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lipid membrane fluidity. Respiration of both microbial communities quickly recov-
ered following the end of the freeze-thaw treatment period and there were no
changes in soil extractable carbon or nitrogen.

4. Our results provide evidence that past soil temperature conditions may influence
the responses of soil microbial communities to freeze-thaw cycles. The microbial
community that developed under a colder temperature regime was more tolerant
of freeze-thaw cycles than the community that developed under a warmer tem-
perature regime, although both communities displayed some level of resilience.
Taken together, our data suggest that microbial communities conditioned to less
extreme winter soil temperatures may be most vulnerable to rapid changes in
freeze-thaw regimes as winters warm, but they also may be able to quickly re-

cover if mortality is low.
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1 | INTRODUCTION

As the climate warms, winters in temperate ecosystems are expe-
riencing reductions in snow cover depth and duration (Burakowski
et al, 2022; Demaria et al.,, 2016; IPCC, 2021; Kreyling &
Henry, 2011). Because snow insulates soils, snow cover regulates
patterns of soil freeze-thaw cycles and plays a key role in mod-
erating soil nutrient cycling (Blankinship & Hart, 2012; Campbell
et al., 2014; Groffman et al., 2001). Thus, warming will increase the
frequency and intensity of soil freeze-thaw cycles in many tem-
perate ecosystems. While the stress of changing winters on a di-
versity of organisms (Williams et al., 2015), from trees (Deschénes
et al.,, 2019; Rustad et al., 2020) to hibernating mammals (Fietz
et al., 2020; Inouye et al., 2000), has been well characterized, there
has been less focus on belowground dynamics and how import-
ant microbial processes are changing (Semenova et al., 2016). The
expansion and contraction of water during freeze-thaw cycles
disrupts soil aggregates and structure (Oztas & Fayetorbay, 2003;
Xiao et al., 2019), fractionates plant litter and damages roots
(Kreyling et al., 2012), and impacts microbes (Sorensen et al., 2018;
Yanai et al., 2004), with cascading effects on ecosystem nitrogen
(N) and carbon (C) cycling (Nielsen et al., 2001; Song et al., 2017;
Urakawa et al., 2014). Microbial community composition and ac-
tivity are highly sensitive to temperature and moisture changes
(Ren et al., 2020; Wallenstein & Hall, 2012), and thus microbial
communities conditioned to local soil temperature regimes may
be disrupted by changing winter temperatures and more frequent
freeze-thaw cycles. Yet, how legacies of past soil temperature
conditions influence the responses of microbial communities to
freeze-thaw cycles remain unclear.

Microbial responses to experimentally imposed freeze-thaw cy-
cles are varied. Some studies find minimal or no detectable effects
(Groffman et al., 2001; Koponen et al., 2006; Mannisto et al., 2009;
Meisner et al., 2021), while others find that freeze-thaw cycles sig-
nificantly affect the activity (Sorensen et al., 2018; Yang et al., 2019),
community structure (Feng et al.,, 2007; Ji et al., 2022; Ren
et al., 2020; Yergeau & Kowalchuk, 2008), and death of soil microbes
(Sorensen et al., 2018; Yanai et al., 2004; Yang et al., 2019). Ruptured
microbial cells release nutrients and organic C, which become avail-
able to the surviving community when the soil thaws (Herrmann &
Witter, 2002; Schimel & Clein, 1996; Skogland et al., 1988; Yergeau
& Kowalchuk, 2008). Physical disruption during these freeze-thaw
cycles releases labile substrates and nutrients from soil aggregates
(Feng et al., 2007). Together, microbial cell death and physical dis-
ruption of existing soil C can lead to a respiratory pulse by surviv-
ing microbes who can quickly use the newly available substrates
(Feng et al., 2007; Herrmann & Witter, 2002; Schimel & Clein, 1996;
Skogland et al., 1988; Yergeau & Kowalchuk, 2008).

Local environmental conditions influence plant, animal and
microbial tolerance to extreme or changing temperatures (Boyles
et al., 2011; Ruelland et al.,, 2009; Sendall et al., 2015; Stres
et al., 2010; Yergeau & Kowalchuk, 2008), which could explain why
some communities respond strongly to freeze-thaw cycles while
others are more resistant. Like many organisms, microbes physio-
logically respond to cold and subzero temperatures by regulating
intracellular solutes. Soil microbes can produce cryoprotectants or
antifreeze proteins (Drotz et al., 2010; Lorv et al., 2014; Walker
et al., 2006), create cold-adapted enzymes (Margesin et al., 2009;
Margesin & Miteva, 2011; Siddiqui & Cavicchioli, 2006) and ad-
just their lipid membrane composition to maintain membrane
fluidity (Drotz et al., 2010; Margesin & Miteva, 2011; Shivaji &
Prakash, 2010). The ability to physiologically respond to freezing
allows some microbes to survive and quickly recover function after
a freeze-thaw stress (Nielsen et al., 2001). Differential response
to freezing events by individual microbes in a community can,
over a season or after multiple-events across time, shift a commu-
nity to favour more cold-tolerant community members (Monson
et al., 2006; Schimel et al., 2007; Walker et al., 2006). For instance,
communities may become more fungal dominant as fungi are often
more tolerant to freezing than bacteria (Aanderud et al., 2013;
Perez-Mon et al., 2020). As a result of variable cold-tolerance de-
velopment, microbial survival and activity during and following soil
freeze-thaw cycles may be greater for microbial communities with
a history of lower soil temperatures or frequent freeze-thaw cycles
compared to those conditioned to a higher or narrower soil tem-
perature range. Communities with colder soil histories may there-
fore be better conditioned to tolerate increases in the frequency
and intensity of soil freeze-thaw cycles as winter climate changes,
with perhaps less perturbation of biogeochemical cycles and eco-
system functions.

To date, research on whether climate-driven microbial legacies
influence freeze-thaw responses is compelling but limited. Further,
most work in this area has focused on soils in polar and high al-
pine regions, despite the fact that temperate and lower elevation
ecosystems may be more responsive to freeze-thaw cycles (Gao
et al., 2018). Prior thermal conditioning of a soil community can in-
fluence microbial responses (i.e. community structure, survival, ac-
tivity) to freeze-thaw events, but there is a lot of observed variation
in microbial response (Jurburg et al., 2017; Perez-Mon et al., 2020;
Stres et al., 2010; Yergeau & Kowalchuk, 2008) and, more generally,
the effects of freeze-thaw cycles on soil microbes remain poorly un-
derstood (Ji et al., 2022). This variation likely results from different
experimental approaches, variable seasonal timing of soil collection,
and environmental factors like soil type (Henry, 2007). Exposing dif-
ferent soil microbial communities to standardized freeze-thaw re-

gimes while controlling for soil characteristics may overcome these
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limitations and allow us to conclude whether microbial legacies influ-
ence soil responses to freeze-thaw cycles.

Here, we determined how soil microbial legacies in temperate
forests influence responses of microbial activity, community com-
position, and soil extractable N and C to freeze-thaw cycles. Using
soil microbial communities adapted to a low- and a high-elevation
spruce-fir forest in the northeastern USA, we established a freeze-
thaw microcosm experiment (Figure 1). We selected spruce-fir forest
sites that had similar soil properties and plant communities and used
a sterile bulk-soil in each microcosm. We inoculated each microcosm
with a soil microbial community from either the high (colder) or low
(warmer) elevation site (hereafter “high-spruce” and “low-spruce”).
Afterinoculation, we subjected microcosms to either diurnal freeze-
thaw cycles or a constant, above-freezing temperature for 9 days.
Following the experimental manipulation, we allowed all micro-
cosms, regardless of treatment, to undergo a 7-day above-freezing
recovery period. We measured microbial respiration over every 24-h

(@) Soils collected from high and low spruce-fir forests

period and, at the end of the freeze-thaw and recovery periods, we
measured total soil inorganic nitrogen (TIN), extractable organic
nitrogen, and extractable organic carbon. We measured microbial
biomass and community composition at the end of the freeze-
thaw period. We hypothesized that a microbial community from
the colder high-spruce site would be more tolerant of freeze-thaw
cycles and therefore experience lower mortality and impairment of

activity compared to a community from the warmer low-spruce site.

2 | MATERIALS AND METHODS
2.1 | Sampling sites
We obtained soil for the freeze-thaw microcosm experiment

from a low- and a high-elevation temperate forest (8.6 km apart,
Figure 1a) in Vermont, USA. These two forests, which have
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FIGURE 1 Schematic overview of the experiment. Soils from high- and low-elevation spruce-fir forests (a) were used as inoculant (b) and
a portion of each soil was combined and autoclaved to create a common bulk-soil (c). A small amount of inoculant was added to the same
sterile bulk-soil in each microcosm sub-sample (d). 12 microcosms were harvested after the two-week equilibration period (e) to measure
initial conditions, and the remaining 24 microcosms were subjected to either 9 diurnal freeze-thaw cycles or a constant above-freezing
temperature (f). After the 9 freeze-thaw cycles, one soil sub-sample per microcosm was harvested to measure soil properties, microbial
biomass, and community composition. The microcosms then underwent a 7-day recovery period (g), after which all remaining soil sub-
samples were harvested for soil properties. Microbial respiration was measured over each 24-h period during the freeze-thaw and recovery

periods.
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experienced different winter climate conditions, are dominated
by red spruce Picea rubens and balsam fir Abies balsamea. The
high-elevation site is on a west-facing slope near the peak of
Camel's Hump in the Green Mountains in Huntington, Vermont
(1074ma.s.l., 44°19'19"N, 72°53'27"W), and the low-elevation
site is located on a Vermont Land Trust site in Duxbury, Vermont
(498 ma.s.l., 44°15'40"N, 72°49'26"W). Permission for fieldwork
was granted by the Vermont Land Trust and the State of Vermont
Agency of Natural Resources (licence 22,556). The Camel's Hump
site has Spodosols (Lyman-Marlow complex) with a sandy loam
texture (Soil Survey Staff, 2022); soil pH was 4.33 (measured
via Mettler Toledo $S220 SevenCompact benchtop pH/ion meter
in supernatant with soil: deionized water ratio of 1:3; Mettler
Toledo, LLC) and mineral soil (0-10 cm) total C was 20.2% and
total N was 1.2% (measured by dry combustion; UNICUBE ele-
mental analyser). Soils at the low-elevation site are also Spodosols
(Colonel fine sandy loam) with a sandy loam texture (Soil Survey
Staff, 2022); soil pH was 4.64 and total C was 6.4% and total N was
0.4% (measured as above).

The high-spruce site experienced lower soil and air tempera-
tures for a longer portion of the year compared to the low-spruce
site (Figure S1). Mean daily minimum and maximum air tempera-
tures averaged 0.4+0.1°C and 11.1+0.1°C, respectively, at the
low-spruce site, and-0.9+0.1°C and 8.2+0.1°C at the high-
spruce site from 2000-2019 (Daymet data; Thornton et al., 2016).
We measured local subcanopy air and soil temperatures at the site
of soil collection with shielded Thermochron iButton temperature
sensors and dataloggers (DS1922L, Maxim Integrated Products,
Inc.). Sensors were hung from trees 1.5 m above the ground surface
and buried 5 cm beneath the soil surface (5-6 sensors per site). Air
and soil temperatures were logged in 1-h intervals from November
2020 through June 2021. Mean daily minimum air temperatures
were -4.5+0.6°C at the high-spruce site and-1.5+0.6°C at the
low-spruce site (Figure S1b). Mean daily minimum soil tempera-
tures were 2.5+0.2°C at the high-spruce site and 4.6 +0.3°C at
the low-spruce site (Figure Sle). Soil temperatures never went
below 0°C during the year of soil collection, although soil freezing
can occur in this region. Thirty-seven percent of hourly soil tem-
perature measurements at the high-spruce site were below 1°C,

compared to <1% at the low-spruce site (Figure S1d).

2.2 | Soil sampling

To obtain soil microbial communities, we extracted mineral soil cores
(0-10 cm) starting beneath the organic layer on Nov. 5-6, 2020.
We collected six soil cores per site using a soil corer (AMS mini soil
probe; 2 cm diameter; AMS, Inc.) and combined them in a plastic
bag (with soils from each site kept separate). Soil from each site was
immediately transported to the lab, homogenized by sieving (mesh
size 2mm), and stored at —20°C until use as an inoculant. When it is
not possible to use fresh soil, other freeze-thaw incubation studies
have stored soil in frozen conditions (e.g. Herrmann & Witter, 2002;

Yergeau & Kowalchuk, 2008), and studies investigating effects of
pre-treatment storage conditions on soil and microbial properties
recommend storage at —20°C to prevent gradual depletion of sub-
strates while limiting storage effects on the microbial communities
(Lee et al., 2007; Stenberg et al., 1998). We acknowledge that this
may have influenced freeze-sensitive microbes, but both microbial
communities were collected during the cold season, were exposed
to the same storage conditions, and were allowed an equilibration
period to recover from storage.

To create a single sterile bulk-soil for use in all microcosms, we
collected additional mineral soil from each site (0-10 c¢m) using
a small shovel and transported it to the lab on ice. We separately
homogenized the soil for each site by sieving (mesh size 2mm). We
mixed soil from both sites (1:1 by volume) by hand and dried the
combined soil to 60% field capacity. We then autoclaved the com-
bined soil twice at 123°C for 30 min (separated by 24 h). This sterile,
mixed field soil (Figure 1c) was used in all microcosms. Total soil C
and N concentrations were 13.9% and 0.9%, respectively (measured

as above).

2.3 | Microcosm experiment and microbial
respiration measurements

We established a microcosm experiment to determine whether soil
microbial legacies in temperate forests influence freeze-thaw re-
sponses (Figure 1). First, we mixed sterile bulk-soil with either high-
spruce or low-spruce inoculum (15/1 mixture, Figure 1d). Next, we
added 16 g of either high-spruce or low-spruce inoculated soils into
uncapped 60ml Nalgene polyethylene bottles, creating 30 high-
spruce and 30 low-spruce inoculated soil sub-samples. Two high-
spruce or low-spruce soil sub-samples were placed into 24 1-L glass
canning jars fitted with aluminium lids (i.e. microcosms). This method
resulted in a factorial design with 2 microbial communities/sites
(high-spruce and low-spruce) x 2 treatments (control or freeze-thaw
cycles)x 6 replicates for a total of 24 microcosms (each containing
2 sub-samples) and a sample size of 6 microcosms for each treat-
ment combination (Figure 1f). To measure initial microbial biomass,
community composition and soil properties (i.e. at the end of the
equilibration period but before the freeze-thaw period began), we
established an additional 12 microcosms, 6 containing a high-spruce
inoculated sub-sample and 6 containing a low-spruce inoculated
sub-sample (Figure 1e).

Microcosms were incubated at constant 10°C (mean minimum
growing season temperature at low-spruce site from 2000-2019;
Daymet data; Thornton et al., 2016) for 2weeks prior to the freeze-
thaw period to allow microbial communities to establish and equil-
ibrate. At the end of the equilibration period, we harvested the
12 microcosms containing one soil sub-sample each (Figure 1e) to
measure initial gravimetric soil moisture, microbial biomass and
community composition, TIN and extractable organic C and N. We
subjected the remaining 24 microcosms to one of two temperature
treatments using dark, thermostat regulated incubators: (1) diurnal
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freeze-thaw cycles that alternated every 12 hours between 4°C and
-7°C (mean maximum and minimum cold season air temperatures at
the low-spruce site from 2000-2019; Daymet data; Thornton et al.,
2016); or (2) constant 4°C (Figure 1f). This freeze-thaw period lasted
for 9 days, followed by a 7-day recovery period at 4°C (Figure 1g) to
assess lagged effects of freeze-thaw cycles on microbial respiration.
At the end of the freeze-thaw period and again at the end of the ex-
periment, one soil sub-sample from each of the 24 microcosms was
harvested to measure gravimetric soil moisture, TIN and extractable
organic C and N. We also measured microbial biomass and commu-
nity composition in the soil sub-samples collected after the freeze-
thaw period.

During the freeze-thaw and recovery periods, we measured
microbial respiration over each full 24-h period using an infra-
red photoacoustic spectroscopy gas analyser (PAS; Model 1412i,
Innova Air Tech Instruments) (Adair et al., 2019). We inserted two
stainless infusion needles in jar lids through separate septa, with
one needle connected to the PAS inlet port and the other to the
outlet port. To calculate the change in CO, concentration over
each 24-h period (i.e. respiration rate), we sampled the headspace
at time = 0 h (initial measurement) and time = 24h (final mea-
surement) each day. Respiration measurements were collected in
duplicate and averaged. Immediately after each day's final mea-
surement (time = 24h), each jar was uncapped and flushed for
1min with ambient air by fanning before being recapped to take
an initial measurement for the next 24-h period. This process was
repeated daily. Septa were changed halfway through the experi-
ment during the flushing time. Average temperature of the room
during measurements was 17°C, and microcosms were exposed to
this temperature for =5 min total each day including final +initial
measurements and flushing.

The difference between each day's initial and final CO, concen-
trations over time (typically =24h) was used to calculate microbial
respiration rates (CO, flux):

F= AA_(t: xmx%xMprxa,
whereFis CO, flux(mg CO,-Ckgdry soil ™ h™), A C/ A tis the difference
in CO, concentration (umol mol™) divided by the difference in time (h)
between the initial and final measurements for the day, m is a molar
fraction (1/10°molpmol™), V is headspace volume (0.000968m?3), D is
dry soil mass (kg), MW is the molecular weight of CO, (44,010mg mol™),
pis gas density at 20°C and 0.101 MPa (1/0.02404 mol m~3), and a is the
mass ratio of C to CO, in a CO, molecule (12.01/44.01). Gas density
was calculated at 20°C because that is the temperature at which the

PAS measures gas concentration.
2.4 | Nutrient extraction and chemical analyses
Soil subsamples were extracted after the equilibration, freeze-thaw,

and recovery periods by shaking 5 g wet soil with 50ml 2 M KCI for
1 h followed by gravity filtration using pre-leached Whatman No. 1

filter paper. Extracts were stored at -20°C until nutrient analysis.
We determined gravimetric soil moisture by drying a 5 g wet soil
subsample at 60°C for 48 h (adapted from Topp & Ferré, 2002).

We measured the extracts for concentrations of total organic C
and total (organic + inorganic) N via combustion using a total or-
ganic carbon analyser (TOC-L, Shimadzu). Since those analyses were
performed on filtered soil extracts, they yielded concentrations of
extractable organic C and total (organic+inorganic) extractable N.
We performed colorimetric analyses for soil NH4+—N andNO,; -Non
a microplate reader (BioTek Synergy HTX, BioTek Instruments, Inc.).
NO, -N was measured after conversion to nitrite and/or nitric oxide
using vanadium (Ill) (adapted from Doane & Horwéth, 2003; Hood-
Nowotny et al., 2010). NH4+—N was measured using the Berthelot
colour reaction (adapted from Forster, 1995). NO,™-N levels were
very low (3 pg NO, -Ng dry soil™ vs. 118 ng NH4+—Ng dry soil™ on
average) and unaffected by treatments. Thus, we combined NH4*-N
and NO;™-N to calculate TIN, which we used in figures and analyses.
We calculated the amounts of extractable organic N by subtracting
TIN from total extractable N. We calculated all soil extractable C and

N values on a per gram dry soil basis.

25 | PLFA

We measured microbial biomass and community composition after
the equilibration and freeze-thaw periods using phospholipid fatty
acid (PLFA) analysis. We extracted microbial lipids from 1.5 g of
sieved, root-free, fresh weight soil that had been stored at ~20°C until
analysis began. We used a modified Bligh and Dyer (1959) extrac-
tion of chloroform with a phosphate buffer for the initial collection
(Guckert et al., 1985; White et al., 1979). We fractionated these lipid
extracts on silicic acid columns into neutral, glyco-, and polar lipids.
Only polar lipids were collected and then methylated with 0.2 M
methanolic KOH to form fatty acid methyl esters (FAMEs). We identi-
fied and quantified FAMEs based on retention time data with known
standards for each marker of interest using a Varian 3800 GC-FID.

We chose i15:0, al15:0, i16:0, i17:0, al7:0, 16:1w7c, 18:1w7
and cy19:0 PLFAs to indicate bacterial biomass (Frostegard &
Baath, 1996; Ruess & Chamberlain, 2010; Vestal & White, 1989;
Zelles, 1997). Of those markers, we assigned the first five to
Gram-positive bacteria and the last three to Gram-negative bac-
teria (O'leary & Wilkinson, 1988; Ruess & Chamberlain, 2010;
Vestal & White, 1989; Wilkinson, 1988). We chose 18:20w6,9 and
18:109 PLFAs to indicate fungal biomass (Baath, 2003; Ruess &
Chamberlain, 2010; Vestal & White, 1989). We calculated fun-
gal:bacterial ratios (F:B) from the sum of the PLFAs characteristic
of their groupings. We chose 10Me16:0 to indicate actinomycetes
(Vestal & White, 1989) and did not include this PLFA in any other
taxonomic microbial groupings or ratios. We also calculated ratios of
Gram-positive:Gram-negative (Gram+:Gram-) and saturated:mono-
unsaturated fatty acids (Sat:Mono) as potential stress indicators
(Willers et al., 2015). We calculated fatty acids on a per gram dry
soil basis.
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2.6 | Statistical analyses

For daily microbial respiration rates, we separately analysed data
from the freeze-thaw period and from the recovery period. We
used linear mixed effects models for full factorial ANOVA repeated
measures, including main effects of day (as a continuous variable;
within-subjects), temperature regime (hereafter “temperature”;
between-subjects), microbial community/site (hereafter ‘“site”;
between-subjects), and all interactions of the above. Microcosm
identity and microcosm identity x day were each nested within tem-
perature and site as random effects to account for nonindependent
measurements from the same microcosm over time. For all other re-
sponses (microbial biomass, TIN, extractable organic N and C), we
conducted separate full factorial ANOVAs for the post-freeze-thaw
and, when applicable, post-recovery data, including main effects of
temperature and site and a temperature x site interaction. Initial dif-
ferences in microbial biomass, TIN, and extractable organic N and
C between the 6 high- and 6 low-spruce microcosms harvested
after equilibration were analysed with T-tests. Data were checked
for assumptions of normality and homogeneity of variances. We
conducted all analyses with statistical analysis software (JMP Pro

15.0.0, 2019, SAS Institute Inc.).

3 | RESULTS

3.1 | Microbial respiration

Freeze-thaw cycles reduced daily microbial respiration rates in all
microcosms, with a 53% reduction for low-spruce compared to a
37% reduction for high-spruce during the freeze-thaw period (tem-
perature xsite: p = 0.01, Table 1, Figure 2). The magnitude of the
response modestly varied for both high- and low-spruce microcosms
by day but was always negative (temperaturexday: p = 0.004,
Table 1, Figure 2). These declines, while different in magnitude
between the two microbial communities, reduced respiration to
similar absolute rates. Specifically, while respiration was 23% higher
on average for low-spruce controls compared to high-spruce con-

trols, freeze-thaw cycles reduced respiration rates of low-spruce to

Freeze-thaw period

Recovery period

0.83+0.05mg CO,-Ckg soil™* h™ and high-spruce to 0.89 +0.03mg
CO,-Ckg soil™® h™ on average (Figure 2). During the recovery pe-
riod, we observed a pulse in respiration for high-spruce during the
first three recovery days (i.e. the freeze-thaw group's respiration
surpassed the control group's respiration), followed by a return to
baseline levels and a modest reduction on the final day (tempera-
ture x site xday: p = 0.03, Table 1, Figure S2). Respiration rates of
low-spruce recovered to baseline levels on the first recovery day and
did not exhibit a pulse (Table 1, Figure S2). The declines in absolute
respiration rates over time were likely due to gradual depletion of
substrates (Figure 2).

3.2 | Soil extractable nitrogen and carbon

The freeze-thaw treatment did not significantly influence TIN, ex-
tractable organic N, or extractable organic C after either the freeze-
thaw or recovery period (Table S1, Figure S3), although there was a
trend of greater extractable organic N and C after freeze-thaw cy-
cles for low-spruce microcosms (Figure S3c-f). TIN, but not extract-
able organic N or C, was greater in high-spruce relative to low-spruce
microcosms before and throughout the experiment (Tables S1 and
S2, Figure S3).

3.3 | Microbial biomass and community
composition

Community composition for low- and high-spruce was similar prior
to the freeze-thaw period (Table S2). The only significant difference
was 17% lower actinomycetes biomass for low-spruce relative to
high-spruce (p = 0.03, Table S2).

We were unable to detect an effect of freeze-thaw cycles on
total (fungal +bacterial) biomass (temperature: p = 0.11, Table 2,
Tables S3 and S4), although freeze-thaw cycles reduced biomass
by 14% on average for low-spruce (Table S4). When bacterial and
fungal biomass were analysed separately, we detected a negative
effect of freeze-thaw cycles on bacteria, which was most evident

in the low-spruce microcosms (temperature: p = 0.08, Table 2,

TABLE 1 Linear mixed effects
model probabilities (p > F) for microbial

Effect F p>F F

Temperature 135.15 <0.0001 0.89
Site 3.61 0.07 16.79
Day 543.61 <0.0001 19.64
Temperature x Site 7.65 0.01 2.28
Temperature x Day 10.75 0.004 0.28
Sitex Day 1.88 0.19 3.05
Temperature x Site x Day 0.00 0.99 5.67

respiration rates during the freeze-thaw
and recovery periods.

p>F
0.36

<0.001

<0.001
0.15
0.60
0.10
0.03

Note: p <0.05 bolded to draw attention to the most important terms in the model. df = 1 for all

factors and interactions.
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FIGURE 2 Daily microbial respiration
rates for high-spruce (grey) or low-spruce 2.5 E Freeze-thaw period Recovery period
(blue) microcosms exposed to constant ‘\
4°C (closed circles, dashed lines) or to Low - Control
diurnal freeze-thaw cycles (FTC, open 2.0 i \E = i o
circles, solid lines) for the first 9 days of ~ \\ i‘ 'Es o
the experiment (freeze-thaw period). c f E ~ ® i N
During the next 7 days, all microcosms -% % 154 ) T e~ <.
o Lo 1. High - Control
were exposed to constant 4°C (recovery 5> ~ -
period). Points show means +1 SE. 4 °
N = 6 microcosms per point. Results of E é
statistical analyses are reported in Table 1. g 5\' 1.0+
=S
£ !
0.5 5
Low - FTC
0.0 T T T T : T T T T
0 2 4 6 8 10 12 14 16
Day

TABLE 2 Full factorial ANOVA model probabilities (p > F) for lipid biomass of total fungi, total bacteria, fungal: bacterial (F:B)
ratio, total fungi+bacteria, actinomycetes, Gram-positive bacteria, Gram-negative bacteria, Gram-positive:Gram:negative ratio and
saturated:monounsaturated fatty acids (Sat:Mono). F-ratios are shown in Table S3.

Total
Fungal Bacterial F:B (F+B)
Effect p>F p>F p>F p>F
Temperature 0.47 0.08 0.35 0.11
Site 0.18 0.049 0.94 0.06
Temperature x Site 0.20 0.21 0.28 0.19

Note: p <0.05 bolded to draw attention to the most important terms in the m

Tables S2 and S4, Figure 3a). Freeze-thaw cycles reduced Gram-
positive bacteria in both high- and low-spruce microcosms by
24% on average (temperature: p = 0.02, Table 2, Tables S3 and 54,
Figure 3b), which was accompanied by an average 25% decrease
in Gram+:Gram- for high-spruce and 16% decrease for low-spruce
microcosms relative to controls (temperature: p = 0.03, Table 2,
Table S3 and S4, Figure 3c). Freeze-thaw cycles also reduced
Sat:Mono by 13% for high-spruce and 3% for low-spruce micro-
cosms on average relative to controls (treatment: p = 0.02, Table 2,
Tables S3 and S4, Figure 3d).

4 | DISCUSSION

Winters are becoming more variable with less snowpack and more
frequent freeze-thaw cycles in temperate ecosystems, potentially
impacting the functional composition of soil microbial commu-
nities that regulate nutrient availability. However, soil microbial
communities with histories of cold winter soil conditions may be
cold-conditioned and respond less to soil freeze-thaw cycles than
communities that have developed under less variable and warmer soil
conditions. We explored how microbial communities that developed

Gram +:
Actino Gram + Gram - Gram - Sat:Mono
p>F p>F p>F p>F p>F
0.31 0.02 0.22 0.03 0.02
0.44 0.39 0.04 0.83 0.56
0.91 0.80 0.16 0.56 0.10

odel. df = 1 for all factors and interactions.

under different temperature regimes responded to freeze-thaw cy-
cles in a microcosm experiment. We hypothesized that a microbial
community from the colder high-spruce site would be more tolerant
of freeze-thaw cycles and therefore experience lower freeze-thaw-
induced mortality and impairment of activity compared to a com-
munity from the warmer low-spruce site.

We found that freeze-thaw cycles reduced microbial respira-
tion relatively consistently across days and, as hypothesized, those
reductions were smaller for the high-spruce microcosms, which ex-
perienced an average 37% decrease, compared to the low-spruce
microcosms, which experienced a 53% decrease. Respiration rates
of the low-spruce control were higher than those of the high-spruce
control at 4°C despite similar initial community composition, possi-
bly due to different temperature sensitivities between communities
of specific taxa (Wang et al., 2021). It is interesting that while freeze-
thaw cycles reduced low-spruce respiration more than high-spruce
respiration as hypothesized, the respiration rates reached were sim-
ilar between microbial communities. Perhaps freeze-thaw cycles
acted as an equalizer, reducing rates of the two communities to a
suppressed activity state or limiting activity to a subset of microbes
that were cold-tolerant and present in both communities, ideas that
should be tested in future studies.
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FIGURE 3 PLFA contents of high-spruce or low-spruce
microcosms after exposure to constant 4°C (control, dark grey)
or freeze-thaw cycles (FTC, light grey) for 9 days. Lipid biomass
is shown for total bacteria (a), Gram-positive bacteria (b), the
Gram-positive:Gram-negative ratio (Gram +:Gram -, ¢), and
saturated:monounsaturated fatty acids (Sat:Mono, d). Bars show
means +1 standard error. N = 6 microcosms per bar. Values for
the other PLFA biomarkers are shown in Table S2 and results of
statistical analyses are reported in Table 2 and Table S3.

The high-spruce community, in addition to a smaller impairment
of respiration during freeze-thaw cycles, exhibited a modest respi-
ratory pulse during the first 3days of recovery. As we do not have
evidence for an increase in soil resources to fuel the observed pulse
(discussed below), we hypothesize that the high-spruce community
contains taxa that are able to temporarily take advantage of a sus-
tained increase in temperature. Respiration rates of the low-spruce
community recovered on the first day of the recovery period and
did not exhibit a pulse. The additional amount of C lost via the re-
spiratory pulse of the high-spruce community is small relative to the
magnitude of soil C stocks, however such losses could scale mean-
ingfully over decades as periods of freeze-thaw cycles become more
frequent.

The rapid recovery of both communities indicates that impaired
activity under freeze-thaw cycles was readily reversible and largely
driven by physiological responses rather than mortality. Indeed, we
did not detect overall changes in total (fungal+bacterial) micro-
bial biomass in response to freeze-thaw cycles, in agreement with
freeze-thaw experiments using peat, agricultural, and alpine dry
meadow soils (Koponen et al., 2006; Lipson et al., 2000). Despite no
effect of freeze-thaw cycles on total microbial biomass, we did de-
tect modest changes in bacterial, but not fungal, biomass, as in other
temperate forest studies (Sang et al., 2021). Specifically, freeze-
thaw cycles reduced bacterial biomass in the less freeze-thaw tol-
erant low-spruce microcosms and reduced Gram-positive biomass

in all microcosms. The resulting decrease in the Gram-positive to

Gram-negative ratio is consistent with the greater freeze-thaw tol-
erance of Gram-negative bacteria (Margesin et al., 2009).

Modest microbial mortality in our study may help explain why we
did not observe strong freeze-thaw-induced pulses of soil extract-
able nutrients or respiration, which have been associated with micro-
bial mortality after freeze-thaw cycles in other studies (Herrmann &
Witter, 2002; Schimel & Clein, 1996; Skogland et al., 1988; Yergeau
& Kowalchuk, 2008). Although we did not detect significant ef-
fects of freeze-thaw cycles on soil extractable C or N, in contrast
to the increases observed in other studies (Freppaz et al., 2007; Gao
et al., 2018, 2021; Sanders-DeMott et al., 2018; Sang et al., 2021;
Watanabe et al., 2019), there was a trend of modestly greater extract-
able organic C and N after freeze-thaw cycles relative to controls in
the low-spruce microcosms. This may have resulted from ruptured
bacterial cells (Gao et al., 2018), but it did not contribute to a respi-
ratory pulse. Other studies show that freeze-thaw cycles release
more nutrients in soils from locations like our low-spruce site with
warmer, more stable winter soil temperature histories relative to sites
with colder soils (Kreyling et al., 2020; Wipf et al., 2015). However,
previous observed effects of freeze-thaw cycles may have been re-
lated to differing soil characteristics among sites and thus differing
soil structure disruption, whereas our study used a common bulk-soil.
Additionally, although our microbial communities developed under
different temperature regimes, the soil extractable C and N trends in
our study may have been limited because both microbial communities
still experienced cold winters and were thus likely conditioned to low
temperatures, but to different extents.

For instance, greater physiological acclimation of the high-
spruce community to freeze-thaw cycles may have contributed to
its higher resiliency compared to the low-spruce community. The re-
duced ratio of saturated to monounsaturated fatty acids in response
to freeze-thaw cycles was most notable in the high-spruce micro-
cosms and may indicate adjustments of lipid membrane composition
to increase fluidity during freezing conditions. This shift may also
have resulted from a change in microbial community composition
that favoured species with a greater degree of unsaturation in their
lipid membranes (Drotz et al., 2010). Either change could indicate
greater resiliency of the high-spruce community to freeze-thaw cy-
cles. Although the low-spruce community appeared to be less re-
silient to freeze-thaw cycles, we emphasize that it was still robust
in that respiration rapidly recovered, effects on microbial biomass
were modest, and there were no significant changes in soil extract-
able Cor N.

Overall, our findings improve our understanding of how soil mi-
crobial legacies influence freeze-thaw responses. The greater vul-
nerability of the low-spruce community to freeze-thaw cycles may
be related to a history of warmer winter soil temperatures relative
to the more cold-tolerant high-spruce community. It is possible that
conditioning to soil moisture histories in the field also affected mi-
crobial responses to freeze-thaw cycles, although we controlled for
soil moisture during the experiment. Whether less cold-tolerant mi-
crobial communities, like that from our low-spruce site, will eventu-

ally adjust to more frequent freeze-thaw conditions via physiological
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and/or community structural changes to better maintain activity,
and the timescales over which such adjustments would happen, is
an important area for future research. Despite changes in microbial
respiration and community composition in response to freeze-thaw
cycles, some variables (e.g. fungal biomass, soil extractable C and N)
were unresponsive and respiration rapidly recovered, indicating that
microbial communities may concurrently exhibit vulnerabilities and
resilience to freeze-thaw cycles. Taken together, our results suggest
that soil microbial communities conditioned to warmer winter soil
temperatures may be most vulnerable to rapid changes in freeze-
thaw regimes as winters warm and snow cover disappears, but that
they may be able to quickly recover if mortality is low. Determining
how climate histories will affect microbial responses to winter climate
change across systems and whether those effects scale to influence
nutrient availability, water quality, and ecosystem and regional C bal-

ances remains a critical unmet challenge for future investigations.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1. Full factorial ANOVA model probabilities (P>F) for total
soil inorganic N, extractable organic N, and extractable organic C
after freeze-thaw and recovery periods.

Table S2. PLFA, total soil inorganic N, extractable organic nitrogen,
and extractable organic carbon from 12 microcosms harvested after
equilibration. For PLFA, values show mean lipid biomass + 1 standard
error (nmol g dry soil™) for total fungi, total bacteria, fungal:bacterial
(F:B) ratio, total fungi+bacteria, actinomycetes, Gram-positive
bacteria, Gram-negative bacteria, Gram-positive:Gram:negative
ratio, and saturated fatty acids:monounsaturated fatty acids
(Sat:Mono). For total inorganic nitrogen and extractable organic
nitrogen, values show means+1 standard error (ug N g dry soil™).
For extractable organic carbon, values show means+1 standard
error (pg C g dry soil™).

Table S3. F-ratios corresponding to Table 2 from full factorial
ANOVA model probabilities (P>F) for lipid biomass of total fungi,
total bacteria, fungal:bacterial (F:B) ratio, total fungi+ bacteria,
actinomycetes, Gram-positive bacteria, Gram-negative bacteria,
Gram-positive:Gram:negative  ratio, and  saturated fatty
acids:monounsaturated fatty acids (Sat:Mono).

Table S4. Mean lipid biomass+1 standard error (nmol g dry soil™)
for total fungi, total bacteria, fungal:bacterial (F:B) ratio, total
fungi+bacteria, actinomycetes, Gram-positive bacteria, Gram-
negative bacteria, Gram-positive:Gram:negative ratio, and saturated
fatty acids:monounsaturated fatty acids (Sat:Mono) for high-spruce
or low-spruce microcosms after exposure to constant 4°C (control)
or freeze-thaw cycles (FTC) for 9 days. Results of statistical analyses
are shown in Tables 2 and S3.

Figure S1. Mean, minimum, and maximum daily air (a-c) and soil (d-f)
temperatures recorded at the low (blue) and high (grey) elevation
sites from November 2020 through June 2021. Dashes indicate a
break in the x-axis from day 179-310 during the warm-season when
data were not recorded. Data from each pair of air or soil sensors
were averaged together per hour; one soil sensor at the high-
elevation site failed and is not included.

Figure S2. Relative recovery of respiration on each day of the recovery
period (constant 4°C) for high-spruce (grey) or low-spruce (blue)
microcosms. Relative recovery for high-spruce and low-spruce was

calculated as the mean respiration rate of the freeze-thaw treatment
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(FTC) divided by that of the control group. The dashed line at 1.0
indicates where mean respiration of the freeze-thaw treatment equals
that of the control (i.e., full recovery). Error bars show uncertainty in the
ratios calculated via error propagation of standard deviation. Points for
each day are slightly offset to improve clarity of the error bars.

Figure S3. Total soil inorganic nitrogen (a, b), extractable organic
nitrogen (c, d), and extractable organic carbon (e, f) contents for
high-spruce or low-spruce microcosms exposed to constant 4°C
(dark grey) or freeze-thaw cycles (FTC, light grey) after the freeze-
thaw period (a, ¢, €) and after the recovery period (b, d, f). Bars show
means +1 SE. N=6 microcosms per bar. Note that the range of

the Y-axis differs among panels. Results of statistical analyses are

reported in Table 2.
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