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Abstract In many temperate ecosystems, rates of
atmospheric nitrogen deposition remain high over
winter despite decreased agricultural activity over this
season. The extent to which this nitrogen is accessible
for plant growth over the following growing seasonmay
depend strongly on uptake by plants and soil micro-
organisms from late fall through early spring, when the
majority of aboveground plant tissue has senesced. We
added Ca(15NO3)2 (5 atom %15N) at a rate of 2 g m−2

of N (corresponding to 100 mg 15N m−2) to the surface
of plots in a temperate old field during either late fall,
winter, spring melt or early spring. We quantified the
recovery of excess 15N in the soil microbial biomass
and soil extracts following spring melt and in
aboveground plant tissue at the peak of the plant
growing season. Nitrate additions had no significant
effect on total aboveground plant biomass, relative
species abundance or percent tissue nitrogen. However,
mean excess 15N in aboveground plant tissue varied
significantly among treatments, with values of 8.1, 2.6,
0.3 and 7.3 mg m−2 for late fall, winter, spring melt
and early spring addition plots, respectively.
Corresponding values of excess 15N were 3.1, 1.4
and 0.2 mg m−2 in microbial biomass, and 0.17, 0.07
and 0.03 mg m−2 in soil extracts, for late fall, winter

and spring melt addition plots, respectively. Overall,
these results indicate that nitrogen retention from late
fall through early spring may depend highly on plant
uptake in this system, and that only a small fraction of
the nitrogen that accumulates in the winter snow pack
may be available to plants.
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Introduction

The over-winter nitrogen dynamics of ecosystems
have received increasing attention in recent years,
both due to evidence that rates of soil microbial
activity over this time can account for a significant
proportion of annual activity (Groffman et al.
2001; Monson et al. 2006) and with speculation that
climate-induced changes to soil freezing dynamics
may alter N cycling (Henry 2007). Studies of soil N
dynamics over winter have focused primarily on
arctic and alpine systems (Campbell et al. 2005),
which feature proportionally long winters, and arctic
winters are projected to exhibit the greatest warming
over the next century (IPCC 2007). However, N
dynamics over winter can also influence annual N
budgets in temperate systems (Fitzhugh et al. 2001;
Campbell et al. 2005), and while these systems may
not be expected to experience the most severe
climate warming, they may be particularly sensitive
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to winter warming as a consequence of having soils
that often remain close to freezing throughout winter
(Henry 2008).

Unlike most arctic systems, warming in many
temperate ecosystems is projected in coming decades
to be coupled with large increases in atmospheric N
deposition, as high as 2–5 g m−2 above pre-industrial
rates, as a result of increased emissions from
industrial and agricultural activities (Galloway et al.
2004). In eastern North America, nitrate is the
dominant component in atmospheric nitrogen deposi-
tion, and the proportion of nitrate further increases
over winter as a result of decreased ammonium
emissions from agricultural sources (Sickles and
Shadwick 2007). Nitrate is highly mobile in soil and
thus vulnerable to leaching losses, and the extent to
which it is retained in temperate systems from late fall
through early spring may have important implications
for plant nitrogen availability during the following
growing season.

Studies of ecosystem nitrogen dynamics over
winter have focused primarily on the fate of soil and
plant litter nitrogen, rather than on the retention of
exogenous nitrogen sources. For example, soil nitro-
gen release can be high over winter, particularly in
late fall and early winter, as a result of fine root and
microbial mortality, and the subsequent net mineral-
ization and nitrification of organic N (Groffman et al.
2001; Kielland et al. 2006). Nitrogen uptake by plants
(Andresen and Michelsen 2005) and lichens (Levia
2002) has been documented over winter, and micro-
bial or abiotic immobilization can result in high soil
nitrate retention during periods over winter when
plant uptake is low (Judd et al. 2007). Nevertheless,
the extent to which these potential nitrogen sinks
generally offset ecosystem nitrogen losses over winter
is unclear, and soil freeze-thaw cycles or cold soil
temperatures over winter may alternatively promote
nitrogen losses by increasing plant root mortality
(Fitzhugh et al. 2001; Weih and Karlsson 2002) or the
lysis of soil microorganisms (Yanai et al. 2004; Bolter
et al 2005). Uptake of nutrient pulses by plants may
be more important than uptake under steady state
conditions over winter (Jonasson and Chapin 1991;
Jonasson et al. 1999). In particular, cold-adapted
species in both arctic and other systems may be
highly responsive to nitrogen pulses following snow
melt at the transition between late winter and early
spring (Bilbrough and Caldwell 1997; Tye et al.

2005). Yet, these spring melt studies do not adequate-
ly address the potential for nitrogen uptake during
periods of melt over winter, which occur frequently in
many temperate systems.

While still poorly understood, soil nitrogen losses
over winter are receiving increased attention in
temperate agricultural systems, where crop residues
or nitrogen fertilizer added in late fall may result in
large leaching or trace gas losses (Francis et al. 2003).
When the summer crop is removed in fall, the
subsequent planting of non-leguminous cover crops
can increase nitrogen retention (McLenaghen et al.
1996; Weinert et al. 2002). Nevertheless, nitrogen
leaching may only be significantly reduced if cover
crops are established in early fall (Ritter et al. 1998).
In addition, while plant uptake can reduce leaching in
the fall, trace gas losses of nitrogen from leaf litter can
be high over winter (Dejoux et al. 2000), and there
can be poor synchronization of the mineralization of
crop residues with the timing of uptake by the
subsequent crop (Catt et al. 1998). Even in forage
and turf grass systems, where the same crop is
continuously present, little of the nitrogen fertilizer
applied in late fall or winter may be taken up by
plants (Miltner et al. 2004), although microbial
immobilization of nitrogen from fertilizer or plant
residues can be high in these systems when plant
uptake is low (Blankenau et al. 2000).

Overall, despite a growing interest in winter
nitrogen dynamics, the fate of atmospheric nitrogen
deposition over winter has not been addressed
adequately; as described above, studies of natural
systems have primarily explored the release of
nitrogen from plant litter, soil microorganisms or soil
organic matter, whereas those of agricultural systems
have focused on nitrogen from crop residues or the
addition of slow release or organic fertilizers. In this
study, we used 15N-labelled nitrate as a tracer to
determine variation in the retention and subsequent
plant uptake of nitrogen applied to a temperate old
field in either late fall, mid-winter, spring melt or
early spring. We hypothesized that by the peak of the
following growing season, the greatest quantity of
tracer would be recovered in plants from plots
receiving nitrate in the early spring, based on the
assumption that actively growing roots are able to
respond to nutrient pulses at this time. In contrast, we
hypothesized that minimal tracer would be recovered
in plants, soil microorganisms and soil extracts from
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the late fall and winter treatments, based on the
assumptions that plant nitrogen uptake is low at this
time and that nitrogen losses increase as a result of
multiple freeze-thaw events over winter in this
system.

Materials and methods

Site description

We conducted our experiment in a temperate old
field (43° 11.590′ N, 81° 18.978′ W) north of
London, Ontario, Canada. The site was previously
planted with rotations of cereal crops but has not
been cropped for over 35 years, and has not been
mowed for the last 20 years. The vegetation of
this site is dominated by the grass Festuca rubra
(L.), and the other graminoids Agrostis stolonifera
(L.), Poa pratensis (L.), and Carex spp., and the
legume Coronilla varia (L.), are also abundant. The
non-leguminous forbs Aster pilosus (Willd,), Cen-
taurea jacea (L.), Daucus carota (L.), Dipsacus
fullonum (L.), Fragaria virginiana (L.), Hypericum
perforatum (L.), Plantago lanceolata (L.), Portulaca
oleracea (L.) and Solidago altissima (L.) are present
at lower density. The soil is classified as a moder-
ately well drained brunisolic gray brown luvisol
(Hagerty and Kingston 1992). The mean annual
temperature of this region is 7.5°C, with monthly
averages ranging from -7 in January to 20°C in July,
and the mean precipitation is 987 mm (Environment
Canada, National Climate Data and Information
Archive).

15N tracer addition

In November 2005, we selected ten replicate blocks at
uniform intervals along two parallel 120 m transects
separated by 50 m, and within each block delineated
six 30 cm×30 cm plots, each separated by 100 cm
(Fig. 1). For four plots per block we added 900 ml of
Ca(NO3)2 (5 atom %15N) using a watering can at a
rate of 2 g N m−2 (100 mg 15N m−2) in either a) late
fall following the senescence of most plant shoots (3
November 2005), b) during a mid-winter melt (4
January 2006), c) at spring melt (9 March 2006) or d)
in early spring (6 April 2006) (Fig. 2; air temperature
and snow cover data were obtained for the London

International Airport, 20 km from the site, from the
Environment Canada National Climate Data and
Information Archive). The rate of nitrogen addition
was based on projected rates of atmospheric nitrogen
deposition for northeastern North America by the year
2050 (Galloway et al. 2004), and even higher rates are
predicted in regions close to major urban and
agricultural areas (Fenn et al. 2003). The remaining
two plots per block served as controls, with one
receiving an equivalent amount of Ca (as CaSO4) as
the treated plots on 9 March. We applied an equal
amount of deionized water to all treatments and
control plots at each N addition, and treatment
position within each block was randomized.

Aboveground plant biomass

In September 2006, we clipped aboveground biomass
from a single 10 cm×10 cm subplot within each plot.
We separated the plants by species then dried them at
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Fig. 1 Scale diagrams of A) the locations of blocks (a–j) along
the transects and B) the arrangement of plots (1–6) within a
representative block. Treatment positions were randomly
assigned within each block
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60°C for 4 days prior to weighing. For subsequent
analyses, we pooled plants by functional group into
legumes, graminoids and non-leguminous dicots. By
analyzing leguminous and non-leguminous plants
separately, we could later assess whether shifts in
plant 15N/14N at the plot level resulted from incorpo-
ration of the added 15N or merely reflected shifts in
the relative abundances of functional groups.

Soil extractable and microbial N

On 29 March 2006, we collected a single soil sample
from each plot, with the exception of the yet untreated
early spring addition plots, in order to assess the
retention of N by soil and soil microorganisms over
winter. We collected the samples using a 10 cm deep,
2 cm diameter corer, homogenized the soil and
removed rocks and large invertebrates. For each
sample, we extracted approximately 15 g of wet soil
in 75 ml of K2SO4 for 1 h, filtered the extract through
pre-leached Whatman no.1 filter paper, then froze the
extract. We collected subsamples of each core to
determine the ratio of soil fresh weight to dry weight
and used the latter, along with the volume of the corer
and the total soil fresh weight (minus that of small
rocks) to estimate bulk density. We estimated micro-
bial N using a modification of the chloroform
fumigation method described by Witt et al. (2000).
For this method, we added 1 ml of ethanol-free

chloroform to approximately 20 g of wet soil in
250 ml glass Schott bottles, stirred, then incubated the
soils in the dark for 24 h. We then extracted the soils
in K2SO4 as described above. To measure total
soluble N, we oxidized the extracts using an alkaline
persulphate oxidation method (Cabrera and Beare
1993) and subsequently analyzed for nitrate. We
reduced nitrate to nitrite prior to analysis (Keeney
and Nelson 1982), and determined nitrate concen-
trations colorimetrically following reaction with sul-
phanilamide coupled with N-1-naphthylethylene.HCl
using a Smartchem 140 discrete autoanalyzer (Westco
Scientific, Brookfield, CT, U.S.A.). We estimated
microbial biomass N by subtracting total soluble N
in unfumigated samples from total soluble N in
fumigated samples.

Stable isotope analyses

We ground plant tissue into a fine powder using a
Wiley mill (20 mesh) followed by a ball mill (Spex
Certiprep Geno/grinder 2000, Metuchen, NJ, U.S.A),
then weighed it into tin capsules. These samples were
analyzed by The Colorado Plateau Stable Isotope
Laboratory at Northern Arizona University using a
NC 2100 Elemental Analyzer interfaced with a
Finnigan Delta Plus XL isotope ratio mass spectrom-
eter. For analysis of soil and microbial extracts, we
combined aliquots with a KNO3 carrier solution (to
meet the minimum quantity of N needed by the mass
spectrometer), dried the solutions, then crushed the
residue into a fine powder prior to analysis. We used
15N/14N to calculate percent 15N content in plant
tissue and extracts collected from treatments and
control plots. We then subtracted percent 15Ncontrol

from percent 15Ntreatment for plant tissue, soil and
microbial extracts in each block and multiplied these
differences by total N in the respective pools to
estimate excess 15N.

Statistical analyses

All dependent variables were approximately normally
distributed with the exception of excess 15N in
aboveground biomass, soil and microbial extracts,
which we log-transformed, and aboveground biomass,
which we square-root transformed. We analyzed all
dependent variables using ANOVA with treatment as
a fixed factor and block as a random factor. Tukey’s
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Fig. 2 Air temperature and snow cover data from the London
International Airport, 20 km from the study site. The black
arrows denote the timing of the late fall, winter, spring melt and
early spring nitrate additions, and the open triangle denotes the
soil sampling date for the microbial biomass and soil extracts
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HSD post-hoc tests were used to reveal significant
pairwise differences among treatments. We included
CaSO4 addition plots in all analyses but excluded
them from the figures and tables based on their
similarity to control plots. We conducted all statistical
analyses using SPSS version 13.0 (SPSS Inc.,
Chicago, IL, U.S.A), and used p<0.05 as the
threshold for statistical significance.

Results

Excess 15N in aboveground plant tissues differed
significantly among treatments, both analyzed over all
species (p<0.001), and for graminoids (p<0.001) and
leguminous species (p<0.001). The highest recovery
of excess 15N occurred for the late fall and early
spring addition treatments, with approximately 70%
and 96% less recovery than in the late fall and early
spring treatments occurring for the winter and spring
melt addition treatments, respectively (Fig. 3). Ap-
proximately 6–12 times higher excess 15N was
recovered in graminoids than in leguminous species
among treatments (Fig. 3). The average aboveground
biomass of graminoids and legumes ranged from
288–367 g m−2 and 80–190 g m−2 among treatments,
respectively (Table 1), and non-leguminous dicots,
which averaged 38 g m−2, were only found in one
third of the plots. However, there were no significant
treatment effects on total aboveground plant biomass
(p=0.55) or the proportion of legumes (p=0.21) or
graminoids (p=0.82). There were no significant
treatment effects on total N in aboveground plant
tissue (p=0.33), and percent N in the aboveground
plant tissues of graminoids (p=0.19) and legumes (p=
0.07) also did not differ significantly among treat-
ments (Table 1).

Excess 15N recovered in the soil microbial biomass
was highest in the late fall addition treatment,
following by the winter addition, then the spring melt
addition (p<0.001; Fig. 4). Total microbial N varied
from 68–86 μg per g dry soil among treatments but
was not significantly affected by the timing of N
addition (p=0.06). Significantly more excess 15N was
recovered from soil extracts sampled from late fall
treatment plots than from winter and spring melt
treatment plots (p<0.001; Fig. 5). Total extractable N,
which varied from 6–10 μg per g dry soil among
treatments was not affected by the timing of N

addition (p=0.31). Overall, the maximum mean
recoveries of the added 15N (e.g. from the late fall
addition treatment) in the soil microbial biomass and
soil extracts we sampled were approximately 3% and
0.2%, respectively, as compared with a recovery of
approximately 8% of the added 15N in the above-
ground plant biomass.

Discussion

Retention of 15NO3
− added over winter

and spring melt

Based on the combined recovery of 15N in the
aboveground plant tissue, soil microbial biomass and
extractable nitrogen pools (Figs. 3, 4, 5), the retention
of nitrate added to the soil surface during winter, and
particularly during spring melt, was substantially
lower than that added in late fall or in early spring.
Decreased plant nitrogen uptake over winter was not
unexpected, based on decreased uptake rates of active
roots at cold temperatures (Henry and Jefferies 2003;
Castle et al. 2006) and root dormancy or senescence
over this period. However, it was surprising that very
little nitrogen retention occurred during spring melt,
given that plants in many arctic and alpine systems
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Fig. 3 Mean excess 15N recovered in the aboveground biomass
of graminoids and legumes the following September for each of
the nitrate addition treatments. Data are back-transformed from
log-transformed data, and error bars represent standard error (n=
10). Different lower case letters above bars within a panel
indicate significant pairwise differences (Tukey’s HSD post-hoc
tests; p<0.05)
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can take up nitrogen rapidly at this time (Hiltbrunner
et al. 2005; Tye et al. 2005; Edwards et al. 2006).
Nevertheless, the ability of plants to exploit nitrogen
pulses during spring melt can vary widely among
systems (Bilbrough et al. 2000) or even among
species within systems (Bowman and Bilbrough
2001). In addition, nitrogen addition in our study
was designed to simulate atmospheric deposition and
involved the addition of nitrate to the soil surface,
whereas some studies that have demonstrated high
uptake at spring melt (e.g. Andresen and Michelsen
2005) have used less mobile forms of nitrogen than
nitrate and have injected the labeled substrate directly
into the soil. Surface additions may be more vulner-
able to runoff or denitrification under the water-

saturated soil conditions in early spring (Muller et al.
2002). Although the addition of a single large pulse of
2 g N m−2 did not accurately simulate a more realistic
even temporal distribution of atmospheric nitrogen
deposition over the length of the winter, the winter
and spring melt treatments did reasonably simulate
the accumulation of atmospheric nitrogen deposition
in the snow pack and subsequent release to the soil in
a single pulse during a large snow melt. Our results
suggest that there may be an asynchrony between
spring melt and the production of active root biomass
in this system (sensu Sickman et al. 2001; Lafreniere
and Sharp 2005) that allows a large fraction of nitrate
in melt water to be lost as leachate or as trace gases at
this time. However, we did not measure these losses
directly, and we cannot rule out that a portion of
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Table 1 Mean aboveground biomass and percent nitrogen content in aboveground biomass for graminoids and legumes collected in
September following the nitrate addition treatments

Treatment Aboveground
biomass (g m−2)

%N Total aboveground
biomass N (g m−2)

graminoids legumes graminoids legumes all species

Control 367 (48) 157 (44) 1.4 (0.1) 2.3 (0.1) 9.1 (0.9)
Late fall 288 (68) 80 (39) 1.3 (0.1) 2.3 (0.1) 7.4 (1.2)
Winter 348 (96) 175 (68) 1.3 (0.1) 2.1 (0.1) 9.6 (1.6)
Spring melt 367 (73) 143 (31) 1.5 (0.1) 2.1 (0.1) 9.4 (1.2)
Early spring 299 (48) 190 (61) 1.3 (0.1) 1.9 (0.1) 9.9 (1.2)

Standard errors are shown in parentheses. Biomass values were back-transformed from square-root transformed values.
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the 15N we could not account for was retained in the
system yet sequestered in the recalcitrant and insol-
uble fraction of the soil organic matter. Although
abiotic nitrate retention can also reduce nitrate
mobility during spring melt (Davidson et al. 2003;
Campbell et al. 2007), this mechanism did not appear
to contribute substantially to nitrate retention in our
system, given that little of the 15N label was recovered
in the soil extracts.

Retention of 15NO3
− added in the fall and early spring

In contrast to winter and spring melt, the retention
of nitrogen added in late fall was relatively high,
despite the aboveground plant tissues being largely
senesced at this time. The quantity of excess 15N
recovered in the soil microbial biomass in early
spring, prior to plant green-up, was only one third of
the quantity recovered in aboveground plant tissue at
the end of the following growing season (comparison
of Figs. 3 and 4). This comparison does not account
for plants roots, which may have contained a similar
quantity of excess 15N as plant shoots (the root to
shoot ratio of Festuca rubra, the dominant species, is
approximately one under similar field conditions;
Boot and Mensink 1990; Hunt et al. 1995). Therefore,
although we did not measure plant nitrogen uptake
in the late fall directly, these data indicate that the
quantity of excess 15N in the soil microbial biomass
at the end of winter was insufficient to explain the
quantity of excess 15N recovered in plants at the peak
of the following growing season. Rather, a large
fraction of the excess 15N recovered in plants may
have been taken up by plants immediately in the fall
and remobilized for aboveground growth over the
following summer. In addition, uptake of the 15N by
plant roots and soil microorganisms in the fall could
have led to the accumulation of 15N in insoluble
necromass (e.g. root litter and microbial cells walls)
over winter, followed by mineralization of the
necromass nitrogen and plant uptake of the 15N label
over the following growing season. As predicted, the
early spring addition plots contained a high quantity
of excess 15N relative to the other treatments. This
nitrogen would have been available to plants at the
start of the growing season, when warmer soil
temperatures and rapid plant growth enable high rates
of nitrogen uptake (Rowarth et al. 1998; Cookson et
al. 2001).

The relatively high retention of nitrate added in late
fall was also contrary to our hypothesis that soil
freeze-thaw cycles would subsequently lead to the
loss of a large fraction of nitrogen taken up by plants
or microorganisms at this time. Although soil freeze-
thaw cycles can contribute to both nitrogen leaching
and trace gas losses over winter (DeLuca et al. 1992;
Ludwig et al. 2004), these results have primarily been
obtained from studies imposing high amplitude
temperature cycles on soils under laboratory condi-
tions (Henry 2007). In contrast, other studies that
have imposed more moderate cycles have demon-
strated little or no effect of freezing and thawing
on soil nitrogen dynamics (Herrmann and Witter
2002; Grogan et al. 2004). We observed the highest
excess 15N content in the microbial biomass from
late fall addition plots, which suggests that the
microbial biomass may also have been tolerant of
freeze-thaw cycles over winter and able to immobi-
lize nitrogen. High freeze-thaw tolerance of the soil
microbial community has been observed previously
in alpine systems (Lipson and Monson 1998; Lipson
et al. 2000). However, we could not distinguish
between 15N taken up as nitrate directly by soil
microorganisms in the late fall following fertilization
and that taken up following the release of 15N from
decomposing plant roots or microbial cell walls in
early spring.

Fertilization effects on plant and microbial biomass
and N content

Despite the strong treatment effects on excess 15N
recovery in our experiment, there were no significant
treatment effects of nitrogen addition on above-
ground biomass, relative species abundance or tissue
nitrogen content over the following growing season,
nor were there significant effects on microbial or
total extractable nitrogen in the early spring. These
results were surprising, given that the addition rate of
2 g m−2 of N more than doubles current background
deposition rates in the region of the site (Sickles and
Shadwick 2007), and is consistent with projected
increases in atmospheric nitrogen deposition over the
next 50 years in the region (Galloway et al. 2004). This
lack of a significant plant growth response could reflect
a proportionately low retention of the added N across
all treatments or, as suggested above, the sequestration
of the 15N label in recalcitrant fractions of the soil
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organic matter. Alternatively, it could indicate that our
site may not be nitrogen limited. Nevertheless,
concerning the latter, excess 15N enrichment in the
aboveground biomass of graminoids was 6–12 times
higher among treatments than that of legumes (Fig. 3),
whereas total graminoid nitrogen in aboveground
biomass was only 1–2 times higher than in legumes
(multiplication of biomass by percent N in Table 1).
This relatively low proportion of excess 15N in
legumes may indicate substantial N fixation by these
species at the site, although it could also reflect
disproportionately high nitrate uptake by graminoids
from late fall through early spring, when the nitrogen
was added.

Conclusions

Overall, our results reveal that low quantities of
nitrogen from precipitation over winter may be
retained in temperate old fields. A large contrast with
results from arctic and alpine systems was the
minimal nitrogen retention that occurred during
spring melt, at a time when accumulated nitrogen
may be released from the melting snow pack.
Although these nitrogen losses may be of little
consequence for primary productivity in terrestrial
systems that have become nitrogen saturated, they
represent potentially important nitrate inputs to
aquatic systems.
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