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ABSTRACT

In the Alaskan boreal forest, black spruce ( mariand) is the forest type most 

severely limited by nitrogen mineralization. Nitrogen cycling in upland black spruce 

forests of the Interior is affected by the interactions between permafrost, soil climate, and 

litter quality. Permafrost and soil climate also play a significant role in nitrogen 

acquisition of shrubs, which are important for biomass turnover and element cycling in 

the understory. This study took place in a boreal watershed and addressed the question of 

how variation in soil climate and active layer between north and south-facing aspects 

affected 1) net nitrogen mineralization rate and 2 ) foliar nitrogen concentrations in 

understory shrubs. I hypothesized that south-facing aspects, with warmer, drier soils and 

deeper active layers would have higher mineralization rates and support deciduous and 

evergreen shrubs with higher nitrogen status. Contrary to my predictions, net 

mineralization rate was not explained by active layer or soil climate. In support of my 

hypothesis, I found shrubs generally had higher foliar N on south-facing aspects. My 

study concludes that 1) the typical controls of net mineralization do not operate over the 

small scale o f this study and 2 ) although more favorable soil conditions supported shrubs 

with higher foliar N, seasonal and spatial differences in foliar N cannot be categorized by 

growth strategy.
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GENERAL INTRODUCTION

Boreal forests cover 11% of the land surface; about one-third of the boreal forest 

is in North America and the remainder in Eurasia (Slaughter et al. 1995, Bonan and 

Shugart 1989). Permafrost, ground which remains below 0 °C for two years or more, is 

discontinuous but widespread between the -3.9 °C and -6.7 °C mean annual air 

temperature isotherm, and the range of the boreal forest follows the zone of discontinuous 

permafrost (Bonan and Shugart 1989). Over broad spatial scales, climate is the most 

important factor in the regional distribution of permafrost (Bonan and Shugart 1989). At 

a smaller scale, however, discontinuous permafrost in the boreal region is affected by 

local processes, such as moss insulation, tree shading, and organic matter (Van Cleve and 

Viereck 1981). These dynamics constitute a negative feedback loop, as increased tree 

shading and insulation from thick organic layers maintain the thermal integrity of the 

permafrost, and in turn, permafrost maintains cold, wet conditions which promote the 

accumulation of the moss and organic layer (Camill 1999).

Nutrient cycling in the uplands of Interior Alaska is affected by local interactions 

between permafrost, soil temperature, soil moisture, and litter quality (Van Cleve and 

Viereck 1981, Bonan and Shugart 1989, Bonan 1990, Van Cleve et al. 1993). Cold soil 

temperatures restrict cycling processes by slowing enzymatic breakdown and microbial 

activity (Chapin et al. 1988, Flanagan and Van Cleve 1983), and drainage restrictions 

from permafrost often result in saturated, anaerobic soil with reduced rates of nitrogen 

mineralization (Van Cleve and Viereck 1981, Schimel et al. 1996). Reduced cycling and 

mineralization in cold, wet soils limit the decomposition of organic matter (Bonan 1990),
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which results in accumulated organic material that plays a large role in biomass and 

nutrient sequestration of the forest floor (Van Cleve and Viereck 1981). Furthermore, 

black spruce ( Piceamarianci) stands produce plant litter that has high carbon to nitrogen 

ratios (Van Cleve and Viereck 1981,Vitousek and Howarth 1991,Van Cleve et al. 1993), 

which decomposes relatively slowly, and from which large quantities of nitrogen are 

immobilized (Tateno and Chapin 1997). Thus, cold, wet, seasonally thawed soil, in 

combination with high-carbon litter characteristic of black spruce communities, slows 

nutrient cycling processes and contributes to nitrogen sequestration and limitation in most 

boreal forests (Chapin et al. 1988, Flanagan and Van Cleve 1983, Vitousek and Field 

1999).

This study took place in Caribou Poker Creeks Research Watershed (CPCRW), a 

boreal forest watershed in the Interior of Alaska. CPCRW is one of only two Long Term 

Ecological Research (LTER) sites in the zone of discontinuous permafrost. This research 

was conducted in the Caribou-3 (C3) sub-watershed of CPCRW. The entire watershed 

has a northern aspect, and soil temperature, soil moisture, and active layer vary with 

hillslope aspect and elevation. Northwestern and southeastem-facing hillslopes rise on 

opposite sides o f the C3 watershed. North-facing hillslopes are characterized by thick 

organic layers, shallow permafrost tables, and cold, wet soil (Haugen et al. 1982). In 

contrast, south-facing hillslopes have deeper active layers, warmer, drier soils, and an 

increasing gradient in the depth of active layer with increased elevation in the watershed. 

This study was designed based on the variation in soil climate and active layer between 

the north and south-facing hillslopes in the C3 watershed.

2



The first chapter in this study evaluated net mineralization rates in the C3 

watershed between north and south-facing hillslopes and examined whether the typical 

controls of net mineralization (soil temperature and moisture) operate over the smaller 

scale of this study. Nitrogen cycling is primarily dependent on soil temperature and 

moisture (Schimel et al. 1996), and large-scale studies in the Interior of Alaska have 

determined that low rates of nitrogen cycling on north-facing slopes have been attributed 

to interactions between permafrost, soil temperature, soil moisture, and litter quality (Van 

Cleve and Viereck 1981, Bonan and Shugart 1989, Bonan 1990, Van Cleve et al. 1993). 

This study covered 1 km ' o f a watershed dominated by black spruce. At this small scale, I 

investigated whether changes in soil climate and thaw depth between the north and south- 

facing hillslopes affected net nitrogen mineralization rates. I hypothesized that the north- 

facing hill slope would exhibit a decreased nitrogen mineralization rate compared to the 

south-facing hillslope and that differences in mineralization rate would be related to 

variation in soil climate and active layer.

Permafrost is an important control on nitrogen cycling and nitrogen acquisition in 

plants (Bonan and Shugart 1989), and local variation in active layer and accompanying 

soil climate may affect foliar nitrogen concentrations in understory shrubs. The 

prevalence of permafrost in the black spruce forest type contributes to low nitrogen 

availability (Fox and Van Cleve 1983, Bonan 1990), and, in upland taiga forests, low 

resource habitats are important in determining foliar nutrient concentrations (Chapin and 

Tyron 1983). When nutrient supply is low relative to plant demand, there is first a 

decrease in vacuolar reserves and then a reduction in tissue nutrient concentrations
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(Chapin 1980). Thus, low foliar concentrations would be expected in cold and frozen 

soils with low nitrogen availability (Chapin and Tyron 1983). Soil climate may also 

prevent plants from meeting nitrogen demands. Cold soils affect the function of 

belowground plant parts by restricting root activity and limiting the capacity for water 

and nutrient uptake (Bonan and Shugart 1989, Lambers et al.1998). Furthermore, frozen 

ground also inhibits infiltration, and seasonally thawed soils often become waterlogged 

and anoxic (Bonan and Shugart 1989, Schimel et al. 1996), which may result in an 

insufficient supply of O2 to belowground plant parts (Lambers et al. 1998). Therefore, 

low nutrient availability and restricted function of belowground structures may prevent 

plants from meeting nitrogen demands, resulting in reduced foliar nitrogen 

concentrations.

The second chapter of this study addresses how changes in soil climate and active 

layer between north and south-facing aspects of the C3 watershed affect foliar nitrogen 

concentrations o f understory shrubs. Although the entire watershed is N-limited (Haugen 

et al. 1982), I expected that the warmer, drier soil conditions and deeper active layer on 

south facing slopes would facilitate greater nutrient availability and nitrogen acquisition 

in understory shrubs. I hypothesized that south-facing slopes would support shrubs with 

greater foliar nitrogen concentrations and that evergreen and deciduous growth strategies 

would have different responses to variation in soil climate and active layer.

Vaccinium uliginosum L. (deciduous), Vaccinium vitis-idaea L. (evergreen), and 

Ledum palustre (evergreen) are the focal species for the second chapter of this study. 

Arctic studies have shown that these three Ericaceaous shrub species have markedly
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different patterns of above ground nutrient flux and individualistic responses to soil 

temperature, air temperature, and soil nutrients (Chapin and Shaver 1985, Jacquemart 

1996, Press et al. 1998, Leith et al. 1999). These species are also inherently different 

based on growth strategy: evergreens minimize resource loss with slow turnover rates and 

a more conservative growth strategy, while deciduous species have higher growth rates, 

increased nutrient concentrations, and faster element turnover (Chapin 1980, Shaver and 

Chapin 1991). In black spruce systems, both evergreen and deciduous shrubs play a 

substantial role in element cycling of black spruce forests (Chapin and Tyron 1983).

Thus, I used the contrasting growth strategies of evergreen and deciduous shrubs to 

evaluate how foliar nitrogen concentration is affected by variation in active layer and soil 

climate between north and south-facing hillslopes.
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CHAPTER ONE

The effects of active layer depth and soil climate on net nitrogen mineralization rate 

in a boreal watershed

1.1 ABSTRACT

In the Alaskan Interior, permafrost is associated with the black spruce 

forest type, which is severely limited by net nitrogen mineralization. Previous studies in 

the Alaskan Interior have concluded that nitrogen cycling in upland black spruce forests 

is affected by the interactions between permafrost, soil temperature, soil moisture, and 

litter quality. This study covered an area of 1 km2 and was carried out in a watershed 

dominated by black spruce. At this scale, I investigated whether changes in soil climate 

and thaw depth between the north and south-facing hillslopes affected net nitrogen 

mineralization rates. I hypothesized that north-facing hillslopes would have lower 

nitrogen mineralization rate compared to south-facing hillslopes and that differences in 

mineralization rate would be related to changes in soil climate and active layer. Contrary 

to my prediction, north-facing sites with cold, wet soil and a shallow active layer had a 

significantly higher mineralization rate (2.89 pgN/g/21 days) than south-facing hillslopes 

(1.07 pgN/g /21 days). Thus, my hypothesis was not supported. My study concludes that 

net mineralization rate was not explained by soil moisture or temperature and that other 

variables, perhaps related to organic matter quality or associated vegetation, play a larger 

role in affecting net N mineralization at this scale.
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1.2 INTRODUCTION

Although boreal forests contain large amounts of organic nitrogen, low rates of 

nitrogen mineralization are thought to represent the bottleneck in the flux of nitrogen in 

boreal systems (Van Cleve and Alexander 1981, Flanagan and Van Cleve 1983, Cote et 

al. 2000). In the Alaskan boreal forest, cold, wet sites associated with permafrost are 

typically dominated by black spruce ( Piceamariana) (Van Cleve et al. 1983, Viereck et 

al. 1983), which is the forest type most severely limited by nitrogen mineralization in 

Interior Alaska (Fox and Van Cleve 1983, Bonan 1990). Previous studies in the Alaskan 

Interior have concluded that nitrogen cycling in upland black spruce forests is affected by 

the interactions between permafrost, soil temperature, soil moisture, and litter quality 

(Van Cleve and Viereck 1981, Bonan and Shugart 1989, Bonan 1990, Van Cleve et al. 

1993). Permafrost plays a significant role in nitrogen cycling in black spruce soils, where 

cold and frozen soil limits the length of the growing season, reduces microbial activity, 

and restricts soil drainage (Flanagan and Van Cleve 1983, Van Cleve et al. 1983, Chapin 

et al. 1988). Black spruce stands produce plant litter with a high carbon to nitrogen ratio 

(Van Cleve and Viereck 1981, Van Cleve et al. 1996), which decomposes relatively 

slowly and from which large quantities o f nitrogen are immobilized (Flanagan and Van 

Cleve 1983, Van Cleve et al. 1993, Tateno and Chapin 1997, Cote et al. 2000). The 

combination of cold soil temperature and poor litter quality also promotes buildup of the 

organic layer, which reinforces cold, wet conditions and maintains permafrost integrity in 

black spruce stands (Bonan 1990).



This research was conducted in the Caribou-3 (C3) sub-watershed of the Caribou 

Poker Creeks Research Watershed (CPCRW), where active layer and soil climate varied 

with hillslope aspect and elevation. Northwestern and southeastern facing hillslopes rise 

on opposite sides of the C3 watershed. North-facing hillslopes are characterized by thick 

organic layers, shallow permafrost tables, and cold, wet soil (Haugen et al. 1982). South- 

facing hillslopes have deeper active layers, warmer, drier soils, and an increasing gradient 

in the depth o f active layer with increased elevation in the watershed. For this study, 

north-facing hillslopes were termed “high permafrost” and south-facing hillslopes termed 

“low permafrost”.

The main objective for this study was to examine the effect o f aspect and 

elevation on net nitrogen mineralization rate in the black spruce community of the C3 

watershed. Large scale studies have determined that the typical controls on nitrogen 

cycling are soil temperature and moisture (Schimel et al. 1996, Cote et al. 2000), and in 

the Alaskan interior N cycling is also affected by permafrost and litter quality (Van Cleve 

and Viereck 1981, Bonan and Shugart 1989, Bonan 1990, Van Cleve et al. 1996). In this 

study, I addressed whether changes in soil climate (soil temperature and moisture) and 

thaw depth affected net nitrogen mineralization rate. I hypothesized that north-facing, 

high permafrost hillslopes would exhibit a decreased nitrogen mineralization rate 

compared to the low permafrost hillslope and that differences in mineralization rate 

would be related to changes in soil climate and active layer. I also hypothesized that net 

mineralization rate would be positively correlated to the increase in thaw depth from
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valley bottoms to mid elevations, providing that deeper permafrost tables would allow for 

increased soil drainage and aeration.



1.3 METHODS

1.3.1 Site description

CPCRW is a 104 km" basin located in the Yukon-Tanana uplands of central 

Alaska at, 45 km north of Fairbanks (65° 10' N, 147° 30' W). CPCRW is the northern

most forested site in the Long Term Ecological Research (LTER) network, and Bonanza 

Creek and CPCRW are the only two LTER sites in the zone of discontinuous permafrost. 

The Yukon-Tanana uplands are comprised of round, steep-sided ridges that trend to the 

northeast. Hillslopes rise 150-500 m above the alluvial covered valley bottoms and ridges 

and peaks range from 450-900 m.(www.lter.uaf.edu/CPCRW_site _description.htm). The 

drainage pattern in the watershed is dendritic, and stream channels in subdrainages are 

generally narrow and steep with wide main channels (Haugen et al. 1982). CPCRW has a 

continental climate, characterized by large diurnal and annual temperature variations, low 

annual precipitation, and low humidity. Mean annual temperature in January is -24.4 °C 

while July has a mean of 17.1 °C ( Haugen et al. 1982). Annual precipitation averages 

315 mm, over half o f which falls during the summer months. Average snowfall is 1375 

mm per year (Bredthauer and Hoch 1979 ).

The research site for this study was located in the C3 watershed, one of the four 

large watersheds draining Caribou Creek in the CPCRW. The watershed has an area of 

5.7 km2 (Haugen et al. 1982) with elevations ranging from 274-770 m (Bredthauer and 

Hoch 1979). The overall aspect o f the watershed is northeast and the warmest areas of 

the watershed are on the south-facing slopes at intermediate elevations (Haugen et al.

1982). The watershed experiences wintertime temperature inversions, where air
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temperatures in the valley bottoms average 7 °C colder than intermediate elevations 

(Haugen et al. 1982). CPCRW is unglaciated and underlain by mica schist of the Birch 

Creek Formation. Soils are poorly developed silt loams that are thin and within a meter of 

shattered bedrock (Haugen et al. 1982). Fifty-three percent of the C3 watershed is 

underlain by permafrost, and low soil temperature in black spruce stands results in 

reduced decomposition rates of organic matter, allowing moss and lichen communities to 

develop (Haugen et al. 1982). Potential nitrogen input to these stands is from N-fixing 

activity of moss communities and alders. The widespread moss, Pleurozium schreberi, 

may be a significant contributor o f nitrogen in black spruce stands (Klingensmith and 

Van Cleve 1993, DeLuca et al. 2002). Nitrogen fixing alders ( crispa and Alnus 

tenufolia), which contribute substantial amounts of nitrogen to early successional 

floodplain systems (Klingensmith and Van Cleve 1993), also have the potential for 

significant nitrogen addition to the watershed.

In black spruce stands of C3, organic layer depth is typically 15 to 25 cm with 

low pH (3.46-4.00) (Troth et al. 1975). The organic layers of the C3 watershed are 

between 46-49 %C and 1.2-1.9 %N (Troth et al. 1975).
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1.3.2 Experimental Design

Although the study sites are underlain by permafrost, the experimental design was 

developed to examine differences in net mineralization rates 1) between the north-facing 

(high permafrost) and south-facing (low permafrost) sides of the watershed and 2 ) from 

the valley bottoms to the warmer, intermediate elevation regions (400 m) of the 

watershed. I established ten 400 m long transects that originated in the valley bottom 

(within 5 m of the stream) and ended in the intermediate elevation (411-494 m) of the 

watershed. Five transects were set up on the north-facing slope of the watershed and five 

on the south-facing slope of the watershed, each spaced 250 m apart. The transects were 

long enough to capture the elevation gradient in thaw depth corresponding to winter time 

air temperature inversions, and were also feasible to access by foot. To be consistent, 

transects were established using compass bearings, with the north-facing transects 

running upslope along 150° lines and the south-facing transects running upslope along 

300° lines. There were 5 sampling points along each transect: 0 m (valley bottom), 20 m 

(toeslope region representing transition from riparian area to black spruce overstory), 100 

m, 300 m, and 400 m. These were used to capture elevational differences in depth of 

thaw and nitrogen mineralization rates. All soil samples as well as environmental data 

were collected at each of these designated sampling points along the transects, resulting 

in a total of 50 sampling points across all high and low permafrost transects. Transects on 

the south-facing hillslopes had a mean slope of 18 ° and spanned elevations from 348 m



(valley bottom) to 483 m (upper sampling point). The transects on the north-facing slopes 

ranged from 340m to 494 m in elevation with a mean slope of 31°.

1.3.3 Soil sampling and analyses

Nitrogen mineralization is used as an index of nitrogen availability that measures 

forms of inorganic nitrogen (NH4+ and NO3 ) that supply the majority of plant uptake 

(Binkley and Hart 1989). In June, July, and August o f 2003, in situ net nitrogen 

mineralization was measured by the buried bag method (Robertson et al. 1999) at all ten 

transects and all sampling points in the C3 watershed. All June samples were 

contaminated in the laboratory; thus, only results from July and August are reported. At 

each sampling point (0 m, 20 m, 100 m, 300 m, 400 m) along the transects, the top 10 cm 

of organic soil was sampled using a soil corer 5 cm in diameter. At each of the 50 

sampling points a 40 m2belt transect was established perpendicular to the slope and 

centered on the sampling point. At three random points within this belt transect, two soil 

cores were taken. The initial soil core was put in a cooler and taken back to the laboratory 

for immediate extraction. Care was taken to keep the second soil core intact; it was sealed 

in a ziplock bag, buried in the ground, and retrieved three weeks later to be extracted at 

the laboratory. Thus, three initial soil cores were taken from each elevation along the 

transect, for a total of 15 cores per transect and 150 cores per monthly sampling period. 

Once the soil cores were in the laboratory, the cores were measured and weighed for bulk 

density calculations. The cores were homogenized, and 10 g from each core was shaken 

with 75 ml of 0.5 M K2SO4 for one hour and then filtered using Buchner funnels and
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glass microfibre filter paper. An additional 10 g was oven dried at 60 ° C for 24 hours to 

determine soil moisture. The filtered extracts were frozen until further analysis. NH4+ -N 

was analyzed using a phenol hypochlorite assay and N 0 3'-N using a Cd-reduction 

column on a Technicon Autoanalyzer (Whitledge et al. 1981).

1.3.4 Net mineralization calculations

The initial and final pools of extractable inorganic nitrogen (DIN) were calculated 

on a dry soil basis. Net mineralization rates were calculated as the difference between 

initial and final DIN pools over the incubation period (pgN/g dry soil/ 21 days), and net 

nitrification rates were calculated as the difference between initial and final NO3' over the 

incubation period (pgN/g dry soil/ 21 days) (Robertson et al. 1999). Bulk density 

calculations, based on the volume of the soil corer, were also used to convert rates to a 

mass per area basis (pgN/m2).

1.3.5 Environmental and plant community measurements

At each sampling point on each transect, environmental and site variables were 

measured. Slope and aspect were measured using a Suunto compass and inclinometer; 

overstory canopy density was measured using a convex spherical densiometer (Robert E. 

Lemmon, FOREST DENSIOMETERS), and elevation was recorded using a Rino 120 

Garmin GPS unit. Soil temperature at 10 cm depth was measured every two weeks from 

June through September with a digital soil thermometer (MULTI-thermometer), and 

measurements of thaw depth were taken every two weeks from July through September
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with a rebar thaw probe. Black spruce ( Piceamariana) and alder ( spp.) tree

density was measured within each belt transect (Barbour et al. 1979).

1.3.6 Statistical analyses

Statisical analyses were performed using the SAS System (SAS Institute, Version 

8.2, 2001). I used analysis of variance (ANOVA) to compare means of the environmental 

measurements, pools of inorganic nitrogen, and rates of net nitrogen mineralization and 

net nitrification between high and low permafrost hillslopes, pooling across elevations. I 

included site designation (low or high permafrost) and sampling distance from stream (0 

m, 20 m, 100 m, 300 m, 400 m) as explanatory variables in the analyses. ANCOVA was 

also used to compare means, with elevation as a covariate. The Tukey Test was used to 

distinguish differences in means of soil temperature, moisture, and thaw depth between 

the monthly sampling periods. I performed stepwise regression to determine which 

variables best explained initial pools of inorganic nitrogen, net mineralization and net 

nitrification, using site designation (high or low permafrost), depth of thaw, sampling 

distance from stream, soil temperature, and soil moisture as potential explanatory 

variables. Pearson correlation was used to test for relationships between alder density and 

net mineralization rates, and between alder density and initial dissolved inorganic 

nitrogen pools.



1.4 RESULTS

1.4.1 Seasonal and spatial changes in soil climate and thaw depth

Active layer and soil climate on the northeastern-facing C3 watershed were 

largely influenced by aspect: northern exposed hillslopes had significantly colder, wetter 

soils and a thinner active layer (Table 1.1). Soil temperature on high permafrost hillslopes 

was highest in July and August, but did not exceed 5 °C throughout the growing season, 

and was below 0 °C by the middle o f September (Fig. 1.1). Soil moisture increased from 

July to August, from 73% to 78% (Fig 1.2). On high permafrost hillslopes, soil 

temperature and moisture did not change significantly with distance from the stream. The 

active layer on high permafrost hillslopes, with a mean depth of 28.8 cm, also did not 

change upslope from the stream (Fig 1.3). The deepest thaw on high permafrost hillslopes 

was recorded at the beginning of September, with seasonal increases in the overall mean 

of the active layer over the course of the summer. High permafrost hillslopes also had 

thicker moss layers (Table 1.1).

Low permafrost hillslopes had considerably warmer, drier surface soils and 

experienced greater soil warming throughout the growing season (Figs. 1.1, 1.2). Mean 

temperature of low permafrost soil increased 1.4 °C to 5.5 0 C from June to July, along 

with an increase in soil moisture from 57% in July to 64% in August. Low permafrost 

soil reached higher soil temperatures and did not drop below freezing during the growing 

season. While soil temperature and moisture were fairly constant upslope from the 

stream, the active layer increased 400 m from the valley bottoms, where the mid

elevation sampling points had a 15.3 cm greater active layer than the low elevation
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sampling points (Figure 1.3). The active layer on low permafrost hillslopes was deeper, 

averaging 38 cm in depth throughout the sampling months. The overall mean of the 

active layer did not change seasonally; however, thaw depth at the individual 0 m and 

100 m sampling points was deepest in the beginning of September.

To explain the variation in soil temperature, soil moisture, and thaw depth, 

stepwise regression was used on a set of site characteristics at each of the low and high 

permafrost sites which may have influenced the soil climate (Table 1.2). A large amount 

of variation (65%) in thaw depth was explained by aspect of the hillslope and sampling 

distance from stream. Overall, soil temperatures were explained by sampling distance 

from stream, slope, and aspect. Variation in soil moisture was consistently explained by 

aspect, although slope, elevation, and thaw depth were also retained in the model in July 

(Table 1.2).

1.4.2 Net mineralization and net nitrification rates

The south-facing slope, with a warmer, drier soil and deeper active layer, did not 

support higher net mineralization rates than the north-facing hillslopes, nor did net 

nitrogen mineralization rates increase upslope from the stream. Net mineralization rates 

were higher on north-facing hillslopes in July (Fig 1.4, Table 1.3). Overall, net 

mineralization rates in the C3 watershed were low (< 7.0 pgN/g soil/21 days). Net 

mineralization on the high permafrost hillslopes averaged 3.1 ± 0.66 pgN/g soil/21 days 

and 2.6 ± 0.73 pgN/g soil/21 days, in July and August respectively, when the 

corresponding rates at the low permafrost sites were 0.7 ± 0.32 pgN/g soil/21 days and
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1.4 ± 0.3 |igN/g soil/21 days. Initial pools of NH4+ and NO3' were also higher on high 

permafrost hillslopes in July and August, and NO3' increased with distance from the 

stream (Table 1.3).

The mean net mineralization rate across the 400 m transect was not different 

between July and August on high and low permafrost hillslopes; however, the trends in 

net mineralization rate upslope from the stream at high permafrost sites were very 

different from July to August (Fig 1.4). On high permafrost hillslopes, July net 

mineralization rates peaked at the 20  m sampling point, which was the highest mean rate 

measured across the transects. No peak in net mineralization at the 20 m was detected in 

August, however. Net mineralization rates across the 400 m transect on high permafrost 

sites ranged between -2.0 pgN/g soil/21 days and 6.0 pgN/g soil/21 days from July to 

August (Fig. 1.4). Changes in net mineralization rate with elevation were minimal on low 

permafrost hillslopes, where rates fluctuated between 0.0 pgN/g soil/21 days and 2.0 

pgN/g soil/21 days across the 400 m transects in July and August.

Net nitrification rate was higher on high permafrost hillslopes during both 

sampling months (Fig. 1.4). Net nitrification rate was very low (< 2.0 ugN/g dry soil/21 

days), varied negligibly along the elevation transect, and measurements showed net 

immobilization at low permafrost sites in July. There was minimal variation in 

nitrification rates between July and August.

Regressions of environmental and site variables (soil temperature, soil moisture, 

bulk density) on net mineralization rates explained only minimal variation in net 

mineralization. Net mineralization rates also did not vary with thaw depth in either July
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(R2=0.06, P>0.05) or August (R2=0.08, P>0.05). Stepwise selection was used on a set of 

site and environmental variables which were measured during the July and August 

incubation periods (Table 1.4). The site and environmental variables did not explain 

much variation in net mineralization rates, with only 13% variation explained in July and 

August. Slope and nitrate were retained in the model in July, whereas elevation, soil 

moisture, and nitrate were retained in the model in August. Thus, soil moisture was the 

only soil climatic variable which explained variation in net mineralization rate. Active 

layer and soil temperature, which varied between low and high permafrost hillslopes, did 

not explain variation in net mineralization rates.

Stepwise regression was used with the same set o f explanatory variables to 

explain variation in net nitrification (Table 1.4). In July, the model explained 25% of 

variation in net nitrification, primarily through initial nitrate concentrations, slope, and 

elevation. Explanatory power was weaker in August (15%), and of the environmental 

variables only soil moisture was retained. Stepwise regression using the same set of 

explanatory variables explained little variation in nitrate, where site characteristics were 

mostly retained in the model (Table 1.4). Thus, soil moisture was the only soil climate 

variable which explained variation in net nitrification rates. Active layer and soil 

temperature did not explain variation in net nitrification rates.
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1.4.3 Potential impacts from nitrogen fixers

I measured the density of alders as well as the percent cover and foliar N of 

Pleurozium. These species are nitrogen fixers, which have the potential to add inorganic 

N to the soil and may account for differences in inorganic soil nitrogen. In the C3 

watershed, the percent cover of Pleurozium was not correlated with N H / or net 

mineralization rates. Alder density was 65% greater on high permafrost hillslopes.

Alders, the only nitrogen fixing shrub species in the study area, may contribute to N 

dynamics and impact availability of N H / via symbiotic nitrogen fixation, as N2 is fixed 

by bacteria and released as N H / (Lambers et al. 1998). Thus, initial pools of N H / 

measured for net mineralization estimates may have been affected by inorganic nitrogen 

inputs via nitrogen fixation. Regression of initial pools of N H / on alder density showed 

that alder density was positively correlated with initial pools o f N H / in July (R2=0.27), 

although the relationship was weak in August (R2=0.06) (Fig. 1.5). The correlation was 

positive between mean alder density and mean initial N H / pools across all sites and 

months (PO.OOOl, r2=0.47).
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1.5 DISCUSSION

1.5.1 Net mineralization and net nitrification rates

Net mineralization rates measured in my study were comparable to previously 

measured rates in black spruce stands, where the rate is typically <1 pgN/g/day (Van 

Cleve et al. 1993). Black spruce and white spruce communities have the lowest rates of 

nitrogen mineralization in Interior Alaska, compared to mineralization rates in poplar- 

alder stands which can be as high as 16 pgN/g/day (Van Cleve et al. 1993). Net 

nitrification rates were also very low in my study, with overall means < 2.0 pgN/g/21 

days. Low net nitrification rates in the C3 watershed may be partially due to the low 

concentration of N H / available as substrate, and also to conditions which are favorable 

for denitrification and thus small nitrate pools, including high soil moisture, low pH, and 

restricted soil drainage (Klingensmith and Van Cleve 1993).

1.5.2 Addressing hypotheses

In the Interior o f Alaska, aspect and air temperature largely regulate the 

distribution of permafrost. Large scale studies have characterized south-facing slopes as 

permafrost-free, with warmer, well-drained soils, increased rates of nutrient cycling, and 

more productive plant communities. In contrast, north-facing slopes are associated with 

permafrost, cold, wet soils, low rates of nutrient cycling, and nutrient-limited evergreen 

communities (Slaughter et al. 1995). In this small scale study, I investigated whether 

changes in soil climate and active layer between north and south-facing aspects affected 

net nitrogen mineralization rates within the black spruce community. My first hypothesis



was that warmer, south-facing hillslopes would have higher net mineralization rates and 

that mineralization would be positively correlated with deeper active layer and more 

favorable soil climate. Although my results showed that net mineralization rate was 

significantly different between the high and low permafrost hillslopes, my hypothesis was 

not supported, as I found that high permafrost hillslopes had greater net mineralization 

rates than low permafrost hillslopes. I used site characteristics (slope, elevation) in 

addition to soil temperature, soil moisture, thaw depth, and moss layer to account for 

variability in net mineralization rates, but my study was only able to statistically explain 

about 13% of the variation in net mineralization rates. Initial nitrate concentration 

consistently explained net mineralization in July and August; however, nitrate 

concentration was also not well explained by active layer or soil climate.

The premise of my second hypothesis was that net mineralization rate would be 

positively correlated with increased thaw depth found at higher elevations, given that 

thaw depth is a significant control on soil drainage and aeration. This hypothesis was also 

not supported, and my results show that net mineralization rate did not follow trends in 

thaw depth. Therefore, although I predicted that net mineralization rates would be related 

to variation in soil climate and thaw depth between the north and south-facing hillslopes, 

mineralization was not well explained by these variables and higher net mineralization 

rates on north-facing hillslopes were contrary to my predictions. This suggests that other 

variables, perhaps related to organic matter quality or associated vegetation, play a larger 

role in affecting net N mineralization at this smaller scale.
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The quality o f organic matter has been shown to have a significant influence on 

net mineralization rates. Substrate chemistry plays a prominent role in determining net N 

mineralization rate (Van Cleve et al. 1993), and, although the influence of temperature is 

important, N mineralization is also dependent upon the quality and decomposability of 

soil organic matter (Cote el al. 2000, Vitousek and Howarth 1991, Van Cleve et al. 1993). 

The quality of organic matter is important in controlling N and C mineralization rates in 

tundra plant communities (Nadelhoffer et al. 1991), and N mineralization rates should be 

related to categorized fractions of organic matter in the active, slow, and passive pools 

(Cote et al. 2000).

Although my study did not directly measure the quality of organic matter, data 

from a complementary study (Chapter 2) in the C3 watershed examined foliar C:N ratios 

of dominant understory shrub species, which contribute to the quality of organic matter 

and can have an effect on the decomposer community and net mineralization rates 

(Flanagan and Van Cleve 1983, Van Cleve et al. 1993, Cote et al. 2000). Results from 

the foliar nitrogen study indicated that the dominant understory shrubs on high 

permafrost hillslopes had significantly higher C:N ratios throughout the growing season. 

Results also showed that increased resorption on low permafrost hillslopes at the end of 

the growing season resulted in comparable C:N ratios, 52.3 and 57.7 for low and high 

permafrost hillslopes, respectively (Chapter 2). These results indicate that foliar nitrogen 

inputs to organic matter were similar at the end of the growing season between the two 

hillslopes. Although foliar C:N ratios are only an indicator of organic matter quality, this
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suggests that the quality of organic matter may be similar between the two hillslopes in 

the C3 watershed, and thus may not account for differences in net mineralization rates.

1.5.3 Impacts from nitrogen fixers

I measured the density of alders as well as the percent cover and foliar N of 

Pleurozium. Both species are nitrogen fixers and have the potential to account for 

differences in inorganic soil nitrogen. In the C3 watershed, the percent cover of 

Pleurozium was not correlated with NHU+ or net mineralization rates. However, my 

analyses detected significant correlations between N H / pools and alder density. High 

permafrost sites had 65% high alder density than low permafrost sites, and a potential 

explanation for the increased NH4+ pools at high permafrost sites is the density of alder 

shrubs. Alders add substantial N to early successional systems and are major contributes 

to N processes (Klingensmith and Van Cleve 1993). Alders are also thought to contribute 

to increased nitrogen concentration o f litter on the forest floor in the CPCRW (Troth et al. 

1975), and given that the C3 watershed is N-limited (Haugen et al. 1982), alders may be 

an important nitrogen source and have a significant influence on NH4+ addition.

However, the complementary study on foliar nitrogen o f dominant understory shrubs 

found that low permafrost hillslopes supported understory species with significantly 

higher foliar nitrogen, despite the lower alder density on low permafrost hillslopes 

(Chapter 2). Therefore, although alder density may be an important source of nitrogen, 

there is no evidence that the alders compensate for the overall nitrogen limiting 

environment on high permafrost hillslopes.
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1.5.4 Conclusions

In the C3 watershed of CPCRW, differences in net mineralization rate between 

high and low permafrost hillslopes were not as I predicted. Net mineralization rates were 

greater on high permafrost hillslopes, and active layer and soil climate were not 

consistent explanatory variables for net nitrogen mineralization rates. Although the 

typical controls of net mineralization are soil temperature and moisture (Schimel et al.

1996), my study suggests that in the black spruce community o f the C3 watershed, net 

mineralization is affected by other variables. Local variation in organic matter chemistry 

may be an important factor affecting net mineralization rate in the C3 watershed, and 

variation of alder density and alder litter should also be taken into consideration when 

pools of inorganic nitrogen are measured proximal to alder shrubs. Therefore, my study 

shows that the typical controls of net mineralization, soil moisture and temperature, may 

not drive variation in mineralization rates within the C3 watershed.



32

Table 1.1 Results for Analysis of Variance of environmental variables and soil 

characteristics in July and August. Positive and negative relationships are indicated by 

plus (+) and minus (-) signs. Perm represents site designation (low or high permafrost), 

and Dist is a categorical variable representing the sampling distance from stream (0 m, 20 

m,100 m, 300 m, 400 m). P<0.05*, P<0.001**, P0.0001***.

Variable July August

% Moisture Perm 122.06 (+) *** Perm 71.32 (+) ***

Moss Layer Perm 6.99 * (+) 

Dist 2.85 * (-)

Perm 27.74*** (+) 

Perm*Dist 2.62*

Bulk Density Perm 16.72*** (+) 

Dist 12.15 *** (-)

Soil

Temperature

Perm 79.08*** (-) 

Dist 5.64** (+) 

Perm*Dist ***

Perm 293.6 ***(-) 

Dist 2.76* (+)

Thaw Depth Perm 289.62***(-) 

Dist 49.22***(+) 

Perm*Dist 13.01***

Perm 56.85***(-)

Dist 19.65*** (+) 

Perm*Dist 8.28***
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Table 1.2 Stepwise regression results for environmental variables. Explanatory 

variables are distance from the stream (Dist) 0 m, 20 m,100 m, 300 m, 400 m, slope, 

aspect (90° to 130° for south-facing and 300° to 325° for north-facing), elevation (Elev), 

and thaw depth (Thaw). Significance is indicated by P<0.05*, P0 .001** , P0.0001***. 

Slentry in to the model=0.1,Slstay=0.05.

Month Response

Variable

Dist

(m)

Slope

(°)

Aspect

(°)

Elev

(m)

Thaw

(cm)

R2

July Temp * * *** 0.37

August Temp ** ** *** 0.72

July Moisture * *** *** 0.42

August Moisture *** 0.31

July Thaw *** *** 0.65

August Thaw *** *** 0.48

July Moss *** *** 0.12

August Moss * * 0.07



Table 1.3 Results for Analysis of Variance of net mineralization rates. Explanatory 

variables included in the model were site designation (Perm) as high or low permafrost; 

distance from stream (Dist) as a categorical variable: 0 m, 20 m, 100 m, 300 m, 400 m; 

and a permafrost * distance interaction (Perm * Dist). F-values are included in the table 

with significance indicated by P<0.05*, P0 .001** , P0.0001***. Numerator for degrees 

of freedom are 1 (low or high permafrost) or 4 (sampling distances from stream) and 

denominators range from 130-137. Units for inorganic nitrogen are pgN/gram dry soil 

and are the initial concentrations measured for net mineralization. Units for net 

mineralization and net nitrification rates are pgN/g/21 days.
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Month Inorganic N Pools and 
Rates

F value

July n h 4 Perm 27.31 *** 
Dist 3.18 *

n o 3 Dist 2.84 *
Net Mineralization Perm 11.35 **
Net Nitrification Perm 10.27 **

August n h 4 Perm 17.66 ***
n o 3 Perm 13.36 ** 

Dist 3.11 * 
Perm*Dist 3.24 *

Net Mineralization ns
Net Nitrification ns



Table 1.4. Stepwise selection results for net mineralization rates and inorganic 

nitrogen. Explanatory variables are site designation as high or low permafrost (Perm), 

sampling distance from stream (Dist) 0 m, 20 m, 100 m, 300 m, 400 m, slope, elevation 

(Elev), soil moisture (Moist), bulk density (BD), N 0 3‘, and NH4+. Response variables are 

abbreviated as Res. Var. Significance is indicated by P<0.05*, P<0.001**, P<0.0001***. 

Slentry in to the model=0.1, Slstay=0.05. Units for inorganic nitrogen are pgN/g soil and 

are the initial concentrations measured for net mineralization. Units for net mineralization 

(NMin) and net nitrification (NNit) rates are pgN/g soil/21 days. Moss layer, thaw depth, 

and temperature were not retained in the model for any response variable.
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Mo. Res.

Var.

Perm Dist

(m)

Slope

(°)

Elev

(m)

Moist

(%)

BD

(g/

cm3)

n o 3

(HgN/

g)

n h 4

(jigN/

g)

R2

July n h 4 *** *** * 0.22

n o 3 ** 0.06

NMin *** ** 0.13

NNit * *** *** ** * 0.24

Aug n h 4 *** * 0.13

n o 3 * * * 0.15

NMin * * * 0.13

NNit * * * 0.15
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b. High Permafrost
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Figure 1.1 Fluctuation in soil temperature across sampling months. Temperature was 

measured at 10 cm soil depth. Mean ± SE, n=15 . Significant differences are indicated by 

different letters and were detennined by the Tukey Test, a=0.05.



37

Figure 1.2 Percent moisture in low and high permafrost soils. Mean ± SE, n=15. 

Soils are from the top 10 cm of the organic layer. Significant differences indicated by 

different letters, determined by ANOVA (P<0.0001).
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b. High Permafrost

Distance upslope from stream (m)

Figure 1.3 Thaw depth on low and high permafrost hillslopes. Mean ± SE, n=15. 

Significant differences are indicated by different letters and were determined by the 

Tukey Test, a=0.05.
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a. July

0 20 100 200 300 400

b. August

Distance upslope from stream (m)

Figure 1.4 Net mineralization rates in the C3 watershed. Reported for low (o) and

high (■) permafrost hillslopes. Rates are expressed over the period of incubation. Means 

± SE, n=15. The only significant difference in July is indicated by different letters, 

determined by ANOVA (P<0.001).
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Figure 1.4 Net nitrification rates in the C3 watershed. Rates are expressed over the 

period of incubation. Means ± SE, n=15. The only significant difference in July is 

indicated by different letters, determined by ANOVA (P<0.001).
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a. July

b. August

Alder Density (trees/m2)

Figure 1.5 Regression of NH4 pools on alder density. NH4  values are initial 

measurements used for net mineralization calculations. NH4  and alder density are 

combined across low and high permafrost hillslopes. Mean ± SE, n=50.
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CHAPTER TWO 

Seasonal foliar nitrogen concentrations of three dominant understory shrubs in 

relation to varying active layer and soil climate in a boreal forest watershed

2.1 ABSTRACT

Permafrost is prevalent in black spruce forests of the Alaskan Interior, where 

understory shrubs play a substantial role in nutrient cycling given their relatively faster 

turnover rates and higher element concentrations. An ecologically important component 

o f permafrost is the active layer, which is the seasonally thawed soil above the permafrost 

table. With local and seasonal changes in active layer and soil climate, one might expect 

faster growing deciduous shrubs to have a different response to changes in soil conditions 

than slow growing evergreen shrubs. The main question addressed by this study was how 

local changes in active layer and soil climate might affect seasonal foliar nitrogen 

concentrations of deciduous ( Vacciniumuliginosum) and evergreen ( vitis-

idaea and Ledum palustre) shrubs. I expected warmer, drier south-facing hillslopes to 

support higher foliar nitrogen in all shrubs, and foliar N of the deciduous species to 

reflect local changes in soil climate and active layer. As I predicted, south-facing slopes 

supported higher nitrogen concentrations in both evergreen and deciduous shrubs. 

Unexpectedly, L. palustre, with the conservative evergreen growth strategy, was the only 

species that had consistently higher foliar N with increased active layer and favorable soil 

climate. Seasonal and spatial differences in foliar N of the evergreens also indicated that 

foliar N patterns cannot be categorized by growth strategy.
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2.2 INTRODUCTION

Evergreen shrubs represent a high proportion of the understory in northern black 

spruce ( Piceamariana) forests (Kane et al. 1978, Bredthauer and Hoch 1979), which

almost exclusively occupy cold, wet sites associated with permafrost (Van Cleve et al. 

1983, Viereck et al. 1983). In black spruce ecosystems, understory shrubs play a 

substantial role in element cycling, given that shrubs have faster biomass turnover than 

black spruce and represent a larger proportion of annually replaced aboveground biomass 

and nutrients (Chapin and Tyron 1983). Although evergreens dominate the black spruce 

understory, both evergreen and deciduous growth strategies are important for element 

cycling (Chapin and Tyron 1983). Evergreens minimize resource loss with slow turnover 

rates and a more conservative growth strategy, while deciduous species have higher 

growth rates, increased nutrient concentrations, and faster element turnover (Chapin 

1980, Chapin and Shaver 1991). In black spruce forests, permafrost also plays an 

important role in nitrogen cycling and nitrogen acquisition in plants (Van Cleve et al. 

1983, Bonan and Shugart 1989), and the active layer is the ecologically significant 

component of permafrost for nutrient cycling and below ground plant growth. Given the 

difference in growth strategies of understory shrubs, one might expect deciduous and 

evergreen shrubs to have alternative responses to variation in soil climate and active 

layer. It is thought that the deciduous strategy is able to take advantage of short term 

changes in nutrient availability and may be more responsive than evergreens to changes 

in soil conditions (Chapin 1980). Thus, with local and seasonal changes in the active



layer and accompanying soil climate, one might expect deciduous species to be more 

responsive to a favorable soil climate than evergreen species.

Permafrost, ground which remains below 0° C for two or more consecutive years, 

is discontinuous but widespread between the -3.9 °C and -6.7 °C mean annual air 

temperature isotherms (Bonan and Shugart 1989). In the discontinuous permafrost region, 

frozen soils are associated with northern aspects and may have an active layer only 45-50 

cm deep (Kane et al. 1978, Bredthauer and Hoch 1979, Bonan and Shugart 1989). This 

study took place in a subarctic watershed with discontinuous permafrost, where active 

layer and soil climate change with aspect and elevation. North-facing hillslopes, termed 

“high permafrost”, were characterized by shallow active layers, and cold, wet soils 

(Chapter 1). South facing hillslopes, termed “low permafrost”, had deeper active layers, 

warmer, drier soils, and a natural gradient in the permafrost table that decreased at the 

intermediate elevations o f the watershed. The purpose o f this study was to evaluate how 

changes in active layer and soil climate affected seasonal foliar nitrogen concentrations of 

deciduous and evergreen shrub species in the black spruce understory.

In upland taiga forests, habitat is important in determining foliar nutrient 

concentrations, especially at nutrient-poor sites where foliar nitrogen is limited by low 

resource availability (Chapin and Tyron 1983). When nutrient supply is low relative to 

plant demand, there is first a decrease in vacuolar reserves and then a reduction in tissue 

nutrient concentrations (Chapin 1980). Thus, low tissue concentrations would be 

expected in cold and frozen soils with low nitrogen availability (Chapin and Tyron 1983). 

Cold soil also decreases nutrient acquisition, which may further prevent plants from
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meeting nitrogen demands. Cold soils affect the function of belowground plant parts by 

restricting root activity and uptake (Bonan and Shugart 1989), as cold temperatures 

hinder the capacity of roots to absorb water as well as ammonium and nitrate (Lambers et 

al. 1998). Frozen ground also inhibits infiltration, and seasonally thawed soils often 

become waterlogged and anoxic (Bonan and Shugart 1989, Schimel et al. 1996), which 

may result in an insufficient supply of CL to belowground plant parts (Lambers et al.

1998). Therefore, low nutrient availability and restricted function of belowground 

structures prevent plants from meeting nitrogen demands and may reduce foliar nitrogen 

concentrations.

The first objective of the study was to determine if  depth of the active layer and 

soil climate, which changed with aspect and elevation, in turn affected seasonal courses 

of foliar nitrogen in two evergreen shrubs dominant in the black spruce understory. 

Nutrient-limited evergreen species have a conservative growth strategy which allows 

them to establish in nutrient poor areas associated with permafrost (Kane et al. 1978, 

Bredthauer and Hoch 1979, Chapin 1980, Berendse and Aerts 1984, Coley et al. 1985, 

Chapin and Shaver 1991). Evergreen plants typically have a common suite of traits to 

deal with low resource environments, including low photosynthetic rate, slow leaf 

growth, and long life span (Eckstein and Karlsson 1997). Evergreens also have lower 

nitrogen concentrations, which are partly a result o f a high amount o f structural material 

and leaf protein associated with tissue maintenance and slow tissue turnover (Chapin 

1980, Bloom et al. 1985). Evergreens have been shown to move nutrients into leaves 

slowly throughout the active season, and nutrients are kept in the leaves rather than stored
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in other plant parts, thus minimizing the cost of synthesis, breakdown, and translocation 

of N storage compounds (Chapin et al. 1980). The advantage of the evergreen growth 

strategy on permafrost soils is that carbon and nutrients are conserved with less reliance 

on external nutrient uptake. However, the disadvantage is that this strategy may not be as 

responsive to short term pulses in nutrient availability (Chapin et al. 1980).

This study also contrasted the patterns of foliar nitrogen in evergreens with 

seasonal courses of foliar nitrogen in a deciduous shrub between low and high permafrost 

hillslopes and across an elevation gradient in thaw depth. In discontinuous permafrost 

regions, south-facing sites often have warmer soils which support a more productive, 

deciduous growth strategy (Walker and Walker 1991). Deciduous plants typically have 

higher foliar nitrogen concentrations, higher leaf turnover rates, and higher 

photosynthetic rates (Chapin et al. 1980, Chapin and Shaver 1991). Deciduous species 

also have greater changes in seasonal nutrient concentration, which is attributed to the 

substantial quantity of nutrients moved from stems and belowground parts into new 

leaves during early spring (Chapin et al. 1980, Chapin and Shaver 1991, Moorhead et al. 

1996, Eckstein and Karlsson 1997). Deciduous species may be more capable of rapid 

nutrient uptake at a lower structural and maintenance cost than evergreens (Chapin and 

Shaver 1991) and may have a more plastic pattern of allocation that allows the plant to 

respond to environmental changes (Bloom et al. 1985). The disadvantage of the 

deciduous growth strategy in permafrost soils is the high rate of element turnover which 

results in dependence on new carbon and nutrient uptake in support of new growth 

(Chapin and Shaver 1991).
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The last objective for the study was to compare nitrogen resorption efficiency in a 

deciduous shrub between high and low permafrost hillslopes, as nitrogen resorption may 

be an important nutrient conservation mechanism in the black spruce community. 

Previous studies have found that high amounts of nitrogen are resorbed by high latitude 

plants, effectively minimizing resource loss prior to senescence (Chapin et al. 1980, 

Bloom et al. 1985, Chapin and Shaver 1991, Eckstein and Karlsson 1997). Efficient 

resorption of nutrients may be an important nutrient conservation strategy for plants 

living in low nutrient environments (Small 1972, Chapin and Kedrowski 1983, Jonasson 

1995) by reducing demand for nutrient uptake (Reich et al. 1995). Studies of vegetation 

types in the Alaskan Arctic have found that deciduous growth forms have a greater 

capacity for nutrient resorption than evergreen growth forms, and deciduous species 

generally resorb more nutrients from senescent leaves (Chapin et al. 1980, Bloom et al. 

1985, Chapin and Shaver 1991).

The focal species for this study were the Ericaceaous shrubs Vaccinium 

uliginosum L. , Vaccinium vitis-idaea L. and Ledum palustre. The Vaccinium species 

are circumpolarly distributed, co-occurring shrubs which grow at high altitudes and 

latitudes on poorly drained, acidic soil types and are often associated with Ledum 

palustre (Jacquemart, 1996). These species were of interest because: 1) V uliginosum 

(deciduous), V. vitis -idaea  (evergreen), and L. palustre (evergreen) represent two 

different growth strategies that grow in the same habitat and it is likely that these shrubs 

use similar ericoid mycorrhizae (Jacquemart 1998); 2) V. uliginosum , V. vitis-idaea, and 

L. palustre have similar coverage throughout the study area, so that it is feasible to make
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ecological comparisons between varying soil conditions; and 3) the deciduous 

uliginosum allows for contrasts in nitrogen resorption efficiency between high and low 

permafrost hillslopes at the end of the growing season.

My study evaluated foliar nitrogen concentrations in the focal shrub species, as 

an index of nitrogen status, between 1) high permafrost and low permafrost hillslopes and 

2 ) across an elevational gradient of increasing thaw depth. I tested four main hypotheses 

in this study. First, I expected foliar nitrogen concentrations in all focal shrub species to 

be lower on high permafrost hillslopes than on low permafrost hillslopes. The second 

hypothesis, based on faster turnover rates in deciduous species and responsiveness to soil 

conditions (Bloom et al. 1985), was that nitrogen concentrations o f V. uliginosum would 

increase with increased thaw depth and more favorable soil climate at low permafrost, 

mid-elevation sites. Third, I anticipated that V. vitis-idaea and L. palustre, with a similar 

evergreen growth strategy, would have more similar foliar nitrogen concentrations and 

responses to changing permafrost conditions the deciduous Vaccinium species. Fourth, I 

hypothesized that V. uliginosum would increase nitrogen resorption from senescing 

tissues as a nutrient conservation strategy on high permafrost hillslopes compared to low 

permafrost hillslopes. These three Ericaceaous shrub species represent the majority o f the 

medium and low shrub cover in the C3 watershed and together represent 86% of the 

medium shrub groundcover at CPCRW (Troth et al. 1975). Determining foliar nitrogen 

patterns in the majority of the shrub groundcover o f the watershed gives an index of the 

nutrient content of litter inputs to the system, which influences the rate of decomposition, 

and maintains a feedback mechanism to nutrient cycles (Songwe et al. 1997). Thus, if the
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warmer, drier soils and deeper active layers on south-facing hillslopes promote increased 

foliar nitrogen, this would provide a positive feedback for nitrogen availability.
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2.3 METHODS

2.3.1 Site Description

CPCRW is a 104 km2 basin located in the Yukon-Tanana uplands of central 

Alaska, 45 km north of Fairbanks (65° 10' N, 147° 30' W). The Yukon-Tanana uplands 

are comprised of round, steep-sided ridges that are northeast trending. Hills are from 150- 

500 m above the alluvial covered valley bottoms and ridges and peaks range from 450- 

900 m above sea level (www.lter.uaf.edu/CPCRW_site _description.htm). The drainage 

pattern in the watershed is dendritic, and stream channels in subdrainages are generally 

narrow and steep while main channels are wider (Haugen et al. 1982). CPCRW has a 

climate typical o f Interior Alaska, characterized by the large diumal and annual 

temperature variations, low annual precipitation, and low humidity. Mean annual 

temperature in January is -24.4 °C, whereas July has a mean o f 17.1 °C ( Haugen et al.

1982). Annual precipitation averages 315 mm, over half of which falls during the 

summer months. Average snowfall is 1375 mm per year (Bredthauer and Hoch 1979 ).

The research sites for this study were located in the Caribou-3 (C3) watershed, 

one of the four watersheds draining Caribou Creek in CPCRW. The watershed has an 

area o f 5.7 km2 (Haugen et al. 1982) with elevations in the watershed ranging from 274- 

770 m (Bredthauer and Hoch 1979). The overall aspect of the watershed is northeast and 

the warmest areas of the watershed are on the southern facing slopes at intermediate 

elevations. The watershed experiences frequent air temperature inversions during the 

winter, resulting in valley bottoms that are 7.2 °C colder than intermediate elevations 

(Haugen et. al. 1982). CPCRW has never been glaciated and is underlain by mica schist
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of the Birch Creek Formation. Soils are poorly developed silt loams which are thin and 

within a meter o f shattered bedrock (Haugen et al. 1982). Fifty-three percent of the C3 

watershed is underlain by permafrost, and the north facing aspect o f the watershed, in 

combination with permafrost and topography, result in black spruce ( 

stands with a thick moss, lichen, and evergreen shrub understory (Haugen et. al. 1982). 

The coniferous community of the C3 watershed has high moss and lichen cover with the 

highest occurrence of labrador tea ( . Ledum palustre), bog blueberry ( 

uliginosum), and bog cranberry ( Vaccinium vitis-idaea) (Troth et al. 1975). Valley

bottoms of the watershed are dominated by riparian communities of willow ( sp.),

dwarf birch ( Betulanana), and blueberry ( Vacci uliginosum) (Bredthauer and Hoch

1979).

2.3.2 Experimental Design

The experimental design was developed to capture differences in foliar plant 

nitrogen 1) between the north-facing (high permafrost) and south-facing (low permafrost) 

sides of the watershed and 2 ) from the valley bottoms to the wanner, intermediate 

hillsides (411-494 m above sea level) o f the watershed. All of my study sites were 

underlain by permafrost; however, differences in active layer, soil temperature, and soil 

moisture distinguished the high and low permafrost sites. In the C3 watershed, I 

established ten 400 m long transects that originated in the valley bottom, and ended in the 

intermediate elevations (411-494 m) of the watershed. Five parallel transects were set up 

on the north-facing slope o f the watershed and five on the south-facing slope of the
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watershed, each spaced 250 m apart. Transects were established using compass bearings, 

with the northern facing transects running upslope along 150° lines and the southern 

facing transects running upslope along 300° lines. There were five sampling points along 

each transect: 0 m ( valley bottom, within 5 m of the stream), 20 m (toeslope region 

representing transition from riparian area to black spruce overstory), 100 m, 300 m, and 

400 m. These were used to capture elevational differences in depth of thaw and foliar 

plant nitrogen. All plant samples as well as environmental data were collected at these 

sampling points along the transects, resulting in a total of 50 sampling points across all 

high and low permafrost transects. Transects on the south-facing hillslopes had an 

average slope of 18° and spanned elevations from 348 m (valley bottom) to 483 m (upper 

sampling point). The transects on the north-facing slopes ranged from 340 to 494 m in 

elevation with an average slope of 31°.

2.3.3 Plant sampling and analysis

The understory plants sampled for this study were two evergreen shrubs, 

Vaccinium vitis-idaea (bog cranberry) and Ledum palustre (labrador tea), and one 

deciduous shrub, Vaccinium uliginosum (blueberry). This study also measured the density 

of nitrogen fixing species, which had the potential to influence inorganic soil nitrogen. 

Belt transects (40 m ) centered on the sampling points were used to measure the density 

of alders (Alnus spp.), which are common nitrogen fixing vascular species in the boreal 

region and contribute substantial nitrogen to early successional systems (Klingensmith 

and Van Cleve 1993). Foliar nitrogen also was determined for Pleurozium schreberi, a



common nitrogen fixing, ectohydric moss, which relies primarily on airborne nutrients 

from throughfall and leachates (Chapin et al. 1987). Quadrats (1 m x 0.5 m) were also 

used for percent cover estimates of P. schreberi. P. schreberi has an N fixing symbiosis 

with Nos toe bacteria and has been estimated to fix between 1.5 and 2.0 kg/ha/yr in the 

boreal region of Scandanavia (DeLuca et al. 2002).

Field investigation took place during the 2003 growing season, and plants were 

sampled at the sampling points (0 m, 20 m, 100 m, 300 m, 400 m) along transects during 

the second to third week of June, July, and September. At each elevation, foliage was 

collected from a 20  m transect perpendicular to the slope and bisected by the sampling 

point. Five random points were selected along the 20 m perpendicular transect and 

foliage was sampled at each point from the nearest two individual plants per species 

within 1 m of the transect. This resulted in sampling of 50 individuals of each species per 

transect. Only foliage from the top 10 cm of each plant was collected. During the 

September sampling period, leaves on V. uliginosum were collected by shaking the shrub 

and collecting fallen leaves. This method ensured that the senesced leaves that were 

collected had not yet experienced leaching on the forest floor.

Foliage samples were dried in an oven at 60 °C for 24 hours, and leaf area was 

measured on a subset of 10 leaves from each sample using a Cl 202 Area Meter (C.I.D., 

Inc., Camas, Washington). Leaf area measurements were used for resorption calculations 

and also to evaluate the changes in leaf morphology associated with varying tree density 

between the low and high-permafrost hillslopes. Leaf samples were ground using small 

ball bearings in plastic vials on a rolling mill, and 0.2 g samples o f the ground plant
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material were weighed out into ceramic boats. Nitrogen analyses of foliage were carried 

out at the University of Alaska Forest Soils Laboratory, using a CNS-2000 Elemental 

Analyzer (LECO Corporation, Michigan).

Calculations for foliar nitrogen were done on a leaf area (pg/mm2) and mass basis. 

Resorption calculated on an area basis standardizes for the amount of photosynthetic 

machinery in the leaf, which may vary according to the light levels at different habitats 

(Eckstein et al. 1999). Resorption calculated on an area basis also reliably accounts for 

changes in leaf mass throughout the season, and assumes that leaf area remains fairly 

constant throughout the season (Killingbeck 1984, Aerts 1996). Resorption efficiency, 

the percentage of nitrogen removed from senescing leaves, was calculated as the 

difference in nitrogen between peak foliar nitrogen and senesced leaves. This calculation 

is the most commonly used measure of nutrient resorption (Reich et al. 1995). For this 

study the term leaf litter represents foliage collected in mid-September:

( (maximum green leaf N ) -  (leaf litter N ) ) x 100%

(maximum green leaf N)

2.3.4 Environmental and plant community measurements

At each transect and each sampling point, environmental and site variables 

were measured. Slope and aspect were measured using a Suunto inclinometer and 

compass, overstory canopy density was measured using a convex spherical densiometer 

(Robert E. Lemmon, FOREST DENSIOMETERS), and elevation (± 50 m above sea 

level) was recorded using a Rino 120 Garmin GPS. Soil temperature at the 10 cm depth
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was measured every two weeks from June through August with a digital soil thermometer 

(MULTI-thermometer) and measurements o f thaw depth were taken every two weeks 

from July through September with a rebar thaw probe. Percent cover of understory 

species was measured along the transects in 2002  using the line intercept method 

developed by Canfield (1941) and Bauer (1943), and in 2003 percent cover of understory 

was measured at each sampling point using 1 m x 0.5 m quadrats (Barbour et al. 1979). 

The nearest neighbor distance method to estimate black spruce was used on all points 

and all transects (Barbour et al. 1979).

2.3.5 Statistical analyses

Statisical analyses were performed using the SAS System (SAS Institute, Version 

8.2, 2001). I used analysis of variance (ANOVA) to compare means of foliar nitrogen, 

nitrogen resorption, tree densities, specific leaf area, and percent cover of understory 

species and shrubs between high and low permafrost hillslopes. In the ANOVA 

procedures, I included site designation (low or high permafrost) and sampling distance 

from stream (0 m, 20 m, 100 m, 300 m, 400 m) as explanatory variables. ANCOVA was 

also used to compare means, with elevation as a covariate. The Tukey Test was used to 

distinguish differences in means of foliar nitrogen among the monthly sampling periods. I 

performed stepwise regression to determine which variables best explained foliar 

nitrogen, using site designation as low or high permafrost and all possible subsets of 

environmental and site variables measured during the sampling months. Stepwise 

regression was also used to evaluate variation in percent cover using the same set of
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explanatory variables, with the addition of tree density. Pearson correlation was used 

test for a relationship between specific leaf area and tree density and between soil 

moisture and leaf area.
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2.4 RESULTS

2.4.1 Environmental variables

Soil moisture, soil temperature, and thaw depth all differed between low and high 

permafrost hillslopes. North facing, high-permafrost hillslopes had consistently cold, wet 

soil while the south facing, low-permafrost hillslopes had warmer, drier soil and 

increased thaw depth (Table 2.1). Active layer was the only variable that differed with 

both elevation and aspect of the hillslopes, where the mid-elevations (411-494 m) of the 

low permafrost sites had warmer soils and thicker active layers (Chapter 1). The riparian 

areas in the valley bottom of the C3 watershed (0 m sampling point) had wet soil and 

consistent permafrost coverage along the stream bed.

2.4.2 Tree Density and Percent Cover

The environmental variables did not explain much of the variation in percent 

cover of the focal shrub species, V. uliginosum, V. vitis-idaea, and L. palustre (Table 2.2), 

which were similar in percent cover between the low and high permafrost hillslopes. 

Percent cover of V. uliginosum decreased with distance upslope from stream 

(F(4,io6)-3.85, PO.OOOl). Although horsetails ( spp.) dominated a few wet

areas on high permafrost slopes, there were no differences in percent cover of any other 

common understory species such as crowberry nigrum), bog rosemary

( Andromedapolifolia), northern commandra ( lividium), or dwarf birch

(Betula nana).
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Moss cover and black spruce (Picea mariana) density were explained by site 

designation (low or high permafrost) (Table 2.2). Low permafrost hillslopes had 

consistently higher black spruce density (F(i,40)=2.74, P=0.0001) and higher cover of the 

Pleurozium moss (F(ij2i)—4.25, P<0.0001), whereas high permafrost hillslopes had more 

open black spruce stands with higher percent cover of Sphagnum (F(i,43)=1.7 5 ,

P=0.0031).

2.4.3 Foliar nitrogen

2.4.3.1 V. uliginosum

The deciduous V. uliginosum had dynamic seasonal foliar nitrogen 

concentrations, and specific leaf area (SLA) measurements indicated that high nitrogen 

concentration in new leaves was diluted throughout the growing season with carbon gain 

and reduced further by resorption processes at the end of the growing season. V. 

uliginosum had the highest nitrogen concentrations early in the growing season (June), 

when low permafrost areas supported higher concentrations of nitrogen in new leaves 

than high permafrost areas (Fig. 2.1). In the month of June, the overall means for high 

and low permafrost sites were significantly different (2.34 % N vs. 2.68% N; Table 2.3). 

The high concentration o f foliar %N in June was reduced in July, when leaf thickness 

typically increases with carbon gain. Foliar nitrogen concentrations were not significantly 

different between low and high permafrost sites in September, when resorption reduced



foliar leaf nitrogen to similar levels at 1.05% N for low permafrost sites and 1.15% N at 

high permafrost sites.

At the low permafrost sites, V. uliginosum had similar concentrations of foliar 

nitrogen across the elevational transects during all sampling periods. In contrast, at the 

high permafrost sites there were changes in foliar nitrogen along the toeslope region of 

the watershed corresponding to the transition from riparian zone to spruce overstory. This 

change in foliar N was especially apparent in July, when nitrogen levels increased at the 

20 m sampling point and then dropped back down at the 100 m point (Fig. 2.1).

One objective for the study was to compare nitrogen resorption efficiency in the 

deciduous V. uliginosum between high and low permafrost hillslopes, as nitrogen 

resorption may be an important nutrient conservation mechanism on high permafrost 

hillslopes. Calculated on an leaf area basis, V.uliginosum had higher nitrogen resorption 

at low permafrost sites (F(i,33)=2.25, P=0.016), which had an overall mean N resorption of 

67.18% ±5.16 %N, compared to 36.27% ± 12.19 %N at high permafrost sites. Although 

differences were in the same direction when calculated on a mass basis (63.6 % ± 5.10% 

N in the low permafrost site and 49.86% ± 8.54 % on high permafrost sites) resorption on 

a mass basis was not significantly different between sites. Stepwise selection using leaf 

characteristics as explanatory variables (leaf weight, specific leaf area (SLA)) did not 

explain variation in resorption efficiencies for V. uliginosum, although leaf morphology 

differed between hillslopes, and leaf area was correlated with spruce density (r2=0.43, 

P<0.0001). Shrubs on low permafrost hillslopes had thinner leaves with more surface 

area (higher SLA).
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2.4.3.2 L. palustre

L. palustre was the only species that had higher foliar nitrogen concentrations on 

low permafrost hillslopes during all three sampling periods throughout the growing 

season (Table 2.3). L. palustre reached its peak seasonal N concentration in July at both 

high and low permafrost hillslopes (Figure 2.2). From June to July, L. palustre increased 

foliar nitrogen concentration by -0.25%  at low permafrost sites and -0.08% at high 

permafrost sites. At the end of the growing season in September, foliar nitrogen in L. 

palustre was reduced back down to June levels.

L. palustre was the only species to have consistently higher concentrations of leaf 

nitrogen at the mid-elevation sites (411-494 m in elevation), corresponding to the 300 m 

to 400 m sampling points on the low permafrost hillslopes. A significant permafrost by 

distance interaction in June also reflects increased foliar N with elevation and distance 

from the stream at the low permafrost sites (Table 2.4). In the toeslope region of the 

watershed (20 m sampling point), L. palustre showed a matching trend in foliar nitrogen 

with V. uliginosum during September, beginning with the initial peak of leaf nitrogen 20 

m upslope from the stream (Fig. 2.2). This peak in nitrogen was not detected at the low 

permafrost sites.

2.4.3.3 V vitis-idaea

Among the three focal shrubs, V. vitis-idaea had the lowest foliar %N, the least 

seasonal variation in foliar nitrogen, and the smallest changes in leaf nitrogen along the 

elevation transect (Figure 2.3). V. vitis-idaea did have different nitrogen concentration
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between low and high permafrost hillslopes, with higher leaf nitrogen at low permafrost 

sites in June and September (Table 2.3). Leaf nitrogen was explained by site (high or low 

permafrost) rather than by soil climate or active layer (Table 2.4). V. vitis-idaea was the 

only species that had little change in foliar nitrogen throughout the growing season: 

overall percent nitrogen from June to September ranged from 0.91 %N to 0.99 %N at low 

permafrost sites and from 0.82 %N to 0.86 %N at high permafrost sites.

There was little variation in foliar N along the elevation transect, except for a 

peak in nitrogen levels at the high permafrost 20  m sampling point (toeslope region) in 

July. The nitrogen peak in V. vitis-idaea at the toeslope region was the highest level for 

the season and also corresponded to a similar peak in levels of V. uliginosum foliar 

nitrogen.

2.4.4 Foliar nitrogen and N fixing species

I measured the density of nitrogen-fixing vascular shrubs, Alnus crispa and Alnus 

tenufolia, and the nitrogen-fixing moss, Pleurozium schreberi, because nitrogen fixers 

have the potential to affect differences in inorganic soil nitrogen between low and high 

permafrost hillslopes. Alder was the only nitrogen-fixing vascular shrub at the study site, 

and alder densities were higher at all sampling points on high permafrost hillslopes (F(i?4) 

=1.44, P=0.0152) (Fig. 2.2). Although a complementary study showed July pools of NFU 

to be significantly correlated with alder density at these study sites (Chapter 1), there was 

no correlation between alder density and foliar nitrogen. There were positive correlations 

found between NFU+ and foliar N at low permafrost sites in July for V. idaea



(r2=0.64, P=0.002) and at low permafrost sites in September for L. palustre (r2=0.46, 

P=0.03). Statistical analyses did not show that the percent coverage of schreberi was 

correlated to foliar nitrogen concentrations of the focal shrubs, and there were also no 

consistent differences in foliar nitrogen of P. schreberi between low and high permafrost 

hillslopes.
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2.5 DISCUSSION

2.5.1 Foliar nitrogen

This study was designed to examine foliar nitrogen concentration in relation to 

active layer and soil climate, which changed with hillslope exposure and elevation. Both 

evergreen and deciduous shrubs on south-facing hillslopes maintained higher foliar 

nitrogen concentrations, which generally supported my first hypothesis. The combination 

of environmental conditions associated with the site (high or low permafrost) best 

explained variation in foliar nitrogen, rather than the individual variables themselves 

(thaw depth, soil temperature, soil moisture, moss depth). Thus, the only significant and 

consistent explanatory variable for foliar nitrogen in all species throughout June, July, 

and September was site designation (high or low permafrost). The entire C3 watershed is 

nitrogen limited as a result o f high soil moisture content, low soil temperatures, reduced 

decomposition, and the development of moss communities (Haugen et al. 1982); 

however, this study was not specifically designed to distinguish which of these variables 

were most limiting to the individual shrub species. These same factors which are 

responsible for nitrogen limitation are also crucial to maintaining permafrost integrity, 

and are so closely linked that it may be difficult to distinguish which variables are most 

limiting to each of the shrubs (Camill 1999).

Deciduous species, with faster growth and turnover rates, may be more capable 

o f responding to changes in soil climate and environment (Bloom et al. 1985); therefore, I 

hypothesized that foliar nitrogen of V. uliginosum would increase with increased thaw 

depth and favorable soil climate. This hypothesis was not supported in my study.



Although V.uliginosum had the highest nitrogen concentration of the focal shrub species,

it did not have consistently higher nitrogen concentration in low permafrost areas and its 

foliar nitrogen did not change with elevation. Contrary to what I expected, L. palustre 

had consistently higher nitrogen content at low permafrost sites throughout the growing 

season, and foliar nitrogen was positively correlated to increased thaw depth along the 

elevation gradient. The only variable that increased significantly across the elevation 

gradient over the entire growing season was thaw depth. Thus, these results indicate that 

foliar N in the deciduous V. uliginosum did not respond to increased active layer, 

although V. uliginosum may have had a positive response which I did not measure (e.g., 

growth, reproduction). The increased foliar nitrogen in L. palustre with increased active 

layer depth may be partially explained by the shallow belowground architecture of the 

shrub. Shallow rooting systems may be advantageous early in the summer, when surface 

soils are the first to thaw, allowing root growth and activity earlier in the growing season 

(Schimel et al. 1996). An extended active season for the belowground parts may have 

been beneficial for accessing nutrients and water from freshly thawed organic soils.

My third hypothesis predicted comparable foliar nitrogen concentrations and 

similar seasonal changes in the two evergreens, V. vitis-idaea and L. palustre. This 

hypothesis was refuted given that L. palustre had higher nitrogen concentrations and 

greater seasonal changes in foliar N than V. vitis-idaea. The two evergreen shrubs 

generally moved nitrogen into leaves slowly throughout the growing season and did not 

have the seasonal flux (seasonal movement of nitrogen) related to leaf turnover.

However, there were species-specific differences in the seasonal and spatial patterns of
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foliar nitrogen in the two evergreens. V. vitis-idaea had higher %N at low permafrost 

sites in June and September, although it had no significant changes in nitrogen 

throughout the growing season and minimal changes in nitrogen along the elevation 

transect. In contrast, L. palustre had consistently higher %N at low permafrost sites 

throughout the summer, reached peak N concentrations in July, and also had increased 

%N at the mid-elevations. This discrepancy in the foliar nitrogen levels of the two 

evergreens suggests that there are species-specific mechanisms which determine seasonal 

courses of foliar nitrogen. These mechanisms may be related to the inherent differences 

in stature and physiology of each shrub. V. vitis-idaea is a smaller, shade-adapted shrub 

which grows low to the ground, while L. palustre is larger, often dominates the shrub 

canopy to reach higher light levels, and has shown positive growth responses to increases 

in air temperature and light (Chapin and Shaver 1985). Previous studies have concluded 

that V. vitis-idaea and L. palustre respond differently to similar regimes of light, 

nutrients, and temperature (Shaver and Chapin 1980, Chapin and Shaver 1985, Leith et 

al. 1999), and it is likely that these co-occurring species are limited by different variables 

(Chapin and Shaver 1985).

2.5.2 Resorption

My study measured resorption in V. uliginosum as a potential nutrient 

conservation strategy on high permafrost hillslopes. Despite the suggestion that 

resorption may be used as a conservation mechanism, no clear pattern of ecological
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controls over resorption have been established (Lambers et al. 1998). My study did not 

find that plants increased resorption on northern facing hillslopes; instead, I found that 

low permafrost plants, with higher foliar nitrogen concentrations, had increased 

resorption efficiencies on an area basis. It has been found previously that plants with 

higher leaf N per unit area have a higher resorption efficiency than those with a low leaf 

N: area ratio (Eckstein et al. 1999). The overall mean resorption per unit leaf area at low 

permafrost hillslopes was 67.18%, which is comparable to previously measured N 

resorption in V. uliginosum among different arctic community types, from 60% for a 

tussock site and 62.1% for a heath site, to 70.1% for a shrub site (Chapin and Shaver 

1991).

Although resorption on an area basis was higher on low permafrost hillslopes, 

resorption calculated on a mass basis was not different between low and high permafrost 

hillslopes. Mass basis calculations did not include variations in leaf morphology 

associated with shading effects of the overstory canopy, which introduced additional 

variation in estimating resorption calculations between high and low permafrost sites. 

High permafrost sites, with a more open overstory canopy, had shrubs with thicker leaves 

and less surface area than low permafrost sites. Lower specific leaf area (mm2/gg) of high 

permafrost plants resulted in relatively higher estimates of resorption on an area basis 

compared to a mass basis. However, area basis resorption calculations for high 

permafrost sites were still much lower (36%) than the low permafrost estimate (67%). 

Changes in leaf morphology along the elevation transect, from the shrub-dominated 

valley bottoms to the overstory canopy on hillslopes also introduced variability for area
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basis calculations. Given either calculation, the results refuted my hypothesis that plants 

at high permafrost sites would be more nutrient-limited and use resorption as a nutrient 

conservation strategy.

2.5.3 Foliar N and low resource environments

The complementary study, which measured soil net N mineralization, showed that 

north-facing hillslopes had higher net mineralization rates and pools of inorganic N than 

south-facing hillslopes (Chapter 1). Given the higher foliar nitrogen concentrations of 

shrubs on the low permafrost hillslopes, these results suggest a disconnect between foliar 

nitrogen and soil inorganic nitrogen, and that nitrogen availability alone does not 

determine differences in foliar nitrogen between the north and south-facing hillslopes. 

Does foliar nitrogen generally reflect soil nitrogen availability in low resource 

environments? Although some studies have found that foliar nitrogen directly reflects soil 

nitrogen availability (Karlsson 1987), other studies have found that a common response 

to increased soil nitrogen availability is increased biomass, which in effect dilutes tissue 

nitrogen concentration. Increased nitrogen availability satisfies nitrogen demands for 

growth and enables the plant to utilize stored carbohydrates for growth (Shaver and 

Chapin 1980, Parsons et al. 1994). However, studies in several ecosystems have found 

that the potential of a species to increase in biomass depends on its ability to compete for 

N and use it for biomass production (Nordin et al. 1998). Plants from low resource 

environments may not have this competitive ability because they chronically experience a 

limitation, and plants tend to exploit a temporarily favorable environment through storage
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(Bloom et al. 1985). Species in low resource environments also have an inherently low 

growth rate, and nutrient storage (luxury consumption) may be less expensive than rapid 

growth (Chapin et al. 1990). Therefore, although foliar nitrogen concentration in species 

from low resource environments may be a general indicator of soil nitrogen availability, 

my study suggests that a combination of variables affects foliar nitrogen concentrations.

2.5.4 Potential impacts of nitrogen fixers

A complementary study concluded that net nitrogen mineralization was not 

related to the active layer (thaw depth) in this watershed (Chapter 1); thus, I discarded the 

possibility that increased thaw depth resulted in increased nitrogen availability and the 

potential to affect foliar nitrogen concentrations. However, nitrogen fixing species have 

the potential to add inorganic nitrogen to the soil and may contribute to differences in 

pools of dissolved inorganic nitrogen between low and high permafrost hillslopes. 

Previous studies have shown that the nitrogen-fixing ectohydric moss, Pleurozium 

schreberi, provides substantial nitrogen input to boreal forests (DeLuca et al. 2002). 

However, in the C3 watershed, the percent cover of Pleurozium was not correlated with 

NH4+ or net mineralization rates (Chapter 1). Another species which may have 

contributed to differences in soil nitrogen between hillslopes is alder, the only nitrogen 

fixing vascular species in this system. Alder density was 65% greater on high permafrost 

hillslopes, and concentrations of NH4+were positively correlated with the density of 

alders across study sites (Chapter 1). Previous studies have compared species growing 

with alders and in the absence of alders, and have found that the nitrogen addition to the



soil in turn increased foliar nitrogen in species growing with alder. The presence of red 

alder effectively increased nitrogen concentrations in black cottonwood and presence of 

European alders increased foliar N of hardwoods and pine (Plass 1977, de Bell 1979). 

Despite the correlation between alders and N H / pools on high permafrost hillslopes, I 

did not find evidence that this affected foliar nitrogen. The overall nitrogen 

concentrations in focal shrub species were higher on low permafrost hillslopes, and thus 

the potential nitrogen addition from alders did not compensate for the nutrient limiting 

conditions on high permafrost hillslopes. This reiterates my initial conclusion, that the 

combination of environmental conditions on high permafrost slopes limited foliar 

nitrogen in the shrub species.

2.5.5 Conclusions

In the Caribou-3 watershed, the nitrogen concentrations of the shrub 

species representing a significant component o f the understory vegetation were different 

between low and high permafrost sites. Low permafrost hillslopes with thinner organic 

layers, warmer soils, and deeper active layers supported increased nitrogen 

concentrations and fluxes in both deciduous and evergreen shrubs. The combination of 

environmental conditions associated with the site (high or low permafrost) best explained 

variation in foliar nitrogen, rather than the individual variables themselves (thaw depth, 

soil temperature, soil moisture, moss depth). The complementary study, which measured 

soil net N mineralization as an index of nitrogen availability, showed that north-facing 

hillslopes had higher net mineralization rates and pools of inorganic N than south-facing
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hillslopes (Chapter 1), and my study concludes that there is a disconnect between foliar 

nitrogen and soil inorganic nitrogen. Therefore, nitrogen availability does not detennine 

differences in foliar nitrogen between the north and south facing hillslopes. Nitrogen 

limitation at CPCRW is caused by low soil temperatures, low decomposition rates, and 

high soil moisture (Haugen et al. 1982), and these factors are also crucial to maintaining 

permafrost integrity. Soil moisture, temperature, and decomposition are so closely linked 

that it may be difficult to distinguish which variables are most limiting to each of the 

shrubs (Camill 1999).

Although all shrubs had higher foliar nitrogen at low permafrost sites, species- 

specific differences in temporal and elevation changes in nitrogen concentration could 

not be categorized by growth form (evergreen vs. deciduous). It is plausible that these 

shrubs, which commonly occur together in the black spruce understory, experience 

temporal and spatial partitioning of resources in this nitrogen-limited watershed.

2.5.6 Implications for the CPCRW watershed

CPCRW is susceptible to regional warming and permafrost thaw, given its 

locality in the zone of discontinuous permafrost (Van Cleve and Viereck 1981, Hinkel 

and Nicholas 1995, Slaughter et al. 1995). Regional warming and permafrost 

degradation has serious consequences for plant communities (Shiklomanov et al. 1999), 

and, in the boreal forest permafrost thaw can change plant community composition by 

interacting with local ecosystem factors such as moss insulation and tree shading (Camill

1999). The effect of site designation (low or high permafrost) on nitrogen budgets of the
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dominant understory shrubs suggests that increased active layer, thinner moss layer, and a 

warmer, drier soil climate facilitated by regional warming would result in the transition to 

a more nitrogen-rich understory. This is supported by previous studies which have shown 

that warming of the black spruce forest floor resulted in reduction of forest floor mass, 

greater nutrient availability, and higher foliar nutrient concentrations (Van Cleve et al.

1983). Warmer temperatures, increased decomposition, and drier soils also have the 

potential to shift species composition to a more xeric-adapted community (Camill 1999). 

Shifts in the species composition of the understory are predicted under either scenario, 

and species with the ability to adapt to more productive soil conditions may have an 

advantage over slow growing, evergreen species, which have more fixed and 

conservative nitrogen demands (Atkin 1996).
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Table 2.1 Environmental variables for high and low permafrost hillslopes. Variables 

are listed along the elevation transect, from 0 m (within 5 m of the stream) to 400 m. 

Values are mean ± SE. At each sampling distance, sample sizes are: thaw depth n=45, 

soil temperature n=45, and soil moisture n=30.

Environmental
Variable

Sampling 
distance from 
stream (m)

Low Permafrost High Permafrost

Thaw
Depth (cm)

0 30.31 ±6.65 32.14 ±6.69
20 47.44 ± 7.40 33.33 ±6.24
100 39.59 ±4.91 37.78 ±3.85
300 44.07 ± 5.44 33.33 ±6.25
400 49.67 ± 9.63 33.82 ±3.65

Soil
Temperature (°C)

0 4.78 ± 0.89 2.39 ±0.35
20 5.84 ± 1.49 4.56 ±0.43
100 6 .00  ± 1.26 4.23 ± 1.15
300 6.11 ± 0.86 4.32 ± 1.07
400 6.86  ±0.55 5.08 ± 1.45

Soil
Moisture (%)

0 57.81 ± 1.86 72.61 ±2.23
20 62.59 ± 1.87 77.43 ± 1.85
100 60.30 ± 1.65 75.74 ± 1.72
300 59.04 ± 1.67 76.69 ± 1.59
400 60.88 ±2.18 74.25 ± 1.76



Table 2.2 Stepwise regression results for percent cover of focal species. Explanatory 

variables are site designation as high or low permafrost (Perm), distance from stream 

(Dist), soil temperature (Temp), thaw depth (Thaw), net N mineralization (mass basis), 

percent soil moisture (Moist), and tree density. Net nitrogen mineralization data for this 

analysis was taken from Chapter 1. *P<0.05, **P<0.001, ***P<0.0001. All significant 

relationships are positive. Variable entry into the model was P=0.1. Variables stayed in 

the model at P=0.05.
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Percent cover 
or Density

Perm. Dist
(m)

Temp
(°C)

Thaw
(cm)

Net min. 
(ug/g)

Moist
(%>

Model R2

Sphagnum * ns ns ns ns * 0.27
Pleurozium *** ns ns ns ns ns 0.21
Vaccinium
uliginosum

ns * * ns ns ns 0.11

Vaccinium
vitis-idaea

ns ns ns ns * ns 0.07

Ledum
palustre

ns ns ns * ns ns 0.04

Alnus spp. ns * ** ns * ns 0.50
Picea
mariana

** ns ns ns ns ns 0.21
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Table 2.3 Results of Analysis of Variance of foliar nitrogen. Explanatory variables 

included in the model were site designation as high or low permafrost (Perm), distance 

from stream (Dist), and a permafrost*distance (Perm*Dist) interaction. F-values are 

included in the table with significance indicated by P<0.05 *, P<0.001 **, PO.OOOl ***. 

Numerator for degrees of freedom are 1 (low or high permafrost) or 4 (distances from 

stream) and denominators range from 31 to 40.

Species Sampling
Period

%N N per area 
(pg/mm2)

Vaccinium
uliginosum

June Perm 21.09*** 
Perm*Distl2.76*

ns

July Dist 3.00* ns
Sept ns ns

Vaccinium June Perm 14.60** ns
vitis-idaea July ns ns

Sept Perm 11.41** ns
Ledum June Perm 5.15* Perm, Dist
palustre Perm*Dist 2.80* 2.73*

July Perm 22.61*** ns
Sept Perm 20.54*** ns



Table 2.4 Stepwise selection results for plant foliar nitrogen. Explanatory variables 

are site designation as high or low permafrost (Perm), thaw depth (Thaw), distance from 

stream (Dist), soil temperature (Temp), soil moisture (Moist). *P<0.05, **P<0.001, 

***P<0.0001. All significant relationships were positive. Variables enter in the model at 

P=0.1, variables stay in the model at P=0.05.
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Month Species Perm Thaw
(cm)

Dist
(m)

Temp
(°C)

Moist
(%)

Model
R2

June Vaccinium
uliginosum

*** --- — -- -- 0.27

June Vaccinium
vitis-idaea

** --- — -- --- 0.24

June Ledum
palustre

--- * * --- --- 0.19

July Ledum
palustre

*** --- --- --- --- 0.44

July Vaccinium
uliginosum

---- ----- ---- --- ----

September Ledum
palustre

*** -- * -- -- 0.52

September Vaccinium
vitis-idaea

*** --- --- -- -- 0.37

September Vaccinium
uliginosum

----- ---- ---- ---- ---- ----
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Figure 2.1 Seasonal changes of percent foliar nitrogen in V. uliginosum. Percent N 

(n= 5, mean ± SE) is reported along sampling distances from stream (0 m, 20 m, 100 m, 

300 m, 400 m) in June (A ), July («),and September (■). Mean %N among each month 

is significantly different, determined by Tukey, a = 0.05.
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Figure 2.2 Seasonal changes of percent foliar nitrogen in L. palustre. Percent N (n=5,

mean ± SE) is reported along sampling distances from stream in June (A),  July (*),and

September (■). Mean %N in July is significantly higher than mean %N in June or

September for both low and high permafrost sites, determined by Tukey, a = 0.05.
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Figure 2.3 Seasonal changes of percent foliar nitrogen in vitis-idaea. Percent 

nitrogen (n=5, mean ± SE) is reported along sampling distances from stream (0 m, 20 

100 m, 300 m, 400 m) in June (A),  July (*),and September (■). There were no 

significant differences in mean %N among sampling months.
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Figure 2.4 Alder density in the C3 watershed. Alder densities (n=5, mean ± SE) are 

reported on low (o) and high (■) permafrost hillslopes across the elevation transect, 

beginning at 0 m (within 5 m of stream) and ending at 400 m (mid-elevations of the 

watershed).
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GENERAL CONCLUSIONS

The typical controls of nitrogen cycling are soil temperature and moisture 

(Schimel et al. 1996), and large-scale studies in the Interior o f Alaska have determined 

that low rates o f nitrogen cycling on north-facing slopes have been attributed to 

interactions between permafrost, soil temperature, soil moisture, and litter quality (Van 

Cleve and Viereck 1981, Bonan and Shugart 1989, Bonan 1990, Van Cleve et al. 1993). 

The net mineralization portion of this study found that the typical controls of net 

mineralization, soil moisture and soil temperature, were not correlated with net 

mineralization rate over the spatial scale of my study. Contrary to my predictions, I found 

higher net mineralization rates on north-facing hillslopes and my study suggests that in 

the C3 watershed, net mineralization rate is affected by variables other than just soil 

temperature and moisture. Local variation in organic matter chemistry may be an 

important factor affecting net mineralization rate in the C3 watershed, and variation of 

alder density and alder litter should also be considered when pools of inorganic nitrogen 

are measured near alder shrubs. Therefore, my study shows that mechanisms driving 

variation in net mineralization rates at larger scales may not necessarily drive variation in 

rates in the C3 watershed.

The second chapter of this study addressed how the variation in thaw depth and 

soil climate between north and south-facing hillslopes affected foliar nitrogen in 

understory shrubs. My hypotheses categorized shrubs by growth strategy, and predicted 

that evergreen shrubs, L. palustre and V. vitis-idaea, would have similar seasonal courses 

and concentrations of nitrogen within high and low permafrost areas. I also predicted that



the deciduous V. uliginosum would have the highest nitrogen concentrations and would 

be responsive to changes in active layer and soil climate. Contrary to my predictions, my 

results indicated that V. uliginosum was not responsive to changes in soil climate and 

active layer, as low permafrost V. uliginosum only had higher foliar nitrogen 

concentration in June. Although I expected the evergreens to be less responsive to soil 

climate and active layer, I found that L. palustre was the only species which had a 

consistent increase in foliar nitrogen on low permafrost hillslopes and that I .  palustre had 

a permafrost-distance interaction; thus, L. palustre at mid-elevations on low permafrost 

hillslopes had the highest foliar nitrogen. These patterns were not found for the evergreen 

V. vitis-idaea, which had the lowest foliar nitrogen concentration and also the least

amount of seasonal change in foliar nitrogen. Therefore, although I found that low 

permafrost hillslopes supported increased foliar nitrogen concentrations in all shrubs, 

variation in seasonal and spatial patterns in foliar nitrogen cannot be categorized by 

growth form.

The results from this study are relevant to the discontinuous permafrost zone of 

the interior of Alaska, where permafrost thaw is likely and researchers generally agree 

that the active layer will deepen and permafrost degradation will occur (Hinkel and 

Nicholas 1995). My study suggests that regional warming and permafrost thaw may 

facilitate a transition to a more nitrogen-rich understory. This is significant for boreal 

systems because the effect of individual species on ecosystem processes may be greater 

in boreal regions, where biodiversity is lower than in temperate and tropical areas 

(Chapin et al. 1995). In the long term, transition to a nitrogen rich understory would
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instigate a postitive feedback loop, as high nitrogen litter would contribute to greater 

decomposition and higher net mineralization rates.

Future Research

This study measured environmental and site variables on high and low permafrost 

hillslopes that may have contributed to differences in foliar nitrogen and net nitrogen 

mineralization rates. Environmental and site variables were all significantly different 

between hillslopes; the only similarity was species composition. There was another 

ecological difference which I observed, but did not measure and evaluate, which 

constituted another difference between the high and low permafrost hillslopes. This was 

the presence of subsurface water flow on high permafrost hillslopes, which was 

intermittent and observed only during heavy rains. During heavy rain events, a steady 

stream of water flowed above the frozen soil and below the thick moss layers {personal 

observation). Although my study was not designed to sample subsurface waterflow, 

subsurface waterflow has the potential to affect nutrient transport and supply. Flowing 

water will increase the nutrient supply rate to plant roots, thereby reducing diffusional 

limitations to nutrient absorption, increasing soil heat flux, microbial activity and 

nitrogen mineralization (Chapin et al. 1988). Subsurface waterflow and downslope 

nutrient transfer has not been addressed in boreal watersheds.
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