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Abstract Freeze—thaw cycles can promote soil N losses as a
result of microbial and root cell lysis; however, minimal
freeze—thaw effects have typically been observed in studies
that have imposed moderate temperature cycles. We con-
ducted laboratory incubations on surface soil (top 3 cm)
collected in a temperate old field from late fall through mid-
winter to examine how variation in freeze—thaw amplitude,
number, timing of collection, and freezing rate altered soil
extractable N. We varied freeze—thaw amplitude by impos-
ing minimum cycle temperatures of 0, =1, =2, =5, and —10°C
for a series of either one or two cycles and held control
samples constant at 3°C. We also examined the effects of
freezing rates of 1, 3, and 30°C h™'. We hypothesized that
extractable N would be highest for both the maximum
freezing amplitudes and rates. While multiple freeze—thaw
cycles at —10°C and freeze—thaw cycles associated with
artificially high freezing rates increased extractable N,
freeze—thaw cycles representative of field conditions at
our site had no effect on extractable N in late fall and early
winter. By mid-winter there was a significant freeze—thaw
cycle effect but, contrary to our prediction, less N was
extracted from freeze—thaw treated samples than from the
control samples, which remained thawed over the treatment
period. Increased extractable N in control samples was
driven by increased organic N rather than increased
inorganic N. Our results suggest that freeze—thaw damage
to soil organisms does not contribute substantially to N
release in our system. Instead, soil extractable N may
increase during mid-winter thaws as a result of increased
soil proteolytic activity above freezing temperatures.
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Introduction

Climate warming can influence soil N losses by altering
snow pack depth, soil freezing, and snow melt patterns in
arctic (Grogan and Jonasson 2003), alpine (Brooks and
Williams 1999; Kaste et al. 2008), and northern temperate
ecosystems (Groffman et al. 2001; Campbell et al. 2005;
Callesen et al. 2007). Warming typically decreases or
eliminates snow cover, which exposes soil to diurnal
fluctuations in air temperature or solar heating and leads
to increased variation in soil temperatures over winter
(Isard and Schaetzl 1998; Mellander et al. 2007). Coupled
with more extreme and variable weather events (Easterling
et al. 2000; IPCC 2007), reduced snow cover resulting from
climate warming will likely increase the frequency of soil
freeze—thaw cycles over the next century in many systems
(Henry 2008). Soil freeze—thaw cycles can lyse soil micro-
organisms (Skogland et al. 1988; Yanai et al. 2004) and fine
roots (Fitzhugh et al. 2001; Weih and Karlsson 2002;
Cleavitt et al. 2008), and disrupt soil aggregates (Oztas and
Fayetorbay 2003; Sahin and Anapali 2007), potentially
increasing soil N export in leachate or as trace gases
(Christensen and Christensen 1991; Hobbie and Chapin
1996; Schimel et al. 1996; Ludwig et al. 2004). However,
soil microbial activity continues below freezing temper-
atures (Wynn-Williams 1982; Clein and Schimel 1995;
Schimel and Mikan 2005) and plant roots can also remain
active over winter (Andresen and Michelsen 2005;
Bannister 2005). Consistent with a high tolerance of soil
microorganisms and plant roots to freezing, some studies
have alternatively reported little to no effect of freeze—thaw

@ Springer



470

Biol Fertil Soils (2009) 45:469—476

cycles on soil N losses (e.g. Herrmann and Witter 2002;
Grogan et al. 2004; Koponen et al. 2006).

While variation in the results of freeze—thaw studies
could indicate differential tolerances of both soil micro-
organisms and plants to freeze—thaw among systems
(Ludwig et al. 2006; Freppaz et al. 2007; de Gerenyu
2007), Henry (2007) hypothesized that much of this
variation could be explained by methodological differences
among studies. Freeze—thaw cycle amplitudes and mini-
mum cycle temperatures have varied widely, and in general,
studies that have imposed large amplitude freeze—thaw
cycles have demonstrated large effects on soil processes
(Christensen and Christensen 1991. DeLuca et al. 1992;
Wang and Bettany 1994; Bechmann et al. 2005; Sharma et
al. 2006), whereas those employing moderate amplitude
cycles have reported minimal effects (Lipson et al. 2000;
Larsen et al. 2002; Grogan et al. 2004; Sjursen et al. 2005).
The few studies that have tested a range of amplitudes
within a single soil type also reported the lowest effect sizes
for their mildest freeze—thaw cycle amplitude treatments
(Sulkava and Huhta 2003; Koponen and Martikainen
2004). In the field, snow cover and plant litter often
insulate soils from large diurnal air temperature cycles
(Sharratt 1993; Decker et al. 2003), which supports the
assertion that moderate freeze—thaw cycles in the laboratory
provide a more ecologically relevant treatment. In addition,
in many laboratory incubations, surface and sub-surface
soils are frozen at the same rate, despite the slower
responses of subsurface soils to air temperature changes in
the field, which could further exaggerate the effects of large
amplitude freeze—thaw cycle treatments (Hu et al. 2006;
Henry 2007). Nevertheless, surface soil may endure large
amplitude diurnal freeze—thaw cycles over winter during
cold, snow-free periods, or in fall or spring, when high
exposure of soil to sun during the day is combined with
cold air temperatures overnight (Joseph and Henry 2008).

Coupled with potentially exaggerated freeze—thaw cycle
amplitudes, unrealistic freezing rates have also often been
used in freeze—thaw manipulations (Henry 2007). As with
high freezing amplitudes, rapid freezing rates are particu-
larly unrealistic when imposed on subsurface soils. One
method for simulating realistic freeze—thaw cycles across
the soil profile has been to insulate the bottom and sides of
intact soil cores during laboratory or field incubations
(Lipson et al. 2000; Herrmann and Witter 2002; Hu et al.
2006; Joseph and Henry 2008). However, very few studies
have explicitly tested the influence of freezing rate on the
magnitudes of freeze—thaw effects. Lipson et al. (2000)
reported decreases in soil microbial biomass in response to
rapid freezing rates but not in response to slower rates,
presumably due to cell lysis in the former. Rapid freezing
causes ice crystals to form extracellularly, concentrating
solutes and resulting in cell dehydration and consequent
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membrane damage and protein denaturation (Mazur 1966;
Walker et al. 2006).

In this study, we used laboratory incubations to examine
how variation in freeze—thaw amplitude (minimum freezing
temperature) and freezing rate alter extractable N in soil
collected from a temperate old field. Temperate ecosystems
often experience multiple melts over winter, and since
many feature soils that remain close to the freezing point
over this season, their soils may be particularly likely to
experience an increased frequency of freeze—thaw cycles
with climate warming (Henry 2008). We collected soil from
the upper 3 cm, where the most extreme freeze—thaw cycles
occur. Based on the hypothesis that freezing lyses microbial
and fine root cells, we predicted that beyond a threshold
minimum temperature, the soil extractable N pool would
increase. Likewise, we predicted that extreme freezing rates
would increase soil extractable N. Although we did not
explore soil N losses explicitly, we inferred that increased
extractable N may facilitate N leaching and trace gas losses
from soil over winter when plant N uptake is minimal.

Materials and methods
Site description

We collected soil samples from a former agricultural field
(43° 01'46" N, 81° 12'52" W), east of London, Ontario,
Canada, that has not been ploughed, fertilized, or mowed
for over 20 years. This old field system is also the site of a
recently initiated winter warming and N addition field
experiment and we collected the soils for our experiment in
the vicinity of these plots. The soil is classified as a well to
imperfect drained silt loam glacial till (Hagerty and Kingston
1992), and pH is approximately 7.5 (T. Bell, unpublished
data). The site is dominated by the perennial grasses Poa
pratensis L. and Bromus inermis Leyss. and the forb
Cirsium arvense L. and the legume Lotus corniculatus L.
are also common at lower densities. Mean annual
temperature at the site is 8.3°C and the mean annual
precipitation is 818.3 mm (Environment Canada, National
Climate Data and Information Archive). Ambient air and
soil temperature data over the duration of the collection
periods are shown in Fig. 1.

Freeze—thaw amplitude and number experiments

We collected six soil samples to a depth of 3 cm using a 2-
cm diameter cork borer from each of five 50x100 cm
experimental blocks located at least 25 m apart on 5
November (prior to soil freeze-up) and 5 December 2007
and 7 January and 23 January 2008 (Fig. 1). We bulked and
homogenized samples collected from within a block and
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Fig. 1 Air temperatures (dotted
line) and soil temperatures at 20
depths of 1 cm (thin solid line)
and 5 cm (thick solid line) at the
study site in late 2007 and early
2008. Collection dates for the

freeze—thaw cycle amplitude 8 10
experiments (black arrows), the o
multiple freeze—thaw cycle ex- %
periment (hatched arrow), and o
the freezing rate experiments g 0
(open arrows) are denoted 2 :
-10 [ —— Soil-1cm
—— Soil-5¢cm
November

subdivided each into six 67 g sub-samples. We placed the
sub-samples into 15-ml glass vials and subjected them to
single freeze—thaw cycles using a Proline RP-355 refriger-
ated circulator (Lauda, Lauda-Koénigshofen, Germany). The
temperature minima treatments were 0, —1, =2, =5, and
—10°C (n=5), and the small soil volume allowed for rapid
equilibration of the entire sample with the treatment
temperatures. All samples were equilibrated to 3°C prior
to the freeze—thaw treatment, and we maintained control
samples (n=5) at 3°C for the duration of the experiment.
We froze and thawed the samples at a rate of 1°C h™',
which is consistent with maximum soil freezing rates at our
site, and samples were held for 1 h at the minimum
temperature. On 7 November, we repeated the freeze—thaw
treatments listed above on two consecutive days for a
second set of samples.

Freezing rate experiments

We collected and bulked soil samples as described above
on 18 December and 7 January 2007 and 23 January 2008
(Fig. 1). We subjected the samples to three different
freezing and thawing rates (1, 3, and 30°C h_l), crossed
factorially with two different amplitude minima (-2 and
—5°C) (n=5 for each treatment combination).

Soil extractions and analyses

Immediately after thaw, we extracted all soil samples in
30 ml of 0.5 M K,S04 (Mulvaney 1996) for 1.5 h on a
shaker. We filtered each extract through Whatman no. 1
filter paper (prepared by rinsing with 2 M KCI and
deionized water to remove nitrate contamination) and froze
them for later analysis. Ammonium concentrations were
determined colorimetrically following reaction with phenol-
sodium nitroprusside (Solorzano 1969) using a SmartChem
140 discrete autoanalyzer (Westco Scientific, Brookfield,

December January

CT, USA). Nitrate was reduced to nitrite prior to analysis
and nitrite concentrations determined colorimetrically
following reaction with sulphanilamide coupled with N-
I-naphthylethylene HCl (Keeney and Nelson 1982) using
the discrete autoanalyzer. For total extractable N, samples
were oxidized using alkaline persulphate oxidation (Cabrera
and Beare 1993) and subsequently analyzed for nitrate.
Total extractable soluble organic N was estimated by
subtracting extractable ammonium and nitrate from the
total extractable N.

Statistical analyses

For the freeze—thaw cycle amplitude experiments, we used
a two-factor analysis of variance (ANOVA) with freezing
treatment and date as fixed factors to assess treatment
effects on extractable N. We tested the treatment effects of
multiple freezes using a one-factor ANOVA. For the
freezing rate experiment, we conducted a three-factor
ANOVA with freezing rate, amplitude, and sampling date
as fixed factors. For all analyses, block effects were not
significant and were excluded from the analyses. Following
analysis of variance, we used Tukey’s post-hoc tests to
discriminate significant pairwise differences among treat-
ments. Statistical analyses were conducted using SPSS
version 16.0 (SPSS, Chicago, I, USA).

Results

For the freeze—thaw amplitude experiment, there was a
significant interaction between treatment and sampling date
(P=0.001) explained by the combination of a lack of a
treatment effect over the first two sampling dates and an
increase in extractable N in the control plots on 7 January
and in both the control and 0°C treatment on 23 January
(Fig. 2). Across all treatments, there was also a trend of
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increased extractable N over time (P<0.001; Fig. 2). In-
creased extractable N in the control plots over the last two
sampling dates was driven by increases in organic N, the
dominant form of extractable N, rather than changes in
inorganic N (Table 1). Although soil samples collected in
November were insensitive to a single freeze—thaw cycle
(above), after two consecutive freeze—thaw cycles there was
an increase in extractable N for the most extreme (—10°C
minimum temperature) freeze—thaw treatment for samples
also collected at this time (P=0.005; Fig. 3). Increases in
extractable organic N, NH,', and NO;  all contributed to
increases in the latter (Table 2).

For the freezing rate experiment, there were significant
interactions between rate and minimum temperature (P<
0.001) and rate and sampling date (P<0.001). There was no
significant effect of freezing rate across either amplitude for
samples collected on 18 December, whereas the faster
freezing—thawing rates (3 and 30°C h™') generally resulted
in significantly more extractable N than the slowest rate
(1°C h™") across both amplitude minima (—2°C, —5°C) for
the later two dates (Fig. 4). These increases in extractable N
were driven by increases in organic N (Table 3).
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Fig. 2 Mean total extractable N from soil samples collected on a 5
November and b 5 December 2007 and ¢ 7 January and d 23 January
2008 and exposed to freeze cycles of varying minimum temperature.
Different lower case letters above bars indicate statistically significant
differences at P<0.05 (Tukey’s HSD tests). Error bars denote
standard error (n=5)
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Fig. 3 Mean total extractable N from soil samples collected on 7
November and exposed to two consecutive freeze cycles of varying
minimum temperature. Different lower case letters above bars
indicate statistically significant differences at P<0.05 (Tukey’s HSD
test). Error bars denote standard error (n=5)

Discussion

In our experiments, multiple, large amplitude freeze—thaw
cycles and those associated with rapid freezing rates
increased extractable N, whereas moderate freeze—thaw
cycles did not. This finding helps reconcile the contradic-
tory results of previous studies that have employed mild
freeze—thaw cycles and failed to detect significant effects
with those that have imposed more extreme freeze—thaw
treatments and detected strong effects, as described in the
“Introduction”. The question of which intensity of freeze—
thaw cycle treatments is most representative of realistic soil
conditions depends on the context of the system. In our
temperate old field study site, it is possible that a thin
veneer of surface soil may have experienced diurnal cycles

Table 1 Means (and standard errors in parentheses) of K,SO4—
extractable organic N, NH,4", and NO;~ from soils treated with single
freeze—thaw cycles over a range of minimum temperatures

Collection ~ Minimum Organic N NH," NO;~
period temperature (°C)  (ugg)  (ugg) (ugg’)
November 3 16 (2) 46(0.7) 0.1(02)
0 13 (1) 51(05) 0.6 (0.2)
-1 12 2) 38 (0.6) 0.2 (0.1)
=) 11 Q) 47(1.0) 04 (02)
-5 13 (3) 6.0 (1.5) 0.5 (0.3)
10 10 2) 69 (05) 0.6 (0.1)
December 3 14(3)a 6722 03(0.1)
0 17(1)ab  42(0.1) 02 (0.1)
-1 17(2)ab 64 (1.5) 0.6 (0.1)
=) 2B@3)b  53(L1) 0.6 (0.1)
-5 23 ()b 50(08) 03 (0.1)
-10 19@2)ab  54(0.6) 0.7 (04)
January 3 343)ab 54 (1.3) 02(0.1)
0 2@a 45014 04 (03)
-1 25@) e 45(04) 03 (0.2)
=) 2B @)c  45(06) 08 (0.2)
-5 27(3)be  45(0.7) 02 (0.1)
10 5@ e 56(1.6) 0.7(03)

Different lower case letters denote significant differences among
treatments within a collection period (P<0.05, Tukey’s HSD test)
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Table 2 Means (and standard errors in parentheses) of K,SO4—
extractable organic N, NH,", and NO;~ from soils treated with two
consecutive freeze—thaw cycles over a range of minimum temperatures

Collection Minimum Organic N NH," NOs~
period temperature (g g ) (nggh) (nggh
®)
November 135@3.1)a 3.6 (0.6) a 0.0 (0.2) a
13.4 (0.9) a 32(03)a 0.4 (0.5) ab
-1 16.8 (2.0) ab 4.6 (0.7) ab 0.5 (0.1) ab
-2 17.1 (1.2) ab 3.6(02)a 0.5 (0.2) ab
-5 163 (1.6) a 5.1 (0.5)b 1.1 (02)b
-10 21.1 (0.6) b 54(03)b 1.1 (0.6) b

Different lower case letters denote significant differences among
treatments (P<0.05, Tukey’s HSD test)

with minimum temperatures as severe as —10°C or freezing
rates in excess of 1°C h™' in the absence of snow cover.
However, even as shallow as 1 cm depth, such extreme
rates were not encountered (Fig. 1). Combined with the
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Fig. 4 Mean total extractable N from soil samples collected on a 18
December 2007 and b 7 January and ¢ 23 January 2008 and exposed
to freeze cycles of varying minimum temperature over a range of
freezing rates. Different lower case letters above bars indicate
statistically significant differences at P<0.05 (Tukey’s HSD tests).
Error bars denote standard error (n=5)

results of our freeze—thaw experiments, these data indicate
that increases in extractable N resulting from freezing-
induced microbial cell lysis are not likely common in our
system. Nevertheless, our site is characterized by a
relatively thick grass litter layer that provides insulation
from air temperature fluctuations, whereas more extreme
and deeper diurnal freeze—thaw cycles may be experienced
by more exposed soils.

Contrary to our prediction, over a single freeze—thaw
cycle and at a realistic freezing rate, treated samples
contained less extractable N than control samples over the
last two sampling dates (with the exception of the mildest
(0°C) treatment on 23 January). Unlike the earlier sampling
points, these mid-winter sampling points both occurred
following prolonged periods of snow cover and soil
freezing (Fig. 1), and the relatively low extractable N in
the freeze—thaw treated plots may have reflected increases
in extractable N in the control plots in response to thaw,
rather than decreases in extractable N in response to freeze—
thaw (extraction of a set of samples immediately after
thawing would have been required to confirm this).
Although soil microbes remain active below 0°C, there
are often abrupt increases in soil respiration above freezing
(Mikan et al. 2002; Kato et al. 2005; Sjursen et al. 2005),
coinciding with shifts in the profiles of C and N substrate
usage (Michaelson and Ping 2003; Schmidt and Lipson
2004; Schimel and Mikan 2005). Therefore, the time soil
remains frozen, not only freeze—thaw dynamics, has
important implications for C and N cycling (Monson et al.
2006), and the control samples in our experiment remained
thawed longer than the treatment samples prior to extrac-
tion. While pulses of labile C in the form of root exudates

Table 3 Means (and standard errors in parentheses) of K,SO4—
extractable organic N, NH," and NO;~ from soils treated with single
freeze-thaw cycles over a range of minimum temperatures and
freezing rates

Collection Minimum Freezing  Organic NH,' NO;
period temperature  rate N (ugg™h (ug gh
(°C) CCch  (ngeh

18 December -2 1 17 (2) 52 (1.1) 0.6 (0.1)a
-2 3 12 (3) 4.6 (0.5) 0.16 (0.0) b
-2 30 133) 56(1.1) 027 (0.2)ab
-5 1 18 (1) 49 (0.8) 029 (0.1)
-5 3 19 (1) 48 (1.1)  0.14 (0.1)
-5 30 19 (4) 82(22) 0.18(0.1)

23 January -2 1 7(2)a 44(0.6) 0.78(0.2)a
-2 3 9(l)ab 43(0.3) 0.15(0.1)b
-2 30 14 (1)b 4.1(0.5) 028(0.1)b
-5 1 10 (2) a 4.4(0.8) 0.19(0.1)
-5 3 17(1)ab 6.0 (1.1) 0.18(0.2)
-5 30 23 (2)b 3.8(04) 0.51(0.2)

Different lower case letters denote significant differences among
treatments within a collection period and minimum temperature (P<
0.05, Tukey’s HSD test)
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or fine root turnover products are available to soil micro-
organisms in late fall and early winter (Kielland et al.
2006), increased extractable N in response to mid-winter
thaw has been explained by increased N mineralization,
driven by microbial C limitation over winter (Giblin et al.
1991; Schimel and Clein 1996; Miller et al. 2007;
Buckeridge and Grogan 2008). However, the mid-winter
freeze—thaw cycles in our experiment increased extractable
organic N, rather than inorganic N, which suggests that
increased soil proteolytic activity (Kielland et al. 2007),
rather than increased N mineralization, may have been
responsible for increased extractable N in the control
samples, provided that proteins were the major organic N
compound being hydrolysed in the soil.

Ultimately, although freeze—thaw cycle damage and
increased N mineralization and proteolytic activity during
thawed periods can all potentially increase soil extractable
N over winter, these mechanisms may differ with respect to
the fraction of this released N that is retained in the system
for plant uptake over the following growing season. The
form of N and timing of release has clear implications for
its susceptibility to leaching or trace gas losses during melt
periods (Catt et al. 1998; Phillips 2008). In addition, soil
freezing can damage fine roots (Fitzhugh et al. 2001; Weih
and Karlsson 2002), and in a review of ecosystem N losses
in response to freeze—thaw cycles, Matzner and Borken
(2008) concluded that soil NO;3 losses following severe
soil frosts likely result from reduced root uptake, as
opposed to increased net N mineralization, although this
mechanism remains to be tested explicitly. The ability of
plants to exploit N pulses during spring melt varies widely
among species and systems (Bilbrough et al. 2000;
Bowman and Bilbrough 2001; Joseph and Henry 2009),
and in some systems, microbial or abiotic immobilization of
N in both soil and litter can result in high ecosystem N
retention during periods over winter when plant uptake is
low (Stetlzer and Bowman 2005; Judd et al. 2007). The
sensitivity of these processes to variation in winter freezing
dynamics remains largely unexplored, yet this information
is critical for further evaluating the influence of soil freeze—
thaw cycles on soil fertility.
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