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in mesic low arctic tundra

Kate M. Buckeridge * Paul Grogan

Received: 30 October 2009 / Accepted: 2 March 2010/ Published online: 16 March 2010
© The Author(s) 2010. This article is published with open access at Springerlink.com

Abstract Pulses of plant-available nutrients to the
soil solution are expected to occur during the dynamic
winter—spring transition in arctic tundra. Our aims
were to quantify the magnitude of these potential
nutrient pulses, to understand the sensitivity of these
pulses to winter conditions, and to characterize and
integrate the environmental and biogeochemical
dynamics of this period. To test the hypotheses that
snow depth, temperature and soil water—and not snow
nutrient content—are important controls on winter and
spring biogeochemistry, we sampled soil from under
ambient and deepened snow every 3 days from late
winter to spring, in addition to the snowpack at the start
of thaw. Soil and microbial biogeochemical dynamics
were divided into distinct phases that correlated with
steps in soil temperature and soil water. Soil solution
and microbial pools of C, N and P fluctuated with
strong peaks and declines throughout the thaw,
especially under deepened snow. Snowpack nutrient
accumulation was negligible relative to these biogeo-
chemical peaks. All nutrient and microbial peaks
declined simultaneously at the end of snowmelt and so
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this decline was delayed by 15 days under deepened
snow. The timing of these nutrient pulses is critical for
plant species nutrient availability and landscape
nutrient budgets. This detailed and statistically-based
characterisation of the winter—spring transition in
terms of environmental and biogeochemical variables
should provide a useful foundation for future biogeo-
chemical process-based studies of thaw, and indicate
that spring thaw and possibly growing season biogeo-
chemical dynamics are sensitive to present and future
variability in winter snow depth.
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Introduction

Spring thaw is a period of dynamic transition in arctic
ecosystems. The melting snow pack, poor drainage,
and thawing active layer result in a temporary period
of complete water saturation in many surface soils.
The sudden change from cold and dry to warm, moist
and relatively anaerobic conditions in the soil envi-
ronment is stressful to soil microbial organisms and
to the physico-chemical structure of soil. These
stresses may promote nutrient releases from microbes
and from litter and soil organic matter into the soil
solution (Chapin et al. 1978; Brooks et al. 1998;
Schimel et al. 2007). This spring pulse of nutrient
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release could be an important control on plant
community composition by favouring those plant
species that can preferentially acquire nutrients
during this period (Chapin and Bloom 1976; Mullen
et al. 1998; Jaeger et al. 1999; Sturm et al. 2001;
Grogan and Jonasson 2003; Forsum et al. 2008).
Furthermore, the spring nutrient pulse could strongly
influence the spatial patterning of vegetation types
and primary production across the landscape since
high rates of hydraulic conductivity at this time may
result in significant nutrient transfers to lower eleva-
tion ecosystems. Alternatively, a portion or all of the
nutrients released during spring may be exported to
the aquatic system (Whalen and Cornwell 1985;
Everett et al. 1996; Michaelson et al. 1998; Jones
et al. 2005; Balcarczyk et al. 2009), maintaining
ecosystem-wide nutrient limitations on production in
vegetation communities (Vitousek et al. 1998).

Spring soil biogeochemical studies in arctic wet
sedge meadow and dry heath tundra ecosystems
indicate that soil soluble nutrient pools and soil
microbial biomass are relatively high during winter
and crash rapidly during spring to relatively stable
growing season levels (Edwards et al. 2006; Larsen
et al. 2007). The sharp drop in soluble nutrient pools
may occur shortly before (Edwards et al. 2006) or
after (Larsen et al. 2007) the soil microbial biomass
declines at the end of snow pack thaw. These findings
are also consistent with alpine biogeochemical stud-
ies, which report a decline in microbial biomass
nitrogen and a flush of plant-available nutrients at
thaw (Brooks et al. 1998). A substantial time gap
between snowmelt and aboveground plant production
in both arctic and alpine tundra suggests that the
potential for net nutrient release and export depends
on the internal dynamics of nutrient exchange
between soil microbes and the soil solution. However,
the very rapid microbial response to environmental
and substrate fluctuations is difficult to capture in
field studies. As a result, there are very few records of
soil processes in the winter—spring period at the
temporal frequency required to capture these micro-
bial-biogeochemical dynamics, and none in mesic
tundra soil.

Thaw dynamics may also be influenced by condi-
tions during the preceding winter. In particular, winter
snowpack depth may be an important control on soil
biogeochemistry and vegetation community hetero-
geneity across arctic tundra ecosystems, and snow
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depth is variable spatially and temporally (Olsson
et al. 2003). Climate change may enhance this spatial
and temporal variability in both snow melt water
inputs and snow nutrient inputs to thawing soils, with
the consistently predicted earlier snowpack thaw and
an increase in winter precipitation across the Arctic by
5-35% over the next century (ACIA 2005). The depth
and nutrient content of the winter snow pack is an
important driver of spring hydrology and biogeo-
chemistry in boreal and alpine soils (Bowman 1992;
Brooks et al. 1998; Petrone et al. 2007). For instance,
the N from the snowpack appears to be retained during
spring thaw in arctic tundra and boreal forest (Cooper
et al. 1991; Tye et al. 2005; Petrone et al. 2007) and
therefore may have a large effect on ecosystem
biogeochemical dynamics. In addition, soil saturation
may be longer or more intense under deeper snow
during the thaw period when drainage is constrained
by patches of snow and a shallow active layer, which
may increase opportunities for organic matter mobi-
lisation (Hobbie and Chapin 1996; Brooks and
Williams 1999; Jones et al. 2005; Petrone et al.
2007). To the best of our knowledge, the potential
influences of the snow pack nutrient content or thaw
melt-water incubation period on spring soil microbial
and biogeochemical dynamics have not yet been
characterised for arctic tundra soils.

Deeper snow may also impact soil organic matter
during the winter by increasing the mobilization of
nutrients from litter and organic matter to more labile
pools in the microbial biomass and soil solution. Snow
insulates against air temperature effects, at least from
a minimum depth of 30-40 cm (Cline 1995) up to
100 cm in depth (Grogan and Jonasson 2006) stabi-
lizing soil temperatures and increasing winter soil
temperature minima (Walker et al. 1999; Schimel
et al. 2004; Nobrega and Grogan 2007; Buckeridge
and Grogan 2008). As a result, soil temperatures
appear to be sufficient to promote slow winter soil
microbial activity that is cumulatively important due
to the length of arctic winters. Experimentally deep-
ened snow exacerbates this effect, significantly
increasing C loss and N mobilization in arctic tundra
soils (Schimel et al. 2004; Larsen et al. 2007; Nobrega
and Grogan 2007; Buckeridge and Grogan 2008). In
addition, increasing microbial C limitation to growth
and activity under deeper snow is expected as winter
progresses, as available substrate from the growing
season litter and root exudates are consumed by this
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enhanced microbial activity (Lipson et al. 2000;
Brooks et al. 2004; Buckeridge and Grogan 2008).
This substrate limitation to growth and activity,
together with rapid changes in soil temperature and
osmotic potential at thaw, are theorized to be detri-
mental to a large proportion of the soil microbial
community, leading to death, lyses of the microbial
cells, and release of the nutrients stored in the
microbial cytoplasm (Morley et al. 1983; Skogland
et al. 1988; Schimel et al. 2007). However, although
these mechanisms for microbial decline have been
documented in the laboratory, field investigations of
the environmental and substrate conditions that trig-
ger this microbial decline and nutrient pulses in arctic
tundra are necessary to evaluate their overall
significance.

To characterize the pattern of spring biogeochem-
istry in mesic arctic tundra and to quantify the impact
of deepened snow on soil solution and microbial C, N
and P dynamics, we sampled these nutrient pools
every 3 days from winter until spring in ambient and
experimentally deepened snow plots. We hypothe-
sized that biogeochemical peaks would be elevated
and last longer under deeper snow as a result of larger
winter soil microbial and soluble C, N and P pools
and a longer thaw period, and not as a result of
nutrients that have accumulated in the snow pack. We
also hypothesized that discrete biogeochemical
phases such as peaks in microbial and soil solution
pools could be matched to environmental conditions
under the thawing control and deepened snowpack,
indicating which factors contribute to microbial
turnover and biogeochemical dynamics during the
winter—spring transition.

Methods
Site description and experimental design

This study was conducted in the winter and spring of
2007 in a mesic birch hummock ecosystem at the
Tundra Ecological Research Station (TERS) at
Daring Lake, Northwest Territories, Canada
(64°50' N, 111°38’ W). Daring Lake is located
300 km northeast of Yellowknife, in the Coppermine
River watershed, and the hummock ecosystem at this
site is located in a valley, midway along a catena that
drains into the lake. The soils and vegetation along

this moisture gradient have a circumpolar distribution
and this particular site has been previously described
(Nobrega and Grogan 2007, Nobrega and Grogan
2008, Buckeridge and Grogan 2008, Lafleur and
Humphreys 2008). Briefly, the soils are Orthic
Dystric Turbic Cryosols (Soil Classification Work-
ing Group 1998) and consist of an organic horizon
~3-20 cm deep above cryoturbated silt-sand mineral
horizons. The ecosystem is characterized by hum-
mocks 10-30 cm high and deciduous dwarf birch
(Betula glandulosa) shrubs that are 10-40 cm tall and
attain ~10-30% of the areal coverage of the
hummocks, interhummocks (mid-elevation), and hol-
lows. The remaining cover is a mixture of other
deciduous shrubs, ericaceous shrubs, sedges, mosses
and lichens (Nobrega and Grogan 2008).

Climate records from the Daring Lake weather
station (1996-2008; Bob Reid, Department of Indian
and Northern Affairs Canada (INAC) Water
Resources Division, unpublished data), ~500 m from
the study plots, indicate a mean diel minimum air and
soil (5 cm depth) temperatures of —38°C and —26°C,
respectively, in mid-January; and mean diel maxi-
mum air and soil (5 cm depth) temperatures of 15°C
and 12°C, respectively, in late July. Maximum snow
depth in exposed areas averages 37 cm (range:
15-59 cm) by late winter, followed by a snow melt
period averaging 15 d (range: 5-28 d). The snow-free
season lasts ~120 d (typically early June to late
September) with an average summer rainfall of 141 mm.

A snow experimental treatment was established in
2004 to increase the depth and duration of snow
cover within birch hummock tundra vegetation
(Nobrega and Grogan 2007). Snow fences (1.2 m
tall and 15 m long; n = 5) were erected perpendic-
ular to the prevailing wind and created snowdrifts the
length of the fence on either side, which had a mean
maximum depth of 1.1 m (2006-2007). These drifts
were higher than ambient snow depth for at least
11 m out from each fence on either side, stabilizing
and increasing the lowest winter soil diel mean
temperature from —18°C to —12°C at 5 cm depth
(Buckeridge and Grogan 2008). In addition, the snow
fences extended snow cover in the spring by
1-2 weeks. Control sites (unfenced, 15 m long;
n = 5) were established parallel to the fences in
similar vegetation yet offset from the fences by more
than 30 m to ensure clear separation from the snow
fence drift areas.
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Soil temperature and soil water

Daily mean soil temperature was monitored at 2, 5
and 10 cm depth over the winter and spring in one
control plot (n = 2, 4 and 2 probes, at the respective
depths) and two deepened snow plots (n = 2, 7 and 1
probes, at the respective depths), using thermocouple
probes (in situ precision coefficient of variation 1.7—
7.4%) connected to CR 10X dataloggers (Campbell
Scientific, Logan, UT). Soil water content was
measured gravimetrically on all collected soil sample
(total water) from each plot, and as volumetric water
(liquid water) in two control plots (n = 2 total) and
one deepened snow plot (n = 2 total) with 30 cm
long dielectric permittivity probes (Water Content
Reflectometer, Campell Scientific) inserted at an
angle to measure moisture within the top 10 cm of
soil, and connected to the same dataloggers that
recorded soil temperature.

Soil sampling protocol

Soil samples were collected in winter, on Julian day
99 from all plots, returned to the lab at Queen’s
University by the following day and kept cold
(between —10 and 0°C) until soil processing on day
101. This was followed by high-frequency field
sampling every 3 days over 16 sample dates, begin-
ning on day 130 and lasting until day 175, the start of
bud break for B. glandulosa.

Sequential sampling in all plots progressed from
one side of the plot to the other along a line ~1 m
then ~2 m north (maximum drift) and parallel to
each fence. Control plot sampling location was
arbitrary and without preconceived bias. Care was
taken to not to displace more of the snow pack than
was necessary. At the same time each afternoon, a
~1 x 1 mpit (0.5 x 0.5 m in the control plots) was
shoveled down to the vegetation, the snow from each
day’s snowpit was laid out with approximate stratig-
raphy to the west (ontop of the refilled snow from the
previous day’s pit). Snow was brushed gently from
around the vegetation before removing a block of
tundra, and samples were collected by hammering an
axe blade down to the bottom of the soil organic layer
(average depth 5.3 cm, range 2.9-9 cm) around the
edges of each sample. Sample characteristics such as
above-ground vegetation were not pre-selected, but
determined by the location of the base of the snowpit.
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As thaw approached and vegetation became exposed,
this arbitrary sampling protocol was maintained;
therefore our results represent the range of possible
ecosystem heterogeneity, including hummocks, in-
terhummocks and hollows. After the sample was
removed and soil temperature recorded at the base of
the pit, the snowpits were refilled with approximate
stratigraphy. Sampling moved 1 m east to the next
undisturbed patch on the next sample day. The
subnivean environment was exposed for approxi-
mately 1 h at the base of the pit (0.25 h in the control
plots), and soil temperature (with handheld probes)
did not appear to fluctuate in response to this
exposure. All samples were stored overnight in
plastic bags in a cooler in the field lab, then processed
the following morning (i.e. soils were maintained
frozen if collected frozen).

Soil handling, in the lab at Queen’s University and
in the field, was minimized to restrict disturbance of the
soil microbial community and soil biogeochemistry
while homogenizing each sample and to prevent
thawing the frozen soils during handling instead of
during extraction. Above ground vegetation and litter
was cut off at the moss green—brown layer, soil was
chopped (if frozen) or crumbled (if thawed) into small
pieces (maximum diameter ~ 10 mm), large roots
(>2 mm) were removed, and soils were immediately
subsampled for biogeochemical or microbial extrac-
tion. Each soil sample was: (a) extracted in filter-sterile
water (0.2 um pore-size cellulose membrane, Fisher)
to estimate water-extractable organic and inorganic
soil solution pools of C, N, and P; (b) extracted in filter-
sterile 0.5 M K,SO, before and after fumigation with
chloroform to estimate microbial biomass C, N and P;
and (c) oven-dried to estimate gravimetric soil water
content (65°C). Chloroform-fumigation direct-extrac-
tion (CFE) was for 24 h in a darkened vacuum
desiccator jar at ~ 15°C directly followed by extrac-
tion (Brookes et al. 1985). All extract samples were
shaken manually several times for a minimum of 1 hin
extractant, filtered through a 1.2 pm pore-size glass
fiber filter (Fisher G4), then frozen at —20°C until
biogeochemical analyses.

Snow sampling
At the end of ‘deep cold’ (Olsson 2003), on day 129,

a snow pit was dug in each plot, and snow layer
thickness, temperature, location from the base of the
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snow pack, snow crystal description and estimated
relative density were recorded. Aluminium sampling
tubes (125 or 250 cm3) were used to remove a snow
sample from any layer >2.5 cm thick. These samples
were placed in pre-weighed sterile sampling bags and
stored in a cooler and returned to the field lab.
Sample weight and volume were recorded and
samples were frozen and returned to Queen’s
University for biogeochemical analysis of dissolved
organic carbon (DOC), dissolved total nitrogen
(DTN), ammonium-nitrogen (NH,"—N) and nitrate-
nitrogen (NO3; —N). Snow pack nutrient content on
an aerial basis was estimated from the nutrient
concentrations, snow density and the depth of each
layer. Nutrient contents in unsampled snow layers
(average = 11% of the total snow pack depth, range
2.1-23.1%) were estimated based on field observa-
tions of relative density and similarity in crystal
structure to that of measured layers. Ice layers were
unsampled and averaged 3% of the total snowpack
depth; ice layer density was assumed to be
0.91 g cm™>. In addition to these initial snow pit
measures, snowdepth above each soil sample was
measured on every soil sampling occasion.

Biogeochemical analyses of soil extracts and
Snow

Dissolved NH,™-N, NO; N in water extracts and
snow water, dissolved total phosphorus (DTP) in water
extracts, and dissolved phosphate—P (PO437—P) in salt
and water extracts were determined colourimetrically,
using automated flow analysis (Bran-Leubbe Autoan-
alyzer III, Norderstadt, Germany) and the salicylate
(NH,"=N; Mulvaney 1996), sulphanilamide (NO; —
N; Mulvaney 1996), alkaline persulfate (DTP; Lathja
et al. 1999) and absorbic acid (PO,*"—P; Kuo 1996)
methods. Dissolved organic C and total N contents in
the fumigated and non-fumigated salt extracts and in
the water extracts and snow were determined by
oxidative combustion and infrared (DOC; Nelson and
Sommers 1996) or chemiluminesence (DTN) analysis
(TOC-TN autoanalyzer, Shimadzu, Kyoto, Japan).
Dissolved organic P (DOP) was calculated as the
difference between DTP and PO43_—P, and dissolved
organic N (DON) was calculated as the difference
between DTN and inorganic N (NH, *-N 4+ NO; —
N), in water extracts. Microbial biomass C, N and P
contents (MBC, MBN and MBP) were calculated as

the difference between DOC, DTN or PO’ -P in
fumigated and non-fumigated salt-extracts. The micro-
bial P calculated as the difference between DTP and
DOP in fumigated extracts was not significantly
greater than the difference between DTP and PO, —
P in fumigated extracts, as for others (Jonasson et al.
1996), so we calculated MBP with the latter. No
correction factors for fumigation or PO,*—P extrac-
tion efficiency were applied. All C, N and P concen-
trations in the soil extracts were corrected for the
dilution associated with the moisture content of each
soil sample.

Statistical analyses

Effects of the deepened snow treatment on environ-
mental and biogeochemical variables over the 17
dates were tested with separate repeated measures
analyses of variance (RM ANOVA), with plot
(n = 5) nested in treatment as a random effect and
with treatment and time (sample date) and their
interaction as fixed effects. The statistical signifi-
cance of individual days, and interactions, were
assessed with Tukey’s HSD post-hoc analyses. These
analyses were performed with JMP 7.0 (SAS 2007,
Cary, NC). Data were transformed where necessary
to meet requirements of normality and homogeneity
of variance. Figures show untransformed means and
all significant results are reported.

The structure within the biogeochemical and
environmental dataset over time and between treat-
ment and control plots was examined by ordinating
the data using non-metric dimensional scaling (NMS;
Kruskal 1964). We separated the data into 4 time
phases on the basis of past climate summaries for this
research area (Bob Reid, unpublished data), and after
exploratory cluster analyses of the data matrix. These
phase distinctions were tested by contrasting the data
in each phase using multi-response permutation
procedure (MRPP; Mielke 1991). The NMS, cluster
analysis and the MRPP were all performed with
PC-ORD 5.0 software (McCune and Mefford 2006).
NMS is an iterative multivariate ordination technique
that is suited to non-linear data that are not normally
distributed (McCune and Grace 2002). Data within
each variable were log-transformed where necessary,
and relativized to the maximum within each variable,
to improve the effectiveness of the distance measure
(McCune and Grace 2002). The NMS provided a
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series of solutions, stepping down in dimensionality
from 6 to 1, using a Sgrensen distance measure and a
maximum of 500 iterations in 50 runs with real data
to find the best positions for all samples along the
ideal number of dimensions, beyond which additional
dimensions provide only small reductions in stress.
Statistical significances of axes were assessed by
comparing observed final stress with the final stress in
50 runs of randomized data using a Monte Carlo test
(McCune and Grace 2002). The NMS matrix
included five environmental variables (soil and air
temperature, soil gravimetric and volumetric water
and snow depth) and 10 biogeochemical variables
(soil solution DIN, dissolved PO437—P, DOC, DON,
DOP and MBC, MBN, MBP, MBC/N and MBC/P).
Each data cell within the matrix was a mean of the
spatial replicates, as three of the environmental data
variables (air and soil temperature and soil volumet-
ric water), although collected within the sample plot
area, were not collected at the same location as the
soil samples. We used Pearson correlations to test for
significant associations between variables and the
axes scores. The cluster analysis used a Euclidean
distance measure and Ward’s linkage measure to
create a dendogram that indicated phase and treat-
ment separation. The MRPP yielded a P-value to
evaluate how likely it is that the observed difference
between groups (treatment or phase) was due to
chance, as well as the chance-corrected within-group
agreement (A), which described within-group homo-
geneity compared to random expectation (McCune
and Grace 2002). This method is not adversely
affected by the heterogeneity of variance common to
different group sample sizes (McCune and Grace
2002). ‘A’ values range from 1 (when all items within
a group are identical) to O (when heterogeneity within
groups equals expectation by chance).

Results

Winter—spring temperature and soil water
dynamics

Daily mean air temperature during the study period
generally increased from a low of —15.9°C on Julian
day 107 to a maximum of +14.9°C on day 175, but
fluctuated by as much as 6°K d~' (Fig. 1a). Snow
depth decreased from a mean peak of 31 cm onday 130
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Fig. 1 Daily mean (black line), maximum and minimum air
temperatures (a); mean snow depth (cm, n = 5 each) (b); soil
temperature at 2 (grey line), 5 (black line with closed or open
circles) and 10 (grey dashed line) cm depth (°C; n = 2, 4, and
2 for respective control plot soil depths and n = 2, 7, and 1 for
respective snow fence soil depths) (c); soil volumetric water
(%; n=2) (d); and soil gravimetric water (i.e. liquid and
frozen g H,O/g dw soil; n = 5) (e) in control and deepened
snow (snow fence) plots in birch hummock vegetation at
Daring Lake, NWT during the winter—spring of 2007. Error
bars indicate £ one standard error. Vertical lines distinguish
the environmental and biogeochemical phases described in the
text

to complete thaw by day 151 in the control plots, and
from a mean peak of 101 cm on day 136 to complete
thaw by day 166 in the deepened snow plots. Therefore,
the snow was significantly deeper (Fj 60 = 240,
P < 0.0001), complete melt was 15 days later, and
the rate of thaw was more consistent and rapid
(Treatment x Time: Fi6169 = 40, P < 0.0001) in
the snowfence plots (Fig. 1b).
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Daily mean soil temperatures at 2, 5 and 10 cm
depth in both control and snowfence plots all
increased in a similar step-wise fashion, hovering
near —10°C from day 99 to day 124 and increasing
and staying near —5°C until day 145. Soil tempera-
tures then increased to 0°C on day 145 after a step-like
climb over 5 days in the control plots, or to just below
zero (—0.65°C) on day 146 after a rapid climb over
2 days in the snowfence plots (Fig. 1c). Daily soil
temperatures were very steady between steps in the
deepened snow plots, and were much more dynamic
in the control snow plots, with peaks and drops closely
tracking air temperature patterns (Fig. la, c). Daily
minimum soil temperatures at 10 cm depth in the
control plots rose above zero by day 151, whereas
snowfence soils remained just below zero at 10 cm
depth until the end of the study period on day 175
(Fig. 1c). Hourly temperature data were not recorded
at our sites, but hourly data from a nearby site (500 m)
in a similar vegetation type indicated no soil freeze—
thaw cycles during this spring thaw (Bob Reid, INAC
Water Resources Division, unpublished data).

Soil liquid water contents (as indicated by dielectric
probe data) increased slightly on day 125 in control
plots, and increased substantially in both the treatment
and control soils after day 145, with a slower increase
under deepened snow (Fig. 1d). Gravimetric soil
moisture (frozen plus liquid water) remained static in
both ambient and deepened snow plots until day 145
when mean diel air temperatures rose substantially
above 0°C (Fig. 1a, e). Melting of the snow pack thaw
did not noticeably increase overall (gravimetric) soil
moisture in control plots, suggesting that either ground
surface runoff or sublimation and evaporation from the
snow pack were high, and that increases in volumetric
(liquid) water were primarily a result of melting soil
ice. By contrast, snow melt from the deepened snow
pack raised the gravimetric soil water content consid-
erably during snow thaw, and significantly on days
160 and 163 (Fig. 1d), resulting in significant treat-
ment, time, and treatment by time interaction effects
(Treatment, Fl,169 = 58, P = 0042, Time, F16,l69 =
4.9, P <0.0001; Treatment x Time, Fj¢ 160 = 4.0,
P < 0.0001).

The control and deepened snow pack contained 117
and 370 1 snow water m_z, respectively, at the start of
spring snowmelt (day 129). Correspondingly, control
and deepened snow plot soil water (computed to the
base of the organic layer) increased from 43 and 32 1

soil water m ™~ at the start of the spring study period to
their wettest points during spring thaw at 46 (day 145)
and 94 (day 160) 1soil water m~2, respectively. Soils at
the base of the deepened snow pack were noticeably
saturated, and occasionally submerged under several
centimetres of water from the end of May until early
June (day 147-163). This large soil water contents in
deepened snow plots during that time buffered soil
temperature against rising and falling temperatures,
maintaining the soils at or just below 0°C (Fig. 1c) and
delaying the increase in peak volumetric (liquid) water
by almost 2 weeks as compared to control plots
(Fig. 1d). Together these dynamics in air and soil
temperatures, snow melt and soil water indicate four
discrete phases in soil environmental conditions under
ambient snow: Winter (soils cold, with very little liquid
water); Early thaw (soils warmer but still frozen and
with very little liquid water); Late thaw (soils at
temperatures close to 0°C with substantial liquid
water); and Spring (soils at temperatures above 0°C
with substantial liquid water) (Fig. la—e). The transi-
tions between phases were simultaneous in soils under
deepened snow although the magnitudes of the soil
liquid water increase in late thaw were much greater.

Snowpack structure and nutrients

Temperatures throughout the deepened snow pack
were relatively cool (—3 to —4°C) on the afternoon of
day 129 when the snowpits were studied (data not
shown). By contrast, the ambient snowpack profile
was relatively warm (just below 0°C) from the base
up to close to the surface, with markedly cooler
temperatures right at the surface that matched simul-
taneous air temperatures (~ —4°C). The deepened
snow pack was about 3 times higher (f;9 = 13,
P < 0.0001) and had a correspondingly larger snow
water equivalent (SWE), 3.5x that of the control plot
snowpacks (t; o9 = 13, P < 0.0001).

NO; -N pools in the snowpack of control plots
(4.4 mg m~ 2 (S.E. £ 1.2)) were similar to the nitrate
content of the soil organic layer (0-10 mg m™2). By
contrast, there were relatively small amounts of DOC
(11 (£3.1) and 120 (+59) mg m~%), DTN (2.6 (£1.2)
and 25 (£7.4) mg m ) and NH, =N (1.0 (£0.67)
and 2.5 (£0.55) mg m_z) in the snow packs (con-
trol and deepened snow, respectively) compared to the
soil solution (see ahead). The snow packs did
not differ significantly in snow density or nutrient
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concentrations, but the deepened snow held larger
water and nutrient pools; especially NO; —N (33
(£ 3.6) mgm 2 1,9 =74, P<0.0001). NO;"-N
and NH,"—N were distributed evenly throughout the
snow pack, whereas DOC and DTN concentrations
were largest near the base of the snow pack, but
detectable at low concentrations throughout (data not
shown).

Soil solution inorganic and organic nutrients

Soil solution inorganic nutrients tended to be low in
winter, variable during the thaw phases and return to
low values in the spring, whereas organic nutrients
were relatively high in the winter, variable during
thaw, and then also dropped to very low values in the
spring. The soil DIN content was dominated by
NH, "N on all sampling dates, with very low NO; —
N contents (ranging from 0 to 1.5 pg g~ 'dw soil),
except for a NO; —N spike (12.7 ug g~') in one
deepened snow plot on day 154. DIN content was
10-15x higher in deepened snow plots compared to
controls during the late thaw phase and was signif-
icantly higher on day 157 (Fig. 2a), resulting in
significant overall effects of treatment, sampling date
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Fig. 2 Dissolved inorganic nitrogen (NH,"-N plus NO; —N)
(a) and phosphorus (PO43_—P) (b) contents in the water-
extracted soil solution of birch hummock tundra during the
winter—spring of 2007 under ambient (control) and deepened
snow. Error bars indicate + one standard error. Vertical lines
distinguish the environmental and biogeochemical phases
described in the text
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and their interaction (Treatment, F; 60 = 7.0,
P = 0.030; Time, Fj¢160 = 11, P < 0.0001; Treat-
ment x Time, Fi¢ 169 = 2.7, P = 0.0013). Soil dis-
solved PO,* P contents fluctuated dynamically and
differently in the control and deepened snow plots in
the early thaw period (Fig. 2b) resulting in a signif-
icant sampling date effect (Fig160 = 7.2, P <
0.0001) and treatment by sampling date interaction
(Fi6.169 = 2.3, P = 0.005), but there was no overall
treatment effect on PO,> —P across the study.

DOC contents in both control and deepened snow
plots were elevated in late winter snow pack (day
139) as compared to the earlier deep winter (day 99)
and later thaw and spring sampling dates (Time,
Fi6.160 = 44, P < 0.0001; Fig. 3a). DOC contents
fluctuated in the early thaw phase and then declined
as the soil liquid water levels increased in both the
ambient and deepened snow plots. However, DOC
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Fig. 3 Dissolved organic carbon (a), nitrogen (b), and
phosphorus (c¢) contents in the water-extracted soil solution
of birch hummock tundra during the winter—spring of 2007
under ambient (control) and deepened snow. Error bars
indicate + one standard error. Vertical lines distinguish the
environmental and biogeochemical phases described in the text
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content increased significantly under deepened snow
relative to controls on days 157-163, when soil water
also peaked (Treatment x Time, Fig169 = 6.1,
P < 0.0001; Figs. 1d, e, 3a).

DON contents were high in both deep winter and
under the late winter snowpack, regardless of snow
depth, and like DOC dropped to low levels when soil
liquid water increased (Fig. 3b). As with DOC, DON
increased under the melting deepened snow pack so
that there were significant sampling time and treat-
ment by time interaction effects (Fig 160 = 29,
P <0.0001 and Fje160 = 1.8, P =0.041, respec-
tively), although high spatial variability in DON
pools resulted in the treatment difference being
insignificant overall (Fig. 3b).

DOP contents were dynamic and spatially variable
in late winter relative to deep winter or spring (Fig. 3c).
As with DOC and DON, DOP contents were elevated
in the deepened snow plots under the melting snow
pack (i.e. late thaw phase), leading to significant
sampling time and treatment by sampling time effects
(F16,169 = 8.1, P <0.0001 and F16,169 =22, P=
0.0075, respectively; Fig. 3c).

Soil microbial biomass C, N and P

Soil microbial C content was elevated in deep winter
and had generally dropped by the start of the early
thaw phase when soils climbed to —5°C, regardless
of snow depth (Fig. 4a). MBC contents in control and
deepened snow plots tended to increase during the
early thaw phase and then dropped sharply and
remained low in control plots (Fig. 4a). By contrast,
MBC contents were significantly higher in the
deepened snow plots overall (Fji60 =21, P =
0.0017), and increased in the second half of the late
thaw to a significantly higher peak on day 160 as
compared to other sampling dates (Treatment x
Time, F6,160 = 3.0, P = 0.0003), that corresponded
with the peak in gravimetric water (Fig. le). MBC
under the rapidly melting deep snow plots decreased
sharply over the next 6 days as the snow completely
melted and snowfence soil temperatures rose above
zero. Afterwards, MBC was similar in control and
snowfence plots and was at its lowest level in the last
three sample dates of the study (Time, Fi¢ 160 = 10,
P < 0.0001; Fig. 4a).

MBN and P contents in the snowfence and control
generally matched each other and the pattern for
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Fig. 4 Soil microbial biomass carbon (a), nitrogen (b), and
phosphorus (¢) contents in birch hummock tundra during the
winter—spring of 2007 under ambient (control) and deepened
snow. Error bars indicate £ one standard error. Vertical lines
distinguish the environmental and biogeochemical phases
described in the text

MBC in the early thaw phase (Fig. 4a—c). MBN and
MBP contents in control plots were also similar to
MBC in the late thaw phase. By contrast, MBN and
MBP contents in the deepened snow plots increased
rapidly as soon as liquid water increased at the onset
of late thaw, but MBC did not rise until later. The
treatment by time effect was significant for MBP,
with significantly higher P accumulation in the
microbial biomass under deepened snow on days
157 and 160 (F6,169 = 3.0, P = 0.0003). In addition,
the MBN and MBP increases occurred at least 9 days
before peak MBC in the same plots, suggesting
microbial accumulation of nutrients occurred well
before microbial growth enhancement. The declines
in MBC, MBN and MBP were all synchronous and
corresponded exactly with decreasing soil moisture
contents and a return to ambient unsaturated soil
conditions at the end of snowmelt. Both MBN and
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MBP were significantly higher in deepened snow
plots overall (MBN, F; ;50 = 29, P = 0.0007; MBP,
Fi160 = 14, P = 0.0056) and both control and
deepened snow plots MBN and MBP varied signif-
icantly with sampling date (MBN, Fi¢ 160 = 2.9,
P = 0.0004; MBP, Fi6 160 = 14, P < 0.0001).
Microbial N and P accumulation were similar
between treatments but fluctuated from N and P
accumulation (i.e. low MBC/N or MBC/P) to MB
growth (i.e. high MBC/N or MBC/P; Fig. 5a, b),
leading to a significant time of sampling effect for all
the measured microbial biomass ratios (MBC/N,
F16,169 = 88, P < 00001, MBC/P, F16,169 = 26,
P = 0.0014; MBN/P, Fi160 = 14, P < 0.0001).
The late thaw phase was marked by excess MBP in
the deepened snow plots (i.e. low MBC/P and MBN/
P; Fig. 5b, c¢) and increasing microbial P shortages
(i.e. high MBC/P and MBN/P) in control plots, as
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Fig. 5 Soil microbial biomass carbon/nitrogen (a), carbon/
phosphorus (b), and nitrogen/phosphorus (c¢) ratios in birch
hummock tundra during the winter—spring of 2007 under
ambient (control) and deepened snow. Error bars indicate +
one standard error. Vertical lines distinguish the environmental
and biogeochemical phases described in the text
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well as increasing microbial N shortages (i.e. high
MBC/N) in both control and deepened snow plots
(Fig. 5a—c). MBC/N dropped sharply in both control
and deepened snow plots in spring, suggesting N
availability was high relative to C. Very high spatial
variation in MBC/P and MBN/P in spring suggests
that P availability was very low and rapidly immo-
bilized at this time, and is supported by low inorganic
and organic P soil solution contents at this time
(Figs. 2b, 3c, 5b, ¢).

Winter—spring phases

The NMS ordination tested for structure in the
environmental and soil and microbial biogeochemis-
try dataset (Fig. 6), while the MRPP tested for
significant effects of the treatment and significant
clustering among the data. The NMS solution had 2
dimensions, with a low final stress of 9.3 after 73
iterations (Fig. 6). The data from the control and
deepened snow plots showed similar patterns through
the winter—spring transition, however, the analysis
clearly indicated a significant treatment -effect
(A =0.09, P=0.0036). In particular, the largest
shift along the first axis occurs at complete snowmelt,
which is at the beginning of late thaw in control plots
and at the beginning of spring in the snowfence plots
(Fig. 6). The first axis explains most of the variation in
the data (84.2%) and was strongly and positively
correlated with soil temperature, VWC (r2 = 0.72),
and air temperature (> = 0.58), and negatively
correlated with DOC (r2 = 0.78) snow depth
(¥ = 0.78), MBP (* = 0.62), DOP (¥ = 0.62),
PO, —P (¥* = 0.62), and DON (* = 0.59). The
snowfence plots were generally lower on the second
axis (Fig. 6). The second axis explains 11.3% of the
variation in the data and is strongly negatively
correlated with snow depth (** = 0.73), MBC
(¥ = 0.71), PO, > =P (+* = 0.70), MBP (* = 0.67),
DOP (=059, GWC (7 =056), MBN
(¥* = 0.55), DOC (r* = 0.54), DON (+* = 0.51) and
positively correlated with MBC/P (+* = 0.51).
Cluster analysis of the biogeochemical and envi-
ronmental data indicated that the four phases sug-
gested by visual inspection of the environmental data
(Fig. la—e) were indeed discrete, and furthermore
that the control and snowfence plots differed from
each other during the late thaw phase (data not
shown). The strongest MRPP model supported these
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Fig. 6 Ordination of environmental and biogeochemical data
collected in winter, then every 3 days throughout the early
thaw-spring transition in birch hummock tundra. The first axis
is aligned with soil temperature (+* = 0.78). The data points
represent non-metric multidimensional scaling (NMS) scores
for the samples means (n = 5 spatial replicates) from a matrix
of 5 environmental, 5 microbial and 5 substrate variables

five clusters (A = 0.52, P < 0.0001), all of which
were significantly different from each other in
separate pairwise comparisons (MRPP; A = 0.15-
0.53; P <0.008): 1. ‘Winter’ (day 99, n = 2); 2.
‘Early thaw’ (days 130-145; n = 12); 3. ‘Late thaw-
control’ (days 147-163; n = 6); 4. ‘Late thaw-
deepened snow’ (days 147-160; n = 6); and 5.
‘Spring’ (days 166-175; n = 8) (Fig. 6).

Discussion

Environmental controls on soil biogeochemistry
and the phases of thaw

Our high frequency measurements of environmental
and biogeochemical variables during the winter—
spring transition allowed us to test for significant
patterns, structure and inter-relationships within the
integrated dataset. The results are conclusive (for this
year at this site at least): the winter—spring transition
can be considered as consisting of four distinct phases
(winter, early thaw, late thaw and spring) represent-
ing discrete and corresponding patterns in environ-
mental conditions and biogeochemical pools. This
characterisation should provide a useful template for
future process-based studies of soil thaw in the low

measured in control and deepened snow plots. The grey lines
connect the time sequences of measurements from the sample
plots. ‘Phases’ represent significantly different (MRPP) envi-
ronmental and biogeochemical time periods of thaw in this low
arctic tundra ecosystem; ‘complete snowmelt’ indicates the
date on which all snow disappeared from the control and
deepened snow plots

arctic and possibly in other seasonally snow-covered
ecosystems. Our integration of biogeochemical and
environmental patterns into these phases builds on
previous broader temporal scale environmental char-
acterisations of the full cold season in the Alaskan
Arctic (Olsson et al. 2003). The early and late thaw
phases reported here are refinements of the ‘thaw’
phase characterized by those authors. Furthermore,
our analyses indicate that landscape variation in
snowdepth is a significant factor influencing biogeo-
chemical dynamics at this time. The winter—spring
phases outlined here appear to match high frequency
biogeochemical and environmental patterns in sedge
meadow, heath and birch forest understory sites
during this time of year (Edwards et al. 2006; Larsen
et al. 2007), suggesting that this pattern may be
widespread in wet, mesic and relatively dry ecosys-
tems across the Low Arctic.

This study indicates that soil biogeochemical pools
and microbial immobilization of C, N and P are very
dynamic between —5°C and just below 0°C, but that
these biogeochemical dynamics stop and microbial
biomass declines simultaneously, as soon as the daily
mean soil temperature rises above 0°C. This pattern is
consistent under both ambient and deepened snow
because the soil temperature threshold occurs as soon
as snowmelt is complete and regardless of differences
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between ambient and deepened snow soil gravimetric
and volumetric water contents. For instance, during
the 15 days of snowmelt in the control plots, soil
water was relatively low and still mostly frozen;
during the 20 days of snowmelt in the deepened snow
plots, total soil water (ice plus liquid) was relatively
high and thawing resulted in a steady accumulation of
liquid water. Nevertheless, the peaks in soil solution
nutrients and microbial biomass C, N and P ended
exactly when snowmelt was completed and soil
temperature crossed 0°C in both cases. Although not
presented as such in other studies, this microbial
decline with the end of snowmelt is consistent in
alpine moist meadow tundra, arctic wet sedge tundra
and arctic dry heath tundra (Brooks et al. 1998;
Edwards et al. 2006; Larsen et al. 2007). These
results suggest that the period of sub-zero soil
temperatures is the principal phase of soil microbial
and biogeochemical dynamics during winter—spring
transitions in these ecosystems. We suggest that, on a
microbial scale, microsite variation in liquid soil film
thickness, local soil water phase changes and possibly
fluctuating reduction—oxidation potentials below 0°C
are critical drivers of thaw biogeochemistry (Sturm
et al. 2005). Snow melt water infiltration of soil pore
spaces may expose previously dormant fungi and
bacteria to thaw and fresh substrate, possibly pro-
moting specialized substrate use by particular micro-
bial functional groups (Polyanskaya et al. 2008). Soil
water inputs may also facilitate trophic level interac-
tions, an important control over biogeochemistry in
soil systems (Wardle 2002). For instance, soil water
phase changes may promote macrofaunal hatching
(Sulkava and Huhta 2003) and liquid water connec-
tions between soil pores may promote predation,
possibly promoting microbial decline.

Our data bring into question a number of other
possible mechanisms for microbial decline that have
been previously proposed. First, soil freeze—thaw
cycles have been proposed as a cause for decline in
some microbial species and thus for biogeochemical
flushes at spring-thaw. Although supported by several
laboratory studies (Schimel and Clein 1996;
Herrmann and Witter 2002; Larsen et al. 2002; Six
et al. 2004; Walker et al. 2006), mesocosm studies
using moderate freeze—thaw amplitudes that are more
characteristic of arctic tundra field conditions
(Grogan et al. 2004), and a field study just after
snow melt in Daring Lake (Buckeridge et al. in
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press), both suggest that diurnal or weather-front
freeze—thaw cycles have minor or no effects on spring
soil biogeochemistry. In any event, the microbial
decline in our study clearly was not associated with
high amplitude temperature cycling. Second, osmotic
stress has been proposed as a driver of microbial
decline (Schimel et al. 2007), and is supported by
laboratory studies demonstrating microbial produc-
tion of osmolytes as a mechanism for bacteria and
fungi to deal with various types of stress (Yancey
2005). Osmotic stress may occur during extracellular
freezing in early and mid- winter when water is
gradually removed from cells by osmosis during
thinning of soil water films, and as water vapour
transfer into the overlying snow increases concentra-
tions of soil water ions. Osmotic stress may also
occur during thaw, when those microbes that have
adapted to winter dryness through osmolyte produc-
tion are suddenly introduced to a burst of fresh water,
leading to cell rupture and cytoplasmic release of as
much as 10-30% of the microbial C and N (Schimel
et al. 2007). However, if this were the principal
mechanism of microbial biomass decline, we would
expect that soil solution peaks would either lag
declines in microbial peaks of C, N and P indicating
cytoplasmic loss to the soil solution, or precede
MBC, N and P declines as a result of enhanced
microbial growth due to the increase in soil solution
nutrients; however, declines in all peaks were simul-
taneous. Third, labile carbon limitation of the winter
microbial biomass has been observed in Daring Lake
(Buckeridge and Grogan 2008), and has been asso-
ciated with microbial decline under deep snowpacks
in alpine tundra soils (Brooks and Williams 1999;
Lipson et al. 2000). However, the soil solution DOC
in this study was relatively high during late winter
and especially during thaw, and collapsed simulta-
neously with microbial declines, but not before.
Unless these thaw DOC pulses are very low quality
and therefore essentially unavailable for soil
microbes, the C patterns we observed over the
winter—spring transition suggest that although soil
microbes may be limited by labile C availability in
late winter (Buckeridge and Grogan 2008), this C
limitation ends with enhanced DOC pulses in both
early and late thaw. Therefore, we suggest that C
limitation does not contribute to the microbial
and nutrient decline in low arctic tundra at thaw.
Further research is required to understand soil
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biogeochemical and microbial and macrofaunal
physiological responses to frozen and liquid water
fluctuations below 0°C.

The impact of deeper snow

We observed dynamic fluctuations in inorganic,
organic and microbial C, N and P pools under the
thawing snow pack that were enhanced in magnitude
and duration under deeper snow. Excess soil water
inputs in the deepened snow plots may have
promoted anaerobic conditions and an anaerobic
microbial activity response that is reflected in the
larger biogeochemical pulses under deepened snow.
However, it is unclear if anaerobosis produced by
saturation in the deep snow treatment differs from
anaerobosis produced by gas diffusion limitations in
frozen soil (Miller et al. 2007), that may have been
present under both deep and ambient snow. Deepened
snow also enhanced microbial growth (increased
MBC) and microbial nutrient accumulation
(decreases in MBC/N and MBC/P associated with
high MBN and MBP) at sub-zero temperatures. In
general, these results are consistent with other studies
in arctic and alpine tundra (Lipson et al. 1999;
Schimel et al. 2004; Edwards et al. 2006; Larsen et al.
2007). In addition, the strong treatment effect in this
investigation indicates that this biogeochemical
pattern at thaw is sensitive to winter environmental
conditions, as with alpine tundra (Brooks et al. 1998).
In particular, the nutrient and microbial peaks under
the melting deep snow pack were responsible for
creating an enhanced °‘late thaw’ phase of spring
biogeochemistry that was associated with signifi-
cantly larger nutrient mobilization through the soil
solution and the microbial biomass.

The early and late thaw phases may be the most
sensitive of all winter stages to global change, as a
result of ecosystem sensitivity to thaw timing and
snowdepth. Climate change predictions consistently
indicate that the arctic winter will experience warmer
winter air temperatures and increased winter precip-
itation as a result of warmer air transferring larger
amounts of moisture towards the poles (ACIA 2005).
In addition, landscape and interannual variability in
snowdepth may have large impacts on the timing of
thaw (Olsson et al. 2003). At Daring Lake for
instance, snow accumulates over the 9 months of
winter, peaking in late winter, with interannual

variability in maximum snow depth ranging from
15 to 54 cm at one location within this low arctic
tundra valley and snow depth variability of 0-100 cm
snow depth within the same valley (1996-2008,
B. Reid, unpublished data). Therefore, the phases that
we have characterized in this study include the
natural and future variation in snow depth controls on
ecosystem biogeochemistry at thaw. Further sampling
in additional years may tell us how common
deep snow years are, and/or if the dynamics recorded
in this study are consistent with naturally occur-
ring areas of deep snow accumulation across the
landscape.

Despite the larger flush of nutrients in the soil
solution under the deepened snowpack, we found little
evidence that these nutrients are from the snowpack
itself. Only nitrate—N was significantly larger than in
the ambient snowpack, and large relative to soil
solution contents of nitrate. In the saturated thaw soils,
anaerobosis may have promoted denitrification, or
semi-frozen soils may have favoured overland flow of
meltwater and N loss as leachate (Brooks et al. 1999).
Earlier studies at this site indicate that denitrification is
low in early spring, but primarily as a result of substrate
limitation (Buckeridge et al. in press), and our results
here indicate that inorganic N and organic C pools are
substantial under the thawing snowpack. Snowpack
nutrients are retained in Swedish forest and wetland
soils (Petrone et al. 2007) and in Alaskan soils on
discontinuous permafrost (Jones et al. 2005), but in
both of these studies biogeochemical processes at
snowmelt promote streamwater N exports from eco-
systems that are larger than predicted from snowpack
inputs. Our results suggest that a similar pattern of N
export may be present in these low arctic mesic tundra
soils underlain by continuous permafrost, and that the
large microbial mobilization of C, N and P followed by
a decline of the soil microbial biomass may be the
biotic process responsible for this net N loss at thaw.

Seasonal dynamics of C, N and P

The soil microbial biomass represents a large and
labile pool of nutrients in this ecosystem. The
microbial pools of C and P were 2-10x larger than
the corresponding soil solution pools, while microbial
N was 8—40x larger than the DTN pool. In general,
these microbial and soil solution pools were larger in
the winter—spring transition at this site than in spring,
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summer or fall (Nobrega and Grogan 2008; Bucke-
ridge et al. in press; Chu and Grogan, in press). We
have not measured biogeochemical dynamics at this
temporal frequency at other times of year at this site,
and cannot conclude that nutrient pulsing does not
occur. High frequency seasonal biogeochemical sam-
pling in Alaska indicate that large peaks and crashes
in soil solution nutrients occur during the summer in
tussock soils, at a similar magnitude to the peaks in
NH,"-N and DOC that we recorded in our hummock
soils in spring, although the DON peaks in Alaska
were 5x larger (Weintraub and Schimel 2005). Our
PO, —P and DOP peaks were high during thaw and
dropped to very low levels after snowmelt. Phospho-
rus soil and microbial pool sizes at thaw were strongly
negatively correlated with the main NMS axis in this
study, and spring thaw PO, —P peaks were generally
higher than have been recorded at other sites, although
MBP was similar (Edwards et al. 2006). PO,> P
levels in the early half of summer were similarly very
low in Alaskan tussock tundra, but peaked in the
growing season at 10x our spring soil solution content
(Weintraub and Schimel 2005). Therefore, despite
environmental and some biogeochemical similarities
with other arctic tundra systems that imply a similar
pattern of thaw, further seasonal sampling and site
comparisons are required before drawing general
conclusions about annual patterns of biogeochemical
dynamics across the arctic tundra.

Landscape implications of the thaw nutrient flush

The delay in the date of complete snowmelt between
control and deepened snow was 20 days, reducing the
1 month period between thaw biogeochemical flushes
and bud break of the dominant deciduous shrub
B. glandulosa by 2/3rds. Alpine tundra studies have
found that the microbial decline at spring thaw
produces a flush of nutrients that is taken up by plants
in early spring (Brooks et al. 1998; Bardgett et al.
2005), and that certain plant species preferentially
acquire this early N flush (Mullen et al. 1998; Jaeger
et al. 1999). Nutrient availability, especially N and P,
limits plant growth in low arctic tundra (Shaver and
Chapin 1980), and early P uptake has been found in
some graminoid species, along with an increased N
demand (Chapin 1983). The 1 month separation
between the arctic tundra nutrient flush and spring
deciduous plant growth, and the strong drawdown in
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nutrients during the spring suggests that at least some
of the principal deciduous arctic tundra plant species
may not benefit from this thaw flush (Bilbrough et al.
2000). Instead, the deciduous arctic plants may
depend on summer and fall nutrient acquisition
through mycorrhizal associations, as well as rhizome
storage of nutrients over winter and translocation to
roots and shoots to begin new growth in spring.
However, areas with natural deep snow may have
improved synchronicity between spring nutrient
flushes and plant uptake of nutrients in the early
growing season. Long-term snow fence studies
indicate that deepened snow alters vegetation com-
munities (Wahren et al. 2005) and may favour those
plant species that can acquire N and P during thaw.

Conclusions

We found large pulses of soil solution and microbial
biomass C, N and P under deepened snow and much
smaller but still substantial pulses under ambient snow
during the winter—spring transition when soils climbed
from —5 to 0°C. These results indicate that thaw
biogeochemistry is controlled by winter conditions and
may be sensitive to present and future variation in
snowdepth, soil water and soil temperature. Microbial
and soil biogeochemistry were strongly correlated with
snow depth, soil water and soil temperature and were
separated into distinct phases. Despite this strong
correlation, microbial and soil solution nutrient crashes
were simultaneous and occurred at the end of snow-
melt, regardless of differences in soil temperature and
water content between treatment and control plots. We
have summarized several possible mechanisms for this
microbial decline at thaw, all of which may result in a
large direct or indirect source of soil C, N and P as
respiration, denitrification, or as leachate to lower
elevation systems. This nutrient pulse occurs when
soils are still frozen, 1 month before deciduous plant
leafout, and thus may not be available to plants in the
same ecosystem.
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