coupled with the substantial increase in 

summer and fall runoff resulted in no significant change in total annual runoff. However, the 

shift in runoff to earlier and later months has lengthened the flow season and there has been a 

marked increase in summer high flow events. Despite the increase in mean summer flow, the 

longer flow season with no increase in spring runoff, and potentially higher temperatures, leaves 

the river susceptible to droughts. These droughts have become more frequent in recent years at 

least in the upper Kuparuk, and have the potential to negatively impact the biota by drying the 

river channel, reducing available habitat areas, and impeding migration of the graying population 

to and from their overwintering sites.  

 

<2>Nutrient Fluxes 
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Warmer and wetter summer seasons may have increased the concentrations and export of 

inorganic nitrogen in the form of NO3 from the upper Kuparuk catchment especially in the last 

15 years (Fig. 7.37, McClelland et al. 2007)[INSERT FIG. 7.37 HERE]. It is possible that 

phosphorus input to the river is increasing but a measurable change in dissolved phosphorus is 

not expected because of strong limitations of and rapid uptake by the algal and bryophyte 

communities. However, if bryophytes become increasingly abundant under the new hydrologic 

and nutrient regimes, more phosphorus may be exported in particulate, detrital forms. Finally, as 

described in the previous section, there is the possibility that the development of thermokarst 

terrain will increase as climate continues to warm, which may increase sediment and nutrient 

loading to streams (Chapter 1, Bowden et al. 2008).  

 

<2>Biota 

 

It is clear from our long-term enrichment studies of the Kuparuk River that increased 

loading with even small amounts of phosphorus may have important impacts on the epilithic 

algal, bryophyte, and benthic macroinvertebrate community structure and production. Over the 

nearly three decades of study of the Kuparuk River, the substantial changes in the biota have 

been ones induced by the experimental enrichment rather than by other natural environmental 

changes. Although this may change in the future, the larger impacts on these stream ecosystems 

may be increases in variability of key driving variables such as discharge rather than increases in 

the intensity variables such as temperature or natural levels of nutrients.  

As a migratory species with numerous habitat requirements, arctic grayling populations 

are especially susceptible to alterations in their environment. Thus, increased annual 
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temperatures in the Arctic due to climate change could have multifaceted, direct and indirect 

consequences for grayling. More importantly, variations in the distribution of precipitation and 

resulting discharge throughout the year could alter or disturb migration and over-wintering 

patterns for grayling and may be of particular importance to this species. Additionally, grayling 

may be affected by disturbances related to climate change that modify the nutrient, acidity, or 

sediment composition of the river. 

Changes in climate expected for the Toolik region and the Arctic will have mostly 

negative repercussions for grayling. Increased water temperature within spawning, feeding and 

over-wintering habitats will affect grayling directly by increasing metabolic costs and oxygen 

consumption. In spawning areas, higher temperatures may exceed the range in which eggs 

remain viable and could increase biological oxygen demand which will stress eggs and fry 

during their under-gravel phase. Higher water temperatures in feeding areas may lead to an 

increased need for consumption by grayling to maintain adequate body condition. If the need for 

consumption is not coupled with an equivalent boost in prey production, the fish population will 

decline. The relationship between oxygen demand by fish and temperature may be of particular 

importance in over-wintering habitats where crowded conditions exist in an oxygen limited 

environment, and local extinctions may result. Unless arctic grayling can evolve rapidly enough 

to compensate for the changes that are occurring, the rise in annual temperatures of the Arctic is 

not favorable for this species. 

Variation in the severity of the arctic climate due to increased annual temperatures may 

cause alterations in species composition, biotic diversity, and food web structure. Currently, due 

in part to the harshness of the climate, many tundra streams and rivers contain only a single 

species of fish, the arctic grayling. This may change as winter temperatures increase, becoming 
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milder in response to global climate change. Milder winters may allow less hardy fish species to 

increase their territory, forcing grayling to either shrink their range or compete with the invading 

species for food and space. Introductions of both fish and invertebrate species may modify prey 

species composition, affecting prey density, diversity, and overall food web structure. 

Additionally, introduction of new species may establish undesirable parasites and diseases, 

previously unseen in grayling habitats, to which grayling may be susceptible. Arctic grayling are 

well adapted to the severity of the arctic climate and alterations toward milder winters could 

have broad and varying implications for grayling populations on the North Slope of Alaska. 

Though the total annual amount of precipitation in the Toolik region does not appear to 

have changed, changes in seasonal patterns of precipitation and timing of freezing and thawing 

are major factors controlling river discharge in arctic tundra streams and therefore main factors 

affecting population dynamics of arctic grayling within those streams. The ability of this species 

to survive stems in part from the manner in which different age classes respond to alternating 

discharge regimes. The pattern of alternating good and poor growth between age classes 

(described above) has created a biological safety net for the species, guaranteeing that one or the 

other age class will have a successful growing season regardless of river discharge during any 

particular year. However, this safety net does not take into account repeated and extended 

periods of drought, causing portions of the river to go dry, restricting habitat availability, and 

impeding migratory patterns.  

Since the early 2000s the precipitation trend in the Kuparuk River basin has been toward 

dryer dry periods and wetter wet periods. In addition to water loss through increased evaporation 

as temperatures warm, in the future water may percolate downward as permafrost thaws, further 

reducing water levels in critical grayling habitats. The population in this area could come under 
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considerable strain if portions of the river were to dry repeatedly year after year, not only 

impeding migration, but physically taxing individuals by restricting their livable habitat and 

forcing them into less than optimal thermal conditions. Grayling are highly territorial and, as 

documented, can actually lose weight when forced into situations of high population density. A 

grayling population may be able to rebound from a few consecutive years of drought due to the 

resilience of the species, but eventually the population would be pushed beyond recovery. 

Although winter snowfall might increase in the future, the spring melt period is occurring 

earlier, which alters the dynamics of the spring runoff process. In the past, snow that might 

persist in upland areas could supplement discharge when summer precipitation was lacking. 

Without this input, the river is more susceptible to large swings in precipitation-driven discharge. 

In recent years seasonal discharge has become flashier, with high and low extremes that have 

negative consequences for the grayling population, as discussed above. 

In general, rainfall in the Kuparuk river basin has increased in the fall, which would 

appear to benefit grayling as they migrate to the headwater lake. However, this increased rainfall 

may not benefit grayling if it is poorly timed with freeze-up. Under normal conditions the 

headwater lake would already be quite cold as the migrating graying arrive. The low 

temperatures near freeze-up are a major factor that triggers torpor during over-wintering and may 

help explain how such large numbers of fish can congregate within the relatively small volume 

of the Kuparuk River’s headwater lakes. Our data suggest that freeze-up has been occurring later 

than previously recorded, which means that grayling may remain active in the headwater lake for 

a longer period of time and at higher temperatures and densities. Under these conditions the fish 

will become stressed and may expend considerable energy in territorial behavior that is needed 

for over-winter survival. Should the grayling enter the headwater lakes significantly earlier than 
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freeze-up, a large portion of the population might become so stressed that they do not survive the 

winter.  

As noted previously, runoff from thermokarst failures contains high concentrations of 

ammonium, phosphate, and sediments which eventually find their way to lakes and streams in 

the vicinity. An increase in suspended sediments to the Kuparuk River could have broad 

implications for the grayling population. Grayling growth, spawning, and development of eggs 

and fry could all be influenced by increased sediment load to the river. Grayling are highly visual 

feeders, well adapted to clear-water streams. Increased turbidity due to suspended sediments 

could impact the ability of fish to locate and capture prey, negatively affecting summer growth. 

Should growth of individuals dip below the threshold necessary to survive the winter, the 

population could suffer greatly. Additionally, grayling choose gravelly shoals in which to spawn. 

If sediments cover prime spawning sites, it could lead to a reduction in suitable spawning habitat, 

thus increasing territorial behavior and inhibiting spawning success for the population. 

Furthermore, grayling eggs and fry remain in the substrate for an extended time, relying on water 

circulation within and through the substrate for respiration. Settling sediment could easily 

smother both eggs and fry. Although the full repercussions of increased sediment load from 

thermokarsts are unclear, the implications are not positive for arctic grayling. 

In contrast, nutrient additions from thermokarst terrain may be beneficial to grayling 

because growth can be enhanced through bottom-up processes when nitrogen or phosphorus are 

added to the stream ecosystem. Both adult and young-of-the-year respond favorably to nutrient 

addition, and would probably respond similarly to nutrient release from thermokarst features if 

the release persisted and was not coupled with increased sediment load. 
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Based on our observations in the Kuparuk River and other nearby streams, the rapid 

climate changes that are projected to occur in the Arctic pose a serious threat to the survival of 

arctic grayling in the area. It takes an interconnected and varied landscape including clear, cold 

rivers, streams, and lakes to sustain a grayling population. With increased annual temperatures, 

alterations in patterns of precipitation, and disruptions to the landscape, all aspects of grayling 

habitat are threatened. Even if immediate steps are taken to curb global climate change, it may 

not be enough to ensure the continued abundance of this freshwater member of the salmonid 

family. 

_________________________________________________________________________  

 

<1>Vignette 7.2. Forecasting the Future for Fish, by Joseph Vallino 

 

A 12-year data set on fish, insects, and primary producers in both reference and 

phosphate-fertilized reaches of the Kuparuk River was used to summarize key ecosystem 

processes and food web dynamics with a general inverse modeling framework developed by 

Wan and Vallino (2005). The model employs a flow analysis-type approach, but uses first-order 

approximations between annual mean stocks and environmental drivers of temperature, 

discharge, and solar radiation. Consequently, the model is more robust and requires fewer 

observations than standard process-oriented models and can use observations that are difficult to 

incorporate into process models. Unlike standard inverse models, this model is capable of 

prediction provided sufficient data are available for model calibration and the environmental 

drivers are known. 
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When parameterized for the Kuparuk River data, the inverse model results show that the 

inter-annual variations of several components in the Kuparuk River ecosystem, including 

dissolved inorganic phosphate, chironomids, black flies, and arctic grayling, can be 

approximated accurately as a linear function of mean summer temperature, discharge, and solar 

radiation (Wan et al. 2008, Fig. 7.V1)[INSERT FIG. 7.V1 HERE]. The model tracked the 

observations well for the fertilized reach, but had some difficulties fitting the control reach due to 

the low rates and concentrations observed there. In particular, the model indicates that changes in 

river habitat brought about by proliferation of the moss Hygrohypnum spp. in the P-fertilized 

reach caused a temporary shift in flow paths supporting grayling from primary producer-based to 

detrital-based pathways. However, after moss establishment, primary producer flow paths to 

grayling returned and detrital-based pathways weakened. 

After validating the model against current conditions, it was used to explore how climate 

change in the Arctic might affect stream ecosystem food webs, and arctic grayling in particular. 

Precipitation, temperature, and solar flux were obtained from the Hadley GCM3 model for the 

North Slope (ACIA 2004, J. Walsh pers. comm.) for current (1987-1998) and future (2090-2099) 

conditions. Stream observations and GCM drivers from 1987 to 1997 were used to calibrate the 

model, and then model predictions were generated from 2090 to 2099 (Fig. 7.V2)[INSERT FIG. 

7.V2 HERE]. The predictions for solar radiation and for discharge were within the same range as 

for the contemporary (1987-1997) calibration period. However, temperatures averaged 1-2 ºC 

warmer for the 2090-2099 GCM projections. The model predictions indicate declines in epilithic 

diatoms, Baetis spp., and grayling production. On the other hand, chironomids are predicted to 

have high abundance and Brachycentrus sp. to maintain their abundance at levels similar to those 

in the calibration period.  
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There are, of course, uncertainties in the predictions of GCMs and the model developed 

for the Kuparuk River ecosystem. With these uncertainties in mind, the model was able to 

summarize the behavior of a complex food web and shows promise as a way to explore how 

changes in environmental drivers might affect food web flows. The predictive power of the 

model could be improved by using data from more recent years to recalibrate the model and 

more rigorously test its predictive capability. In addition, the model does not yet include factors 

such the impacts of thermokarsts on stream metabolism and the effects of hydrologic disruptions 

on grayling populations. These local and catchment-scale perturbations may have impacts on 

stream food webs that are as large or larger than the direct effects of flow, temperature, and light 

on stream reach processes and stream ecosystem structure. 

 

 

<1>Conclusions 

  

 The long-term research on arctic streams in the Toolik Lake region provides important 

insights into the structure and function of these ecosystems. These streams are physically diverse 

and temporally variable. However, they can be readily understood in a simple framework that 

includes easily measured variables such as discharge, freezing, and nutrient availability. Most of 

the stream types studied are oligotrophic and as a consequence have low rates of production that 

are strongly limited primarily by phosphorus and secondarily by nitrogen. Spring streams in the 

mountains and in the tundra environments are relatively rare but have higher levels of production 

and lower levels of physical disturbance that allow them to function as important refugia for 

some species.  
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 Although rivers in the Toolik Lake region are relatively unproductive, the diversity of 

autotrophs and benthic macroinvertebrates in these streams is reasonably high. Diversity is lower 

than comparably-sized temperate or tropical streams in near pristine condition. However, the 

biotic communities in arctic streams are nevertheless complex. The diversity is unevenly spread 

with many rare species and only a few dominant taxa. Although other fish species are important, 

especially in larger rivers, arctic grayling (Thymallus arcticus) is the dominant fish species in 

streams in the Toolik Lake region.  

Climate change in the Toolik Lake region has been more subtle than in the Arctic as a 

whole. Nevertheless, there is evidence that the local climate is changing. If this persists, there 

will be a number of consequences for arctic streams (Fig. 7.38)[INSERT FIG. 7.38 HERE]. 

Changes in upland community structure and function will influence the structure and function of 

riparian and in-stream communities through changes in the fluxes of water, organic matter, and 

nutrients. These changes are likely to influence nutrient processing in streams and may especially 

affect the production of important greenhouse gases such as carbon dioxide, methane, and 

nitrous oxide. Alterations to riparian and in-stream ecosystems in the Arctic could have direct 

effects on humans, especially subsistence and recreational fishermen and hunters. The influences 

of climate change on fish communities were discussed at length above. Collectively these 

changes may strongly alter the total load and the nature of materials that are transported from the 

landscape to the Arctic Ocean. Increased loading of nutrients or useable carbon could enhance 

coastal productivity, especially in a warmer, future coastal environment that is ice-free. 

However, loading with less useable materials or sediments from thermokarst disturbances might 

interfere with coastal production, with unforeseen and potentially negative impacts. Additional, 



257 
 

integrated, land-river-coastal research will be needed to determine the magnitude and 

consequences of such impacts. 
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<1>The Natural Condition of the Lakes 

 

The density and variety of lakes near the Toolik Field Station (Toolik) is large, with a 

wide range of lake type, water chemistry, and physical mixing characteristics. Toolik Lake lies 

on the North Slope of Alaska in the foothills of the Brooks Range. Lakes in this region were 

mostly formed as kettle lakes from melting ice blocks or from moraines at the end of several 

different Pleistocene glaciations. One distinguishing feature of all arctic lakes is the long period 

of ice cover and complete darkness in winter months, coupled with several months of 24-hour 

light during the summer. These lakes tend to be very nutrient poor, to have low biological 
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productivity, and to have limited numbers of species especially at the higher trophic levels 

(Hobbie 1984). It is important to recognize, however, that the lakes near Toolik fall at the “low 

Arctic” end of the spectrum of arctic lakes and are different in many ways from lakes at the 

“high Arctic” end. For example, high-arctic lakes lack cladocera and may have only one species 

of fish.  

Studies of the physical, chemical, and biological conditions of Toolik Lake and nearby 

lakes and ponds began in 1975. This long time-series of limnological conditions provides a basis 

for assessing the effects of environmental change expected in northern Alaska (Chapter 2). In 

addition, our understanding of the biogeochemical and ecological processes of the lakes has been 

greatly informed by an extensive series of manipulative experiments that provide insight into 

how these systems may respond to changing environmental conditions. These experiments 

include multi-year fertilization treatments conducted in large mesocosms in Toolik, whole lake 

fertilization in lakes N2, N1, E5, and E6, and a lake trout removal experiment in Lake NE12. 

 

<1>Landscape Settings of Lakes in the Toolik Lake Region  

 

North of the Brooks Range, thick permafrost effectively prevents deep groundwater flow 

and increases the surface hydrological connectivity between water tracks on the hillslopes and 

downstream water bodies. This permafrost barrier limits transient storage and reduces residence 

time of water within catchments. Underneath streams and lakes lies an unfrozen thaw bulb (talik) 

that varies in thickness but may extend for many meters beneath deep lakes such as Toolik. Due 

to thickening of this thaw bulb, or to thawing of permafrost dams, lakes may drain; such drainage 
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has recently affected thousands of lakes in the Arctic (Smith et al. 2005). Chapters 2 and 7 

document the impact of permafrost on water flow in these arctic landscapes in more detail. 

Lakes and ponds near Toolik were formed by glaciers over the past ~780,000 years. 

Extensive ice-deposits from five glacial advances resulted in the formation of glacial kettle and 

moraine lakes embedded in a complex landscape (Chapter 1, Fig. 3.3). Lakes in this region lie on 

surfaces resulting from glaciations of approximately 12-25 ka, 60-100 ka, and 250-300 ka in age 

(Hamilton 2003, Chapter 3). Effects of erosion and solifluction are particularly apparent on 

surfaces of older glaciations (> 60 ka) where these processes have led to the disappearance of 

some stream channels and a decreased depth and number of glacial kettle lakes. In contrast, 

landscapes affected by more recent glacial advances (< 12 ka) are characterized by well-defined 

stream channels connecting kettle lakes.  

The glacial history affects the distribution and the size of lakes in the region. On the older 

glacial surfaces (watersheds for Lakes E5 and E6, Fig. 8.1), [INSERT FIG. 8.1 HERE]lakes are 

less abundant, have smaller surface areas, and are not as deep as lakes on more recently glaciated 

landscapes (watersheds for Toolik, the I-series lakes, and the NE lakes, Fig. 8.1). The oldest 

glacial surfaces (>250 ka) have less than 0.2 % of the landscape area covered by lakes compared 

to greater than 3 % of the surface area covered by water on the newly glaciated regions (Burkart 

2007). Mean surface area of individual lakes (4.2 ha) is much greater on young surfaces 

compared to a mean lake surface area of 0.9 ha on the oldest landscapes.  

Toolik Lake, and most of the other large lakes in the region, are multi-basin kettle lakes 

formed ~ 12 ka ago (Hamilton and Porter 1975) from several ice blocks left behind as the 

glaciers retreated. Consequently the lake has a series of shoals and a resulting complex 

morphometry (Fig. 8.2). [INSERT FIG. 8.2 HERE]This morphometry strongly influences the 
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pathways of water flow inside the lake from runoff during spring snowmelt and during summer 

rainstorms, and may influence the distribution of chemical and biological species.  

 

<1>Physical Properties 

 

<2>Ice Cover and Runoff 

 

During winter months air temperatures average less than -10 oC near Toolik. The ice 

cover on lakes typically reaches 1.5 m in thickness but can reach 1.8 m when snow cover is 

sparse. When small ponds freeze to the bottom, the temperature in the sediments is rarely less 

than -5 oC; when some water remains the temperature is usually 1-2 oC.  

During May, continuous sunlight and warming air temperatures begin to melt snow, and 

as the snow becomes saturated with water runoff begins into the still ice-covered lakes. The 

runoff peaks within days after initiation and soon penetrates the ice sheet at the inlet and flows 

into the lake and under the ice (Whalen and Cornwell 1985). At the same time, snow cover of 

lakes and ponds melts and sufficient light reaches the water beneath the ice to support 

photosynthesis of phytoplankton and benthic algae. During the previous decade (2000-2009), the 

date of the last presence of ice on Toolik Lake has ranged from June 8 to July 1. Ice completely 

melts from Toolik and other larger lakes in the region ~ 1-3 weeks after the ice is gone from 

medium and small-sized lakes. Complete ice cover on Toolik Lake was reestablished during the 

fall between September 22 and October 10. The smaller lakes tend to become ice covered a week 

or two before Toolik Lake. 

 



271 
 

<2>Light 

 

Lakes in the foothills region tend to be highly stained with dissolved organic matter, 

which limits light penetration especially in the UV range (e.g., Scully and Lean 1994). Toolik 

Lake, for example, contains ~440 µM DOC and the range in lakes near Toolik is from ~290 µM 

(Lake S6) to ~940 µM (Lake N5). While there are a few very clear lakes, Secchi depths (depth of 

disappearance of a Secchi disc) in most lakes are less than 4 m (Table 8.1)[INSERT TABLE 8.1 

HERE] and vertical light extinction coefficients for PAR (400-700 nm) are greater than 0.6 m-1. 

The euphotic zone, where light is sufficient for net phytoplankton growth (~1 % of surface 

irradiance), tends to be around 6-7 m in Toolik Lake. Light penetration tends to be higher in 

lakes on younger surfaces but there is a great deal of variation. Extinction coefficients can 

increase to 1.4 m-1 in lakes undergoing nutrient addition. Due to the generally high color of the 

lakes, the penetration of UV light is relatively low. For example, in Toolik Lake in 2010 the 

extinction coefficients for light of wavelengths 395, 380, 340, 320, and 305 nm were 3.78 m-1 (± 

0.01 S.D.), 5.02 (±0.18), 9.65 (±0.27), 13.2 (±0.5), and 17.2 (±1.7), respectively. These values 

are on the higher end of values reported by Morris et al. (1995) for 65 lakes in North and South 

America. The values these authors give for Toolik Lake from June 1993 are within 10 % of 

measurements made in 2000 and again in 2010, indicating that no substantial changes in 

extinction coefficients in Toolik Lake have occurred during the last 18 years.  

 

<2>Thermal Stratification 
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The structure of thermal stratification of any lake or pond can vary considerably from 

year to year. Lakes normally contain a warmer, upper mixed layer (epilimnion) above the 

metalimnion (the middle depths where the most rapid change in temperature with depth defines 

the “thermocline”). The deepest portion of the water column (hypolimnion) is characterized by 

cold water temperatures that do not vary much with depth. The pattern of mixing and 

stratification varies consistently with the depth and morphometry of the lake basin. Deep lakes (> 

5 m) tend to stratify after ice leaves the lakes (i.e., ice-off) and usually remain stratified for the 

entire summer season. Shallow lakes and ponds (<5 m) may mix completely each day or night, 

or they can stratify on calm, sunny days and remain stratified for several days or weeks at a time 

before wind and cooling events mix the water column (see Vignette 8.1). Given these general 

features of nearly all lakes, it should be noted that the main difference between arctic lakes and 

those of other biomes is the long periods of ice cover and the extremes of solar radiation 

including continuous daylight and darkness. 

The timing of ice-off, the onset of stratification, and the temperature of the water may 

vary considerably between years. Deeper lakes normally stratify 1-2 weeks after ice-off when 

solar radiation is near maximal values (O’Brien et al. 1997). Maximal epilimnetic water 

temperatures in Toolik Lake typically range from 14 to 18 oC, but hypolimnetic temperatures 

consistently have a narrower range from 4 to 5 ºC. The structure of the water column also varies 

from year to year. For example, Fig. 8.3[INSERT FIG. 8.3 HERE] illustrates the differences 

between a cool and a warm summer at Toolik. In cooler summers (top panel of Fig. 8.3) the 

epilimnion warms above 12 ºC only for brief periods and tends to be relatively thick, often 

extending to a depth of 8-10 m during mixing events. In contrast, in warmer summers 
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epilimnetic temperatures are often well above 15 ºC and the epilimnion may only be from 3 to 5 

m thick (bottom panel of Fig. 8.3).  

These differences in the structure of stratification between cool and warm summers have 

implications for the stability of the water column and for the response of the lake to external 

forcing such as wind or storm events. Such events can mix the lake deeply or cause the 

thermocline to tilt, which results in internal waves and possibly the upwelling of hypolimnetic 

waters (e.g., Imberger and Patterson 1989). When surface temperatures are cool and the density 

gradient from surface to deeper waters is small, such as in 2003 (Fig. 8.3), lowered resistance to 

mixing and wind storms often cause deep mixing or upwelling of hypolimnetic water toward the 

surface. Internal waves may be formed even if the wind stress is insufficient to cause upwelling, 

and these waves may break and cause mixing of water across the thermocline. In warm summers, 

such as 2004, the stability of stratification is too great to allow upwelling to occur, but internal 

waves still form and if they break they result in mixing of deeper and shallower water layers 

around the thermocline. Essentially, the effect of these mixing phenomena is to move water, 

organisms, and nutrients from deeper waters to the surface waters where they may stimulate 

algal productivity (see Vignette 8.2). 

The physical structure and mixing of any lake can also be strongly influenced by storm 

runoff. The impact of storm runoff depends on the volume of inflow relative to the size of the 

lake, the inflowing water density, and the stability of stratification during and after the event 

(Fisher et al. 1979). Inputs of dilute, low-density water will form overflows and may deliver 

nutrients or mixing energy only to a relatively narrow layer of the lake surface. For example, this 

occurs in Toolik Lake during snowmelt when the runoff water is dilute and colder (0-1°C) than 

the lake water (3-4 °C) and thus less dense, and the inflowing water is confined to a thin layer 
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(~2-3 m) just under the ice. Intrusions of denser water at other times of the year will flow into the 

deeper strata. Organisms contained in these inflows may remain at the depth of intrusion, or be 

mixed into other layers if the stability of stratification is low as in Toolik Lake (MacIntyre et al. 

2006, Evans 2007) or in other arctic lakes (Vincent et al. 1991). Thus the fate of the energy and 

materials that enter the lake during storm events will depend on the initial stratification, and 

whether the runoff is followed by cold fronts which tend to mix the lake deeper, or warm fronts 

which tend to re-stabilize the stratification. 

 

 

<1>Vignette 8.1. Mixing Dynamics in Deep and Shallow Lakes, by S. MacIntrye  

 

Patterns of thermal stratification are influenced by lake depth and morphology. Lakes 

which are deeper than 5 m stratify during summer, whereas shallower lakes are polymictic, 

mixing completely from the surface to the sediment boundary on time scales from days to weeks. 

The extent of stratification and mixing is determined by incoming solar radiation, air 

temperatures, wind, and the extent of absorption of light. Because the waters of Toolik and 

nearby lakes are stained with DOC, light is absorbed rapidly and the heat from the sun is trapped 

in a relatively shallow upper mixed layer. Whether the heat is mixed downwards or held in the 

upper layer depends on how frequently warm air masses, with their accompanying sunny skies, 

warm air temperatures, and light winds, are interrupted by cold fronts with increased cloud 

cover, air temperatures near freezing, and extended windy periods. During sunny periods, the 

lakes warm during the day and shallow, diurnal thermoclines form. At night they cool and erase 

the diurnal thermocline, and over the course of the summer this causes the epilimnion to deepen 
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slowly. During cold fronts, the mixed layer deepens, generally by a meter or two, and sometimes, 

as in 2002 (Fig. 8.V1)[INSERT FIG. 8.V1 HERE] and 2003 (Fig. 8.3), much more extensively. 

Because the water temperatures are low, these lakes have low evaporation rates and thus reduced 

mixing due to convection driven by heat loss at the surface. Consequently, the epilimnia in arctic 

lakes tend to be shallow compared with those one would see in similarly sized tropical lakes.  

The consequences of the alternation between warm and cold air masses can be seen in the 

thermal stratification of Toolik Lake (upper panel, Fig. 8.V1). Thermal stratification was 

established slowly after ice-off in 2002 compared to other years (Fig. 8.3). It was disrupted by a 

wind storm on July 2 with wind speeds over 20 m s-1. This storm cooled the surface waters and 

caused the thermocline to rapidly tilt back and forth across the whole lake (not shown). The 

mixing from internal wave breaking was so intense that the 7 oC isotherm abruptly descended to 

15 m. After the large storm, stratification was reestablished. Surface temperatures were 15-16 oC 

when warm air masses were present and 13 oC and cooler when cold air masses returned. The 

epilimnion was only 5 m deep by the end of the study period and the lake remained stratified. 

Because the mixing was so strong early in the summer, the hypolimnion was warmer (7 oC) than 

in most summers (Fig. 8.3). 

Several aspects of the stratification dynamics vary with lake size (Fig. 8.V1). The 

warming and cooling periods in the small stratified lake E5 (Fig. 8.V1 middle panel) and the 

polymictic lake E6 (lower panel) occur at the same time as in Toolik Lake, but the surface water 

temperatures are higher in the smaller lakes and are lower in E6 towards the end of summer. The 

depth of the diurnal thermocline is similar in all three lakes, but the seasonal thermocline is much 

thinner in E5 than in Toolik. The strong wind event on July 2 caused both E5 and E6 to mix to 

the bottom, but not Toolik. While such strong winds are infrequent in the region around Toolik, 
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the shallow epilimnion combined with the thin thermocline in E5 sets the stage for moderate 

winds to induce mixing from internal wave breaking in this small lake just as in Toolik, and 

cause the movement of water between the upper and lower water column or all the way to the 

sediment-water interface in the shallowest lakes like E6.  

 

 

<1>Chemical Properties 

 

Lakes in the Toolik region vary greatly in their chemistry even for lakes only a short 

distance apart. In the Toolik region the major factor controlling differences in the conductivity 

and major ion chemistry of lakes is glacial history. Chemical composition is only weakly 

affected by lake size, lake residence time, or lake-to-watershed area (Table 8.1).  

Lakes surrounded entirely by the most recently glaciated landscape (<12 ka) have 

relatively high conductivities (> 90 µS cm-1), and have the highest concentrations of Ca (>500 

µM), Mg (>100 µM), and bicarbonate (>1000 µM) (Fig. 8.4). [INSERT FIG. 8.4 HERE]Sulfate 

concentrations are highly variable (5-250 µM) but are usually higher in lakes found on recently 

glaciated surfaces. These chemical characteristics of the lakes are influenced by the weathering 

of limestone and dolomite that dominate the watersheds of these younger surfaces (Brown and 

Berg 1980). Concentrations of Cl, Na, and K are all quite low and show little variation with 

landscape age (Kling et al. 1992a), suggesting low weathering rates of sedimentary rocks in the 

Brooks Range and low inputs from recent airborne sea salts to the region. 

Lakes found on the oldest glacial surfaces (>250 ka) are very dilute and have the lowest 

conductivities (<35 µS cm-1) and major ion concentrations because soils on these surfaces are 
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highly weathered. Sulfate concentrations in the lakes are extremely low and are generally less 

than 5 µM. Lakes on landscapes of intermediate glacial ages have chemistries that are 

intermediate to those located on the youngest and oldest surfaces. Many lakes, including Toolik 

Lake and the lakes in its catchment (I-series lakes), are influenced by landscapes of mixed age; 

their chemistries reflect the mix of the different geological surfaces, although in the I-series lakes 

the upland, older landscape appears to control the lake chemistry (Kling et al. 2000). Throughout 

the region lakes have a circum-neutral pH ranging from 6.7 to 8.1 that does not vary predictably 

with age of the landscape or lake size.  

Nutrient concentrations in the lakes are very low and are dominated by organic forms 

(Table 8.1). The DOC concentrations in most lakes range from 200 to 1000 µM. Dissolved 

inorganic nitrogen and phosphorous concentrations in surface waters are nearly always below 0.2 

and 0.1 µM, respectively, and frequently below analytical detection limits. Organic nitrogen and 

phosphorous concentrations are higher, but still very low. Dissolved organic nitrogen ranges 

from 5 to 20 µM in most lakes and dissolved organic P is seldom above 0.2 µM. Even in deeper 

lakes that stratify during the summer there tends to be very little build up of nutrients in the 

bottom water. Ammonium concentrations at the end of the summer in the deeper portions of 

Toolik Lake may reach 0.8-1.0 µM and there is no appreciable build up of phosphate.  

 

<1>Biogeochemical Budgets and Cycles 

 

The main inlet to Toolik Lake accounts for ~90 % of the discharge into the lake, and the 

remaining four lake inlets plus groundwater seepage account for ~10 % of the total discharge on 

average (in 2004; Fig. 8.5)[INSERT FIG. 8.5 HERE]. Up to 30 % of the N and P inputs occur 
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during the first 10 days of stream flow when the lake is still ice covered (Whalen and Cornwell 

1985). Nitrogen inputs from the two inlet streams are dominated by organic forms of dissolved 

N, which make up over 80 % of the total N inputs. Dissolved P concentrations are usually higher 

than particulate P and dominated by organic forms, although not to as great an extent as for N 

(Table 8.1). The chemistry of seepage water has not been directly measured but has been 

assumed, when constructing nutrient budgets, to be similar to the volume-weighted inputs of the 

surface streams. Direct precipitation onto the lake makes up 2 % of the total N input and 5 % of 

the total P input. 

Whalen and Cornwell (1985) constructed the most complete budget of N and P in Toolik 

Lake. Because early measurements of N2 fixation in lakes suggested that water column rates 

were low, fixation was not considered in the budget (Alexander et al. 1989). Mass balance 

calculations using surface water input and outputs for Na, a conservative tracer, were within 3 % 

suggesting that the water budget was well constrained. Using the same surface water input and 

output data, it was calculated that about 18 % of the N and 30 % of the P was retained in the lake 

and its sediments.  

A model of nutrient cycling in Toolik Lake (Whalen and Cornwell 1985) suggested that 

primary production was driven largely by pelagic recycling of nutrients. The unimportance of 

sediment-supplied nutrients was not due to lake depth, or low mixing, but rather to the very low 

release rate of nutrients from the sediments (Kipphut 1984). Nitrogen release from the sediments 

was estimated through the use of benthic chamber measurements. Chamber incubations indicated 

shallow sediments only released 0.005-0.01 mmol N m-2 d-1. This N release rate was similar to 

that needed to explain the small accumulation of dissolved N present under the ice at the end of 

the winter season. Benthic release of phosphorus from sediments of Toolik Lake was extremely 
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low. Any P released during decomposition in the sediments was adsorbed onto iron oxides, 

which are abundant near the sediment surface (Cornwell 1987).  

For nitrogen, research in other lakes in the vicinity of Toolik Lake shows that both 

benthic and pelagic habitats support rates of N2 fixation that are significant to whole-lake 

function and to N budgets, especially in small lakes with low stream inputs (Gettel 2006). 

Summer-time epilimnetic rates of N2 fixation ranged from 0.12 to 1.5 mg N m-2 day-1 for benthic 

habitats and 0 to 2.6 mg N m-2 day-1 for pelagic habitats. Pelagic N2 fixation rates integrated over 

the entire water column are higher than reported for many ecosystems and comprised up to 75 % 

of N input to Lake Fog2. Benthic N2 fixation is lower than has been reported for other 

oligotrophic systems, but is roughly equivalent to annual N inputs from atmospheric deposition 

when scaled over an entire year (~25 mg N m-2 year-1). Benthic and pelagic rates of N2 fixation 

when combined provide annual estimates that range from 22 to 696 mg N m-2 year-1 in lakes. The 

N2 fixation in the tundra near Toolik Lake is ~ 100 mg N m-2 year-1 (Fig. 5.6 in Chapter 5).  

Studies in a wide variety of lakes show that nutrient release from sediments is extremely 

low (Kipphut, Giblin unpublished). Most lakes show essentially no N or P release during the 

summer under ambient conditions. The exceptions are in the few lakes in the region that 

experience low bottom water dissolved oxygen conditions or prolonged anoxia due to infrequent 

mixing. In these cases some N release may be observed, and even more rarely, some P release. 

Lakes undergoing fertilization do begin to release nutrients but it may take several years (see 

Vignette 8.2 below; O’Brien et al. 2005).  

Zooplankton play an important role in the pelagic recycling of nutrients. Johnson et al. 

(2010) estimated that excretion by macrozooplankton in the epilimnion could account for 10-80 

% of demand for nitrogen by phytoplankton. Rates of nutrient excretion were highest in lakes 
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that were dominated by small-bodied copepods. Excretion by fish amounted to less than 5 % of 

nutrient recycling rates estimated for macrozooplankton. Little information has been collected on 

excretion rates of microzooplankton, but our measured excretion rates of macrozooplankton are 

comparable to rates of macrozooplankton in temperate lakes (Vanni 2002). 

At larger scales, the biological processing of nutrients in lakes is responsible for the 

spatial patterns of dissolved and particulate nutrients present in lakes within the I-Series of lakes 

and streams (Kling et al. 2000). Here, in-lake processing reduced dissolved concentrations of C 

and N and resulted in higher concentrations of POC and PON leaving the lakes. Accumulation of 

C and N by phytoplankton was responsible for this transformation. The temporal synchrony of 

changes in dissolved and particulate nutrients in this series of lakes highlights the importance of 

viewing lake processes within a landscape context. 

Lakes near Toolik often have high concentrations of dissolved carbon dioxide and 

methane in the water column throughout the summer and function as a source of these 

greenhouse gases to the atmosphere (Kling et al. 1991, 1992b). The gases come from three 

sources. The first is soil water flowing directly into lakes, or into streams and then lakes, which 

contain high concentrations from plant and microbial respiration occurring on land. Second is the 

lake sediments, where microbial respiration produces both CO2
 and CH4. Third is the water 

column itself where mostly CO2 is produced by respiration of DOC (and to a lesser extent POC) 

which enters the lakes from land. The deeper, stratified lakes like Toolik often have increasing 

CO2 and CH4 concentrations with depth, indicating that the sediments are an important source 

within the lake. Sediment concentrations can exceed local saturation, and the bubbles formed and 

released from the lakes may be an important source of methane to the atmosphere (Walter et al. 

2006). The transport of carbon from terrestrial systems to the lakes is discussed in Chapter 6. 
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<1>Vignette 8.2. Changes in Sediment Chemistry Induced by Fertilization, by Anne Giblin 

 

The addition of nutrients to lakes causes large changes in sediment chemistry due to 

increased deposition of organic matter and resulting changes in the oxygen content of bottom 

water. Long-term sediment data from Lake N2, which was fertilized for 5 years, provide insights 

into the biogeochemical changes that occurred during fertilization and suggest that the sediments 

may not fully return to pre-fertilization conditions.  

Sediment cores have been taken from Lake N2 from a variety of depths several times 

since fertilization ceased in 1990 (Cornwell and Kipphut 1992). Below a water depth of about 3 

m there are dramatic differences between sediments from the control and fertilized side of the 

lake. Sediments taken from the fertilized side at 6 m, nine years after fertilization had stopped, 

had higher percent carbon, nitrogen, sulfur, and phosphorus in the top several centimeters of the 

sediments than those taken from the control side (Fig. 8.V2)[INSERT FIG. 8.V2 HERE]. These 

sediment samples also indicated that total sulfur had increased in sediments on both the fertilized 

and the control side since the experiment began (Fig. 8.V2). The change on the control side may 

have been a result of the hypoxia at 6 m which reached into both sides of the lake (O’Brien et al. 

2005), the slight increase in productivity on the control side during fertilization, or both. No 

increase in total S was seen in sediments taken from the control side at 5 m where the sediments 

did not experience hypoxia (data not shown), which suggests that oxygen changes in the bottom 

water were primarily responsible for the increase in S burial. 
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The changes in the total sulfur profiles in the sediments are due in large part to the 

incorporation of chromium reducible sulfur (Fig. 8.V2). These iron-sulfide minerals form when 

sulfide produced via sulfate reduction reacts with iron in the sediments. The consequence of the 

formation on these iron sulfide minerals is to decrease the pool of iron oxides in the sediments 

(8.V2). Sediments from the fertilized side of N2 contain substantially lower pools of iron oxides 

in the top 5 cm than do sediments from the control side.  

What is the impact of this switch from iron oxides to iron sulfides in the sediments? Iron 

plays a major role in controlling phosphorus cycling in arctic lake sediments. Organic matter 

decomposition within the sediments releases P that diffuses toward the surface of the sediments. 

However, in most lakes in the Toolik region, this P is trapped by the adsorption onto iron oxides 

in surface sediments (Cornwell 1987). Fertilization has evidently depleted the iron oxide crust by 

trapping iron as sulfide minerals within the sediments. Because the total iron pools are similar on 

both sides of the lakes we believe that iron sulfide formation was the most important process 

leading to the loss of iron oxides. It took several years for P to be released from the sediments of 

N2 even after bottom waters had become anoxic (O’Brien et al. 2005). This was probably 

because there was a sufficient iron oxide pool to adsorb the P being released. Sediments can 

retain P as long as the ratio of iron oxides to P is great enough.  

These findings have implications for the ability of the lakes to recover from nutrient 

additions. Iron sulfides can be oxidized back to iron oxides but with persistent hypoxia it seems 

likely that the iron sulfides will be buried and the oxide pool on the fertilized side of the lake will 

remain lower than on the control side. The loss of this pool of iron oxides would accelerate the 

response time of sediment P fluxes to future nutrient additions.  

_____________________________________________________________________________  
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<1>Biological Properties 

 

Variation in the composition of taxa can be explained by characteristics of lake size and 

glacial history. We group our most frequently sampled lakes according to both of these 

characteristics to facilitate discussion of the biology of these systems (Table 8.2)[INSERT 

TABLE 8.2 HERE]. Small lakes are less than 5 m deep or have surface areas of less than 1 ha. 

Intermediate lakes have maximum depths from 5-10 m, and larger lakes are greater than 10 m 

deep or have surface areas exceeding 10 ha.  

Food webs of arctic lakes are relatively simple with low levels of species diversity at 

most trophic levels. Figure 8.6[INSERT FIG. 8.6 HERE] depicts a simplified description of the 

food web for Toolik Lake. Phytoplankton species diversity can be substantial with over 140 taxa 

identified from Toolik Lake (O’Brien et al. 1997). This food web is similar to other medium-

sized and large lakes near Toolik. Many of the small lakes do not support fish. The overall 

structure of the food web in these lakes is similar to those of temperate lakes, except that fish 

species richness is greatly reduced in the low Arctic (Hershey et al. 1999). The absence of fish in 

small shallow lakes allows for occupation of the highest trophic levels by invertebrate predators. 

Several other key aspects of the food webs of lakes vary with lake size (Table 8.3)[INSERT 

TABLE 8.3 HERE]. Chlorophyll concentration in surface waters is greater in the smaller lakes, 

as is the biomass of zooplankton (Table 8.3). The density of crustacean zooplankton is similar 

among different size lakes, but that is because these small, fishless lakes are frequently 

dominated by large-bodied Daphnia middendorffiana. 
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<2>Bacterial Processing of Terrestrial Material in Lakes 

 

Organic matter in particulate and dissolved form dominates the nutrient and carbon 

budgets of arctic surface waters. Decomposition through bacterial activity does not appear to be 

limited by protozoan grazing of bacteria (Rublee 1992). Some of this organic substrate originates 

in terrestrial environments and some is produced within aquatic environments as exudates from 

algae and zooplankton. The relative importance of these two sources for bacterial activity varies, 

in part as a result of the amounts of dissolved organic matter (DOM) available from each source 

and in part as a result of the quality of the DOM (Judd et al. 2006). 

Results of an enclosure study in Toolik Lake (Rublee and Bettez 1995) demonstrated that 

a fraction of terrestrial DOM leached from surface plant litter contains labile compounds and 

strongly stimulates bacterial activity in the lake. To assess the potential importance of this 

terrestrial DOM, we measured DOC inputs to Toolik Lake and corresponding bacterial activity 

through the seasons. During spring runoff, DOC concentrations increased and strongly 

stimulated bacterial activity in the lake (Crump et al. 2003). However, during storm events later 

in the summer when DOC inputs to the lake also increased there is no corresponding increase in 

bacterial activity. One possible reason for this pattern is changing quality of the DOC. The DOC 

leached from surface litter in spring runoff enters the lake directly, bypassing the frozen soils and 

associated microbes. In contrast, the DOC entering the lake during summer has been acted upon 

by microbes in the soil, which reduces its quality. Another possible reason for the pattern is that 

the bacterial composition in the lake changes as the season progresses (Crump et al. 2003), and 

may no longer be best adapted to consuming terrestrial organic matter. Terrestrial material that is 
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incorporated into bacterial biomass in Toolik Lake is made available to higher trophic levels 

through trophic interactions in the microbial food web of arctic lakes (Rublee 1992, Kling 1994). 

 

<2>Bacterial Diversity and Biogeography 

 

Bacterial abundance and productivity of Toolik Lake is similar to oligotrophic lakes in 

boreal and temperate regions. Bacterial densities of ~1 x 106 cells mL-1 and productivities of ~10 

µg C L-1 d-1 are common in Toolik (O'Brien et al. 1997). The bacterioplankton of Toolik Lake is 

dominated by common, globally-distributed freshwater phylotypes belonging to the 

Proteobacteria, Bacteroidetes, and Actinobacteria phyla (Crump et al. 2003), including an 

Alphaproteobacteria first discovered in Toolik Lake that is very closely related to the ubiquitous 

marine bacterium Pelagibacter ubique (Bahr et al. 1996). Nearly half of the phylotypes 

identified in one study persisted throughout the year, and the rest were specific to one of three 

seasons: winter, spring freshet, and summer. Bacterioplankton community composition, 

determined with a PCR-based community fingerprinting technique (Denaturing Gradient Gel 

Electrophoresis of 16S rRNA genes), showed a cyclical seasonal pattern in which a winter 

community shifted rapidly to a spring freshet community when the primary Toolik inlet stream 

started to swell with snow melt water. At the same time below the ice the bacterial production 

reached its annual peak, suggesting that this community shift was driven by rapid growth of 

certain phylotypes adapted to grow on labile terrestrial organic matter extracted by the melting 

snow and flushed into the lake. After the spring freshet slowed, ice left the lake and the 

bacterioplankton community shifted again to a summer community that changed little during the 

rest of the open water season. Then, by the end of the following winter a community formed that 
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resembled the one from the previous winter. Similar, repeating annual cycles have now been 

seen in other lakes, rivers, estuaries, and the coastal ocean. 

Bacterial community composition also varies spatially across the arctic landscape. One 

study of 10 lakes and 14 streams within the catchment of Toolik Lake showed that lake 

communities were on average 78 % similar and did not appear to be influenced by lake 

morphology (Crump et al. 2007). Communities in hydraulically-connected lakes changed 

gradually down-catchment, suggesting that dispersal via inoculation from upslope lakes 

influences the composition of these communities. In contrast, unconnected lakes contained 

somewhat different communities. Bacterial communities in streams arising from tundra were 

very different from those in lakes. Bacterial communities in streams that arise directly from lake 

outlets matched those in the lakes but shifted gradually downstream, apparently because of the 

addition of bacteria from soil water and hyporheic water. These results reveal large differences in 

lake-specific and stream-specific bacterial community composition over restricted spatial scales 

(<10 km), and suggest that geographic distance and hydrological connectivity influence the 

distribution of bacterial communities across landscapes. 

 

<2>Primary Producers 

 

O’Brien et al. (1997) described the summer phytoplankton of Toolik Lake in some detail 

and concluded that the biomass was dominated by chrysophytes, with dinoflagellates and 

cryptophytes of second and third importance. However, unpublished data from E.A. MacIsaac 

for the summer of 1996 and U. Passow from the early years of the 21st century have shown that 

the tiny single-celled cyanophyta were missed in the early studies and are more numerous than 
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other phytoplankton cells. Despite their numerical dominance, small cyanophyte cells such as 

Synechococcus do not dominate the biomass which is dominated by flagellates in the divisions 

Cryptophyta, Chlorophyta ,and Chrysophyta and the rarer, large-celled diatoms 

(Bacillariophyta), and dinoflagellates (Pyrrophyta). 

Shallow lakes (E6 and Fog4) and deeper lakes (E5, Fog2, Toolik) had similar levels of 

phytoplankton diversity, but differed in the relative importance of taxonomic groups. The deeper 

lakes were dominated by chrysophytes and cryptophytes whereas increased biovolume of 

cyanobacteria and dinoflagellates (Dinobryon) occurred in shallow lakes [INSERT FIG. 8.7 

HERE](Fig. 8.7). These shallow-lake taxa are generally resistant to grazing and are likely 

selected for in the shallow lakes with higher densities of cladoceran zooplankton. Burkart (2007) 

reported that grazing rates of macrozooplankton were 20-50 % higher when zooplankton were 

fed phytoplankton from deep lakes compared to trials when zooplankton were fed phytoplankton 

from shallow lakes. These differences were likely due to differences in phytoplankton species 

composition. 

 

<2>Primary Production 

 

Overall primary productivity depends on the supply of both nutrients and light. Supply 

and availability of these resources is governed by several factors, including geological setting, 

lake morphometry, biological interactions, and hydrodynamic processes that are driven by 

climatic forcing. Primary production in pelagic regions of lakes near Toolik has been studied 

extensively since the 1970’s. Recent studies of benthic primary production indicate that benthic 
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algae are responsible for most of the primary production that occurs in shallow lakes, and a 

considerable portion of production in the larger lakes (Whalen et al. 2008). 

 

<2>Pelagic Primary Production 

 

Rates of primary production in surface waters in lakes near Toolik range from 

approximately 5 to 50 mg C m-3 d-1 (Miller et al. 1986, Kling et al. 2000). These daily rates were 

estimated using 14C techniques and are similar to rates measured in oligotrophic and ultra-

oligotrophic lakes in the temperate zone but greater than those of larger lakes in the high arctic 

(Vincent and Hobbie 2000). Annual rates of primary production in arctic lakes are low because 

of the shortened season of open water and low rates of nutrient supply. Rates of primary 

production are highest shortly after ice-out and decrease due to nutrient limitation through the 

summer unless storm events provide nutrient additions through stream inputs or by upward 

mixing of nutrients from deeper strata (MacIntyre et al. 2006). More than half of the primary 

production typically occurs in the epilimnion (Fig. 8.8)[INSERT FIG. 8.8 HERE]. Although 

many of the lakes support chlorophyll maxima at metalimnetic depths, the high light extinction 

in these stained lakes limits rates of photosynthesis below the thermocline.  

Integration of measured rates of 14C uptake leads to areal primary production estimates of 

20-200 mg C m-2 d-1. This range mostly reflects seasonal variation within lakes rather than 

differences among lakes. Shallow lakes tend to have slightly greater rates of pelagic primary 

production per volume; however, areal production is similar for all lakes. Annual rates of pelagic 

primary production range from 2 to 10 g C m-2 for the lakes near Toolik (Kling et al. 2000, 

Evans 2007, Whalen et al. 2008).  
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Initial studies of nutrient limitation of phytoplankton growth in Toolik Lake were 

conducted using short-term batch bioassays (Whalen and Alexander 1986), followed by similar 

comparisons among 39 lakes near Toolik (Levine and Whalen 2001). Results indicated that the 

degree of nutrient limitation varied seasonally but that phytoplankton were most often co-limited 

by both N and P. Nitrogen limitation was more common than phosphorus limitation in these 

experiments, and shallow lakes and lakes with higher alkalinities demonstrated a greater degree 

of P limitation. However, the greatest response in production (average increase of 60 %) was 

seen in treatments with both N and P additions. Only six of the 54 bioassays failed to show 

significant effects of additions of N or P, but five of these six experiments occurred in headwater 

lakes. This is consistent with the idea that lake phytoplankton rapidly take up dissolved nutrients 

entering the lake from the catchment, and in turn export particulate nutrients to downstream 

lakes (Kling et al. 2000). 

Changes in the chlorophyll concentrations during the nutrient enrichment bioassays 

provide further insights. Chlorophyll increased in many of the control treatments in which 

macrozooplankton were not present (Levine and Whalen 2001), suggesting that grazing by 

zooplankton has a measurable impact on phytoplankton biomass in bioassays. Chlorophyll 

declined in treatments where phosphorus was added alone, suggesting that bacterial populations 

may be P-limited and able to outcompete the algae for P in these treatments. These results 

support the findings of Vadstein et al. (1993) who concluded that planktonic bacteria outcompete 

phytoplankton for P in oligotrophic lakes in Norway. Overall, the controls observed on primary 

production by nutrient limitation are similar to those noted in the review by Lewis and 

Wurtsbaugh (2008) indicating that co-limitation of phytoplankton growth by N and P in lakes is 

the dominant condition. 
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The glacial history of the watersheds in the region had little effect on pelagic algal 

biomass as measured by chlorophyll a concentration (Table 8.3). Neither glacial history nor 

specific conductivity was significantly correlated with chlorophyll a concentration of epilimnetic 

water in these lakes. However, the only deep lake present on the oldest glacial surface (Lake E5) 

exhibited low specific conductivities and had some of the lowest concentrations of epilimnetic 

chlorophyll (Table 8.1). Shallow lakes on the older glacial surfaces had moderate chlorophyll 

concentrations and were similar to lakes in recently glaciated watersheds. While volumetric 

concentrations of chlorophyll tend to be higher in shallow lakes than in deeper lakes (Table 8.3), 

the tendency is not statistically significant; however, on an areal basis (per square meter) deeper 

lakes have more chlorophyll than shallow lakes (Whalen et al. 2008).  

Lakes deeper than 5 m often developed deep chlorophyll maxima during the summer 

months when chlorophyll concentrations in the metalimnion or hypolimnion were frequently 

more than twice values measured in epilimnetic water (Fig. 8.8). Despite the abundant 

phytoplankton in the deeper strata, these deeper layers did not contribute substantially to the 

primary production of the lake because of light limitation. However, internal waves can 

periodically move phytoplankton to depths with more light, resulting in increased rates of 

primary production (Vignette 8.3). 

__________________________________________________________________________  

 

<1>Vignette 8.3. Effect of Internal Waves on Phytoplankton Primary Production, by Mary Anne 

Evans 
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Just as surface waves form on lakes at the air water interface, waves can form within a lake 

at boundaries between water layers of different densities. These internal waves can be much 

larger in amplitude than the surface waves on a given lake because the difference in density 

between the water layers is much smaller than that between water and air. Internal waves move 

water, chemicals, and any non-motile or slow moving organisms vertically through the water 

column. Because of this movement, internal waves can have important impacts on nutrient 

availability in the upper water column, spatial or temporal aggregation or patchiness of plankton, 

and light availability to deep phytoplankton.  

Phytoplankton associated with internal waves are periodically moved closer to and farther 

away from the lake surface. Because light decreases exponentially with depth from the lake 

surface, this vertical movement can increase the average light exposure of the phytoplankton. 

The effects of this motion on the light climate for phytoplankton, and its implications for 

photosynthesis, have been previously described based on mathematical models for the situation 

where surface light is constant or varies very slowly compared to the period of the internal waves 

(Evans et al. 2008).  

Research at Toolik Lake has shown that internal waves near the bottom of the euphotic 

zone, where light is sufficient for photosynthesis but not saturating, can increase photosynthesis. 

In situ experiments conducted at Toolik Lake during the summers of 2003 and 2004 tested the 

theory of internal wave effects. In each experiment a set of bottles containing lake water was 

incubated at depth in Toolik Lake for 24 hours and the photosynthesis in each bottle was 

measured. During the 24 hours some of the bottles were held at a constant depth (5 m) and some 

were moved up and down with different amplitudes between 4 m and 6 m in a manner similar to 

the dynamics of natural internal waves in the lake. As predicted, enhancement of photosynthesis 
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was observed in the moving bottles. However, on some days this enhancement was greater than 

expected and on other days photosynthesis was unaffected by the vertical movement (Fig. 

8.V3)[INSERT FIG. 8.V3 HERE].  

To explore the mechanism causing these unexpected results, a simulation model was tested 

using the available surface light, light attenuation, and phytoplankton physiology measured on 

the day of each experiment. This model showed that variation around the photosynthetic 

enhancement predicted by earlier theory can be caused by changes in the amount of light 

entering the lake during the incubation. When surface light varies due to the passage of clouds 

with approximately the same period or time scale as the internal wave motion, and the time of 

brightest light aligns with the crest of a wave, the enhancement of photosynthesis is increased. 

Conversely, when the time of brightest light aligns with a wave trough, the enhancement of 

photosynthesis is reduced or eliminated. These modeling results suggest that the interaction is 

robust and likely important in other systems with internal waves and moderate plus variable 

levels of cloud cover. 

__________________________________________________________________________  

 

<2>Benthic Primary Production 

 

The extent of benthic primary production depends on lake morphometry and water 

clarity. Low chlorophyll concentrations in surface waters of most lakes leads to high water 

clarity and sufficient light penetration to support extensive benthic primary production 

(Vadeboncoeur et al. 2003). However, in lakes near Toolik light penetration is limited due to 

high concentrations of colored dissolved organic matter. Benthic production comprises the 
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majority of lake primary productivity in shallow lakes, but the contribution of benthic production 

to whole lake primary productivity is greatly reduced in lakes exceeding 8 m in depth. 

Chlorophyll concentrations in shallow (<4 m water depths), soft sediments range from 

100 to over 600 mg m-2. These values typically exceed the total pelagic chlorophyll in the 

overlying water by 2 to 20 times. Chlorophyll concentrations are much lower on cobble and 

gravel substrates, but these substrates tend to make up a small portion of lake sediments in the 

lakes of the region (Cuker 1983). Sediment chlorophyll concentrations within lakes can show 

significant inter-annual variation (Gettel 2006) and are not well-correlated with the age of the 

surrounding landscape. 

Benthic primary production in shallow sediments ranges from 25 to 250 mg C m-2 d-1 

(Fig. 8.9)[INSERT FIG. 8.9 HERE]. When integrated over the growing season these rates are 

similar to or greater than those measured in the overlying water column. Rates of benthic 

primary production drop off rapidly with depth and there is little net production below 6-7 m 

except in the clearest lakes (Gettel 2006, Whalen et al. 2008). At all but the very shallowest 

depths gross primary productivity appears to be light limited; this is true even though benthic 

primary producers reach maximal photosynthetic rates at relatively low light intensities (Fig. 

8.10). [INSERT FIG. 8.10 HERE] 

Benthic N2 fixation is controlled most strongly by the availability of P and to a lesser 

extent light availability and grazing by the snail Lymnaea elodes (Gettel et al. 2007). Results 

from nutrient and grazer manipulations suggest that P stimulates benthic N2 fixation while snail 

grazing slightly suppresses it. These controls play out at the landscape scale in the Toolik Lake 

area across patterns of glacial history. Benthic N2 fixation is generally higher on younger-surface 

lakes (deglaciated ~12,000 years ago) where P concentrations are higher than on older-surface 
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lakes (deglaciated >25,000 years ago). This pattern is evident despite the fact that Lymnaea 

elodes, which slightly suppresses benthic N2 fixation, is largely absent on old-surface lakes due 

to a lack of calcium (Hincks and Mackie 1997).  

Other controls on benthic production are beginning to be examined. While production on 

soft sediments does not seem to be greatly affected by snail grazing (Gettel et al. 2007), snails 

appear to play a larger role on cobbles where benthic producer biomass is much less (Cuker 

1983). While additional nutrients could stimulate benthic production, studies in fertilized lakes 

suggest that the stimulatory effect of nutrients on benthic production is countered by the 

decreased light reaching the bottom in all but very shallow lakes. In these fertilized lakes, light 

penetration is reduced by increased phytoplankton biomass (Gettel 2006).  

 

<2>Microzooplankton 

 

The microzooplankton community in the lakes near Toolik is composed primarily of 

nanoflagellates, ciliated protozoans, rotifers, and copepod nauplii. Most of the small flagellates 

are mixotrophic, but are generally devoid of chlorophyll in Toolik Lake. Heterotrophic 

nanoflagellates can consume a substantial portion of bacterial productivity (Hobbie and 

Laybourn-Parry 2008). The ciliates, mainly oligotrichs <50 µm in length, are dominated by the 

three genera Halteria, Strombidium, and Strobilidium while the rotifers are dominated by four 

species Keratella cochlearis, Kellicottia longispina, Polyarthra vulgaris, and Conochilus 

unicornis (Rublee 1992).  

In general, the biomass of the microzooplankton in these oligotrophic lakes is <10 µg C 

L-1 with the mean biomass of the protozoans usually <0.5 µg C L-1 (~150 individuals L-1), the 
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rotifers ~2-3 µg C L-1 (100 ind L-1), and the remainder being nauplii at ~7-8 µg C L-1 (~7 ind L-

1). However, microzooplankton biomass can be higher in more productive lakes (up to 30 µg C 

L-1) (Rublee 1992), and can vary over time within a lake (Rublee and Bettez 2001). 

The spatial and temporal patterns also vary by the different members of the 

microzooplankton community. Protozoan numbers are highest (up to ~1000 ind L-1 and 1-2 µg C 

L-1 biomass) in the epilimnion early in the summer and generally decrease with depth and over 

time. The rotifer population, however, does not correlate with depth and is low in the early 

summer (10-300 ind L-1) and may increase 5 to 10-fold by mid-July or early August. Naupliar 

biomass equals or exceeds rotifer biomass and shows a positive correlation with depth and time 

(Rublee 1992).  

 

<2>Macrozooplankton 

 

Few species of crustacean zooplankton exist in this region with only seven common 

pelagic species present in over 100 lakes that have been sampled. Although the glacial history of 

the watersheds of this region has little impact on the distribution of most crustacean zooplankton, 

Holopedium giberum occurs more frequently in lakes on the older glacial surfaces (Burkart 

2007). O’Brien et al. (2004) reported negative correlations between H. gibberum abundance and 

conductivity of surface waters in the lakes of the Toolik region. This correlation has been 

reported for H. gibberum from other regions of the world (Hessen et al. 1995). In a comparison 

of crustacean zooplankton biomass in seven lakes on recently glaciated landscapes compared to 

five lakes on older glacial surfaces, biomass of H. gibberum was 10-fold greater in lakes on older 
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glacial surfaces (Burkart 2007). In contrast to H. gibberum, Diaptomus pribilofensis occurs more 

frequently in lakes with higher conductivity. 

Lake size, depth, and the presence of fish have a pronounced effect on the abundance and 

distribution of crustacean zooplankton in the study lakes. Daphnia middendorffianna and 

Heterocope septentrionalis are more abundant in small than in medium and large lakes (Fig. 

8.11). [INSERT FIG. 8.11 HERE]These two large bodied zooplankters are likely eliminated by 

fish predation in the medium and large lakes. O’Brien et al. (2004) reported that densities of D. 

middendorffiana were twice as high in fishless lakes as in lakes with fish. In a more detailed 

study of 12 lakes, Burkart (2007) found that total crustacean zooplankton biomass was five-fold 

higher in shallow lakes without fish than in deeper lakes with arctic char, grayling, lake trout, or 

sculpin. These results from these low-arctic lakes are similar to those reported for alpine lakes 

(Knapp et al. 2001), and in low elevation lakes at lower latitudes (Carpenter et al. 1996). 

 

_____________________________________________________________________________  

 

<1>Vignette 8.4. Zooplankton Pigmentation: A Balance of Photo-protection and Fish Predation, 

by John O’Brien 

 

If fish predation is so important in determining the abundance of zooplankton in alpine 

and arctic lakes, then we would expect that the zooplankton would be nearly transparent in order 

to reduce their visibility. Yet, the various populations of zooplankton in arctic lakes and ponds 

show a wide variety of pigmentation. For example, several copepod species range from bright 
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red to blue to relatively clear. What causes this great variety in pigmentation and what are the 

advantages for survival? 

One pattern is associated with presence or absence of fish. The more colorful morphs are 

found in small ponds that lack fish, and the most transparent forms are found in deeper lakes 

where fish are present and predation is a risk.  Another pattern is that pigmentation in 

zooplankton may be present in some species even when fish are present. This pattern seems to be 

tied to the necessity for photo-protection against sunlight. Particularly around the summer 

solstice, the solar radiation is intense and exposure to ultraviolet light creates oxygen radicals 

that damage the cells of zooplankters. Experiments where individual pigmented and 

unpigmented zooplankton were exposed to surface light showed better survival by pigmented 

individuals. Further, zooplankton reduce photo-toxicity through production of a series of photo-

protective pigments. Pigments like astaxanthin bind oxygen radicals and reduce tissue damage. 

The presence of these pigments reduces the transparency of pelagic zooplankton, thereby 

increasing their risk of being consumed by fish (Luecke and O'Brien 1981).  

The hazards of photo-damage and fish predation interact to create a strong contrast 

between zooplankton assemblages in fish and fishless lakes (Luecke and O'Brien 1983a). Highly 

pigmented, large-bodied zooplankton dominate fishless ponds whereas lakes with fish are 

occupied by relatively transparent or small-bodied zooplankton that avoid the top few meters of 

surface water. One ubiquitous species, Diaptomus pribilofensis, succeeds by combining small 

size at reproduction (to reduce predation from fish), with high concentrations of astaxanthin. 

This species thrives in almost all of the 100+ ponds and lakes in the vicinity of Toolik (O'Brien 

et al 2004).  

___________________________________________________________________________  
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Winter conditions in this low-arctic region create highly contrasting food webs through 

elimination of fish in shallow lakes. This occurs because lakes and ponds less than 1.5 m deep 

freeze completely, and oxygen concentrations are greatly reduced overwinter in slightly deeper 

lakes and ponds. In fishless habitats the pigmented invertebrates thrive and invertebrate predators 

are important in structuring zooplankton assemblages. In lakes of the low Arctic, these predators 

are the copepods Heterocope septentrionalis and Cyclops scutifer, the phantom midge larva 

Chaoborus, and the amphipod Hyalella azteca. These organisms feed extensively on herbivorous 

zooplankton. Laboratory feeding trials and field enclosure experiments at Toolik indicated that 

the presence of H. septentrionalis determines the composition of herbivorous zooplankton in the 

ponds and lakes of the region (Luecke and O’Brien 1981). Yet these copepod predators have a 

range of feeding habits; stable isotope measurements showed some populations are mostly 

carnivorous and most are herbivorous, probably as a result of prey availability in different lakes 

(Kling et al. 1992c).  

The short ice-free season and the cold temperatures present in most lakes restrict life 

history options and patterns of energy allocation in arctic zooplankton. Yurista (1999) 

constructed an energy budget for Daphnia middendorffiana using populations from the ponds 

near Toolik Lake. His measurements of rates of ingestion, assimilation, and respiration at 

different temperatures indicated that D. middendorffiana can thrive at cold temperatures because 

ingestion rates at low temperature were higher than those reported for Daphnia species from 

temperate zone populations (McCauley et al. 1990). These higher ingestion rates of D. 

middendorffiana from the Arctic were coupled with lower assimilation rates than those measured 

for temperate-zone Daphnia.  
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<2>Fish Distributions 

 

Only six species of fish inhabit the lakes and streams near Toolik. These species are all 

native, a rare occurrence in North America where introduced fish are everywhere. Lake trout 

(Salvelinus namaycush), burbot (Lota lota), and arctic char (Salvelinus arcticus) occupy the 

highest trophic levels feeding extensively on benthic invertebrates, but some individuals will 

become piscivorous. Arctic grayling (Thymallus arcticus) and round whitefish (Prosopium 

cylindraceum) feed on benthic invertebrates and occasionally zooplankton, and slimy sculpin 

(Cottus cognatus) is a bottom-dweller also feeding on benthic invertebrates. Analyses of lake 

morphometry and landscapes indicated that lake trout and arctic char occupy only deep lakes that 

are part of well-established drainage systems (Hershey et al. 2006). Lake trout and round 

whitefish were most often found in lakes of the Itkillik drainage west of Toolik, and arctic char 

were most often present in lakes with drainage connections to the Sagavanirktok River. The 

distribution of grayling and sculpin indicated high dispersal abilities in that these two species 

were present in all watersheds sampled and were the only fish taxa found in lakes with weak 

drainage connections to other lakes.  

Lake trout function as a top predator in these lakes, feeding on a mix of invertebrate and 

vertebrate prey. Investigations of spatial distributions and experimental manipulations indicated 

that the presence of lake trout not only has large impacts on the abundance and distribution of 

their prey but also exhibits significant effects on lower trophic level organisms. In a detailed set 

of investigations, lake trout reduced numbers of slimy sculpin and restricted remaining sculpin to 
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near-shore habitats (Hanson et al. 1992, Goyke and Hershey 1992). A variety of benthic 

invertebrates preyed on by sculpin respond positively to the presence of lake trout.  

 

<1>Results of Experiments and Process Studies 

 

Experiments on the limnological processes in of these low-arctic lakes have been carried 

out to assess effects of land use changes and climate on lake productivity and food web structure. 

One effect of climate warming (ACIA 2004) and of increasing human populations is an increase 

in nutrients entering lakes. Various human activities have the potential to introduce new species 

into these lakes, and climate warming may allow species introduced from lower latitudes to 

thrive. 

Over the past two decades a number of nutrient addition experiments were carried out on 

Toolik area lakes. These studies ranged from bottle assays to large mesocosm experiments to 

whole lake manipulations. The goals of these experiments were to assess the degree of nutrient 

limitation of algae as well as the response of the whole lake ecosystem to changes in nutrient 

inputs. The predominance of co-limitation of phytoplankton growth by nitrogen and phosphorus 

described above shaped the design of larger scaled experiments to assess the impact of increased 

nutrient loading on lake ecosystems.  

In addition to experiments designed to examine effects of nutrient additions to the base of 

the food web, a series of investigations to assess the importance of consumer effects on lake 

ecosystems has been conducted. These experiments ranged from small-scale observations of the 

behavior of predators and prey to whole lake additions or removals of individual species. Results 
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of the experiments on food web manipulations may be relevant to potential future effects of the 

loss or addition of species due to climate change or human introductions. 

 

<2>Mesocosm Experiments 

 

From 1983 to 1985 a limnocorral experiment was established in one of the deep bays of 

Toolik Lake (O’Brien et al. 1992). Each of the corrals contained about 62 m3 of lake water. 

Three nutrient treatments (no addition, low level fertilization, and high level fertilization) were 

coupled with two levels of planktivorous fish (grayling) abundance. The low level nutrient 

addition was equivalent to the natural level of nutrient loading of N and P to Toolik Lake 

(Whalen and Cornwell 1985) and the high level nutrient addition was either five or ten times that 

amount depending on the year. Fish were added to some limnocorrals as either free ranging 

individuals or as caged individuals so that by moving the cage in and out of the mesocosm the 

rate of predation could be lower than that from a single fish. In all cases, the fish addition 

treatments likely exceeded natural abundance of fish in these lakes. 

The major result of the limnocorral experiments was that phytoplankton responded 

dramatically to additions of nitrogen plus phosphorus. Rates of pelagic primary production were 

10 to 20-fold higher in limnocorrals that received nutrients. These results indicated that not only 

were phytoplankton in these arctic lakes limited by N and P, but that sustained additions of these 

two nutrients had the effect of greatly increasing the biomass and primary productivity of Toolik 

Lake water. Chrysophytes and Chlorophytes increased in abundance in fertilized limnocorrals 

relative to other phytoplankton taxa (O’Brien et al. 1992).  
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The increase in phytoplankton had dramatic effects on physical and chemical parameters 

in the limnocorrals. The increased biomass of phytoplankton decreased light penetration into the 

corrals receiving nutrients. Secchi depth declined from 5 m in reference limnocorrals to less than 

2 m in nutrient addition treatments. Both pH and oxygen concentrations increased greatly in the 

limnocorrals receiving nutrient additions due to the increases in rates of photosynthesis. 

Response of heterotrophic organisms to the dramatic increases in phytoplankton 

abundance was mixed. Planktonic bacteria increased four to eight-fold, but soon their abundance 

was drastically reduced by grazing of heterotrophic nanoflagellates in a classic predator-prey 

relationship (O’Brien et al. 1992). Microzooplankton grazers increased greatly in limnocorrals 

receiving nutrient additions (Rublee 1992). The response of macrozooplankton grazers, however, 

was mixed, likely due to predation by fish in the fish treatments. When fish predation was absent 

or present at low levels, larger cladocerans increased in abundance in response to higher biomass 

of phytoplankton in the fertilized treatments. The long and complex life histories of the pelagic 

copepods and many of the benthic invertebrates likely reduced their response to higher 

abundances of phytoplankton (Hershey 1992).  

 

<2>Whole-Lake Experiments 

 

In order to more fully understand the effects of nutrient additions on low Arctic lake 

ecosystems, a series of whole-lake fertilization experiments was conducted near Toolik Lake. 

Results of these experiments allow inferences concerning response of fish and benthic 

invertebrates that could not be incorporated in the limnocorral experiments. In 1985 Lake N2 

was divided in half by a polyethylene curtain that extended to the bottom of the lake. The 
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downstream end of the lake was fertilized with phosphoric acid and ammonium nitrate such that 

annual loading of these two nutrients was five times natural values (O’Brien et al. 2005). This 

fertilization experiment ran for six years, and the lake was sampled in subsequent years to assess 

the time scale of recovery from eutrophication.  

Primary production in the fertilized side of the lake was three to five times higher than 

the reference side throughout the six years of nutrient additions. Nutrient addition also 

dramatically increased chlorophyll concentrations in the fertilized side of the lake (Fig. 8.12). 

[INSERT FIG. 8.12 HERE]Within two years there was an increase in the ammonium flux from 

the sediments but it took five years before phosphorus began to be released from the mineral-rich 

sediments (Fig. 8.13). [INSERT FIG. 8.13 HERE]This P flux was most likely related to low 

oxygen concentrations in hypolimnetic water, which allowed P to be released as iron minerals 

were reduced (Fig. 8.14) [INSERT FIG. 8.14 HERE]. Oxygen concentration in the hypolimnion 

was lower with each year of fertilization and by the 4th year of fertilization oxygen fell below 1 

mg L-1 during July and August.  

Water column levels of primary production in the fertilized side of Lake N2 were 

elevated over the reference side for two years after fertilization ceased (Fig. 8.12); but by three 

years after the fertilization had ceased, chlorophyll a concentration and epilimnetic nutrients 

were similar to levels in the reference side. In contrast, oxygen concentrations remained below 1 

mg L-1 until seven years after the cessation of fertilization. Late summer oxygen conditions had 

still not returned to pre-fertilization levels 15 years after the cessation of fertilization. 

Ammonium fluxes from sediments were still elevated five years later. In spite of persistent low 

oxygen conditions no measurable P flux from the sediment was observed even two years after 

fertilization had ceased (Fig. 8.13). 
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The response of the pelagic and benthic animal community to fertilization was mixed. 

One of the four macro-zooplankton species (Daphnia longiremis) increased in number by about 

two-fold in the first five years. However, the copepod Cyclops scutifer showed no response 

during the treatment phase of the study and may be dependent more on the microbial food web 

than on primary production (Kling 1994). Benthic snails responded significantly, both Valvata 

lewisi and Lymnaea elodes increased in abundance on the fertilized side of this divided lake 

(Hershey 1992). In contrast there was no response of chironomid larvae. This suggests that 

chironomids may be limited by predatory sculpins rather than food in these arctic lakes. Because 

sculpins fed primarily on chironomid larvae in this lake, it was not surprising that sculpin growth 

rates were similar in the fertilized and control sections of the lake. We observed a similar lack of 

response of chironomid larvae and sculpin growth in the limnocorral experiment. This result 

from the divided lake, combined with isotope data (Kling 1994), suggests a lag in the response to 

fertilization of some benthic organisms.  

A second whole-lake fertilization experiment was conducted on Lake N1 from 1990 to 

1994. Nitrogen and phosphorus were added to this lake during summer months at a rate of 

approximately four times natural loadings. Lake N1 is deeper than Lake N2 and contains four of 

the six fish species present in the region: lake trout, arctic grayling, burbot, and slimy sculpin.  

As in previous nutrient addition experiments, phytoplankton biomass and primary 

production increased dramatically in response to additions of nitrogen and phosphorus (Fig. 

8.15)[INSERT FIG. 8.15 HERE]. Chlorophyll concentrations and rates of primary production 

increased more than ten-fold over pre-fertilization conditions. These increased rates of primary 

production during the five years of the experiment eventually resulted in the development of an 

anoxic zone in the bottom of Lake N1 in 1994 (Lienesch et al. 2005).  
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As in the fertilization experiment in Lake N2, snail abundances in Lake N1 increased 

substantially during fertilization years. Densities of both Valvata lewisi and Lymnaea elodes 

were four times greater after the experimental fertilization. Densities of chironomid larvae did 

not show a change after fertilization, a result similar to the lack of response of chironomid larvae 

in the N2 fertilization experiment (Hershey 1992). Lienesch et al. (2005) report that growth rate 

of lake trout responded positively to this increase in snail abundance (Fig. 8.16)[INSERT FIG. 

8.16 HERE]. The lack of a response of the numbers of lake trout to the fertilization was 

attributed to the effects of low oxygen conditions on the survival of lake trout eggs. In contrast to 

lake trout, individual slimy sculpin showed no increase in growth rate under fertilization 

treatments. 

Chlorophyll concentrations as well as most limnological parameters returned to pre-

fertilization values within one to two years after the nutrient additions ceased at the end of 1994, 

slightly more rapidly than in Lake N2. The slight difference in recovery times is likely due to the 

greater ratio of sediment area to lake volume in Lake N1; this allowed greater P binding by 

shallow oxidized sediments, limiting P return to the water column. An important exception to the 

rapid recovery in Lake N1 was that hypolimnetic oxygen concentration remained quite low 

through the summer of 1998 and had not completely recovered by 2010 (Lienesch et al. 2005, 

LTER database). The accumulation of sedimented phytoplankton during the fertilization years 

continued to provide a labile substrate for bacterial respiration long after the fertilization was 

ended. These results demonstrate the importance of maintaining long-term assessment of 

experiments to gain an understanding of processes that operate on very different time scales. 

In the mesocosm and whole lake experiments, changes in microzooplankton abundance 

were related to the degree of fertilization. In the limnocorral experiment additions of N and P at 
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ten times natural loading resulted in a ten-fold increase in microzooplankton biomass while in 

Lakes N1 and N2, which were fertilized at 3-5 times natural rates, the biomass of 

microzooplankton doubled (Rublee and Bettez 1995, 2001).  

The response of microzooplankton taxa to fertilization treatments varied among lakes and 

among years (Rublee and Bettez 1995). These differences were likely due to differences in 

abundance of macrozooplankton present in these treatments. Daphnia is known to inhibit 

population growth of microzooplankton in whole-lake fertilization experiments in temperate 

lakes (Pace et al. 1998) and likely contributed to the variation in response of microzooplankton 

in fertilization experiments in arctic lakes.  

In Lake N1, the only lake from which we have data on microzooplankton before, during, 

and after the experiment, there were shifts in both the number of individuals and species present 

throughout the experiment. The microzooplankton community shifted from one dominated by 

small particle feeding rotifers (mainly Conochilus unicornis) during the first year of fertilization 

to a dominance of bacteriovorus peritrich protozoans (Epistylus rotans, and Vorticella sp.) 

during the second year, and finally to a dominance of the predatory rotifers Synchaeta, 

Polyarthra, and Trichocerca and zooplankton nauplii during the third, fourth, and fifth years of 

the fertilization (Rublee and Bettez 2001, Bettez et al. 2002).  

After the end of fertilization, the biomass of the microzooplankton took one year in Lake 

N1 and two years in Lake N2 to return to the pretreatment level. In Lake N1 in the first year of 

recovery, the predatory rotifers decreased to their pre-fertilization levels and the composition of 

the microzooplankton returned to a dominance by oligotrichs and small particle-feeding rotifers. 

In Lake N2, the two years necessary for return of microzooplankton biomass to pre-fertilization 
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levels was likely due to the longer time in which the lake maintained elevated chlorophyll and 

primary productivity. 

Mesocosm experiments and whole-lake fertilization of Lakes N1 and N2 indicated that 

phytoplankton and bacteria responded dramatically to nutrient increases of four to ten times 

natural loading rates. Results of food web response to fertilization in mesocosms and whole-lake 

experiments in nearby lakes were similar to results of whole-lake fertilization experiments 

conducted in the temperate zone (Carpenter et al. 1996). In both the low Arctic and temperate 

lakes, phytoplankton populations increased dramatically with increased nutrient loading. The 

response of higher trophic level organisms depended on the food web configuration. When fish 

were present in nutrient-addition treatments, large bodied zooplankton like Daphnia were not 

able to respond to increases in phytoplankton food resources. When large-bodied zooplankton 

densities remained low, microzooplankton increased dramatically in response to increased 

phytoplankton abundance, as also found by Pace et al. (1998). This similarity in response in 

large-scale fertilization experiments suggests that trophic cascades (Carpenter et al. 1996) 

function in a similar manner in Arctic and temperate lake ecosystems. 

 

<2>On-going Whole-Lake Fertilization Experiments 

 

The previous experiments were carried out with fairly large increases in nutrient levels. 

In 2001 a low-level fertilization experiment on a deep and a shallow lake was initiated to assess 

the impact of likely increases in nutrient loading due to climate warming and associated 

environmental changes. Fertilization at two times natural loading rates was begun in Lake E6 

(maximum depth of 3 m, fishless) and Lake E5 (maximum depth 12 m, contains arctic char) to 
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assess the degree to which any increases in primary production would result in increased biomass 

and productivity of zooplankton and fish. Lakes Fog2 (deep) and Fog4 (shallow) were chosen as 

reference systems. In these whole-lake fertilization experiments, N and P were added along with 

small amounts of 15N to serve as a tracer of nutrient flow. This tracer allowed us to assess the 

time lags of when different food web components are able to use the added nutrients.  

This low-level fertilization of Lakes E5 and E6 is ongoing. Preliminary results indicate 

that the fertilization treatments had immediate effects on phytoplankton populations. Chlorophyll 

concentration and rates of primary production of phytoplankton increased after the initiation of 

the fertilization treatments. These increased levels may have been enhanced each year indicating 

that the effects of fertilization during one summer carry over to subsequent years. The fact that 

this carry-over occurs even though residence time of the water in these lakes is less than one year 

(Evans 2007) suggests storage and return of nutrients from the sediments.  

As in the other whole-lake fertilization experiments, effects on higher trophic levels have 

been less obvious. Some taxa of crustacean zooplankton have increased in abundance in Lakes 

E5 and E6 relative to the reference lakes, but only in years with higher than average epilimnetic 

temperatures. Lower temperatures increase the egg development time of cladocerans and appear 

to limit their population response to added food during cooler summers. 

In the fertilized lakes, the phytoplankton and zooplankton took up the 15N tracer during 

the first summer. The concentration of 15N in phytoplankton increased over the summer, and 

different zooplankton taxa accumulated the 15N label at different rates with the faster uptake 

occurring in cladocerans and slowest uptake in cyclopoid copepods. Detectable increases in 15N 

were not observed in benthic chironomids or snails until the second summer of the experiment. 

Increases in 15N concentrations of arctic char were not observed until the third summer of the 
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nutrient additions. This lagged response of the benthic components of the food web is similar to 

the lagged response we observed in the previous higher-level fertilization experiment in Lake N2 

(Kling 1994).  

 

<2>Consumer Effects on Lake Processes 

 

Both vertebrate and invertebrate planktivores in Toolik area lakes have dramatic impacts 

on zooplankton assemblages. In laboratory experiments, invertebrate predators, particularly the 

large calanoid copepod Heterocope septentrionalis, fed selectively on smaller cladocerans 

(Luecke and O’Brien 1983b). In lakes where H. septentrionalis is abundant, the dominant 

zooplankton species possess a variety of defenses such as gelatinous coverings (Holopedium 

gibberum), extended helmets (Daphnia longeremis), or behaviors that prevent effective 

consumption as found in Bosmina longirostris and Diaptomus pribilofensis. In water bodies 

where H. septentrionalis is not present, the dominant zooplankter is Daphnia pulex, a highly 

vulnerable prey item. Rates of H. septentrionalis feeding on D. pulex in the laboratory indicated 

that predation rates could exceed reproduction of D. pulex under field conditions. 

Studies on the feeding selectivity of planktivorous fishes indicate that large and heavily 

pigmented zooplankton were fed upon preferentially by both juvenile grayling and juvenile lake 

trout (O’Brien 1979). A simulation model of arctic grayling feeding (O’Brien and Evans 1992) 

indicated that predation rates on large-bodied zooplankton like D. middendorffiana would be 

sufficient to explain the differences in zooplankton assemblages present in fish and fishless lakes 

near Toolik. Results of the laboratory experiments and modeling simulations also explained why 

the limnocorral treatments that contained fish (O’Brien et al. 1992) had decreased abundances of 
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D. middendorffiana and H. septentrionalis. These results help explain why the presence of fish 

has a dramatic impact on zooplankton assemblages in these lakes, even though diet composition 

and analyses of stable isotopes of carbon and nitrogen indicate that zooplankton comprise a very 

minor part of both grayling and lake trout diets. The high selectivity of the juvenile stages of 

these two fish species for large-bodied zooplankton greatly reduces these prey in lakes with high 

fish densities. After the large-bodied zooplankters are nearly eliminated, fish begin feeding on 

benthic invertebrates. 

This conceptual model of the impact of fish predation is further supported by results of 

several whole lake food web manipulations. In 1988-89 most of the lake trout greater than 300 

mm were removed from Lake NE12 by intensive gillnetting. These larger lake trout are potential 

piscivores and feed to some degree on sculpin and juvenile grayling. After the lake trout 

removal, juveniles of both grayling and lake trout began consuming more pelagic zooplankton 

prey resulting in several very successful recruitment years (Keyes et al. 2007). As these juvenile 

fishes became more plentiful, their feeding rates on zooplankton resulted in a decrease in the 

abundance of Daphnia.  

These interactions in lake food webs were further demonstrated by experimental 

reductions in lake trout density in a series of lakes. The removal of lake trout was accompanied 

by a large increase in recruitment of both juvenile lake trout and arctic grayling (Merrick et al. 

1992). These successful year classes provided forage for burbot, formerly present at low 

densities, whose population increased as an indirect function of lake trout removal. These 

compensatory changes demonstrate the complexities inherent in food webs in arctic lakes. 

Herbivorous macrozooplankton also exert top-down effects on lake communities 

(Carpenter et al. 1985). Natural densities of crustacean zooplankton exhibited grazing rates of 
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between 12 and 22 % of the water column per day in lakes E5, E6, Fog2, and Fog4 (Burkart 

2007). A multiple regression model indicated that the variation in grazing rates was due to the 

species of zooplankton present and water temperature (r2=0.78). These clearance rates accounted 

for approximately 20-80 % of the primary production of phytoplankton in the four lakes during 

the summers of 2000-2002, indicating that during warm periods of high cladoceran biomass 

grazing greatly reduces the growth rate of phytoplankton populations. The lack of large 

herbivorous cladocerans and relatively low densities of smaller copepods in Toolik Lake (Fig. 

8.11) reduces the ability of herbivorous zooplankton to exert strong grazing effects on 

phytoplankton (O’Brien et al. 1997). 

Grazing by crustacean zooplankton appears to influence the species composition of 

phytoplankton assemblages in the lakes near Toolik. In fishless lakes where biomass of Daphnia 

often exceeds 100 µg L-1, phytoplankton assemblages were dominated by taxa with cell sizes of 

greater than 80 µm in their longest dimension (Fig. 8.7, Burkart 2007). Reciprocal grazing 

experiments indicated that zooplankton from two fishless lakes exhibited higher grazing rates 

when feeding on phytoplankton from lakes containing fish. These higher grazing rates only 

occurred during late summer when water temperatures exceeded 16 oC and Daphnia populations 

were at maximal levels. The reported 30 % increase in zooplankton feeding rates on 

phytoplankton from lakes with fish was likely due to the dominance of small, single celled 

phytoplankton present in these lakes (Burkart 2007).  

 

<1>Evidence of Response to Recent Climate Change 
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The longest data sets on environmental change in lakes of this region come from Toolik 

Lake which has been monitored since 1975 and which serves as the primary long-term 

monitoring site for lakes in the region. Additional data come from more than 30 lakes (including 

those in Tables 8.1 and 8.2) that have been monitored less intensively but which have been 

sampled since the late 1980s or early 1990s.  

Since 1975 there has been a very slight increase in average mid-summer epilimnetic 

water temperatures in Toolik Lake, but the increase is not statistically significant (Fig 

8.17)[INSERT FIG. 8.17 HERE]. This is in keeping with the data showing a slight but non-

significant increase in mean annual air temperatures at Toolik Lake (Chapter 2), and not 

unexpected when considering that most warming in the Arctic has occurred in the winter 

(Chapter 2). In addition to the lack of trends in summer lake thermal conditions, no perceptible 

changes have been observed for many of the physical, chemical, and biological characteristics of 

Toolik Lake. For example, we have seen no substantial changes in chlorophyll concentrations 

(Fig. 8.18)[INSERT FIG. 8.18 HERE], nor is there evidence of significant changes in nutrient 

concentrations. The apparent lack of changes in nutrient concentrations may be related to their 

extremely low concentrations and to the fact that our analytical methods for nutrients have 

become more sensitive during the course of the Arctic LTER program. In contrast, the most 

significant long-term trend we have observed is a relatively large increase in lake water alkalinity 

(Chapter 6, Fig. 6.14), also observed in other lakes in the region. Although thaw probe 

measurements show no significant trend of increasing depth of the summer active layer (from 

1990-2011, Chapter 6), measurements of strontium isotopes in the inlet stream to Toolik Lake 

suggest that the source of alkalinity is from weathering of previously frozen glacial till at the 

bottom of the active layer (Keller et al. 2007). One would expect that this increased contact with 
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mineral soil would result in an increase in P delivery to lakes and streams as the mineral apatite 

(calcium phosphate) is present in the glacial till. While the P concentrations in streams and lakes 

have not increased, we do know that the Milky Way tributary to Toolik Inlet, which drains a 

gravel mine last active in the early 1970s, has the highest P concentrations of any tundra stream 

in the region. This area mined for gravel has subsided due to removal of several meters of 

material from the surface followed by thawing of permafrost and melting of contained ice; this is 

consistent with greater weathering of deeper soils that are apatite rich. The lack of a trend of 

increase in the lakes of P concentration over time could be a result of insufficient sensitivity in 

our chemical methods at such low P concentrations, or it could be that terrestrial plants and 

stream and lake organisms take up phosphate as soon as the mineral form is broken down.  

Recent observations suggest that changes in lakes in this region are being driven more by 

an increase in major disturbances than by the direct or indirect impact of warming on lake or soil 

processes. One disturbance is an increase in wildfire. In 2007, a 1,000 km2 tundra fire occurred 

35 km north of Toolik Lake (Rocha and Shaver 2011). In the fire-affected area it appears that 

land-surface failures due to thawing ground ice have greatly increased. Even in the absence of 

fire, there may be an increase in “thermokarst” formation in northern Alaska (Chapter 7, Bowden 

et al. 2008). However, any increase in recent years is difficult to conclusively document as most 

of these thermokarst disturbances cannot be seen by satellites. Whether these thermokarsts are 

due to climate warming or fire increase, they lead to increased solute and nutrient transport to 

streams and lakes (Bowden et al. 2008; Gooseff et al. 2009), alter lake clarity, and represent a 

major disturbance to lake ecosystems that may persist for years.  

 

<1>Future Predictions of Ecosystem Processes in Arctic Alaskan Lakes  
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The general circulation climate models indicated that for the Arctic there will be 

increases in temperature of 4-6° over the next century, but most of this change is expected to 

occur during winter periods (Chapter 2). These higher air temperatures are coupled with a 10 % 

increase in precipitation, although the multi-model predictions for just northern Alaska indicated 

higher precipitation (1.5 to 3 fold increases, Chapter 2) which would create a warmer and wetter 

environment for the Toolik region. The large inter-annual variability in climate measurements 

and forecasts for this region make it difficult to make precise predictions of how lake ecosystems 

will change in future years. Although indices of summer lake temperatures and lake productivity 

have shown little change at Toolik Lake since the mid-1970’s, increases in air and soil 

temperatures have been recorded in nearby regions (Hinzman et al. 2005). The location of Toolik 

in the foothills near the Brooks Range increases local meteorological influences and makes 

identification of regional climatic trends more difficult. However, it is possible to use the 

mechanistic studies and results obtained under a variety of climate “extremes” at Toolik Lake in 

order to describe the potential future changes in ecosystem processes due to warming 

temperatures and altered moisture regimes.  

Future increases in summer lake temperatures and increased thermal stratification of the 

lakes could greatly influence the diversity of biological communities and the rates of growth and 

other ecosystem processes of these lakes. For example, while phytoplankton productivity 

responds more strongly to light and nutrients than to temperature (e.g., Evans 2007), the response 

of zooplankton and fish to changes in temperature may be dramatic. In one study by Yurista 

(1999), the effects of temperature on the energy budget of D. middendorffianna indicated that the 

lakes of this region rarely exceed optimal temperatures for growth of this species. A warming of 
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surface waters would reduce the ability of D. middendorffianna to thrive in the epilimnion of 

deeper lakes and may eliminate this species from shallow ponds. Yurista (1999) concluded that 

the combination of high ingestion rates at cold temperatures and low assimilation rates at warmer 

temperatures allows D. middendorffiana to thrive in the arctic lakes of today, but may pose 

difficulties if climate change increases lake temperatures and length of growing seasons such that 

temperate-zone Daphnia populations invade the Arctic. 

An initial study on the effects of climate on fish using a bioenergetics simulation model 

showed that increased lake temperatures would greatly reduce the ability of lake trout to thrive in 

these low-arctic lakes (McDonald et al. 1996). Lake trout prefer water of 10 °C with oxygen 

concentrations above 6 mg L-1 and show stress at temperatures above 15°C. The lack of abundant 

deep-water habitat in most of the lakes of the region means that usable summer habitat for lake 

trout would decrease by 30 % if epilimnetic temperatures rise by 2 oC (Hobbie et al. 1999). This 

reduction of habitat is exacerbated if nutrient loading to the lakes increases phytoplankton 

productivity resulting in decreases in hypolimnetic oxygen concentrations, or if ground water 

inflows increase leading to chemical stratification which reduces mixing and also contributes to 

increased anoxia. In another region of northern North America, Sellers et al. (1998) suggest that 

loss of habitat for lake trout in lakes on the Canadian Shield may already be occurring. 

Some insight into potential effects of climate warming on fish populations in the lakes 

near Toolik may be gained by studying warm summers. Analyses of the length-weight 

relationships of the common fishes of the Toolik area indicated that in summers when 

epilimnetic temperatures exceed 15 oC for extended periods, a decrease in the slope of the 

length-weight relationship occurs for lake trout, arctic grayling, and arctic char (Fig. 

8.19)[INSERT FIG. 8.19 HERE]. Additional increases in epilimnetic temperature would likely 
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result in dramatic declines in fitness of the fishes in these lakes. The shallow nature of many of 

the lakes coupled with the lack of food resources below the epilimnion may make it difficult for 

these fish populations to persist. 

In addition to future climate warming, it is likely that the patterns and amounts of 

precipitation will be changed. Although predictions of moisture change are inherently difficult 

and have a greater uncertainty than predictions of temperature change, we do know for example 

that more of the annual precipitation will fall as rain rather than snow in a warmer world. As has 

been seen for much of the world so far, climate warming also tends to increase the extremes of 

moisture with longer droughts and more intense storms (Chapter 2). The response of the lakes to 

increased stream discharge may be influenced by the magnitude of discharge as well as changes 

in thermal stratification. During small storm events stream temperatures remain fairly warm, and 

if the lake is stratified nutrient inputs enter the upper mixed layer and upper metalimnion 

(MacIntyre et al. 2006). In contrast, larger storm events discharge colder water, which would 

tend to deliver associated nutrients to deeper layers in the lake where light limitation reduces the 

potential for these nutrients to increase algal productivity. In either case, the fate of incoming 

solutes will depend on the strength of stratification and its effects on vertical mixing. 

Increased solute loading to surface waters of lakes coupled with warmer summer 

temperatures has the potential to increase biotic production in the lakes of the region. Results 

from whole-lake fertilization studies indicate that phytoplankton abundance and productivity 

increases with nutrient loading even when relatively small amounts of nitrogen and phosphorus 

are added to the lakes (O’Brien et al. 2005). Unlike phytoplankton, zooplankton responded 

positively to lake fertilization only when temperature conditions allowed for more rapid egg 

development. Zooplankton showed no increase in response to the fertilization of lakes E5 and E6 
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when epilimnetic water temperatures remained below 15 oC (C. Luecke, unpublished data). 

Under the climate warming predicted for the Toolik region, it is possible that increased water 

temperatures will be sufficient for zooplankton to respond to increases in primary production. 

The net effect on the food web of enhanced rates of primary production from increased 

nutrient supply and increased water temperatures will depend on whether organisms at higher 

trophic levels will be able to use this extra food resource. The complex life histories of 

organisms that have evolved to thrive in low-arctic conditions may be disadvantageous in a 

warmer Arctic. The rapid increases in air temperatures forecast for much of the Arctic during the 

next 20 years (ACIA 2004), would provide little opportunity for organisms to evolve adaptations 

but may allow for the invasion of arctic habitats by organisms currently present at lower 

latitudes. The combination of warming waters and invasive species may prove detrimental to the 

native aquatic fauna of low arctic regions (Hellmann et al. 2008). The more moderate 

temperature changes predicted for the Toolik area may reduce the likelihood of invasions by 

exotic species. 
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<1>Introduction  

 

The most remote regions of the globe are affected by natural processes and human-

related activities occurring thousands of miles away. Atmospheric circulation is global and the 

transport of heat is leading to warming arctic climates and increased melting of glaciers and sea 

ice. Atmospheric circulation and chemistry also play a pivotal role in affecting the transport and 

deposition of both inorganic and organic substrates on local and global scales. Results of the 

deposition now are found as a “chemical laundry list” in snow from various locations in the 

Arctic. For example, enhanced amounts of the neurologically toxic metals, lead (Pb) and 

mercury (Hg), are common at high latitudes (Vandal et al. 1995, Marteel et al. 2008). Other 

metals such as copper (Cu), zinc (Zn), and cadmium (Cd) are also elevated. Also evident are 

modern creations described as persistent organic pollutants (POPs) including 

chlorofluorocarbons (CFCs), polychlorinated and brominated biphenyls (PCBs and PBBs), flame 
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retardants such as polybrominated diphenylethers (PBDEs), pesticides, and soot, the wide-spread 

product of combustion (e.g., Grannas et al. 2012, Halsall 2004, and Garbarino et al. 2002).  

The limited measurements of airborne metals and POPs reaching the North Slope of 

Alaska and the Toolik Lake region show the same list of chemicals as in other arctic regions. 

However, geography, far away from Europe across the Arctic Ocean and somewhat protected by 

the Brooks Range to the south, helps to keep concentrations low. Ford et al. (1995), for example, 

in a survey of the distribution of pollutants using concentrations in a species of moss as their 

indicator, found low concentrations of Pb, Cd, Cu, V (vanadium), and Zn in a series of samples 

across the North Slope. Two studies of sediments, lake trout, and arctic grayling in a deep lake 

200 km east of Toolik Lake revealed organochlorine pesticides, PCBs, and lindane (Wilson et al. 

1995), while Gubala et al. (1995) measured DDT and DDE in the same lake. These authors also 

studied one core from the lake in detail to measure how Hg changed in concentration with depth.  

A potential mechanism for the transport of these contaminants to the Arctic is presented 

in a series of reports by the Arctic Monitoring and Assessment Programme (AMAP). This 

mechanism, whereby POPs are transported from temperate-zone industrialized source regions of 

the northern hemisphere to the Arctic, involves multiple stage distillation and condenser-like 

deposition processes (MacDonald et al. 2000, Simonich and Hites 1995). Such a mechanism 

would lead to seasonally and latitudinally dependent transport and accumulation. As suggested in 

Fig. 9.1[INSERT FIG. 9.1 HERE], similar processes may transport Hg from tropical to polar 

regions. Note that the atmosphere is the principal route by which Hg is transferred at the Earth’s 

surface, and that the major species transported is the elemental form, Hg0, which has an 

atmospheric residence time of one year or less (Selin et al. 2008, Lindberg et al. 2007). Along 

with this unusual volatility for a metal, Hg also exhibits sea-to-air evasion which acts to extend 
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atmospheric transport. Therefore, natural and pollutant Hg can be readily dispersed intra- and 

inter-hemispherically and as with Pb and POPs, the remote Arctic is not spared.  

Recently, Helgason et al. (2008) reported that POP levels declined in seabird eggs from 

northern Norway between 1983 and 2003. Mercury, in contrast, remained relatively constant. 

The recent assessment on mercury in the Arctic (AMAP 2011) complements this chapter which 

emphasizes results from one region around the Toolik Field Station, Alaska. Additional features 

of the global Hg cycle such as high temperature anthropogenic sources (e.g., coal burning) and 

natural Hg inputs associated with volcanoes are shown in Fig. 9.1. 

 

<1>Contamination in Polar Regions: Lead and Mercury Connections 

 

Studies on Pb distribution at high latitudes began in the 1960s with samples from recent 

and ancient snow in northern Greenland and continued with ice samples from the Rockefeller 

Plateau in West Antarctica. They provided unequivocal analytical and chronological evidence for 

widespread, modern environmental Pb contamination. Its undisputed cause was emissions from 

the combustion of leaded gasoline and the broad atmospheric dispersion of Pb on very fine 

aerosol particles (Murozumi et al. 1969). This work alerted the scientific community to global 

scale pollution beyond that associated with radioactivity from nuclear explosions and carbon 

dioxide emissions from fossil fuel combustion. It also provided impetus for the use of dated 

glacial strata as a means of reconstructing historical patterns of contamination as well as 

temperature and other climate-related variables. 

The Pb concentration profile versus sample age from the classic Greenland investigation 

shows that the Pb levels in 1965 are about 10 times greater than those in the mid-1700s and 



331 
 

greatly enhanced (> 200 times) compared to 800 B.C. (Fig. 9.2)[INSERT FIG. 9.2 HERE]. A 

dramatic increase in Pb deposition occurred following World War II, which coincided with an 

increase in the use of gasoline containing tetra-ethyl Pb as an “anti-knock” additive. Lead-ore 

smelting was the major source of pollution before the advent of leaded gasoline, and its influence 

on Pb deposition to remote regions can be traced back to Roman times (Renberg et al. 2000, 

Brännvall et al. 2001). Lead contamination of the Earth continued effectively unabated until the 

phase-out of leaded gasoline began in the United States during the mid-1970s, and in Europe 

about a decade later. Although global-scale Pb pollution has been declining, contamination 

continues because leaded gasoline remains in use in many countries, especially in Africa and 

Asia (UNEP 2008). 

The mosquito study summarized in the vignette below, while pointing to the insects’ 

potential as biomonitors of Hg deposition, also raises several related environmental questions. 

For example, is the Hg accumulating in mosquitoes primarily natural or enhanced by pollution? 

What is the origin of Hg observed in precipitation? Is it local or transported from some distance? 

Aspects of such questions can be addressed by careful reconstruction of atmospheric Hg 

deposition over time. For example, tree ring records, glacial cores, and lake sediment archives 

are potentially useful in determining temporal variations and spatial patterns for the deposition 

and accumulation of Hg and other contaminants. Ford et al. (1995) and Gubala et al. (1995) used 

moss monitoring and one lake core, respectively, to provide a semi-quantitative assessment for 

the local and longer range transport and deposition of contaminants (including Hg) to the Toolik 

environs. In detailed investigations reported here, multiple sediment cores from many lakes were 

analyzed and dated. Results from these dated lake sediment archives (given their broad 

geographic presence) have provided an experimental framework and reliable mass balance and 
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modeling constraints for our studies of the biogeochemical cycling and contamination of Hg in 

the Arctic and in a variety of other remote environs. 

 

<1>Environmental Mercury Cycling 

  

As suggested in Fig. 9.1, Hg is not only a toxic trace metal but it possesses one of the 

most complex and investigatively-challenging biogeochemical cycles in nature (Fitzgerald and 

Lamborg 2003). Its three-phase character enables natural and contaminant Hg to be readily 

mobilized and dispersed world-wide, to interact in a myriad of complex reactions and 

transformations, to bioaccumulate as the very toxic monomethylmercury species (MMHg) in 

aquatic organisms (especially piscivorous fish), and to present a human-health risk and 

environmental concern (Fitzgerald and Clarkson 1991). A simple but useful view centered on the 

biogeochemical cycling of Hg in tundra aqueous systems and watersheds is presented in Fig. 

9.3[INSERT FIG. 9.3 HERE]. 

There are a variety of pressing and challenging research issues relating to Hg 

contamination and its cycling and fate in nature. Health concerns associated with human 

exposure to MMHg are especially important international issues (Mergler et al. 2007). Indeed, 

fish consumption advisories have been issued by most countries and the World Health 

Organization (FAO/WHO 2006). In the United States, for example, the Environmental 

Protection Agency (USEPA 1997) and the Food and Drug Administration (USFDA/USEPA 

2004) have each provided guidelines designed to reduce human exposure to MMHg through the 

limited and wise consumption of freshwater and marine fish. These warnings continue to raise a 

variety of questions as to the sources of Hg, the routes by which Hg enters aquatic systems, its 
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chemically active forms (i.e., bioavailability), and the mechanisms and processes that lead to its 

bioaccumulation in fresh and salt water environments. The public debates associated with the 

USEPA Mercury and Air Toxics Standards (MATS) have raised awareness and worries related 

to linkages between Hg levels in aquatic organisms and anthropogenic Hg emissions from 

sources such as power plants. More broadly, interest in Hg is world–wide as reflected by the ten 

international conferences on “Mercury as a Global Pollutant” that have been held since 1990. 

Although, this chapter is focused principally on mercury cycling and contamination in 

arctic Alaska, it provides a useful framework for investigating the behavior and fate of many 

contaminants in polar regions. Indeed, because the mobilization of Hg through industrial, 

medicinal, and mining applications is local to global in scale, because the interactions and 

reactions of Hg involve three phases (gas, liquid, and mineral), and because of well-documented 

environmental dispersion and ecosystem contamination, Hg provides a valuable analog for the 

biogeochemical cycling of many inorganic and organic pollutants, especially in the Arctic.  

 

____________________________________________________________________________   

 

<1>Vignette 9.1.  Mosquitoes as Mercury Biomonitors, by William Fitzgerald 

  

The summertime tundra near Toolik Lake is quiet except for the buzzing of mosquitoes 

attracted to scientists and other large animals. Their numbers are staggering; they transform the 

back of a jacket into a grey Harris Tweed look-a-like with a packing density approaching 200 in 

the area of an average hand. Because mosquitoes could not be ignored and because they grow in 
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water-saturated tundra, we wondered if they contained Hg, and not just inorganic forms but the 

toxic monomethylmercury (MMHg) species.  

Mosquitoes near Toolik Lake were hand-collected and analyzed (Fig. 9.V1)[INSERT 

FIG. 9.V1 HERE]. They did indeed contain MMHg and at relatively high concentrations. The 

experiments were repeated and the results were strikingly reproducible, even from year to year. 

These initial tests led to the broader question as to whether MMHg would be present in 

mosquitoes from other locations. Samples were also analyzed from Michigan, California, and 

Florida. Not only did they contain MMHg, but even more importantly there was a direct 

relationship between the amount of MMHg in the mosquitoes and the amount of Hg deposited by 

way of precipitation (Fig. 9.V2)[INSERT FIG. 9.V2 HERE]. 

Notice the substantial difference between the delivery of Hg to the Arctic and to Florida, 

a consequence, in part, of Florida’s much higher rainfall. There is almost 10 times as much Hg 

deposited in rain from Florida as in rain from Alaska. The results are striking, and show a linear 

relationship between the concentration of MMHg in mosquitoes and the annual flux of Hg in 

precipitation. That is, as the amount of inorganic Hg increases with increased precipitation, there 

is an enhancement of MMHg in mosquitoes. Similarly, if Hg flux via precipitation were to 

diminish, then the MMHg content of the mosquitoes would be expected to decline. This was the 

first among recent studies lending strong support to models which had suggested that reducing 

the amount of Hg being delivered from the atmosphere (the principal source at the Earth’s 

surface) would lead to the reduction of MMHg in ecosystems.  

____________________________________________________________________________   

 

<1>Arctic Mercury Depletion Events 



335 
 

 

A unique aspect of Hg cycling at high latitudes is atmospheric mercury depletion events 

(AMDEs). These phenomena, in which total gaseous mercury (TGM, > 99% as Hg0) is removed 

from the atmosphere and deposited to terrestrial and aquatic environs during polar sunrise, were 

first observed at Alert (Ellesmere Island, Canada), and have been confirmed in many other 

coastal polar locations, including, Churchill (Canada, Kirk et al. 2006), Barrow (Alaska), Station 

Nord (northeast Greenland), Svalbard (Ny-Ålesund), and Neumayer (Antarctica). These 

extraordinary scavenging reactions are illustrated in Fig. 9.4[INSERT FIG. 9.4 HERE]. Notice 

that over a period of about 8 to 12 weeks, there are significant drops in the atmospheric levels of 

TGM. Moreover, there is a corresponding increase in Hg associated with atmospheric particles 

(i.e., aerosols) and the amounts of Hg accumulating in snow (Lahoutifard et al. 2005). The 

removal of Hg from the troposphere during Arctic spring was immediately recognized to be 

connected with the general phenomenon of “Arctic Haze” because of the tight correlation 

between Hg and ozone. However, it wasn’t until several more years of measurements had been 

conducted and at several locations in the Arctic that the possibility was brought forward that 

bromine chemistry in the atmosphere was behind much of the oxidation and removal of Hg from 

the Arctic atmosphere (Steffen et al. 2008). Indeed, it may very well be one of the primary 

drivers for the cycling of this toxic metal outside of the Arctic as well. Although research 

focused on AMDE has increased, knowledge is limited about the terrestrial, lacustrine, and 

marine cycling of Hg in polar regions and the ecosystem impact from pollution-derived Hg at 

high latitudes (AMAP 2011). 

Accordingly, our studies in the U.S. Arctic are driven by the critical need for detailed 

scientific knowledge of Hg cycling in polar regions. These efforts have also been spurred by the 
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associated human-health worries, social impacts, and ecological concerns which have been 

exacerbated by significant world-wide anthropogenic Hg emissions. We have focused on (a) 

atmospheric Hg deposition and contamination of lakes and watersheds, (b) in-lake cycling of Hg, 

especially the MMHg species, and (c) the behavior and fate of Hg0, whose production and 

mobilization via water-air exchange is quite significant. The studies, which began in 2000, have 

been conducted in the terrestrial and lacustrine environs near the Arctic LTER site at the Toolik 

Field Station (68° 38’N, 149° 38’W). Although human impact affecting the transport and 

deposition (e.g., AMDEs) was evident, there was little knowledge about the reactions and 

mechanisms of the biogeochemical cycling of Hg in the Arctic. As detailed below, we found that 

North Slope lakes behave similarly to those in temperate latitudes, although the various reactions 

differed in their relative importance. Thus, research at Toolik has provided critical data regarding 

Hg cycling in this unique and changing landscape while also providing broad insights that will 

promote research elsewhere. 

 

<1>Atmospheric Mercury Fluxes in Northern Alaska 

 

As illustrated in Vignette 9.1, Hg loading in precipitation on the tundra is much less than 

that in the Florida Everglades. Quantitatively this is good news, but with Hg there is usually 

more to the biogeochemical story. For example, how do AMDEs affect total Hg loading and how 

have the loadings changed with time? Is there significant evidence of anthropogenic impact and 

how does it compare to other locations? Using sediment archives obtained from five carefully 

selected lakes with small watersheds, modest depths, and simple (single-basin) bathymetry, we 

reconstructed atmospheric Hg deposition to arctic Alaska over the last several centuries. The 
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magnitude of this change is illustrated in Fig. 9.5[INSERT FIG. 9.5 HERE], where whole-lake 

Hg sedimentation based on 11 210Pb-dated cores from each of the five lakes demonstrates an 

average three-fold increase in atmospheric Hg deposition since the advent of the Industrial 

Revolution. In addition, the anthropogenic Hg impact in the Arctic is of similar proportion to that 

at other remote locations worldwide (Fig. 9.6)[INSERT FIG. 9.6 HERE]. Thus, and although the 

atmospheric loadings of Hg on the North Slope of Alaska are smaller than those delivered to 

Florida (in preindustrial times as well as today), the human–related impact is comparable. 

However, the Toolik core records show no evidence for recent declines in Hg deposition, which 

have been noted at sites closer to industrial Hg sources at lower latitudes (e.g., Drevnick et al. 

2012). This signal of declining Hg emissions from eastern North America and Europe may not 

be evident in the Toolik region, either because the Arctic is recording the global trend in 

atmospheric Hg – which has not diminished owing to increased Hg emissions from Asia 

(Lindberg et al. 2007) – or because of low temporal resolution in the slowly accumulating 

sediments of Arctic lakes. 

 

<1>Whole Lake Hg Budgets 

 

The well-constrained mass balances for Hg and MMHg (Fig. 9.7)[INSERT FIG. 9.7 

HERE] provide much biogeochemical insight as well as the framework for our reaction and 

mechanistic investigations. Primary sources of Hg in arctic Alaskan lakes are direct atmospheric 

deposition to the lake surface as well as deposition to and runoff from watersheds. This 

atmospherically derived Hg is “environmentally active” and available for reactions that produce 

both Hg0 (Tseng et al. 2004) and MMHg (Hammerschmidt et al. 2006). At the same time there 
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are significant erosional or mineral sources of Hg that do not appear to be labile and available for 

transformations. Another result is that an additional source term is needed to balance the evasion 

and sedimentation sinks for Hg (Fig. 9.7 left; Fitzgerald et al. 2005). This additional flux (1.2 ± 

0.7 µg m−2 yr−1, or an input of 2.1 ± 1.3 µg m−2 yr−1 for a lake with a ratio of area of watershed to 

area of lake of 3, likely is due to some combination of springtime AMDEs or more generalized 

deposition of reactive gaseous mercury (RGM) (Lindberg et al. 2002). In either case, it is likely 

that this is a source of Hg that is available for transformation to MMHg.  

Our subsequent investigations focused on the biogeochemistry of MMHg in four arctic 

Alaskan watersheds. We constrained the principal features of the MMHg cycling based on our 

summertime sampling and findings (Fig. 9.7). These studies (Hammerschmidt et al. 2006, 

Hammerschmidt and Fitzgerald 2006a) have shown that: (1) the contribution of MMHg from 

tundra watersheds is modest relative to in situ benthic production with 80−90% of total MMHg 

inputs provided by diffusion from sediments, (2) benthic MMHg production is related to 

loadings of environmentally-active Hg from the atmosphere and is independent of sulfate, and 

(3) photodecomposition — a process confined to the short, ice-free season in the Arctic — is the 

primary control for MMHg in arctic Alaskan lakes (70−90% of inputs) and attenuates 

bioaccumulation. These results provide a foundation for ongoing research that is testing critical 

reaction and process-oriented hypotheses dealing with the mechanisms affecting the behavior 

and fate of MMHg in arctic lakes and watersheds. In addition, this work raises important 

questions as to the spatial extent of AMDEs and their ecosystem impact; i.e., what are the 

connections between the observed delivery of Hg to the ice and snow pack (Constant et al. 2007, 

Poulain et al. 2007), the net accumulation of Hg in a polar aquatic system (e.g., tundra lakes), 

and production and bioaccumulation of MMHg. 
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<1>Summary and Conclusions 

 

This research points to a strong connection between atmospheric Hg deposition and the 

production and bioaccumulation of MMHg. It is evident that loading of environmentally active 

Hg from the atmosphere, through deposition to lake surfaces and watersheds, is the major control 

on MMHg production in arctic Alaskan lake sediments, an observation supported by recent 

mesocosm and whole-watershed tests in northwest Ontario (Orihel et al. 2007, Harris et al. 

2007). Moreover, and across broad gradients of atmospheric Hg deposition in North America, 

there is a connection between atmospheric Hg fluxes and MMHg bioaccumulation in mosquitoes 

(Hammerschmidt and Fitzgerald 2005) and in fish (Hammerschmidt and Fitzgerald 2006b). This 

suggests that processes that enhance the atmospheric deposition or watershed transport of Hg to 

sites of methylation will increase the production and bioaccumulation of MMHg. Near Toolik 

the atmospheric Hg deposition associated with AMDEs (1.2 ± 0.7 μg m−2 yr−1), or more 

generalized deposition of RGM, is equivalent to the wet atmospheric deposition (1.5 ± 0.6 μg 

m−2 yr−1). This suggests that AMDEs and RGM may double the net sedimentary production and 

bioaccumulation of MMHg in lakes near Toolik and potentially have equal or greater impact on 

MMHg cycling in other regions of the Arctic. 

Future mercury related research should include an important seasonal (spring) and 

geographical component (e.g., the region between Toolik, Barrow, and Deadhorse, AK) that 

would complement our summer source−sink investigations. Given the likely significance of 

increased atmospheric Hg fluxes (e.g., AMDE) during spring in the Arctic and the paucity of 

information regarding Hg loadings and cycling of MMHg in aquatic systems, it would be 
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appropriate to initiate a comprehensive suite of source-related, atmosphere−watershed−lake 

studies focused on the significance of springtime AMDE. While Hg deposition associated with 

AMDE increases near the coast, it is not clear if net deposition of Hg increases. Sedimentary 

archives will provide the answer. Moreover, if AMDE were to increase net Hg loadings to 

aquatic systems more proximate to the Arctic Ocean, as suggested by patterns of Hg in snow 

(Douglas and Sturm 2004), then one might expect MMHg to follow a similar pattern. That is, the 

bioaccumulation of MMHg in fish, zooplankton, and mosquitoes should reflect the influence of 

Hg loadings. Our initial survey of mosquitoes along a 200 km transect between Toolik Lake and 

the coast at Deadhorse revealed little variation in MMHg content, yet there is a 20-fold increase 

in gross Hg deposition. This surprising result suggests that net Hg deposition is comparable 

across the transect and caused by significant cycling and re-emission from the snow and ice pack 

(e.g., via photoreduction) of Hg deposited during AMDE (Hammerschmidt and Fitzgerald 2008). 

These hypotheses should be tested broadly in different arctic regions.  

The social impacts of our Hg research spring from the ecological and public health 

threats of Hg accumulation in the pan-Arctic environment. For example, loadings of Hg, 

including AMDE, to a delicate and changing ecosystem and their lasting influence are of 

concern. Although relatively unpopulated, the Arctic is home to indigenous peoples, many of 

whom rely on wild fish and piscivorous animals for part of their diet. Furthermore, our process-

based studies of Hg accumulation and cycling in arctic lakes enhance understanding of Hg 

dynamics in aquatic systems in general, and in particular, arctic lake environments. This research 

also provides a foundation for other investigations and assessments (e.g., potential effects of 

climate change such as warming, permafrost melting, and enhanced weathering) of Hg and 

MMHg cycling in polar freshwater ecosystems. The results may be applicable to arctic marine 
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systems that are home to fisheries of commercial, recreational, and cultural value to people 

outside of the Arctic. 
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<1>Chapter 10. Ecological Consequences of Present and Future Change in Arctic Alaska 

 

John E. Hobbie 

George W. Kling 

 

<1>Introduction and Chapter Description 

 

 In this chapter we bring together the evidence for changes in the ecology of an arctic 

Alaska site caused by climate changes, and predict the ecological changes by 2100. Some of 

these changes are the direct effects of a changing climate on physical, chemical, and biological 

processes while others are indirect effects resulting from a number of ecological processes and 

interactions. One example of an indirect effect is the argument that an increase in plant biomass 

was likely not the direct effect of warmer soils on plant growth but was the result of a longer 

period of unfrozen soils on the total microbial activity. The microbial activity converts 

organically-bound soil nutrients to forms usable by plants. Most of the evidence summarized 

here has been presented in the previous chapters of this book. 

 The Arctic LTER site at Toolik (the Toolik Field Station of the University of Alaska 

Fairbanks) was chosen to represent a well-vegetated, Low Arctic landscape including tundra, 

lakes, and streams. Data have been collected there since 1975 when the road supporting the 

Alaska Pipeline was completed. The rivers and lakes near Toolik drain into the Kuparuk River 

which flows north to the Arctic Ocean.  

In interpreting this long record of research, and in comparing predictions of change in 

this northern site with other landscapes in different climates, several key factors must be kept in 
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mind: First, the climate at latitude 69 oN is cold; summers are short and cool, with continuous 

daylight for most of the summer season, and continuous darkness in winter. The mean annual air 

temperature at Toolik is cold enough (-8.5 oC) that the entire region is underlain by continuous 

permafrost. Second, there is a strong north-south climate gradient of ~3.5 oC in the mean annual 

temperature of the Kuparuk River Basin (KRB) from the cool coastal plain bordering the Arctic 

Ocean to the warmer northern foothills some 170 km to the south where Toolik is located. Third, 

the site is quite isolated and in many ways pristine, with minimal direct impact of human 

activities both in the past and at present. Effects of human activities are limited to road dust and 

recreational and subsistence fishing and hunting. All wastes from the Toolik Field Station itself 

are trucked to Prudhoe Bay or Fairbanks. Streams and lakes in the area receive no nutrient 

enrichment and even atmospheric nitrogen deposition is minimal. The original animal 

communities of caribou, bear, wolves, foxes, arctic grayling, arctic char, and lake trout are 

largely intact.  

 

<1>Alterations in Climate Drivers of Change: Effects in Northern Alaska 

 

<2>Air Temperatures 

 

 Based on the 22-year record (1989-2010), Toolik annual air temperature averages -8.5 oC 

with a range from -10.6 to -5.8 oC (Table 2.2, Chapter 2). Over this period there is no statistically 

significant warming trend. One reason for this lack of a trend, despite significant warming at 

other areas in northern Alaska (Hinzman et al. 2005), is the particular period of record at Toolik. 

As noted in Chapter 2, this lack of a warming trend is largely an artifact of this period of record 
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and is entirely consistent with the lack of a warming trend at Barrow on the coast during exactly 

the same period. Barrow does, however, show a long-term warming trend over its 110-year 

record. For the 70 years beginning in 1940, the annual average air temperature at Barrow 

increased by a total of 2.0 oC (Hinzman et al. 2005). At the scale of the entire North Slope, the 

near-surface air temperatures have warmed more than 3 °C over the past 60 years (Shulski and 

Wendler 2007). 

 The lack of a significant warming trend in mean air temperatures at Toolik during the 

past 22 years contrasts with evidence of cumulative environmental changes near Toolik. One 

change linked directly to warming of the air is an increase in the ground temperatures at a depth 

of 20 m in a deep permafrost borehole located about 20 km south of Toolik (Romanovsky et al. 

2011). At this depth the annual changes are damped out and most of the temperature increases 

(0.8 oC over 20 years) are likely caused by warming air temperatures and perhaps changing snow 

cover (Fig. 2.15). Another indicator of change at the North Slope scale is the continued shrinkage 

of all the Brooks Range glaciers including one only 30 km from Toolik (Hinzman et al. 2005). 

Other cumulative effects, such as an increase in soil weathering linked to a deepening of the 

active layer and an increase in height and canopy density of vascular plants, are also linked to 

warming but indirectly (see details later in this chapter).  

 

<2>Precipitation, Water Balance, and River Discharge 

 

 A review of the Arctic as an integrated system (Hinzman et al. In press) reports that pan-

Arctic precipitation has increased by about 5 % since the 1950’s. Despite this increase, which 

also occurred in northern Alaska, Oechel et al. (2000) found that the summer water balance 
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(precipitation minus potential evapotranspiration) has decreased since 1960 in North Slope 

villages because of longer and warmer summers. In addition, Muskett and Romanovsky (2011) 

report that runoff has also decreased overall on the Alaskan arctic coastal plain and foothills. The 

complete water balance is more complicated, however, and recent analyses indicate that 

groundwater storage on the coastal plain and foothills, probably in the unfrozen “talik” zones 

beneath lakes and streams, has increased from 1999-2009 (Muskett and Romanovsky 2011). At 

the same time, there has been a reduction in surface water as thousands of shallow lakes have 

dried (Smith et al. 2005). These apparently contrasting observations may in fact be consistent 

considering that the surface active layer depth of unfrozen ground has been increasing in many 

areas of the Arctic (Brown et al. 2000, Liu et al. 2003), which would lead to a redistribution of 

surface water to groundwater.  

The data from Toolik (Chapter 2) show no statistically significant trends in either annual 

amounts of precipitation from 1989 to 2010 or in summer and winter amounts. The range of 

annual precipitation was 201 to 462 mm and the average annual precipitation was 312 mm. 

During this period, 60 % of the precipitation fell during summer months (June through August). 

Over the KRB, mean rainfall ranged from <50 mm yr-1 along the arctic coast to >240 mm in the 

foothills and Brooks Range. 

 The best record available for the long-term trends in Kuparuk River discharge is from the 

USGS gauge at the river mouth (Chapter 7). The total annual runoff has not changed 

significantly. However, there has been a shift in the timing of the spring runoff, which prior to 

1980 mainly occurred in June (Fig. 7.36). After 1990 the runoff in May became significant and 

now dominates the spring runoff although the total spring runoff volume has not changed. 

Despite the shift in timing of the entire Kuparuk River discharge, there has been no trend in the 



352 
 

timing of the snowmelt at Toolik. The fall runoff (September and October) of the entire Kuparuk 

River has increased in recent years but is still a small proportion of the total. The shift in runoff 

to earlier and later months has lengthened the flow season and there has been a marked increase 

in summer high-flow events. This longer flow season with no increase in spring runoff, and 

potentially higher temperatures, leaves the river susceptible to short-term droughts. These 

droughts have become more frequent in recent years and have the potential to negatively impact 

the biota by drying the river channel, reducing available habitat areas, and impeding migration of 

the grayling population to and from their overwintering sites (details in Chapter 7).  

 

<2>Arctic Sea Ice 

 

 According to the National Snow and Ice Data Center (NSIDC.org) the summer ice extent 

of the Arctic Ocean has decreased by 3 % per year since 1972. One estimate is that the summer 

ocean will be ice-free by 2050 although the newest models predict an even more rapid loss of ice 

(Wang and Overland 2012). The U.S. National Oceanic and Atmospheric Administration 

(http://www.arctic.noaa.gov/future/index.html) states that the reduced summer ice allows 

additional solar heat to be absorbed into the top 20 m of the ocean. This heat is slowly released to 

the atmosphere during the following autumn, which increases atmospheric temperatures. The 

October to December deviation in air temperature in the Toolik area (compared to the 

temperatures for the same months in 1968 to 1996) is ~1.7 oC (NSIDC.org). It is not yet 

determined if the major disturbance of reduction of sea ice in the summer has increased the 

number of convective storms in the KRB and in the area around Toolik. There are unpublished 

data showing an increase in the number of lightning strikes in arctic Alaska over the past decade, 

http://www.arctic.noaa.gov/future/index.html
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but a connection with a change in number of storms and an apparent increase in number of 

wildfires is not yet established.  

 

<1>Future Climates 

 

 Based on modeling exercises using mean output from the five general circulation models 

described in Chapter 2, it seems likely that the future climate throughout the KRB will be 

warmer and wetter, with more snow than presently occurs. By 2099 the annual mean temperature 

in the KRB, compared with the present, is projected to be ~0.5 oC warmer in the south and up to 

3 oC warmer in the north. For the same period, the precipitation is projected to be ~1.5 times the 

amount of current precipitation in the southern end of the basin and ~3 times the amount in the 

northern end (Figs. 2.18 and 2.19). This large change in the precipitation of the future would 

greatly affect both stream flow and soil moisture.  

However, it is well known that accurate measurement of precipitation is difficult because 

of wind and blowing snow, to mention only two problems. It is also well known that the global 

climate models are not very good at modeling precipitation. Hinzman et al. (In press) also 

discuss the difficulties of projecting future precipitation. They give one scenario in which 

permafrost degradation could lead to surface drying and this would result in less precipitation 

because ~25 % of high-latitude summer rainfall comes from recycled evapotranspiration 

(according to Serreze and Etringer 2003).  

 

<1>Physical Responses to Change in Northern Alaska 
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<2>Active Layer Thickness 

 

 As the climate warms, we expect that the thickness of the active layer near Toolik, that is, 

the annual depth of thaw of the ground surface, will increase. This is the principal layer where 

the cycling of C, N, and P controls availability of nutrients and sequestration of C. The 

expectation of change is based on correlations of the thickness of the active layer and the square 

root of the degree days of thawing (Shiklomanov et al. 2010), an indicator of the total heating 

over the summer. For example, in the drained lake landscape at Barrow the 1995-2009 data 

showed a mean of 36 cm of summer thawing (range 14 to 62 cm). At Toolik, Fig. 6.14 shows 

that for the period of 1990-2011 the mean active layer thickness in the tussock tundra was 40 cm 

with a range of 28 to 51 cm. There was no statistically significant change of the active layer 

thickness at Toolik over this period. No comparison of degree days of thawing and the thickness 

of the active layer has been made for Toolik.  

 In the Toolik region there is, however, strong evidence for an increase in the thickness of 

the active layer in at least some portion of the catchment based on changes in the chemistry of 

Toolik Lake and its inlet streams. The alkalinity of the lake has increased from ~350 to 600 µEq 

L-1 from 1975 to 2007 (Chapter 6, Fig. 6.14). The most reasonable explanation is that there has 

been an increase in weathering of previously frozen glacial till during this time. This material is 

either in a thin layer that has thawed at the bottom of the active layer, or in layers under the water 

tracks, rivers, and lakes where there is deepening of the thawed layer caused mainly by changes 

in soil water temperature or flow. As described in Chapter 6, the changing ratio of strontium 

isotopes in stream water supports this weathering hypothesis to explain the changes over time in 

the chemistry of Toolik Lake. 
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<2>Permafrost Warming 

 

 The best evidence for warming in the region near Toolik is the continuous warming of 

the permafrost at a borehole near Galbraith Lake, some 20 km south of Toolik. This is one of 

five deep boreholes along the Dalton Highway from Prudhoe Bay (West Dock) south to 

Galbraith Lake at the edge of the Brooks Range (Romanovsky et al. 2011). The temperatures in 

these boreholes are measured annually at a depth of 20 m, the depth where annual fluctuations 

are damped out. At the Arctic Ocean at West Dock the present temperature is -8 oC, at Happy 

Valley, halfway between the coast and Toolik, it is -4.5 oC, and at Galbraith Lake next to the 

Brooks Range it is -5 oC. The temperature has risen in all five boreholes; at Galbraith the rise 

was 0.8 oC from 1992 to 2011 (Fig. 2.15). Some of this rise was due to an increase in snow on 

the ground which insulates the ground from the very cold air of winter (Stieglitz et al. 2003). 

Some of the rise was due to an increase in the total amount of heat reaching the deep soil (see 

active layer discussion above). At the present rates of warming there will still be permafrost 

through 2100. 

 

<2>Thermokarst Formation 

 

Collapse of the land surface when permafrost thaws is termed thermokarst formation. 

This is a normal landscape process wherever permafrost contains a significant amount of ice 

(Chapter 7). When the ice melts, the ground may collapse and water moving over the surface 

may form a gully, or the soil may become saturated with water and whole hillsides fail or slide 
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downhill; sometimes a piece of the shore may slump into a lake. On the South Slope of the 

Brooks Range, where the air temperature is warmer, it is plain that many more fresh 

thermokarsts have formed there than on the North Slope (Fig. 7.31). Evidence from the past, a 

sediment core from Lake NE14 just northwest of Toolik, shows that at least for the last ~5500 

years there has been a series of thermokarst failures in the basin which left a recognizable 

mineral signature in the sediments; this indicates that recent thermal erosion of permafrost 

resulting in thermokarst disturbances has happened in the past in the Toolik area (F. S. Hu, pers. 

comm.). However, for the region around Toolik Lake it is difficult to be completely sure that the 

rate of thermokarst formation has increased in recent decades. The thermokarst features are 

difficult to see on satellite pictures and aerial photos from the past are rare in this region. 

Evidence for a recent increase in thermokarst formation comes from Gooseff et al. (2009), who 

used remotely-sensed imagery on a helicopter transect to conclude that there were a number of 

new thermokarst features near Toolik. 

Thermokarst failures can have impacts on terrestrial and aquatic systems. For example, 

over a period of 2-3 years, a single thermokarst gully carried 18 times more sediment than would 

normally be delivered by the Kuparuk River basin south of the road crossing near Toolik (~143 

km2) over the same period. Ammonium and total P in the disturbed streams are sometimes 10 

times the normal stream concentrations (Fig. 7.35). Downstream rivers and lakes will be 

affected. Given the warming predicted by the end of this century, permafrost degradation and 

thermokarst formation will undoubtedly increase in frequency and become a major disturbance 

of the tundra landscape. 

 

<2>Wildfire 
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Fire has not been a normal part of disturbances on the North Slope and until recently the 

assumption was that the tundra was too moist to sustain fire. But in 2007 a lightning storm 

sparked an intense fire that burned for two months and covered an area of 1039 km2 northwest of 

Toolik during a period of low rainfall (Chapter 6, Jones et al. 2009). This was the largest wildfire 

known to have occurred on the North Slope of Alaska. At the fire site, the albedo was reduced 

and the net radiation increased. As a result, in 2008-2010 the soils at the fire site were warmer 

and the depth of thaw greater than in unburned areas (Rocha et al. 2011). The change in surface 

energy balance contributed to the formation of new thermokarst features in the burned area. The 

recovering vegetation is mostly the same as before the fire, except for the absence of mosses and 

lichens, and except in those areas where the fire burned down to mineral soil. Here there are 

many seedlings of Eriophorum and forbs, indicating a remarkable ability of the tundra to 

rebound from this novel and severe disturbance.  

Even though the area affected by the fire was only a small part of the entire North Slope, 

the carbon balance of the entire region was affected when this fire released >2 Tg of carbon to 

the atmosphere, mostly due to combustion of the upper few centimeters of soil organic matter. 

The amount of C released was equal to about half the annual net C sequestration of the entire 

North Slope region (Chapter 5). Future increases in wildfire frequency, severity, and area burned 

have the potential to dominate the slower, climate-driven rates of regional changes. Disturbance 

due to wildfire will likely become another major disturbance of the tundra landscape in the same 

way as wildfire dominates large-scale disturbance in the boreal forest. 

 

<1>Microbial Response to Warming in Northern Alaska 
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The makeup of the soil and water microbial communities of the Toolik region is strongly 

shaped by the vegetation (Wallenstein et al. 2007) in the soils and the source of the organic 

carbon of the flowing waters (Chapter 6). Within one landscape, such as moist acidic tundra, 

there are even different microbial communities associated with tussocks and with shrubs (Judd et 

al. 2006). Most of the microbial data is about bacteria but measurements of the carbon stocks 

reveal that the biomass of fungi is 50 to 500 times greater than that of bacteria in the tussock 

tundra (Moore vignette in Chapter 5).  

 

<2>Response of Microbial Processes to Warming 

 

Microbes in the laboratory and in nature respond to warming by increases in metabolic 

activity including respiration. In surface waters, the maximum activity was found at both 12 ºC 

and 20 ºC (Adams et al. 2010).  Surprisingly, the maximum activity for bulk soils is at 20-30 oC 

in the Arctic and Subarctic (Nadelhoffer et al. 1991, Rinnan et al. 2011). Almost all soil 

measurements are of the total microbial respiration but Pietikäinen et al. (2005) were able to 

separately measure growth of bacteria and growth of fungi in temperate soils incubated at a wide 

range of temperatures. Optimum growth occurred at 25-30 oC but below ~10 oC the fungal 

activity was much higher than bacterial activity. At Toolik, the fungal biomass in the soil is 

many-fold greater than the bacterial biomass but it is well known that microbial biomass does 

not necessarily equate with microbial activity. Certainly more research is needed to answer this 

interesting question of whether fungal or bacterial activity dominates in the Toolik region.  
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Beneath the snowcover, bacteria in soils continue to respire even when temperatures 

reach -5 oC or even -10 oC because a thin layer of unfrozen water still covers soil particle 

surfaces (Chapter 5; Mikan et al. 2002). This under-snow respiration accounts for ~20 % of 

annual respiration at Toolik (Schimel et al. 2006). 

 At the LTER site and at other sites in northern Alaska where nitrogen strongly limits 

plant growth, there is a continuing slow increase in plant growth that indicates the microbial 

mineralization of organic nitrogen, the major pool in soil, to N forms available to plants. One 

type of evidence (Chapter 5) comes from satellite views (Jia et al. 2002, Verbyla 2008) that show 

an increase over decades in the annual maximum NDVI, an indication of leaf biomass. Another 

type of evidence of increase comes from a detailed analysis of plant growth in a large number of 

plots sampled four times over 20 years at Toolik and Imnavait Creek (Gould and Mercado Díaz 

vignette in Chapter 5), and from warming and fertilization experiments discussed in Chapter 5. 

The plot samples and the satellite views agree with the slow changes in plant growth in the 

warming experiments (Fig. 5.6) and with the results of fertilization experiments; all indicate 

increases in plant growth that are likely to be primarily related to the increase in the availability 

of N to plants. One of the first publications to point this out was Chapin et al. (1995) reporting 

Toolik data.  

 The observations discussed above, the change in NDVI recorded by satellite and the 

change in plant growth at Toolik over time, indicate that plants are responding to an increase in 

microbial activity caused by warming. This increase is not reflected in the measures of the mean 

annual temperature (Fig. 2.4) at Toolik. A better way is to examine the total amount of heating 

during a summer; for example, Shiklomanov et al. (2010) found a correlation between the 

thickness of the active layer at Barrow each summer and the square root of the degree days of 
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thawing. Applying the same approach, Jia et al. (2003) found that on the North Slope the NDVI-

based greenness index of maximum plant biomass derived from satellite images correlated well 

with a summer warming index. This index was the sum of monthly mean air temperatures greater 

than 0 oC. This summer warming index of total heating has not been calculated for Toolik but 

may well be a better way than the average annual temperature to describe possible warming 

effects on microbial process in the soil.  

 

<2>Effect of Major Disturbances on Microbes: Warming, Thermokarst, Active Layer 

Deepening, and Fire 

 

There is little documentation of effects of major arctic disturbances on microbes. 

Certainly the direct effect of warming on increased microbial activity, already discussed, is by 

far the major effect. Another effect is the potential for high concentrations of dissolved organic 

matter (DOM) to appear in a stream or a lake downstream from a thermokarst event. This DOM 

is undoubtedly decomposed by stream and lake microbes but there is little information on rates 

(see Chapter 6). Further, Walter et al. (2006) described the movement of particulate carbon into 

Siberian lakes when lake edges collapsed; concentrations were so high that the lakes became 

anaerobic and methane was released. Schuur et al. (2008) point out that the organic material 

released from thawing permafrost and processed in situ in soils is only slowly decomposed 

because most of the organic matter is of low quality; it has already been partially decomposed 

before it was incorporated into permafrost. However, if the previously frozen soil C is brought to 

the surface during a thermokarst failure, the exposure to UV light can increase the lability to 
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bacteria (see Judd vignette in Chapter 6). Wildfire leads to warmer, drier soils and increased 

thermokarst disturbance, all of which could lead to higher rates of microbial activity.  

 

<2>Ecosystem Responses Acting Through Microbes 

 

 When microbes make more nutrients available as a result of warming, the effects may 

extend beyond increased plant growth. As explained in Chapter 5, long-term fertilizer and 

warming experiments consistently lead to higher terrestrial biomass, primary production, and 

changes in species composition. In Moist Acidic Tundra (MAT), the most common type of 

tundra in northern Alaska, the experiments indicate that deciduous shrubs should become more 

dominant in a warmer climate with higher nutrient availability. Experiments in other plant 

communities (e.g., moist non-acidic tundra, heath, and wet sedge) do not show this proliferation 

of shrubs (Hobbie et al. 2005). Yet, pairs of photographs taken 30-40 years apart do support the 

prediction of an increase in shrubbiness although the careful monitoring at Toolik Lake and 

Imnavait Creek (Gould and Mercado Díaz vignette, Chapter 5) indicate a general increase in 

plant height and canopy density with little change in relative abundance of shrubs. Modeling 

calculations indicate that a regional shift to shrubs could have a greater effect on regional climate 

than would global warming. The whole system response would be a positive feedback (Fig. 5.15) 

as shrub canopies reduce the spring-time albedo of the snow cover, absorb solar radiation, and 

warm the air significantly. An increase in shrubs would also trap more blowing snow in the 

winter and in this way insulate the soil from very cold winter temperatures more effectively. 

Microbial activity would increase as warmer soils in the wintertime would allow nutrient 

mineralization to proceed through much or all of the year. However, a negative feedback also 
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occurs in the summer when the denser canopies intercept more incoming solar radiation, thereby 

reducing the amount of solar radiation that reaches the soil surface. In this way the shrubs cause 

cooler soil temperatures during the summer. It is not yet known whether the positive or the 

negative feedback from increased arctic shrubs will be most important for microbes.  

 The LTER warming experiments produced an unexpected ecosystem effect on the 

ectomycorrhizal fungal community structure and function (Chapter 5 Hobbie vignette and 

Deslippe et al. 2011). After 18 years of warming the vegetation had shifted to the shrub Betula 

nana and the shift was accompanied by changes in the symbiotic fungal species. These newly 

dominant species were able to mine the nitrogen in resistant organic matter and their hyphae 

were able to explore far out from the roots. Evidently the nitrogen in labile organic matter of the 

soil lying close to the roots in the control plots had been depleted by microbial activity during the 

warming experiment. In the same warming experiments, Deslippe et al. (2012) found that the 

bacteria Actinobacter increased as did the fungi Russula ssp., Cortinarius ssp., and Helotiales. 

The data on aquatic bacterial response to warmer temperatures also point to higher 

activity with warmer temperatures, but there are interesting non-linearities in the response. There 

appear to be two major groups of aquatic bacteria in the Toolik area adapted to two different 

temperature optima, one at ~12 ºC and another at ~20 ºC (see Adams vignette in Chapter 6). The 

result is that depending on the initial, average temperature of the system, warming may either 

increase or decrease microbial community activity. The concentrations and “quality” of DOC 

modify this response to temperature, and as described in Chapter 6 the amounts and timing of 

terrestrial carbon inputs to surface waters exert a strong control on microbial activity and 

community structure. Although there are no arctic experiments on effects of warming on 

concentrations or quality of dissolved carbon, the results from Adams et al. (2010) indicate that 
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both carbon limitation and temperature limitation of microbes occurs and apparently at different 

times of the summer season. Thus the response of aquatic microbes to future climate changes 

will depend on the matrix of interactions between landscape water balance and its effects on 

hydrological export of terrestrial DOC, and also on inherent physiological responses of microbes 

to temperature.  

Will the mineralization of organic N and P compounds in the soil result in increases in 

concentration of nutrients in soil water and eventually in streams and lakes? The experimental 

treatments of fertilization in streams and lakes have proven that both N and P nutrients limit 

primary production but there is no evidence that this is already happening in undisturbed waters. 

For example, the concentration of water column chlorophyll in Toolik and other lakes, an 

indicator of algal growth, has not changed appreciably since 1985 (Fig. 8.18). 

 

<2>Changes in Microbial Communities and Processes by 2100 

 

 In predicting changes by 2100, we begin with several assumptions. First, that the types 

and rates of changes that have already occurred will continue, second that the predictions of 

changes in annual mean temperature from models for Toolik are correct, and third that the drastic 

changes of fire and thermokarst will increase in frequency but will not dominate the landscape. 

The slow increase in N mineralization, likely caused by an increase in the total degree days 

above 0 oC, will continue. The predicted increase in the mean annual air temperatures will also 

add to the mineralization. However, as discussed in Chapter 2, at Toolik the increase in mean 

annual temperature by 2100 is predicted to be less than 1oC. The net result will likely be a small 

but continual increase in the abundance of shrubs and their symbiotic mycorrhizal fungi. There 
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are no long-term experiments that allow more than these general predictions. Changes in 

microbial communities will be linked to changes in vegetation communities through mutual 

feedbacks and interactions of both communities with climate. Presumably the microbial 

communities would become more similar to those existing in the boreal forest to the south of the 

Brooks Range. Chapter 6 suggests that terrestrial environments serve as reservoirs of microbial 

diversity for surface waters, and that patterns of aquatic microbial diversity are structured by 

initial inoculation from upslope habitats. In this case, future environmental changes on land will 

likely impact the diversity and function of aquatic bacteria. Overall, there will be only slight 

changes in the landscape by 2100. Permafrost will still exist and the vegetation will be 

essentially the same as in 2012 unless, of course, the frequency of these now rare events 

increases much more than expected.  

 

<1>Vegetation Responses to Change in Northern Alaska 

 

<2>Direct and Indirect Response of Vegetation to Change 

 

All the evidence from the LTER research presented in Chapter 5 confirms the conclusion 

by F. S. Chapin (1983) that “Temperature limits rates at which resources become available but 

temperature is not a strong direct limitation to plant growth in the Arctic.” Thus, when plant 

photosynthesis is measured over the short term at different temperatures there is a positive 

temperature effect. When plant growth was measured in experimental warming plots at Toolik 

there was a positive response the first year but it soon became evident that the plant growth had 

become limited by nutrients. Chapter 5 states “the limited responses to greenhouse warming that 
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were observed in tussock and wet sedge tundras (Fig. 5.6) are interpreted as resulting from a 

relatively slow increase in soil nutrient availability in response to modest temperature increases”. 

A similar result was obtained from warming experiments at 20 arctic sites in open-topped 

chambers as a part of the International Tundra Experiment; initial increases in individual plant 

growth in the first 1-2 years of treatment were frequently not sustained over longer periods 

(Chapter 5).  

In the warming and fertilizer experiments in the moist acidic tundra at Toolik (Chapter 

5), the response of Betula nana is striking as this species comes to dominate in every plot. 

Graminoid plants also respond but Betula and other shrubs have the ability to branch rapidly and 

grow taller as biomass accumulates. In this community, Betula soon shades out other plants 

except for a few shade-tolerant species like Rubus chamaemorus. In the warming experiments in 

the non-acidic tundra, where Betula and other taller shrubs are rare or absent, there is a general 

increase in abundance of all plant functional types, resulting in an overall increase in biomass 

and productivity similar in magnitude to that of moist acidic tundra (Hobbie et al. 2005). In other 

types of tundra, such as dry heaths, wet sedge, grasses, or sedges are favored by fertilization and 

warming over at least the first 10-15 years of the experiments (e.g., Gough et al. 2012). But even 

in these experimental sites where fertilizer treatments have been maintained for over 20 years, 

the relative abundance of Betula appears to be increasing (G. Shaver personal observation).  

 

<2>Effect of Major Disturbances: Wildfire and Thermokarst Formation 

 

The response of tundra vegetation to wildfire depends strongly on the severity of the 

burn. The types of response have been well-described by Racine et al. (1987) for the North Slope 
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plants after a major fire on the Seward Peninsula (northwestern Alaska) and another fire on the 

Noatak River on the southern side of the Brooks Range. Lichens and mosses are intolerant and 

will not survive even the lightest of fires, which typically also consume most or all of the 

aboveground leaves and shoots. Even after severe burning, which may consume 10 or more 

centimeters of surface organic matter Eriophorum will resprout as the plant rhizomes are 

protected by the dense, wet tussock. Also, sedges like Carex spp. and shrubs such as Betula, 

Ledum, and Vaccinium will resprout from belowground plant parts if charring is not too deep. A 

few species, in particular some of the grasses, may survive as seeds. At the other extreme, fires 

that consume the tussocks and most of the soil organic matter will completely destroy the 

vegetation communities. However, recovery is rapid and within 5 to 6 years after a 1977 fire the 

total vascular plant cover reached 50 to 100 % of an unburned control. The graminoids often 

flourish after a fire that removes competing shrubs. 

Thermokarst formation will certainly be a major future disturbance of tundra; the effect 

on streams and lakes of more sediments and nutrients has already been mentioned. A major 

effect on terrestrial ecosystems will be through rapid colonization of disturbed surfaces by 

shrubs. An increase in shrubs, discussed in detail in Chapter 5, will have impacts on such things 

as the amount of trapped snow and thus on soil temperatures, on the regional climate, and on 

animal food and shelter (see earlier discussion). 

 

<2>Unknown Aspects 

 

As explained in Chapter 5, plot-scale and regional-scale models of ecosystem function 

exist for the Arctic but the intermediate scale, which is the scale of hillslopes and small 
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catchments including spatial interactions among neighboring patches of different ecosystem 

types, is lacking (Rastetter et al. 2004). Temporal modeling is needed to predict ecosystem 

changes in the 20 to 100 year future. Spatial and temporal scale models are also needed for 

scaling plot-scale experiments to regions and the pan-Arctic. These longer term and coarser scale 

models will also have to include additional processes that have been relatively little studied at 

Toolik, such as seed dispersal, germination, and establishment, which are currently rare and slow 

in undisturbed tundra. Disturbances such as fire and thermokarst may create opportunities for 

following the time course of disturbance-recovery processes which are poorly understood in the 

Arctic. 

The changes have many implications for the ecological system. For example, in the two 

types of tussock tundras that have been followed in detail (Chapter 5, Gould and Mercado Díaz 

vignette) the increased vascular plant growth reduced the moss and lichen cover in the moister 

vegetation at Toolik but had no effect on the bryophytes in a mixture of moist and dry tundra at 

Imnavait Creek. The eventual loss of lichen cover would eliminate an important winter food for 

caribou in the Toolik region. Studies from other arctic tundra sites suggest that small herbivores 

are also likely to be impacted by increasing woody shrub dominance as voles, lemmings 

(Oksanen et al. 2008), ground squirrels (Karels et al. 2000), and marmots all depend very heavily 

on sedges, grasses, and forbs, plants which are shaded out by increasing dominance of taller 

woody shrubs. In addition, migratory songbirds that breed on the tundra during the summer 

months have varied nesting habitat requirements, with some species nesting only in low stature, 

graminoid dominated tussock tundra (i.e., Lapland longspur), and others nesting only at the base 

of or within tall Betula nana or Salix spp. shrubs (i.e., Gambel’s White-crowned sparrow, 

Redpolls, and American robins) (Boelman, Gough, and Wingfield, unpublished data). Tundra 
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canopies dominated by woody shrubs harbor significantly more arthropod biomass than 

graminoid dominated communities (Boelman, Gough, and Wingfield, unpublished data), 

suggesting that increased shrub cover could impact tundra trophic dynamics by altering the base 

of the food web.  

Lakes too would be affected by a change in vegetation to shrubs and trees which lead to a 

change in the chemistry of the particulate and dissolved organic carbon entering lakes from the 

surrounding soils. This is more than speculation because it is known that lakes south of the tree 

line in Canada contain high concentrations of CDOM (chromophoric dissolved organic matter) 

which on the one hand absorb light and thus limit the amount of photosynthesis in lakes but on 

the other hand protect algae and bacteria from UV radiation (Vincent and Hobbie 2000).  

 

<2>Changes by Year 2100 

 

The slow and subtle changes in the vegetation now in place near Toolik Lake certainly 

indicate a trend towards a future increase in shrubs. These changes are still small and took 

decades to develop (Fig. 5.V4). The timetable for the change is unknown; therefore, all that can 

be said right now is that by 2100 the tundra will look a lot more like land on the South Slope of 

the Brooks Range than at the present time. There will be more and taller shrubs. Trees, most 

likely the white spruce now found just south of Atigun Pass, will move north at some point. By 

2100 the productivity of the tundra will be higher and the amount of organic matter accumulation 

in plants and soils will continually increase. Cycling of the nutrients nitrogen and phosphorus 

will be more rapid. 
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<1>Stream Ecology Response to Changes in Northern Alaska 

 

<2>Changes in the River Environment  

 

The environmental factors controlling the ecology of the Kuparuk River have remained 

unchanged over the study period (the mid-1970s to present) (Chapter 7). It is an oligotrophic 

stream with low amounts of algal growth and low amounts of input of organic matter from its 

watershed. The stream temperature in summer ranges from 7 to 13 oC. Inorganic nutrients are 

either close to the limits of detectability (soluble reactive phosphate and ammonium are <0.05 

µmol L-1) or very low (nitrate plus nitrite 0.1 to 10 µmol L-1). Oxygen is always close to its 

saturation amount. The one exception to the above lack of change is the McClelland et al. (2007) 

suggestion that warmer and wetter summers have increased the concentrations and export of 

inorganic nitrogen in the form of NO3 from the upper Kuparuk catchment especially in the last 

15 years (Fig. 7.37). The reason for this change is unknown but a good possibility is that there is 

more microbial nitrification taking place.  

The total flow of the Kuparuk River and other streams (Chapter 7) has not appreciably 

changed over the study period (data for the whole Kuparuk River spans 1971 to present). There 

has been a shift to earlier flow in the spring; most of the spring runoff now occurs in May instead 

of June, and some flow continues late in the fall. Despite the shift in timing, which spreads the 

flow over a longer period, the total flow is unchanged. In addition the summer precipitation 

appears to be more variable in recent years than it was earlier which increases the probability of 

drought and of very low stream flows. In times of low flow, the water temperatures are warmer 

than in times of high flow (Fig. 7.7).  
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The conclusion of Chapter 7 is that over the study period, climate or other environmental 

changes do not appear to have contributed significantly to changes in the stream biota. But there 

is an effect of temperature on the growth and survival of adult grayling and young-of-the-year 

(YOY) fish (e.g., Fig. 7.24). Each summer differed in the average stream discharge and in the 

temperature of the water. It was found that adults grew more in cool summers with high 

discharge while YOY grew best in warm summers with low flow (Deegan et al. 1999). This 

makes ecological sense as well because in warm summers the metabolism of adults is raised and 

they need more food. The need for more food raises an important question – if stream fish need 

more food in the future when water temperatures are higher, will insect productivity increase 

enough to meet this need?  

 

<2>Effects of Major Disturbance 

 

Twice during the 37 years of observations, in 1999 and 2002, the rivers near Toolik 

flooded during the summer months. In 2002, for example, an August snowfall was followed by 

rain. The combined precipitation and snow melt caused a tremendous flood in the Kuparuk 

estimated at >100 m3 s-1 while normal summer flow is 1-5 m3 s-1. The usual flooding at the time 

of the spring runoff does not do much damage to the stream bed because much of the river still 

contains ice and the streambed is frozen. This summer flood, however, was unique in its 

intensity. The beds of many streams were completely transformed and eroded with tremendous 

effects on the stream insect biota, the basis of the food web for the arctic grayling. The water in 

Toolik Lake became turbid because of the particulate matter that entered the lake.  
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A summer drought is another major disruption with important biotic consequences. There 

have been major drought events in 2005, 2007, 2009, and 2011. During droughts the flow in the 

Kuparuk River may stop or disappear beneath the stream bed in certain stretches of the river and 

grayling are restricted to pools. During the extreme drought in the summer of 2011, the Kuparuk 

River near Toolik stopped flowing completely from mid-August until mid-September. The 

ecological consequence was that the arctic grayling could not make their usual end-of-summer 

migration to the lake in the headwaters of the Kuparuk River where they spend the winter. 

Luckily, a mid-September rain allowed several thousand grayling to reach the lake. 

 

<2>Response of the Whole Stream System 

 

As noted above, environmental changes occurring in the stream, such as warming, 

discharge, or chemistry have not changed the stream biota. An increase in the rate of thermokarst 

formation would add nutrients and sediments to streams; nutrients would increase primary and 

secondary productivity, but sediments could shade the epilithon and reduce algal productivity. 

The result of these contrasting effects on the growth of grayling is uncertain. Thermokarst 

formation would also harm grayling survival if added sediments changed the circulation of 

oxygen-rich waters in the stream beds, oxygen necessary for survival of grayling eggs.  

As discussed in the section on response of microbial processes to warming, the resultant 

increase in the availability of nutrients to terrestrial plants appears to be already happening. 

Eventually some of the increased amounts of nutrients cycling in the soil will move into streams 

but there is no clear indication yet of changes in nutrient concentrations in streams (but cf. Fig. 

7.37). Another exception is described by Hobbie et al. (1999) where a small stream flowing near 
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one of the seven gravel mines in the Toolik Lake catchment supplies 5 % of the water entering 

Toolik Lake but 35 % of the phosphate. The underlying permafrost has thawed exposing several 

meters of previously frozen glacial till to weathering that releases alkalinity (Chapter 6, Fig. 

6.14) and phosphate. A change in the flow-path of groundwater would have the same effect. This 

phenomenon of increased weathering of previously frozen till is likely happening at a slow rate 

throughout this region but the phosphate is being taken up by plants on land and not released into 

the streams, or it is released and taken up by P-limited stream organisms while the alkalinity is 

released and more conservative, building up in the lake.  

The extensive research based on the nearly 30 years of adding low levels of phosphate to 

a stretch of the Kuparuk River is summarized in Chapter 7. Its aim was to determine the controls 

on the river biota and river productivity by fertilizing at a low level for the summer months. 

There was an immediate response by the diatoms followed by increases in biomass and 

productivity of all the parts of the food web including the top predator, the arctic grayling. After 

nearly a decade of treatment, we were surprised to find that a genus of moss (Hygrohypnum) was 

rapidly covering the rocks of the river in the phosphorus-fertilized reach. There is no way of 

telling whether or not this dramatic shift in the dominant primary producer will happen in the 

future because of the possibility that all the phosphorus would be removed from the soil water 

and from small streams by the plants before higher concentrations reached the river.  

 

<2>Changes by Year 2100 

 

The ecology of the upper Kuparuk River is not expected to change dramatically during 

the remainder of the 21st century. The rivers and adjacent streams will continue to be 
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oligotrophic with low nutrients and low primary productivity. Diatoms on the surface of the 

rocks and insect larvae will be unchanged by the probable small changes in the water 

temperature and the indirect effects of higher rates of nutrient cycling in the tundra soils. Even 

though the precipitation is expected to increase significantly, increases in flow will be within the 

tolerance of the present organisms.  

There are, however, two types of disturbances that may change this scenario and alter the 

survival of the arctic grayling, the top predator. These, thermokarst formation and drought, have 

already occurred to a limited extent. A thermokarst formed on the nearby Toolik River 

demonstrated that high amounts of nitrogen and phosphorus as well as eroding soil are added to 

the river. The soil eroding from thermokarst would strongly affect the spawning of grayling. If 

this disturbance came to affect a number of streams the grayling populations could be threatened. 

The droughts that are becoming more frequent are a larger threat to grayling, however, because if 

one occurred during the late summer period when the grayling absolutely had to migrate to the 

overwintering lake, most of the population would be wiped out. Presumably some of the young-

of-the-year might survive in a few springs or deep holes but would a population survive the loss 

of all the adults? Thus, if the late summer droughts became more frequent and lasted longer it is 

possible that the grayling, the only species of fish in the river and adjacent streams, could be 

extinct by 2100. It is also true that populations of grayling are found in lakes near Toolik. Are 

these genetically different from those found in streams? Would these adapt to stream life? 

 

<1>Lake Ecology Response to Changes in Northern Alaska 

 

<2>Disturbances and Changes in Lakes  
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The overall conclusion of Chapter 8 on lakes was that there were few observed changes 

or trends in the physics, chemistry, and biology of lakes in the Toolik region during the 37 years 

of study from 1975 to the present. Those changes we did observe were driven by changes in 

disturbance caused by fire, thermal erosion of permafrost and increased weathering, or 

thermokarst formation rather than by the direct impact of temperature changes. 

The ice cover in Toolik Lake typically lasts until mid June; between 2000 and 2009 the 

date of the last ice in the lake ranged from June 8 to 1 July. One reason for variation in the date is 

the snow cover in the late spring; a late-lasting snow cover with a high albedo protects the ice 

cover but when the ice is windblown and without a snow cover the melt begins earlier. This 

variation in ice-out dates, which affects the timing of summer temperatures and stratification in 

Toolik Lake, and the lack of warmer summer air temperatures (Chapter 2) results in no 

statistically significant warming of lake temperatures. For example, in Fig. 8.17 the mean annual 

epilimnion temperature in Toolik in July from 1975 to 2007 shows no warming. 

 

<2>Direct Response of Lake Organisms to Temperature Change 

 

Algae, the basis of the lake food web, do not show a species shift over the range of 

temperatures in Toolik and other lakes. The same species of algae are found beneath the ice and 

when the water temperatures reach 15 oC later in the summer (O’Brien et al. 1997). Algae do 

increase their photosynthesis when the temperature is increased in laboratory experiments. 

However, as described in Chapter 8, algae in natural systems respond much more to changes in 

light and to changes in nutrient concentrations than to changes in temperature. In fact, primary 
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productivity is strongly limited by low concentrations of both nitrogen and phosphorus (Whalen 

et al. 2008). In Toolik and other nearby lakes there is a brief burst of primary production after ice 

melt but nutrients are soon used up and the productivity falls to a low value. There is no evidence 

that so far the loading of nutrients into Toolik Lake has changed. The lake chlorophyll content, 

an indicator of algal productivity, has not changed appreciably from 1985 to the present (Fig. 

8.18). 

Chapter 8 details several temperature effects on animals from lakes near Toolik. A study 

of effects of increased temperatures on zooplankton from Toolik and other lakes revealed that 

Daphnia middendoffiana, the most common species, is near its thermal maximum in shallow 

ponds. This species is adapted to thrive in arctic conditions but when warming occurs it will be 

replaced by invasive species, probably other Daphnia, either from nearby lakes or from lower 

latitudes.  

Natural populations of three species of fish from lakes near Toolik also show an effect 

from warming. These fish, lake trout, arctic grayling, and arctic char, showed a decrease in their 

fitness or condition as estimated from the length-weight relationship. In warm summers when 

epilimnetic temperatures exceeded 15 oC for extended periods, a decrease in the slope of the 

length-weight relationship occurred for all three fish (Fig. 8.19). A rise in the epilimnetic 

temperature would likely result in dramatic declines in fitness. The shallow nature of many of the 

lakes coupled with the lack of food resources below the epilimnion may narrow the window of 

suitable habitat and make it difficult for these fish populations to persist.  

 

<2>Effects of Major Disturbances 
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Both climate warming and fire will increase thermokarst activity in northern Alaska but 

further data are needed before it is certain that this has happened on the North Slope in the same 

way as it has already happened on the South Slope. As described by Bowden et al. (2008) these 

events greatly increase the solute transport to streams and lakes, especially nitrogen and 

phosphorus (Fig. 7.35). In addition, the clarity of recipient lakes is reduced for many years (Fig. 

7.34). There is no detailed information yet describing the effect on a specific lake except 

anecdotal information on starving lake trout found in a lake where a thermokarst slump had 

occurred (M. McDonald, pers. comm.), and the observation that the clarity of Lake NE14 which 

was impacted by a thermokarst failure on its shoreline has been increasing over time since the 

initial failure made the lake turbid (G. Kling, pers. obs.).  

 

<2>Response of the Whole Lake System 

 

An initial study on the effects of climate on fish using a bioenergetics simulation model 

showed that increased lake temperatures would greatly reduce the ability of lake trout to thrive in 

arctic lakes (McDonald et al. 1996). Lake trout prefer water near 10 °C with oxygen 

concentrations above 6 mg L-1 and show stress at temperature above 15 °C. The lack of abundant 

deep-water habitat in most lakes of the region means that usable summer habitat for lake trout 

would decrease by 30 % if epilimnetic temperatures rise by 2 oC (Hobbie et al. 1999). This 

reduction of habitat is exacerbated if nutrient loading to the lakes increases phytoplankton 

productivity resulting in decreases in hypolimnetic oxygen concentrations, or if ground water 

inflows increase leading to chemical stratification which reduces mixing and also contributes to 

increased anoxia.  
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<2>Lakes in Northern Alaska in 2100 

 

If the projections of an increase in air temperature by 0.2-0.5 oC are correct, then there 

will be no dramatic change in the ecology of the lakes of the Toolik region by 2100. This is not 

enough of a change in temperature to increase appreciably the amount of nutrients reaching the 

lakes or to change the summer temperatures of the lakes to an important degree. However, it is 

likely that increasing temperatures will further erode the thermal stability of permafrost in the 

catchments or in the talik beneath lakes, which will lead to continued alterations in lake 

chemistry (Fig. 6.14). Exactly how much the input of nutrients and turbidity from thermokarst 

formation will change is unknown but this disturbance, rare at the present time, may increase 

from climate warming and from fire. It is clear that the most vulnerable part of the lake 

ecosystem is the fish. Lake trout in particular will be the first to show an effect of climate 

warming and this may well happen by 2100. 

 

<1>Summary 

 

<2>Past and Present Changes at Toolik: Ecological Consequences 

 

1. The climate of the whole North Slope has warmed by more than 3 oC over the past 60 

years. Despite this regional warming, the climate record at the Toolik Field Station 

shows no statistically significant warming trend in the annual average air temperatures. 

This could be largely an artifact of the rather brief Toolik record (1989-2010).  
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2. Significant changes have accumulated over time in the glaciers, soils, streams, lakes, 

and tundra near Toolik to indicate that warming is occurring. These changes include:  

a. Shrinking of mountain glaciers within 30 km of Toolik;  

b. Warming of the permafrost at a depth of 20 m in the soil by 0.8 oC over 20 years; 

c. Increasing of vegetation canopy height, leaf area, and “greenness” (satellite view). 

These are probably related to a change in aboveground biomass and primary 

production. Based on experimental results, we conclude that there has been an 

increase in microbial decomposition that releases more nitrogen than previously 

from the large storehouse in soil organic matter. This change in the release could 

be caused by an increase in temperatures in the soil or by a longer growing 

season, in this example the period of time when the microbes are active, or both.  

d. Changing chemistry in streams and a doubling of the alkalinity in lakes. The most 

reasonable explanation is that warming has led to increased weathering of 

previously frozen glacial till either by increasing the thickness of the active layer 

or by increasing the size of the thaw bulb under streams and lakes which exposes 

more mineral soil. 

3. In aquatic and terrestrial ecosystems the direct effects of temperature on plants and 

animals are small or changes are not sustainable without input of nutrients; direct 

responses to temperature only will be slow. The associated nutrient responses depend 

on the temperature-caused changes in nutrient turnover by microbes or on changes 

related to nutrient inputs from disturbances. 

4. Climate-related changes in disturbances including fire but especially those related to 

permafrost may be more important than the direct effects of climate warming.  
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5. The response of aquatic ecosystems to warming is linked closely to the response of 

terrestrial ecosystems through runoff of nutrients, sediments, and organic matter. These 

factors are very slow to change and are well buffered so that increases in nutrients in 

runoff are very small; as a result, the biology of streams and lakes has shown little 

response to warming and no drastic change is expected at the century scale. The one 

exception is the evidence that unusually warm summers have had a negative impact on 

fish, particularly the arctic grayling and lake trout.  

6. The effect of changing seasonality on arctic biology is not discussed in this book; it is 

under study by several projects and is therefore a work in progress. Topics include the 

timing of bird arrival and life history stages, the emergence and peak abundance of their 

insect prey, the phenology of plant flowering and the timing of emergence of their 

insect pollinators, the changes in timing of stream flow and fish migration, and the late 

season and winter nutrient mineralization and the timing of nutrient uptake by plants. 

 

<2>Future Changes at Toolik: Predictions of Ecological Consequences  

 

Climate models indicate a warmer and wetter environment for northern Alaska by 2100. 

The warming effects on the terrestrial ecology near Toolik by the end of the century will result in 

more biomass of grasses and shrubs. The aquatic systems will be somewhat more productive but 

mostly unchanged. The large, top-of-the-food-web fish are the most vulnerable part of the 

ecosystem and some species may disappear. Finally, the warmer and wetter climate will lead to 

an increase in a major disturbance, thermokarst, caused by the melting of ice in permafrost and 

resulting in slippage of sections of hillsides, compaction of land, and transport of sediments and 
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nutrients to streams and lakes. The prediction of a wetter environment is under discussion and 

argument in the scientific community and awaits better understanding and models. 

The ecological information collected by the Arctic LTER and associated projects has 

focused on effects of warming and related changes on communities and species. It is more 

difficult to predict the ecosystem effects. Yet, it is well known that species composition changes 

in terrestrial and aquatic ecosystems have important feedback (or feed-forward) effects that must 

be considered in making long-term predictions. These effects may cascade through the trophic 

structure, through changes in carbon and nutrient turnover, habitat structure, food resource 

availability and quality, biodiversity, or in the physics of energy balance in ecosystems. 
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