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arctic environment by soil resource control on denitrifier ecosystem level activity.
Introduction

Summary
Soil denitrification is one of the most significant contributors to global nitrous oxide (N2O) emissions, and
spatial patterns of denitrifying communities and their
functions may reveal the factors that drive denitrification potential and functional consortia. Although
denitrifier spatial patterns have been studied extensively in most soil ecosystems, little is known about
these processes in arctic soils. This study aimed
to unravel the spatial relationships among denitrifier abundance, denitrification potential and soil
resources in 279 soil samples collected from three
Canadian arctic ecosystems encompassing 7° in latitude and 27° in longitude. The abundance of nirS
(106–108 copies g-1 dry soil), nirK (103-107 copies g-1
dry soil) and nosZ (106–107 copies g-1 dry soil) genes
in these soils is in the similar range as non-arctic soil
ecosystems. Potential denitrification in Organic Cryosols (1034 ng N2O-N g-1 soil) was 5–11 times higher
than Static/Turbic Cryosols and the overall denitrification potential in Cryosols was also comparable to
other ecosystems. We found denitrifier functional
groups and potential denitrification were highly spatially dependent within a scale of 5 m. Functional
groups and soil resources were significantly
(P < 0.01) correlated to potential denitrifier activities
and the correlations were stronger in Organic Cryosols. Soil moisture, organic carbon and nitrogen
content were the predominant controls with nirK
abundance also linked to potential denitrification.
This study suggests that the dominant control on
arctic ecosystem-level denitrification potential is
moisture and organic carbon. Further, microbial
abundance controls on ecosystem level activity while
undoubtedly present, are masked in the nutrient-poor
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Nitrous oxide is a potent greenhouse gas with a global
warming potential 298 times higher than CO2 (IPCC,
2007). Soils play a key role in N2O dynamics by contributing up to 90% of the world’s total N2O emissions and in
soil nearly 70% of N2O emissions originate from microbial
transformations such as nitrification and denitrification
(Mosier et al., 1998). Although limited information is available about N2O fluxes in arctic ecosystems, a recent
review suggests that arctic soils contribute 0.49 kg ha-1
annually to world N2O release, which is similar to emissions from temperate grassland, boreal forest, or desert
ecosystems (Dalal and Allen, 2008). Arctic ecosystems
comprise about 13% of the Earth’s and 40% of Canada’s
total land area; these ecosystems contain 25% of the
world’s total soil organic matter pool (Bockheim and Tarnocai, 1998; Tarnocai et al., 2009) and could release
enormous amounts of greenhouse gases to the atmosphere. Arctic soils are predominantly in the Cryosolic
Order (Soil Classification Working Group, 1998), soils
having one or more cryic horizons (from Greek kryos,
cold, ice; a perennially frozen soil horizon) within 2 m from
the soil surface for 2 or more years in succession. Cryosols can be divided into three great groups: Static
Cryosols, Turbic Cryosols and Organic Cryosols, with
Static and Turbic referring to the degree of cryoturbation
(Bockheim and Tarnocai, 1998). Although both Static
and Turbic Cryosols have developed on mineral deposits,
Turbic Cryosols are largely affected by cryoturbation.
Turbic Cryosols display unique cryopedogenic features
and consist of permafrost within 2 m of soil surface. Mixed
or disturbed horizons and displaced soil materials are the
diagnostic features of this great group (Tarnocai and
Bockheim, 2011). Static Cryosols have formed mainly in
coarse-textured parent materials with permafrost layer
within 1 m of the soil surface. Existence of patterned
ground and small cryopedogenic structures such as
banded fabrics and silt caps are common in these soils
albeit cryoturbation is typically absent (Tarnocai and
Bockheim, 2011). Organic Cryosols have formed on
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organic parent materials with more than 17% organic
matter content by weight and the organic horizon is greater
than 40 cm thick (Soil Classification Working Group, 1998).
These soils comprise humic (well-decomposed), mesic
(moderately decomposed) and fibric (undecomposed)
peat materials (Tarnocai and Bockheim, 2011).
Denitrification is a key regulator of soil inorganic N
concentration and N losses from ecosystems via nitrate
(NO3-) leaching and N2O emissions. Denitrifier communities regulate N2O production and consumption and as
such, the abundance of denitrifier functional groups can
serve as an essential basis for understanding N2O
dynamics in soils (Morales et al., 2010). Denitrification
has been well-recognized for more than a century
(Voorhees, 1902) and the denitrifier abundance and
potential denitrification have been measured in various
soil ecosystems including agricultural (Miller et al., 2008;
Hallin et al., 2009; Philippot et al., 2009; Enwall et al.,
2010; Morales et al., 2010), grassland (Miller et al., 2009;
Keil et al., 2011), riparian (Rich and Myrold, 2004;
Dandie et al., 2011) and forest (Bohlen et al., 2001; LevyBooth and Winder, 2010) soils. However, we still know
little about denitrifier abundance across Cryosols types
and how they are linked to potential denitrifier activities
and soil attributes in Canadian arctic ecosystems. The
key determinants of denitrification in soil, known as proximal controls, are pH, oxygen, moisture, nitrate (NO3-)
and organic carbon availability (Knowles, 1982; Wallenstein et al., 2006). These proximal factors influence soil
denitrification primarily by controlling the denitrifier physiology but also by shaping abundance and composition of
denitrifiers. Therefore, unravelling the relationships
among denitrifier abundance, potential activities and soil
attributes is central to our understanding of soil denitrification and N2O dynamics.
Microbial spatial variability remained largely unexplored
until the end of the 1980s (Parkin, 1987; Robertson et al.,
1988). As a result of the intrinsic heterogeneity of soil
resources, microbial abundance also varies spatially
across multiple scales (Parkin, 1993). Microbial spatial
dependency, in which similarity between samples
declines with increasing inter-sample distance, occurs in
agricultural (Bru et al., 2011), grassland (Nicol et al.,
2003) and forest (Saetre and Baath, 2000) soils. Spatial
heterogeneity in denitrifier communities and potential
activities has also been examined in managed ecosystems (Parkin, 1987; Robertson et al., 1988; Philippot
et al., 2009; Enwall et al., 2010). Arctic soils are highly
heterogeneous (Banerjee et al., 2011a) and recent
reports demonstrated high spatial autocorrelation and
scale dependence of microbial communities in permafrost
soil ecosystems (Banerjee et al., 2011b; Banerjee and
Siciliano, 2012). However, to our knowledge, no study has
elucidated spatial patterns of denitrifier abundance and

activity in arctic soils. As described by Enwall and colleagues (2010), the spatial link between ecosystem properties and the microbial communities allows us to interpret
how field-scale processes influence microbial communities. Thus, for arctic ecosystems, undergoing climate
change and with the potential to release large quantities
of greenhouse gases, the link between microbial spatial
structure and soil resources will allow us to downscale
climate change models to soil microbial systems.
This study aimed to characterize the spatial associations among denitrifier functional groups, potential denitrification and soil properties in three Canadian high arctic
ecosystems. The three research sites selected in this
study encompass 7° in latitude and 27° in longitude of the
Canadian arctic. The sites comprise a polar oasis (Truelove Lowland), a typical Static/Turbic Cryosolic ecosystem
(Simpson Lake) and an Organic Cryosolic ecosystem
(Ross Point), and hence represent a large portion of the
diversity of Canadian permafrost ecosystems. Specifically
we tested the following hypotheses: (i) potential denitrification activity is higher in Organic Cryosols than Static or
Turbic Cryosols; (ii) denitrifier abundance and functional
potential are spatially dependent within a scale of 10 m in
Cryosolic ecosystems; (iii) the relationships between denitrifier abundance, potential activities and soil attributes
are more consistent in Organic Cryosols. Despite having
high TOC content, Ross Point soils also have high moisture and NO3- content, and this uniqueness distinguishes
these soils from Truelove Lowland and Simpson Lake
(Banerjee et al., 2011a). Our first hypothesis was based
on the higher functional potential of Organic Cryosols. In
these ecosystems, soil properties and microbial abundance are spatially structured within 10 m and the largest
spatial range is found in Ross Point soils (Banerjee et al.,
2011a,b). Owing to this spatial nature of these ecohabitats, denitrifier abundance and denitrification processes
may also exhibit similar patterns, which was the foundation of our second hypothesis. The Turbic Cryosols at
Truelove Lowland and Simpson Lake will have different
intrinsic cryopedogenic processes compared with Ross
Point, which likely influences the correlation patterns in
Truelove Lowland and Simpson Lake. Our third hypothesis was based on the lack of heterogeneity in Organic
Cryosols of Ross Point.

Results
Denitrifier potential activity and functional guilds in
arctic soils
Potential denitrification activities varied significantly
(P < 0.05) among three Cryosolic ecosystems with greatest activity at Ross Point, the Organic Cryosols (Fig. 1A).
Ross Point soils contain higher moisture, organic matter
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dry soil). The value of rN2O at these three arctic sites
ranged between 0.35 and 0.86 with the lowest rN2O
recorded in Ross Point soils (see Table S2). Similar to
potential denitrification, functional gene abundance also
varied significantly (Duncan Test; P < 0.05) among all
three sites (Fig 1B). Highest abundance of nirS and nosZ
was found in Truelove Lowland whereas Simpson Lake
had the highest abundance of nirK. Abundance of nirK
functional groups in Truelove Lowland soils was substantially lower than other denitrifier groups at all three sites.
Spatial patterns of potential denitrification and
functional guilds

Fig. 1. A. Denitrifying enzyme (DEA) and N2O reductase (N2Of)
activity in three contrasting arctic soil ecosystems: Truelove
Lowland, Simpson Lake and Ross Point.
B. Abundance of denitrifying functional genes (nirS, nirK and nosZ)
in three arctic ecosystems. Different letters/symbols indicate
statistical different at P ⱕ 0.05.

and nitrogen content than the other two sites (see
Table S1). Soil moisture content at Ross Point was about
3 times higher than the other two arctic ecosystems. The
lowest NO3- content was observed in Truelove Lowland
soils (0.89 mg g-1 dry soil) whereas Simpson Lake had the
lowest pH among the study sites. The NO3- and TN
content at Ross Point were also as much as 3 times
higher than Truelove Lowland and Simpson Lake. Expectedly, the Organic Cryosols of Ross Point was 5–13 times
more enriched in TOC than Static/Turbic Cryosols. Owing
to the higher moisture and nutrient content, the overall
denitrification potential (DEA) in Ross Point soils
(1034 ng N2O-N g-1 dry soil) was 5–11 times higher than
Simpson Lake (230 ng N2O-N g-1 dry soil) and Truelove
Lowland (92 ng N2O-N g-1 dry soil) soils, which directly
supports our first hypothesis that Organic Cryosols will
have higher denitrifier potential activity. However, net
N2O formation (N2Of) did not differ between Ross
Point (206 ng N2O-N g-1 dry soil) and Simpson Lake
(177 ng N2O-N g-1 dry soil), which had 5 times higher
potential than Truelove Lowland soils (44 ng N2O-N g-1

Spatial analysis revealed that denitrifier functional gene
abundance in various Cryosols is spatially autocorrelated
within a spatial scale of 5 m, (Fig. 2). The value of spatial
dependence (SPD) ranges between 0.5 and 0.999, which
demonstrates high spatial variance and low nugget (unexplained and stochastic variance) effects. In Truelove
Lowland, denitrifiers exhibited different spatial behaviour
with nirS gene being spatially independent, nosZ moderately dependent, and nirK highly dependent. Overall,
gene abundance in Ross Point was highly spatially structured within a range between 1.8 m and 3.4 m. Similar to
functional groups, potential denitrifier activities also operated within 5 m spatial scale at all three study sites
(Fig. 3). Although the scale of spatial autocorrelation was
small in Simpson Lake (~ 0.5 m), dependence was
extremely high (SPD > 0.95). Ross Point had the largest
scale (~ 4.6 m) of autocorrelation.
Factors driving denitrifier potential activity in arctic soils
Potential denitrifier activities, functional guilds and soil
resources were significantly correlated (P < 0.05) with
each other across the Canadian arctic but association
among soil resources and denitrifier potential activity were
considerably stronger than denitrifier abundance (see
Table S3). Overall, the highest and most consistent correlations were observed in the Organic Cryosols of Ross
Point, supporting the third hypothesis of this study. Since
soil moisture and total organic carbon content were identified as the key driving factors, their relationships with
denitrifier functions were further elucidated by regression
analysis. Although significant, the correlations between
potential denitrifier activities and gene abundances were
comparatively weaker than soil resources and as such,
they were not included in the regression analysis. Associations between TOC, moisture and denitrifier functions
are highly significant (P < 0.0001) across the Cryosolic
ecosystems (Fig. 4). In general, denitrifier potential activity is high in soils with both high TOC and moisture
content. However, the nature (demonstrated by the
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Fig. 2. Semivariograms showing spatial structure of denitrifier functional genes (nosZ, nirS and nirK) in three arctic soil ecosystems: Truelove
Lowland (TR), Simpson Lake (SL) and Ross Point (RP). Range indicates the area of spatial dependence (SPD). Spatial dependence (SPD)
was calculated as: SPD = C/(C + C0), where C is the structural variance, C0 is the nugget, and C + C0 is the sill. Values of SPD vary from 0
(no spatial dependence) to 1 (high spatial dependence). Various models (Gaussian, spherical and exponential) were fitted (solid line) to each
semivariogram. Spatial dependency was considered from fine (10 cm) to large scale (300 m); the semivariograms are shown up to specific lag
distance for clarity of spatial patterns near origin. Each point in the semivariogram represents the mean semivariance (dissimilarity) for a
single lag class, which is a group of pairs separated by a specific lag distance.

response surface) of these associations varies considerably among three sites. Although the strength of correlation did not differ markedly between DEA and N2Of and
among the research sites, correlation was slightly stronger for DEA at Ross Point.
Discussion
Arctic soil ecosystems are often assumed as ‘functionally
inert’ due to their slow turnover rate and thus very few
studies have measured DEA in arctic soils (Chapin, 1996;
Bjork et al., 2007). Our results suggest that these ecosystems possess strong denitrification potential and this is
particularly true for Organic Cryosols. The denitrifier
potential activities in Organic Cryosols are in the same
range as non-arctic soil ecosystems such as agricultural

(Cavigelli and Robertson, 2000; Enwall et al., 2010),
grassland (Miller et al., 2009; Philippot et al., 2009; Cuhel
et al., 2010), and riparian and creek (Rich and Myrold,
2004), whereas DEA and N2Of activities in Truelove
Lowland and Simpson Lake were lower than agricultural
or pristine soil ecosystems. The DEA in Ross Point
(Organic Cryosols) is in the similar range as in heath
snowbed whereas DEA in Truelove Lowland and Simpson
Lake was comparable to dry heath soils measured in
Northern Sweden (Bjork et al., 2007). In Truelove
Lowland soils, Chapin (1996) found that denitrification
activity is primarily driven by moisture and nitrate content;
however, denitrification is comparatively higher in drier
hummocks, which differs from the results presented in this
study. Denitrification activity is typically higher in soils with
high moisture and nitrate content (Knowles, 1982; Wal-
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Fig. 3. Semivariograms exhibiting spatial structure of denitrifier activity (DEA, N2Of and the ration of N2Of to DEA i.e. rN2O) in three arctic soil
ecosystems: Truelove Lowland (TR), Simpson Lake (SL) and Ross Point (RP). Range indicates the area of spatial dependence (SPD). Spatial
dependence (SPD) was calculated as: SPD = C/(C + C0), where C is the structural variance, C0 is the nugget, and C + C0 is the sill. Values of
SPD vary from 0 (no spatial dependence) to 1 (high spatial dependence). Various models (Gaussian, spherical and exponential) were fitted
(solid line) to each semivariogram. Spatial dependency was considered from fine (10 cm) to large scale (300 m); the semivariograms are
shown up to specific lag distance for clarity of spatial patterns near origin. Each point in the semivariogram represents the mean semivariance
(dissimilarity) for a single lag class, which is a group of pairs separated by a specific lag distance.

lenstein et al., 2006) and as such, high DEA activity in
Organic Cryosols is expected. Ross Point soils have considerably high moisture, carbon, and nitrogen content and
these nutrient-rich soils can be extremely dynamic. Higher
nutrient and moisture content of Organic Cryosols in Ross
Point is also reflected in the functional processes, such
that the functional potential of these soils is considerably
greater than Static/Turbic Cryosolic ecosystems of Truelove Lowland and Simpson Lake. This is also consistent
with the findings of Banerjee and Siciliano (2012) who
demonstrated significantly higher ammonia oxidation
potential in Ross Point than the other two sites.
The abundance of denitrifying bacteria is usually
assessed by quantifying functional genes i.e., genes
encoding enzymes responsible for different steps of the
denitrification pathway. The functional genes involved in

denitrification are narG, nirS, nirK, norB and nosZ
(Philippot, 2002). The narG gene can be found in both
denitrifying and non-denitrifying organisms, and thus is
not a suitable marker. Moreover, primers for norB are
mainly designed for a single organism. Many nirS and
nirK primers will also amplify sequences from nondenitrifying microorganisms and further, are not necessarily linked to N2O emissions. However, given the difficulties
associated with norB primers, nirS and nirK genes remain
popular choices and have regularly been used for quantification of denitrifier abundance. In spite of the cryopedogenic processes in arctic, the overall abundance is also
similar to other ecosystems such as grassland (Miller
et al., 2009; Keil et al., 2011), agricultural (Miller et al.,
2008; Hallin et al., 2009; Enwall et al., 2010) and forest
(Levy-Booth and Winder, 2010). The abundance of deni-
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Fig. 4. Relationships among denitrifier potential activity, soil moisture and total organic carbon (TOC) content at three arctic ecosystems:
Truelove Lowland (TR), Simpson Lake (SL) and Ross Point (RP). Multiple regression analysis was performed between soil resources and
overall denitrification potential (DEA) and net N2O formation (N2Of). The pattern and strength of the associations are shown by response
surface i.e. grid lines and R2 respectively.

trifier functional genes in this study is similar to previous
reports from arctic soils (Siciliano et al., 2009; Lamb et al.,
2011). However, previous studies investigating denitrifier
abundance in arctic soils focussed on a single research
site and did not comprehensively elucidate abundance
patterns in different types of Cryosols. Our results demonstrate that distribution of denitrifier functional groups
varies significantly among the sites; and this difference
was also observed when gene abundances were calculated per ng DNA (data not shown). In general, Truelove
Lowland had high denitrifier abundance which is in agreement with the findings of Banerjee and colleagues (2011b)
who found that overall bacterial biomass at Truelove
Lowland (2.9 ¥ 1010 copies g-1 dry soil) was considerably
higher than at Simpson Lake (4.2 ¥ 108 copies g-1 dry
soil) or Ross Point (1.5 ¥ 109 copies g-1 dry soil). Interestingly, Truelove soils had highest abundance of nirS and
lowest abundance of nirK functional groups whereas
Ross Point had similar abundance of all denitrifier groups.
It should be noted that Truelove Lowland is strongly nitrogen limited with lowest nitrate content whereas Ross
Point soils had highest nitrate content. It may indicate a
possible niche-differentiation of nitrite reducing denitrifier

groups in Static Cryosols due to nitrogen limitation
whereas these groups are all equally present in nutrient
rich Organic Cryosols. However, the patterns of abundance of nitrite reducing (nirK and nirS) and nitrous oxide
reducing (nosZ) functional groups differed between at the
three study sites. Others have also found that these
groups differ in their distribution pattern in Cryosols,
although these other reports were in glacier forefield soils
which are considerably harsher environments than the
one’s studied here (Kandeler et al., 2006; Brankatschk
et al., 2011). The nosZ primers selected in this study have
been successfully used to examine nosZ communities in
many soil microbiological studies (Rösch et al., 2002;
Rich et al., 2003; Liu et al., 2010; Ma et al., 2011).
However, the nosZ amplicons (700 bp) generated by
these primers are longer than 500 bp and may not be
ideal for qPCR work. Therefore, we corroborated nosZ
abundance using primers designed by Henry and colleagues (2006) that yield comparatively short amplicons
(267 bp). Both primer sets produced similar copy numbers
with an r2 value of 0.98 (Fig. S1).
The rN2O (the ratio of N2Of to DEA) indicates the rate of
N2O accumulation; it can be used to explain the balance
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between N2O formation and reduction. Low rN2O indicates that high N2O consumption by N2O reductase
whereas higher values indicate that relatively little N2O
reduction is occurring. Similar to Rich and Myrold (2004),
we found rN2O varied among the ecohabitats. Lower rN2O
is linked to greater soil carbon content while higher rN2O
is linked to lower pH (Firestone et al., 1980; Rich and
Myrold, 2004). Because rN2O is influenced by soil properties, it explains the lack of the strict congruence
between gene abundance and activity. Ross Point, with
the highest organic carbon had a much lower rN2O compared with Truelove Lowland despite similar nosZ abundance; Truelove soils have one-fifth less organic carbon
content than Ross Point. Similarly, the high rN2O in
Simpson Lake is linked to the differences in pH among the
sites. The soils with high DEA activity did not necessarily
have high N2Of activity, which is consistent with the results
of Philippot and colleagues (2011).
Scale of spatial patterns has significant implications for
pedological and ecological sampling strategies and in this
aspect geostatistics is highly useful. Geostatistics is a
powerful statistical tool for elucidating microbial spatial
variability. By focusing on the dissimilarity between data
pairs as a function of distance (semivariance) and modelling spatial dependency, geostatistics estimates uncertainty and interpolate values at unsampled areas (Franklin
and Mills, 2007). Overall, we found that denitrifier functional groups and potential denitrification in Cryosolic ecohabitats are highly spatially structured and their spatial
dependence is in the same range as agricultural (Enwall
et al., 2010) and grassland (Philippot et al., 2009; Keil
et al., 2011) soils. Range of a semivariogram is a unique
and key attribute, which indicates the zone of spatial
dependence of a property. Inherent landscape patterns,
soil processes and vegetation together regulate the
spatial extent of autocorrelation. The spatial range of denitrifier functional guilds and activities were substantially
smaller than what has been previously reported in agricultural (> 200 m; Enwall et al., 2010) and grassland
(~ 60 m; Keil et al., 2011) ecosystems. Arctic soils are
usually less homogeneous than agricultural or grassland
soils because micro-relief and microclimatic conditions
contribute to considerable small-scale spatial heterogeneity that arises due to cryoturbation, irregular horizons and
accumulation of organic and inorganic matter on the permafrost table (Bliss, 1977; Lev and King, 1999; Wagner,
2008). Cryoturbation, soil movement as a consequence of
frost action, is a predominant cryopedogenic process
occurring in permafrost ecosystems (Bockheim and Tarnocai, 1998) and is frequently accompanied by gelifluction, fissuring, frost stirring, mounding, patterned ground
such as polygons, earth hummocks, nets, stripes, steps,
sorted and non-sorted circles (Wagner, 2008). Thus,
Cryosolic ecosystems are one of the most spatially het-
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erogeneous soil habitats. Together, these mechanisms
largely alter the spatial nature of soil properties, which is
likely why the spatial scale in these arctic ecosystems is
so much lower than that seen in temperate ecosystems.
Supporting this idea that cryoturbation leads to lower
spatial scales, the largest range of spatial dependence
was found in Ross Point, an Organic Cryosols. Organic
Cryosols are generally more homogenous and more consistent than Static or Turbic Cryosols and thus spatial
similarity extends over longer distance. Nonetheless, a
distinct similarity in spatial structure of denitrifier functional
guilds and potential denitrification activity was detected in
these soils. This suggests that in these ecosystems, DNA
based estimations of gene abundances may reflect the
functional potential of arctic denitrifier communities as has
been seen in agricultural soils (Morales et al., 2010).
Denitrifier functional genes have been frequently linked
to potential denitrifier activities, however, relatively weak
and sometimes no correlations have been previously
reported among soil resources and denitrifier abundance
(Cuhel et al., 2010; Enwall et al., 2010). In this study, we
found that denitrifier abundance was significantly correlated to the all tested soil attributes, particularly in the
Organic Cryosols at Ross Point. Overall, the strong associations among denitrifier abundance, potential denitrification and soil resources found in present study may
indicate that arctic ecosystems are confronted with severe
nutrient-limitation and thus soil resources have a more
readily detectable impact on microbial distribution and
activities. The nature of this soil resource control on microbial activity differed between the sites, likely because the
TOC and moisture contents differed significantly across
the sites. For example, the relationship patterns of DEA
and N2Of, differ between Simpson Lake and Ross Point,
suggesting niche-partitioning of denitrifier and N2O reducing communities as reported previously in non-arctic
ecosystems (Cuhel et al., 2010; Enwall et al., 2010).
Consistently higher correlations in Organic Cryosols may
have been caused by its relatively greater spatial homogeneity, which was also noted previously (Banerjee et al.,
2011b).
A recent report found denitrifier functional gene abundance as a key factor determining denitrification-mediated
N2O emissions from agricultural soils (Morales et al.,
2010). In contrast, this current study demonstrated that
soil moisture and TOC content are the major factors
shaping N2O production/consumption in arctic soils
although and other attributes such as pH, TN, NO3- and
functional gene abundance are also correlated to denitrification potential but at weaker levels. Although strong
nutrient limitation in the arctic may be a possible reason
for this direct impact, the importance of soil resources as
the primary drivers of potential denitrifier activities is also
true for other ecosystems (Attard et al., 2011). The reason
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for this difference between studies is likely linked to the
identity of the denitrifier community at each site. That is,
environmental factors exert their effects on denitrification
through the denitrifying community (Wallenstein et al.,
2006) and potential denitrification is often only associated
with one of the functional guilds such as nirS (Cuhel et al.,
2010), nirK (Attard et al., 2011) or nosZ (Philippot et al.,
2009). Thus, the nature of the community at the site will
modulate how the soil resource → gene abundance →
ecosystem activity path is expressed. In our study, we
postulate that because soil resources were so limited in
these arctic ecosystems, their influence on ecosystem
activity masked gene abundance effects. In contrast,
gene abundance links to ecosystem activity in agricultural
ecosystems with their eutrophic environment would likely
mask soil resource modulations. Previous studies
reported strong association between denitrifier abundance and organic carbon pool (Henry et al., 2004; Kandeler et al., 2006). Thus, this study suggests that the
dominant control on ecosystem level denitrifier activity is
moisture and organic carbon. Further, microbial abundance controls on ecosystem level activity while undoubtedly present are over-ridden in the nutrient poor arctic
environment.
It should be noted that the assay of denitrification
potential measures the maximum functional potential of
denitrifying communities in absence of typical environmental constraints. While soil pH was not changed and
the temperature of soil slurry was kept at ~ 20°C, it is
possible that actual field conditions may have been
slightly different. For example, the soil temperature may
have been lower than 20°C even when the air temperature is 24°C. Moreover, the addition of glucose for
enhancing microbial activity does not necessarily
resemble typical soil conditions, such that it is possible
that creating these optimum conditions may have allowed
the selection of certain non-denitrifying groups that are
not primarily involved in situ denitrification activities in
Cryosolic ecosystems. While these limitations hinder
linking functional groups with in situ denitrification activities, the denitrification potential assay employed in this
study aimed to provide an overall idea of denitrification
activities in arctic soils. Thus, the assay presented in this
study reports overall activities and not the rate of soil
denitrification per hour.
In this study, we evaluated 279 soil samples collected
from three research sites encompassing 7° in latitude and
27° in longitude of the Canadian arctic. Arctic Cryosolic
ecosystems are highly vulnerable to global warming and
have been predicted to undergo greatest degree of
changes. An increase of 3–4°C in mean annual air temperature by 2020 and 5–10°C by 2050, and as a consequence change in the balance between gains and losses
of N have also been projected (Christensen, 1999; Tar-

nocai, 2006; IPCC, 2007). We showed that Cryosolic ecosystems have high denitrification potential and denitrifier
abundance, similar to tropical and temperate ecosystems.
Soil resources and the abundance of the denitrifier functional gene, nirK, were significantly correlated to N2O
production/consumption. Soil moisture, organic carbon
and nitrogen contents are the key factors that drive denitrification in Cryosols. Denitrifier abundance and activities
are spatially well-structured and the spatial dependence
of these parameters comprised within 5 m scale due to
cryopedogenic processes. Thus, experimental designs on
denitrification in arctic regions should likely have field
replicates greater than 5 m apart to insure independence.
Future work will evaluate if the soil and gene parameters
identified here can predict in situ, i.e. field, denitrification
activity. Overall, the high N2O emission potential of arctic
soil ecosystems highlights that these soils could emit significant amount of N2O gas upon favourable conditions,
and this could have important implications in the light of
the pervasive global climate change.

Experimental procedures
Research sites
Three arctic sites were selected for this study: Truelove
Lowland, Simpson Lake and Ross Point (see Fig. S2). Truelove Lowland (75°40′N, 84°35′W) has been described by Lev
and King (1999), Ma and colleagues (2007) and Siciliano and
colleagues (2009). It is a coastal lowland covering an area of
43 km2 on the north-eastern coast of Devon Island. The site is
surrounded to the west and north by Jones Sound and two
long cliffs to the east and south. The mean annual air temperature is about -16°C with the highest recorded daily temperature of 21°C in July and -45°C as the lowest daily
temperatures (Bliss, 1977; King, 1969; Lev and King, 1999).
The total annual precipitation is about 185 mm with 36 mm as
rain. The topography of Truelove Lowland is distinguished by
a series of raised beach crest ridge, lower foreslope and wet
sedge meadow with Regosolic Static Cryosols, Brunisolic
Eutric Turbic Cryosols and Gleysolic Turbic Cryosols respectively. The lower foreslope is dominated by lichen (Alectoria
sp.) and upland sedges (Eriophorum sp.); as the name indicates, the wet sedge meadow is dominated by sedges (Carex
membranacea and Carex stans) and mosses. Simpson Lake
(68°35′N, 91°57′W) is situated in the middle of the Boothia
Peninsula, approximately 80 kilometres west of Kugaaruk,
Nunavut. Historical data from Kugaaruk suggests the temperature in winter (December–January) varies between -23°
to -37°C and in summer (July–August) between 4°C to 24°C
(Environment Canada, 2011). The total annual precipitation is
about 260 mm with 110 mm as rain. The experimental site is
dominated by lichen and dry heath vegetation. The upperslope positions are comprised of Static Cryosols whereas
lower slope positions are Turbic Cryosol. Ross Point
(68°31′N, 111°10′W) is situated in the southern part of Victoria Island. This site is about 150 km west of the town of
Cambridge Bay. Historical weather data from the last 30

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 14, 2601–2613

Denitrifier spatial patterns in arctic soils
years in Cambridge Bay suggests the temperature in summer
(July–August) ranges between 4°C to 23°C and in winter
(December–January) between -25°C to -36°C (Environment
Canada, 2011). The mean annual precipitation is about
138 mm with 69 mm as rain. The soil at this research site was
predominantly Organic Cryosols with a relatively high degree
of base saturation (indicated by pH) and thick (> 15 cm)
organic (peaty) horizons.

Transect design
At each site, soil samples were collected along three parallel
transects (300 m each) at 31 points (0, 0.1, 0.2, 0.5,1, 2, 5,
10, 20, 50, 100, 100.1, 100.2, 100.5, 101, 102, 105, 110, 120,
150, 200, 200.1, 200.2, 200.5, 201, 202, 205, 210, 220, 250,
300 m). The transects were separated from each other
by 2 m. The variable-lag-distance transect approach was
employed to simultaneously capture the fine, medium and
large-scale spatial patterns of denitrifier communities in Cryosolic ecosystems (Banerjee et al., 2011a). Soil samples of
approximately 250 g were collected at 1–10 cm depth using a
hand trowel and sieved with a 4.75 mm sieve. Between
samples, sieves and hand trowels were sterilized with 95%
ethanol and dried before use. As facilities for performing
biochemical and molecular analyses were not available on
site, the soil samples were frozen at -20°C and were shipped
to the laboratory at the University of Saskatchewan.

Soil analyses
Soil gravimetric water content (qg) was estimated by measuring the weight loss of 5 g soil samples after they were dried
for 24 h at 105°C and the water content expressed as percentage of dry soil mass (Gardner, 1986). Soil pH was determined using 5 g soil in a 1:1 soil : water (deionized) mixture
with an Accumet pH meter (Accumet 925, Fischer Scientific,
Massachusetts, USA). Total organic carbon (TOC) was determined by combustion at 840°C using the Leco CR-12 Carbon
Analyzer (LECO Corporation, St. Joseph, Michigan, USA)
(Wang and Anderson, 1998). The determined quantity was
expressed as a percentage of soil mass. Soil total nitrogen
(% mass; TN) was determined by dry combustion using a
Leco CNS-2000 elemental analyser (Wright and Bailey,
2001). For exchangeable nitrate (NO3-) content, soil subsamples were shaken with 0.5 M K2SO4 (1:10 soil: K2SO4)
for 1 h and filtered using Whatman 90 mm filter papers (Maidstone, Kent, England). A 3 ml aliquot of extract was analysed
using a SmartChem™ 200 discrete chemistry analyser
using the manufacturer-provided methods (Westco Scientific
Instruments, Brookfield, CT). It should be noted that the
samples for chemical analyses were stored at -20°C and
microbial cells may have potentially thawed or lysed during
sample processing. The extra NO3- released from microbial
cells may have contributed to slightly higher NO3- content.

Denitrification enzyme activity (DEA) and nitrous oxide
reductase (N2Of) assay
The assay is designed to measure the overall denitrification
potential (DEA) and net N2O formation (N2Of) in soil by alle-
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viating environmental constraints (Cavigelli and Robertson,
2000; Ma et al., 2011). The DEA and N2Of were measured
according to Ma and colleagues (2011). Briefly, soil slurries
were prepared in a 70 ml crimp-sealed serum bottle by
mixing 10 g soil and 10 ml of a test solution containing 10 mM
glucose, and 5 mM KNO3. The serum-bottles were flushed
three times with high purity (99.995%) helium (Praxair,
Danbury, CT). For DEA, 10% (v/v) acetylene was added into
the slurries. Slurries were shaken (100 r.p.m.) at room temperature (~ 20°C) for 90 min. The ratio of N2Of to DEA
(denoted as rN2O) was calculated. A 15 ml gas sample was
collected from the headspace of the slurry using a 20 cc
disposable syringe equipped with a 25-gauge needle and
injected into a pre-evacuated Exetainer® vial (Labco Ltd,
UK). Concentrations of N2O in the headspace gas were estimated by a gas chromatograph equipped with an electron
capture detector (Yates et al., 2006).
Typically, soil denitrification assay is measured at least two
time points (Rich and Myrold, 2004; Philippot et al., 2009).
However, due to large number of samples, denitrification
potential was measured at one time point (90 min). This time
point was selected on the basis of a time-course experiment.
Ten randomly selected soil samples from three sites were
incubated (with and without acetylene) according to the
aforementioned method and gas samples were collected
after 30, 60, 90 and 120 min. The 90 min time point was
found in the linear range and thus chosen as the measurement time. There was no considerable difference in the lag
phases of the three research sites. It should be noted that the
soil samples were collected during 4th week of July when
these research sites regularly experience temperature as
high as 24°C. Furthermore, soil biological assays in previous
studies conducted on these soils also used 20°C as the
incubation temperature (Bliss, 1977; Banerjee and Siciliano,
2012). Therefore, the incubation temperature selected for the
DEA assay in this study can fairly represent the midday
temperature during growing season. A single incubation temperature (20°C) was selected for consistent measurement of
soil samples collected from all three sites. Soils at these sites
in particular Simpson Lake varied considerably and thus the
pH of the soil slurry was not adjusted. Overall, the incubation
temperature and pH selected for this assay can be representative of the field conditions in these arctic sites.

DNA extraction and quantification of
denitrifier abundance
DNA extraction from soils was done according to the method
described by Griffiths and colleagues (2000) with the modifications that DNA samples were precipitated in polyethylene
glycol overnight and RNase was not added after extraction.
To assess RNA contamination, DNA samples were examined
using agarose gel electrophoresis and RNase treatment. No
RNA contamination was found in samples. The concentration
of purified DNA was determined by spectrophotometer (Ultrospec 2000 ultraviolet (UV)/visible spectrophotometer, Pharmacia Biotech, Cambridge, UK). The number of bacterial
nirK, nirS and nosZ gene copies present in the soil DNA
extracts was determined by performing quantitative real-time
PCR (qPCR) using the Qiagen QuantiTect™ SYBR® Green
PCR Master Mix real-time PCR kit (Qiagen, Ontario, Canada)
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and an ABI 7500 real-time PCR machine (Applied Biosystems, Foster City, CA). Each 20 ml reaction contained 10 ml of
master mix, 10 pmol of the appropriate forward and reverse
primers (see Table S4), 6 ml sterilized milli-Q water, and 2 ml
template DNA (1:10 diluted). Two no-template controls
(NTCs) were run for each qPCR assay. As concentration of
DNA varied between soil samples, the number of gene copies
present in each sample was calculated by determining the
concentration of DNA in the extract (Ma et al., 2007). Copy
number per gram of dry soil was calculated on the basis of
dilution factor and soil water content. Using the same
primers, standard curves for nirS and nosZ were produced
using purified PCR products obtained from the reference
strain Pseudomonas stutzeri (ATTC 14405) and the nirK
standard curve was prepared from purified PCR products
obtained from the reference strain Achromobacter cycloclastes ATCC 21921. Only the standard curves linear over
five orders of magnitude and r2 value of 0.99 or higher were
selected and standards were run on each individual qPCR
plate. For all genes, the efficiency of the reaction was
between 80% and 100% (based on the slopes of the standard
curves). Consistency of Y-intercept values was checked
between different qPCR runs and the specificity of the amplified products was assessed by melting curve analysis. Amplification inhibition effects were assessed by assessing gene
abundance on three different dilutions of representative
samples and selecting the dilution that minimizes the inhibition (Dumonceaux et al., 2006). A comparison of nosZ abundance estimated by primers designed by Kloos and
colleagues (2001) and Henry and colleagues (2006) was
performed for 10 randomly selected soil samples. For a direct
comparison, copy numbers were calculated per nanogram of
DNA (see Fig. S1).

Statistical analysis
To assess the relationships among soil moisture, TOC and
denitrifier functions multiple linear regression analysis was
performed using SigmaPlot 10.0 software (Systat Software,
San Jose, CA). The spatial heterogeneity and spatial relationships were estimated using geostatistical analyses. The
degree of spatial continuity was assessed by analysing
the dissimilarity between two observations as a function of
the separation distance or lag distance. This dissimilarity is
measured through calculating semivariance, g(h), half of the
average squared difference between the components of a
data pair:

γ (h ) =

1 N (h )
∑ [z (x k ) − z (x k + h )]2
2N (h ) α =1

where z(xk) is the property, z(xk + h) is the value at h lag
distance and N(h) is the number of data pairs for a given
distance (Goovaerts, 1998). The key features of a semivariogram (a plot of semivariance and lag distance) are range, sill
and nugget. The range of a semivariogram indicates the zone
of spatial dependency, i.e. the lag distance at which the
semivariance value becomes highest whereas sill is the
maximum variability attained by the variable. Nugget variance is the random variability due to experimental error. The
spatial dependence (SPD) was calculated as: SPD = C/
(C + C0), where C is the structural variance, C0 is the nugget,

and C + C0 is the sill. Values of SPD vary from 0 (no spatial
dependence) to 1 (high spatial dependence). All semivariograms were computed with a minimum of 30 sample pairs
per lag class (Journel and Huijbregts, 1978). Gaussian,
spherical, exponential models were fitted to the semivariograms using least-squares method in GS+ version 9
(Gamma Design Software, Plainwell, MI, USA).
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