PERMAFROST AND PERIGLACIAL PROCESSES
Permafrost and Periglac. Process. 23: 196–206 (2012)
Published online in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/ppp.1748

Soil Nitrogen Transformations Associated with Small Patterned-Ground Features
along a North American Arctic Transect
Alexia M. Kelley,1* Howard E. Epstein,1 Chien-Lu Ping2 and Donald A. Walker3
1
2
3

Department of Environmental Sciences, University of Virginia, Charlottesville, VA, USA
Palmer Research Center, University of Alaska Fairbanks, Palmer, AK, USA
Institute of Arctic Biology, University of Alaska Fairbanks, Fairbanks, AK, USA

ABSTRACT
Small patterned-ground features (PGFs) in the Arctic have unique soil properties that vary with latitude and may
greatly affect tundra biogeochemistry. Because nitrogen availability can strongly limit arctic vegetation growth, we
examined how soil nitrogen transformations differ between PGFs and the surrounding inter-PGF tundra along an
arctic latitudinal gradient. We collected soils at eight sites from the Alaskan Low Arctic to the Canadian High Arctic.
The soils were incubated for 21 days at 9  C and 15  C and analysed for changes in total inorganic nitrogen, nitrate
and extractable organic nitrogen (EON). We found greater nitrogen immobilisation in the surrounding inter-PGF soils
than in the PGF soils. Along the latitudinal gradient, differences in net nitrogen mineralisation and EON cycling
between PGF and inter-PGF soils were strongly inﬂuenced by the presence of a pH boundary within the Low Arctic
and the transition between the High and Low Arctic, with greater immobilisation in the nonacidic and Low Arctic
sites, respectively. Incubation temperature affected EON ﬂux but did not affect net nitrogen mineralisation or
nitriﬁcation. These results show that spatial heterogeneity at several scales can inﬂuence soil nitrogen dynamics,
and is therefore an important inﬂuence on arctic ecosystem function. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION
The Arctic contains a great variety of terrestrial ecosystem
types as a result of variable environmental conditions such
as climate, parent material and soil properties (Walker et al.,
1998; Przybylak, 2000; CAVM Team, 2003; Hamilton,
2003; Epstein et al., 2004; Berner et al., 2005). The interactions of climate and soils in the Arctic often cause differential
frost heave, which can result in the occurrence of patternedground features (PGFs) in arctic tundra soils. PGFs comprise
up to 74 per cent of the ground surface area at the local scale
(Raynolds et al., 2008) (Table 1), and typically have little to
no vegetation on the surface relative to the surrounding interPGF tundra (Washburn, 1980).
The characteristics of PGFs change with latitude and climate. In northern polar deserts, PGFs are usually identiﬁed
as small polygons ~ 20 to 40 cm in diameter and are typically barren (Figure 1a). The cracks that border these
* Correspondence to: A. M. Kelley, Department of Forestry and Environmental Resources, North Carolina State University, Raleigh, NC
27695, USA. E-mail: alexia.kelley@gmail.com
Copyright © 2012 John Wiley & Sons, Ltd.

features are relatively protected from wind, allowing for
the growth of some vegetation (Svoboda and Henry,
1987). Further south in the High Arctic, the predominant
PGF form is the non-sorted circle ~ 0.5 to 3 m in diameter
(Figure 1b). In the High Arctic, these features are still relatively barren compared to the surrounding tundra. Nonsorted circles are also present in the Low Arctic, where they
become more vegetated (Figure 1c) with decreasing latitude. In the most southern parts of the Low Arctic, the PGFs
are hard to distinguish from the inter-PGF tundra (Walker
et al., 2004). The greatest contrasts between the vegetation
cover of the PGF and the inter-PGF tundra occur in the
mid-latitude regions of this arctic transect.
Although many studies have described these small PGFs
and their formative processes (Washburn, 1980; Daanen
et al., 2008; Kessler and Werner, 2003; Peterson and
Krantz, 2008), the important role that they play in controlling
ecosystem properties has only recently been recognised.
Most of these studies have described patterned-ground
plant communities and soils (Zoltai and Tarnocai, 1981;
Bockheim et al., 1998; Haugland and Beatty, 2005; Kade
et al., 2005; Boike et al., 2007; Michaelson et al., 2008;
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Happy Valley (D) N 69 08’ W Well-vegetated
148 50’
non-sorted circles

Sagwon MAT (E) N 69 25’ W Well-vegetated
non-sorted circles
148 41’

Sagwon MNT (D) N 69 26’ W Partially
148 40’
vegetated nonsorted circles

Franklin Bluffs(D) N 69 40’ W Partially
vegetated non148 41’
sorted circles
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Per cent
PGF
coverage1

Table 1 Description of study sites along the National American Arctic transect.
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Ping et al., 2008; Vonlanthen et al., 2008; Walker et al.,
2008). Much less attention has been given to ecosystem
processes, and studies of nutrient cycling in these features
have historically focused on a single site (Jonasson, 1986;
Biasi et al., 2005a; Kaiser et al., 2005; Sorensen et al.,
2006). In this study, we compare nitrogen (N) cycling in
soils from PGFs at multiple sites along a full latitudinal
gradient in the North American Arctic. To our knowledge,
this is the ﬁrst such study.
N is one of the most limiting nutrients for plant growth,
especially in arctic tundra, where cold temperatures limit
the microbial processes of decomposition and N mineralisation (Shaver and Chapin, 1980, 1995; Nadelhoffer et al.,
1992). Hence, plant productivity in arctic tundra is often
more limited by the availability of N than the direct limitations of temperature on plant growth (Chapin et al., 1995).
Understanding the controls on N cycling provides insight
into important ecosystem functions such as net primary
productivity. Much of our knowledge about arctic N cycling has come from studies that have been focused in
speciﬁc geographic areas, such as subarctic Sweden
(Jonasson et al., 1993; Schmidt et al., 2002), the Low
Arctic in northern Alaska (Chapin et al., 1980; Hobbie
and Gough, 2002) and the High Arctic in Svalbard
(Solheim et al., 1996; Robinson et al., 1998). Some studies have compared nutrient cycling among different tundra
sites (Giblin et al., 1991; Nadelhoffer et al., 1991;
Schmidt et al., 2002) and between a single site in the
High Arctic and a single site in the sub-Arctic (Robinson
et al., 1995). However, no study has made a comprehensive comparison across the high-latitude tundra subzones
sensu the CAVM Team (2003).
The goals of this study were to determine how potential
soil N cycling differs in PGFs compared to that in interPGF tundra soils and how these patterns vary in soils
collected along a latitudinal gradient in the Arctic. Given
high quantities of relatively undecomposed dead organic
matter (OM) with high carbon to N (C:N) ratios throughout
much of the arctic tundra, net N immobilisation by
microorganisms is commonly observed (Hobbie et al.,
2002). We hypothesise that (1) there will be greater rates
of net N immobilisation (i.e. more negative net N mineralisation) in inter-PGF tundra soils relative to the PGF
soils because the greater vegetation biomass in the inter-PGF tundra will result in higher inputs of organic
material available for microbial decomposition. As OM
content decreases with increasing latitude, we also
hypothesise that (2) net N immobilisation will decrease
with increasing latitude, especially within the inter-PGF
tundra soils. Along the latitudinal transect, we expect
that (3) the greatest differences in N cycling between
PGF and inter-PGF tundra will occur at the mid-latitudinal sites, where there is the greatest contrast in vegetation coverage and therefore OM accumulation. Finally,
we expect that (4) the soils incubated at higher temperatures will exhibit greater net rates of N immobilisation as
microbial activity is stimulated.
Copyright © 2012 John Wiley & Sons, Ltd.

METHODS
Study Sites
The eight study sites are located along a North American
Arctic transect (NAAT) (Raynolds et al., 2008; Walker
et al., 2008), which spans the complete arctic temperature
gradient, from the Low Arctic in northern Alaska through
the High Arctic and polar desert in the Canadian Arctic
Archipelago (Walker, 2000; CAVM Team, 2003). The sites
are, from south to north, Happy Valley, Sagwon moist
acidic tundra (MAT), Sagwon moist nonacidic tundra
(MNT), Franklin Bluffs, Howe Island, Green Cabin, Mould
Bay and Isachsen (Table 1). The climate of these sites
becomes colder to the north, with the Summer Warmth
Index (i.e. the sum of mean monthly temperatures > 0  C)
declining from 29.5  C at Happy Valley to 5.7  C at Isachsen.
As a result, there is a shift in the types of vegetation (Kade
et al., 2005; Vonlanthen et al., 2008) (Table 1), and a decrease
in the amount of above-ground biomass (Epstein et al., 2008;
Walker et al., 2008). We refer to Howe Island, Green Cabin,
Mould Bay and Isachsen as High Arctic sites, and the remaining four as Low Arctic sites. The latter are further divided into
Low Arctic acidic sites (Happy Valley and Sagwon MAT)
and Low Arctic nonacidic sites (Sagwon MNT and Happy
Valley). Because of the logistical constraints associated with
working at several sites along an 1800-km long gradient we
conducted a controlled laboratory incubation study to impose
similar conditions on the soil samples. Maps and detailed
descriptions of the study sites along the NAAT are given by
Raynolds et al. (2008) and Walker et al. (2008).

Soil Collection and Preparation
At each site, large samples of soils (between 2 and 5 kg
of wet soil) were collected from three PGFs and three
surrounding inter-PGF tundra areas (within 10 to 30 cm
of the PGF) to a depth of 10 cm. This depth was chosen
to sample the most biologically ‘active’ layer of the soil,
while remaining consistent across all the sampling sites,
despite differences in organic horizon depth (Table 1).
All soils were collected during a 3-week period between
the end of July (Canadian sites) and the beginning of
August 2005 (Alaskan sites). The soils were shipped
back to the University of Virginia and frozen for
6 months at 20  C. The soils from the individual PGFs
were not pooled in order to determine intra-site variability. After 6 months, each set of soils was temporarily
thawed at 4  C to remove large roots and rocks
(> 2 mm) and homogenised by hand. The soils were
then refrozen within 12 h until the incubation. Although
repeated cycles of freezing and thawing have been
shown to affect N cycling in arctic soils (Schimel and
Clein, 1996), arctic tundra soils often undergo repeated
freeze-thaw cycles during the spring as the active layer
begins to thaw (Nobrega and Grogan, 2008).
Permafrost and Periglac. Process., 23: 196–206 (2012)
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technique does not give in-situ rate measurements, it does
have some important advantages, such as allowing us to
make comparisons along the transect while using similar environmental conditions. Additionally, by focusing on potential rates of N ﬂux we look at the capability of the soils to
produce various N products based on the quality and quantity of the soil OM.
Soils were thawed at ~ 4  C for ~ 12 h, and three subsamples of each soil (5 g for predominately organic-rich soils
and 10 g of predominately mineral soils) were extracted in
50 mL of 0.5 M K2SO4 for initial values of inorganic and
extractable organic N (EON). The samples were then shaken
for 2 h and ﬁltered. Three additional sub-samples, at ﬁeld
moisture conditions, were placed into polyethylene vials and
covered with gas-permeable plastic wrap to avoid water loss.
No additional water was added to the soils over the course of
the incubation. The soils were incubated at either 9  C or
15  C for 21 days. The lower temperature (9  C) is within
the range of those found during the summer months at our
ﬁeld sites. The purpose of the 6  C difference between the
two incubations was to determine if increasing temperature
affected ﬂuxes of N. At the end of the incubation, the soils
were extracted in 50 ml of 0.5 M K2SO4, as described above.
The ﬁltered extracts were analysed for NH+4 -N and NO-3-N
with a QuickChem 8500 Series Flow Injection Analyzer
(Lachat Instruments, Loveland, CO). The ﬁltered extracts
were also analysed for EON via persulfate digestion (Cabrera
and Beare, 1993; Doyle et al., 2004), which converts all N into
NO-3-N. The amount of EON was calculated by subtracting the
extractable inorganic N (the sum of NH+4 -N and NO-3-N) from
the total N value obtained from the digested sample.
Calculation of Pools and Rates and Data Analysis

Figure 1 Photographs of dominant patterned-ground features along the
latitudinal gradient: (a) barren non-sorted polygons in polar desert; (b)
barren non-sorted circles in the High Arctic; and (c) vegetated circles
(as indicated by white circles) in the Low Arctic.

Total Soil Carbon and Nitrogen
A sub-sample of each soil was weighed and then dried at
50  C to constant dry weight in order to determine its gravimetric water content. The dried sample was ground, fumigated with concentrated HCl to remove carbonates (Harris
et al., 2001), and analysed for total organic carbon (OC)
and total N with an NA 2500 elemental analyser (CE Instruments, Milan, Italy).
Incubation and Nutrient Analysis
In this study, we examine the potential rates of change of N
ﬂuxes by way of laboratory incubation. Although this
Copyright © 2012 John Wiley & Sons, Ltd.

Because of the method used to obtain the soil samples we
were unable to calculate bulk density of the soils. We therefore present the data in terms of grams of soil dry weight.
The ﬂux rates were calculated as the difference between
the ﬁnal and initial concentrations of the pool divided by
the dry weight of the soil sample and the length of incubation. Net N mineralisation was deﬁned as the difference in
total inorganic N (NH+4 -N and NO-3-N), and net nitriﬁcation
as the difference in NO-3-N concentrations. Net N transformation rates in arctic soils are often negative, indicating a
high microbial demand for N, because the microbial community is severely limited by N availability (Mack et al.,
2004; Schimel and Bennett, 2004).
Fluxes of the sub-samples for each soil were averaged
prior to statistical analysis. Statistical analyses were conducted with SAS (version 9.1 for Windows, SAS Institute,
Cary, NC). The data were analysed with a multi-factorial
ANOVA. For gravimetric soil moisture, total OC, total N,
C:N ratios and pools of extractable N, a two-way ANOVA
was conducted, with site and cover type (i.e. PGF or interPGF tundra) as the independent variables. For the incubation data, the independent variables were site, cover type
and temperature (of the incubation), resulting in a threePermafrost and Periglac. Process., 23: 196–206 (2012)
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way ANOVA. When necessary, variables were transformed
to meet the assumption of homogeneity of variance. Bonferroniadjusted comparisons were made between cover types within
each site using Tukey tests. When the effect of incubation
temperature was signiﬁcant, Bonferroni-adjusted comparisons were made between cover types within each temperature
treatment, and between temperature treatments within each
cover type.

RESULTS
Soil Characteristics
OC (%C) and total N (%N) were greater in the vegetated
inter-PGF tundra soils relative to the PGF soils in the Low
Arctic sites (Franklin Bluffs, Sagwon MNT, Sagwon MAT
and Happy Valley), which have more organic-rich soils
(Figure 2), but not signiﬁcantly different in the High Arctic
sites (Isachsen, Mould Bay, Green Cabin and Howe Island).
Differences in %C were signiﬁcant for site, cover type and
their interaction (F7,32 = 50.8, p < 0.0001; F1,32 = 269.4,
p < 0.0001; F7,32 = 32.4, p < 0.0001, respectively), as were
differences in total N (F7,32 = 63.4, p < 0.0001; F1,32 = 353.9,
p < 0.0001; F7,32 = 35.7, p < 0.0001, respectively). C:N ratios
did not differ signiﬁcantly among PGF soils across sites
(Figure 2). The three most southern sites (Happy Valley,
Sagwon MAT and Sagwon MNT) were the only sites to show
signiﬁcant differences in C:N ratios between the PGF and tundra soils (site: F7,32 = 17.1, p < 0.0001; cover: F1,32 = 39.0,
p < 0.0001; interaction: F7,32 = 4.8, p = 0.0010). Similar to %
C and %N, soil moisture was greater in the inter-PGF tundra
soils relative to the PGF soils for the four most southern sites
in the Low Arctic (Figure 2; site: F7,32 = 97.2, p < 0.0001;
cover: F1,32 = 342.4, p < 0.0001; interaction: F7,32 = 11.0,
p < 0.0001).
Rates of Potential Nitrogen Fluxes
Rates of net N mineralisation were negative in almost
all the soil samples, indicating net immobilisation of
inorganic N in these soils (Figure 3; Table 2). Rates of
net N immobilisation in the inter-PGF tundra were significantly greater than in the PGF soils at both Franklin Bluffs
and Sagwon MNT. Additionally, incubation temperature
had no signiﬁcant effect on the ﬂux of inorganic N in
these soils.
Net nitriﬁcation rates varied across the sites, with no
apparent pattern along the latitudinal gradient (Figure 3;
Table 2). Howe Island and Franklin Bluffs were the only
sites that had a signiﬁcant difference between the PGF and
inter-PGF tundra soils. Net nitriﬁcation at Howe Island
was signiﬁcantly greater in the inter-PGF soils, while at
Franklin Buffs net nitriﬁcation was greater in the PGF soils.
As with net N mineralisation, incubation temperature had
no signiﬁcant effect on these ﬂuxes.
Copyright © 2012 John Wiley & Sons, Ltd.

Similar to net N mineralisation, we found an overall net
decrease in EON concentrations (i.e. net consumption of
EON) in the incubated soil samples (Figure 3; Table 2).
The overall rate of EON change in the PGF soils was
similar across all the sites. However, at the four southern
sites of the Low Arctic, we found greater rates of net
EON immobilisation in the vegetated inter-PGF tundra soils
than in the PGF soils. Contrary to net N mineralisation,
there was a signiﬁcant effect of incubation temperature on
the net change in EON concentrations, particularly in the
vegetated inter-PGF tundra soils at Low Arctic sites. The
nonacidic sites (Franklin Bluffs and Sagwon MNT)
displayed greater net immobilisation of EON in the 9  C
incubation, whereas the acidic sites (Happy Valley and
Sagwon MAT) displayed greater EON immobilisation in
the 15  C incubation.

DISCUSSION
In arctic tundra, the inﬂuence of PGFs can be seen on
landscape surfaces in differences in plant communities, soil
structure and permafrost dynamics. These characteristics
interact to cause heterogeneity of ecosystem processes such
as soil N cycling at local scales, as observed in this study.
As expected, potential rates of net inorganic N immobilisation were greater in the inter-PGF tundra soils compared to
the PGF soils (Figure 3), supporting our ﬁrst hypothesis.
However, these relative differences in N cycling between
PGF and inter-PGF soils varied among the sites along the
latitudinal gradient, supporting our third hypothesis. Understanding why these differences occur at both the local and
regional scale requires investigations into the controls on
N cycling, such as OM quantity and quality, microbial
communities and soil environmental conditions.
PGFs undergo cyclical disturbance (in the form of
enhanced frost heave) that slows rates of vegetation colonisation and corresponding OM accumulation on the PGF
surfaces relative to the surrounding tundra (Haugland and
Beatty, 2005). This reduced OM layer and associated low
soil N concentrations may impede plant growth on these
features (Kelley and Epstein, 2009), further perpetuating
the slow rates of OM accumulation on the PGFs (as
indicated by low %C and %N in the PGF soils in Figure 2).
Frost-heave disturbance also inﬂuences the type of vegetation growing on PGF surfaces. For example, the plant
community on PGFs is dominated by forbs, graminoids
and non-vascular plants that are more resistant to physical
disturbance (Jonasson and Callaghan, 1992). The PGF plant
communities at our study sites have higher proportions of
forb and lichen biomass and lower proportions of shrubs
and mosses that contain more recalcitrant material than the
inter-PGF tundra (Walker et al., 2008). The varying community composition between the PGF and the inter-PGF
tundra vegetation can inﬂuence rates of decomposition and
nutrient cycling through the quality of litter produced
(Hobbie, 1992, 1996).
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Figure 2 (a) Gravimetric water content; (b) % organic carbon; (c) % total nitrogen; and (d) C:N ratios of patterned-ground features (PGF) and tundra soils
in eight sites along a North American arctic transect (mean  95% conﬁdence intervals, n = 3). The lowercase letters above each bar indicate signiﬁcant
differences in PGF soils among the sites, while the uppercase letters indicate signiﬁcant differences in tundra soils among the sites. * This symbol indicates
a signiﬁcant difference between the PGF and tundra soils within a site. Dashed lines indicate, from left to right, the border between the High Arctic and the
Low Arctic, and Low Arctic nonacidic tundra and Low Arctic acidic tundra.

As hypothesised, the differences in N cycling between
the PGF and inter-PGF soil varied among the study sites,
and may be driven by differences in the quality and quantity
of OM that vary along the latitudinal gradient. The lack of
statistical difference in net N mineralisation, nitriﬁcation
or EON change in the PGF soils among any of the sites
corresponds with the amount of OM in these same samples.
Because there is little to no OM accumulation on the
surfaces of PGFs, there is little substrate for decomposition.
However, the inter-PGF soils have distinct OM layers that
vary in quality and quantity (Figure 2), and this becomes
evident in the N-cycling patterns. For example, the largest
difference in net N mineralisation between PGF and interCopyright © 2012 John Wiley & Sons, Ltd.

PGF soils occurred at Franklin Bluffs and Sagwon MNT
(Figure 3). Contrary to our second hypothesis, net N mineralisation patterns did not follow the expected latitudinal
trend, indicating that some other control was inﬂuencing
these patterns. For example, these two sites were located
in moist nonacidic tundra (MNT) of the Low Arctic, differentiating them from sites in the moist acidic Low Arctic or
the High Arctic. The transitions between these regions have
been identiﬁed as important within the Arctic, occurring
over smaller geographic distances relative to the size of
the entire region (Epstein et al., 2004).
Our data show the inﬂuence of a distinct pH boundary on
ﬂuxes of inorganic N (Figure 3a and b), similar to several
Permafrost and Periglac. Process., 23: 196–206 (2012)
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mineralisation and net nitriﬁcation, the lowercase letters above each bar indicate signiﬁcant differences in PGF soils among the sites, while the uppercase letters
indicate signiﬁcant differences in tundra soils among the site. * This symbol indicates a signiﬁcant difference between the PGF and tundra soils within a site. For
net change in EON, the lowercase letters above each bar indicate signiﬁcant differences in PGF soils among the sites, while the uppercase letters indicate signiﬁcant
differences in tundra soils among the sites with bold letters referring to the 9  C incubation and italic letters referring to the 15  C incubation. † This symbol
indicates a signiﬁcant different between the PGF and tundra soils at 9  C; { This symbol indicates a signiﬁcant different between the PGF and tundra soils at
15  C. # This symbol indicates a signiﬁcant difference in the tundra soils between the two incubations. Dashed lines indicate, from left to right, the border between
the High Arctic and the Low Arctic, and Low Arctic nonacidic tundra and Low Arctic acidic tundra.

Table 2 ANOVA summary for net nitrogen mineralisation, net nitriﬁcation and net change in extractable organic nitrogen.
Net N mineralisation
Factor
Site
Cover
Temperature
Site x Cover
Site x Temperature
Cover x Temperature
Site x Cover x Temperature

Net nitriﬁcation

Net change in EON

F-value

p>F

F-value

p>F

F-value

p>F

7.6
21.7
0.3
7.1
0.5
0.2
0.6

< 0.0001
< 0.0001
0.6218
< 0.0001
0.8267
0.6824
0.7761

4.2
2.5
1.6
8.5
1.3
0.1
0.5

0.0007
0.1189
0.2052
< 0.0001
0.2785
0.7462
0.8688

5.2
73.6
11.4
5.3
9.2
5.6
7.1

0.0001
< 0.0001
0.0013
< 0.0001
< 0.0001
0.0209
< 0.0001

Note: Values in bold indicate signiﬁcant factors. EON = Extractable organic nitrogen.
Copyright © 2012 John Wiley & Sons, Ltd.
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other studies (Hobbie and Gough, 2002; Hobbie et al.,
2002; Nordin et al., 2004). This transition from moist acidic
to MNT corresponds with a shift in parent material that
affects soil pH, and therefore also inﬂuences the type and
amount of vegetation present. In our Low Arctic acidic
tundra sites, the total biomass in the inter-PGF tundra was
3–24 per cent greater than on the PGFs, while in the Low
Arctic nonacidic sites, it was 34–51 per cent greater (Walker
et al., 2008). Additionally, there is a large difference in the
plant community structure and species present (Hobbie and
Gough, 2002; Hobbie et al., 2005; Kade et al., 2005;
Walker et al., 2008). Eskelinen et al. (2009) found that
variation in the plant community correlated signiﬁcantly
with soil OM quality when comparing nonacidic and acidic
tundra in northern Finland. The litter of plant species present in nonacidic and acidic tundra decomposes at different
rates (Hobbie and Gough, 2004), indicating that the source
of soil OM in these differing habitats could strongly affect
the processes controlling nutrient availability. The differing
vegetation community and soil OM quality in nonacidic
tundra relative to acidic tundra can also be associated with
different microbial communities, which can, in turn, affect
rates of N cycling (Eskelinen et al., 2009).
The transition from the Low Arctic to the High Arctic is
strongly inﬂuenced by climate, resulting in a landscape that
changes from virtually completely vegetated – with dwarferect shrubs, non-tussock graminoids and mosses – to
barren or semi-barren, vegetated primarily by prostrate
shrubs and forbs (Polunin, 1951; Yurtsev, 1994; Walker,
2000; Epstein et al., 2004). As biomass decreases with
latitude, the thickness of the organic layer also decreases
(Table 1). While the thickness of the organic horizon is
generally much smaller in the High Arctic than in the Low
Arctic, the difference in the organic horizon between PGF
and inter-PGF is not nearly as distinct in the High Arctic
sites compared to that in the Low Arctic sites. As a result,
we observed much more similar C:N ratios between the
PGF and inter-PGF in the High Arctic (Figure 2d), as well
as smaller differences in net N mineralisation and EON
change (Figure 3). In the High Arctic, PGFs are essentially
barren (except for lichen crusts) with little OM being added
to the soil, which may explain why the N ﬂux rates in these
soils were so small. Although there is more OM in the interPGF soils at these sites, ﬂux rates also remained very low
(Figure 3), possibly due to the colder temperatures of the
High Arctic (Table 1) that may limit the activity of microbial communities.
In addition to OM quality and quantity, other site factors
such as microbial community and temperature can also inﬂuence soil N ﬂux. Microbes are responsible for the conversion
of N-containing OM into forms that are usable by plants
(NH+4 -N, NO-3-N and some amino acids). Other studies have
shown greater microbial biomass in inter-PGF tundra soils
than in PGF soils (Kaiser et al., 2005; Kelley, 2007), which
indicates that less microbial activity may be, in part, driving
the differences in net N ﬂuxes between the PGF and interPGF tundra soils. Additionally, differences in the composition
Copyright © 2012 John Wiley & Sons, Ltd.
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of the microbial community may also affect these responses
(Biasi et al., 2005b; Eskelinen et al., 2009). Further studies
characterising the soil microbial community and function
are needed to determine what role the composition of these
communities has in nutrient-cycling differences between
these cover types.
Contrary to our fourth hypothesis, not all N cycling was
increased at the higher incubation temperature. In fact, the
inﬂuence of incubation temperature on N ﬂux depended
on the type of N examined. Net immobilisation of inorganic
N did not increase with higher incubation temperature
(Figure 3). Increased ambient temperature can speed up
biochemical reactions, but the fact that we saw no effect
of incubation temperature on net N immobilisation indicates
that there is some other factor that is more limiting net N
immobilisation than the ambient temperature. However,
we did see a signiﬁcant effect of temperature on EON ﬂux.
The presence of carbon in EON compounds may make its
ﬂux more sensitive to temperature as microbes can use these
compounds as a carbon source. In this study, the inﬂuence
of incubation temperature appeared to be mediated by the
substrate pH. EON change was signiﬁcantly different in
the PGF relative to the inter-PGF during the 9  C incubation
at Franklin Bluffs and Sagwon MNT (Low Arctic nonacidic
sites), while in the acidic tundra sites signiﬁcant differences
between the PGF and inter-PGF occurred during the 15  C
incubation. This difference in response associated with
substrate pH could be caused by microbial community
differences (Haynes, 1986), as well as differences in the
carbon quality of the EON. The depolymerisation of soil
organic N is thought to be the rate-limiting step in overall
N cycling, and is the precursor to N mineralisation
(Schimel and Bennett, 2004). The observed difference in
temperature sensitivity of EON change compared to net
N mineralisation may be occurring at the depolymerisation
step; therefore, net N mineralisation may be more limited
by the availability of N-containing monomers than by
temperature.
Because of the method used to sample the soils for this
study we were unable to calculate bulk density and, as a
result, rates of potential N ﬂux on an aerial basis. Given
the large differences in OC content in the soils (Figure 2),
it is likely that the bulk densities of the PGF soils are much
higher than the inter-PGF soils, which would shift the
magnitude of the differences between the PGF and interPGF soils. However, in a separate study focusing on the
same sites in northern Alaska (Happy Valley, Sagwon
MAT, Sagwon MNT and Franklin Bluffs), Kelley et al.
(2007) found that ﬁeld measurements of net N mineralisation rates and net nitriﬁcation rates calculated on an aerial
basis were still signiﬁcantly different between PGF and inter-PGF soils. Similarly, bulk density across the sites is
likely to vary based on differences in soil texture (Walker
et al., 2011). Although the lack of bulk density data prevents us from extrapolating data to the ecosystem level,
our results still show marked differences in N cycling associated with PGFs, as well as distinct latitudinal trends.
Permafrost and Periglac. Process., 23: 196–206 (2012)
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CONCLUSIONS
Although ecosystem processes such as nutrient cycling and
net primary productivity are strongly determined by macroclimatic factors in the Arctic, regional and local-scale properties also have a strong inﬂuence. In this study, we
determined that spatial heterogeneity associated with PGFs
in arctic tundra ecosystems can cause large differences in
N dynamics, which may explain the strong variation in
other ecosystem properties such as net primary productivity,
OM accumulation and plant community composition. The
degree of difference in N cycling between the PGF and
inter-PGF tundra varied along the latitudinal gradient, with
the largest differences occurring in the mid-latitudinal
regions. The differences in N cycling observed between
PGF and inter-PGF soils along the latitudinal gradient are
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