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Abstract

Reductions in snow cover resulting from winter climate change are anticipated

to increase the intensity of freezing exposure for overwintering herbaceous

plants in many northern temperate regions. We examined whether herbaceous

legumes, a key functional group responsible for increasing soil nitrogen inputs,

are more sensitive to freezing than nonleguminous plants in northern temper-

ate plant communities. We conducted snow removal experiments for three

years in three herbaceous plant communities (a fallow area, an old field and a

restored prairie) and recorded plant cover and biomass responses. For all three

years, there were substantial decreases in legume biomass in response to snow

removal for the fallow area (reductions of 70%, 90% and 50%; primarily Melilotus

albus and M. officinalis) and old field (reductions of 50%, 60% and 50%; primarily

Trifolium pratense and Lotus corniculatus), whereas there were no consistent

significant reductions in biomass across years for the other herbaceous functional

groups (graminoids and nonleguminous forbs). In contrast, in the restored

prairie, dominated by the native legume Desmodium canadense, there were no

consistent snow removal effects on the biomass of legumes or any other func-

tional groups across years, although snow removal did reduce the percent cover

of this species early in the growing season. Our results suggest that increased soil

freezing via reductions in snow cover can have a stronger negative effect on some

legumes than on other functional groups in northern temperate herbaceous plant

communities, potentially reducing soil nitrogen inputs.
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INTRODUCTION

Freezing stress limits the productivity and distribution of
many plant species (Yadav, 2010). In addition to increasing
plant mortality, freezing can decrease germination (Croser
et al., 2003) and damage overwintering or perennating
structures (e.g., bulbs, taproots; Ambroise et al., 2020;

Lubbe et al., 2021), leading to a host of sublethal effects
(e.g., membrane damage, decreased N uptake, reduced bio-
mass; Steponkus et al., 1993; Malyshev & Henry, 2012a). As
a result, changes to freezing regimes can have pronounced
impacts on plant communities and ecosystem processes
(Kreyling, 2010; Smith & Sheridan, 2018). Snow cover can
reduce exposure to freezing by providing a physical barrier
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between cold air temperatures and overwintering plants.
Insulation by snow is of particular importance for herba-
ceous species because their overwintering structures
are often positioned at or below the soil surface (Rapacz
et al., 2014). In warm winters, although the length of
the frozen season may be shortened, decreases in snow
cover can increase the frequency and intensity of soil
freeze–thaw cycles when freezing air temperatures do occur
(e.g., overnight or during cold spells) (Henry, 2008).
Likewise, increases in the variability of winter temperatures
(Orsenigo et al., 2014; Vincent et al., 2018) and precipita-
tion (Ahmed et al., 2022; Mekis & Vincent, 2011) can alter
soil freezing dynamics; for example, both components can
increase soil freeze–thaw cycling. Consequently, in the
coming decades, the shoot bases, roots, and other below-
ground structures of overwintering plants will likely
experience more frequent and severe freezing exposure
in regions where snow cover is becoming more intermit-
tent, but where periods of cold air temperatures persist
(Christensen et al., 2007; Groffman et al., 2001;
Henry, 2008; Rapacz et al., 2014).

Responses to freezing are not equal across taxa
(e.g., Cici & Van Acker, 2011; Meyer & Badaruddin, 2001),
and they can even vary within species (Farrell et al., 2006;
Wisniewski et al., 2017) or between structures of an indi-
vidual plant (Ambroise et al., 2020; Neuner, 2014).
Understanding how different plant species respond to
environmental variability is key to predicting potential
shifts in community structure under future changes to
environmental conditions over winter (Komac et al., 2015;
Kreyling et al., 2012), including increased overwinter
freezing exposure. Such changes may exert a strong influ-
ence on ecosystem function if specific plant functional
groups are affected more than others. For example,
legumes (Family: Fabaceae) can play a key functional role
in nitrogen-limited ecosystems (e.g., Craine et al., 2002;
Palmborg et al., 2005), given that most described legumes
form mutualisms with diazotrophic (i.e., N-fixing)
rhizobia (de Faria et al., 1989; Sprent et al., 2017).
Legumes can increase soil fertility substantially
(Lebauer & Treseder, 2008; Vitousek & Howarth, 1991)
by increasing inputs of N-rich plant matter (Barker
et al., 2022; Ritchie & Tilman, 1995; Zhao et al., 2015),
carbon sequestration (via increased soil organic matter
inputs) (De Deyn et al., 2011) and the complexity of soil
faunal interactions (Gao et al., 2017; Zhao et al., 2014).
Thus, environmental stressors that impact herbaceous
legumes more severely than other herbaceous functional
groups (e.g., graminoids and nonleguminous forbs) can
have a substantial effect on ecosystems.

Among herbaceous plant species, emerging evidence
suggests that legumes in northern temperate plant com-
munities may be more susceptible to freezing than other

herbaceous groups; for example, in response to increased
soil freezing initiated by snow removal, legume cover
decreased more than nonleguminous forb cover in a
northern temperate old field (Lubbe & Henry, 2020).
Similarly, in soil mesocosms exposed to increased spring
freezing, the biomass of legumes was reduced substan-
tially compared with both graminoid and nonleguminous
forb biomass (Joseph & Henry, 2008). These examples
were each based on the response of only a single legume
species (red clover (Trifolium pratense L.) and crown
vetch (Securigera varia L.) Lassen) in the respective stud-
ies. They therefore only provide anecdotal evidence that
freezing sensitivity is higher in herbaceous legumes than
in their neighboring species. Nevertheless, there also is a
mechanistic basis underlying the potential for high freezing
sensitivity in legumes; specifically, previous studies have
reported decreased nodule formation in response to freezing
(Alexandre & Oliveira, 2013; Thurston et al., 2022), and the
resulting decrease in nitrogen fixation (Lorin et al., 2016)
could reduce legume biomass production and reduce their
competitive ability.

We conducted snow removal field experiments for
three consecutive years, with plots targeted on patches
where legumes were present, to assess the freezing
tolerances of a range of herbaceous legumes relative to
their nonleguminous neighbors. Our goal was to examine
whether there would be consistency of findings across
multiple plant communities, two dominated by non-native
species and one dominated by native species, to provide a
more comprehensive exploration of the freezing tolerances
of legumes relative to other species than in previous stud-
ies. Following snow removal, we examined percent cover
and biomass for each species over the subsequent growing
season, and we established a new set of snow removal
plots each year. Based on the prior observations of
herbaceous legumes being more sensitive to freezing
relative to other herbaceous species, we predicted the
herbaceous legumes would exhibit greater reductions in
cover and biomass in response to snow removal than
their nonleguminous neighbors.

METHODS

Study site

The study was conducted within three herbaceous plant
communities at the Environmental Sciences Western (ESW)
field station near Ilderton, Ontario, Canada (43�04029.200 N,
81�20016.000 W). The plant communities, (1) an old field (left
to naturalize following the abandonment of cropland), (2) a
restored tallgrass prairie (on former cropland), and (3) a fal-
low area (adjacent to active agricultural plots), were selected
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based on the presence of established herbaceous legume
populations representing a variety of species. None of
the three sites were managed, with the exception of a
prescribed burn that was conducted in the prairie two
years prior to the beginning of the experiment. Legume
species investigated at each site were as follows: old field -
red clover (Trifolium pratense L.) and bird’s-foot trefoil
(Lotus corniculatus L.); tallgrass prairie - showy
tick-trefoil (Desmodium canadense (L.) DC.), which was
the sole native target legume species in the study; and fal-
low - white sweet clover (Melilotus albus Medik.) and yel-
low sweet clover (Melilotus officinalis (L.) Pall.), with
Melilotus spp. pooled for analysis due to the high
interannual variation in the abundance of each species.
The dominant species in the old field were goldenrod
(Solidago spp.), common dandelion (Taraxacum officinale
Weber), and red clover (Trifolium pratense); other abun-
dant species included thistles (Cirsium spp. and Sonchus
spp.), American asters (Symphyotrichum spp.), avens
(Geum spp.), wild carrot (Daucus carota L.), and
birds-foot trefoil (Lotus corniculatus). The only consis-
tently dominant species in the tallgrass prairie was gold-
enrod (Solidago spp.); several other plant species that
were abundant in patches included wild bergamot
(Monarda fistulosa L.), grayhead coneflower (Ratibida
pinnata (Vent.) Barnhart), American asters
(Symphyotrichum spp.), rosinweeds (Silphium spp.),
sedges (Carex spp.), showy tick-trefoil (Desmodium
canadense), native C4 grasses (e.g., Andropogon gerardii
Vitman), and other coneflowers (Rudbeckia spp.). Within
the fallow area, the dominant species were goldenrod
(Solidago spp.) and common dandelion (Taraxacum
officinale); other abundant species included non-native
grasses (e.g., Bromus inermis Leyss., Poa compressa L.),
Virginia strawberry (Fragaria virginiana Mill.), black
medic (Medicago lupulina L.), wild carrot (Daucus
carota), oxeye daisy (Leucanthemum vulgare Lam.), flea-
banes (Erigeron annuus (L.) Pers. and E. philadelphicus
L.), and common St. John’s wort (Hypericum perforatum
L.). The relative abundances of all plant species (based on
percentage of total cover) in the control plots for each of
the three plant communities are displayed in Rycroft
(2023). The soil was characterized as London clay loam
in the fallow area, and Bryanston silt loam in the old field
and restored prairie (Hagerty & Kingston, 1992; detailed
soil properties are characterized in Stover &
Henry, 2020).

Snow removal

Within each site, ten pairs of 1 m × 1 m plots (20 plots
per site; 60 plots total), where the target leguminous

species were present at a density of at least three individ-
ual plants per square meter, were marked on 23–24
October 2018 (mean total stem densities for the forbs
were 146 and 138 m−2 for the old field and prairie,
respectively; Rycroft, 2023). Plots were paired based on
proximity and similarity of vegetation and randomly
assigned therein to either a snow removal (via shoveling)
or control (ambient snow) treatment; snow removal was
used to increase soil freezing relative to the control. Snow
removal ceased in early March to minimize any potential
effects of snow removal on end-of-season snow melt and
subsequent effects on soil moisture during the growing
season; in each of the study years, there was consistent
snow cover on the ambient snow and snow removal plots
prior to and during spring melt. Soil temperature loggers
(LogTag TRIX-8, MicroDAQ, NH, USA) were placed
2 cm beneath the soil surface within a subset of both the
snow removal and control plots at each site (n = 3 per
treatment within the prairie and old field sites; n = 3
for snow removal and n = 2 for control plots within the
fallow site) to measure soil temperatures hourly.

All plots were covered with Winter Wrap (Quest
Plastics)—a white plastic netting (1 cm mesh size)—on
8 November 2018 (old field and fallow) and 15 November
2018 (prairie) prior to treatment application to delineate
the appropriate snow removal depth and prevent removal
of surface litter or structures and subsequent damage
during snow removal. Netting was affixed over the sur-
face of the litter using ground staples. Snow removal was
then conducted when adequate snow accumulation
(≥5 cm) coincided with air temperatures sufficiently cold
to increase soil freezing (≤−10�C); in the first year, snow
removal was conducted nine times from 21 November
2018 through 6 March 2019. Soil temperature loggers and
Winter Wrap were removed on 6 April 2019 to prevent
any impacts on aboveground plant growth within the
plots. In the second year, ten new pairs of 1 m × 1 m
plots per site (20 plots per site; 60 plots total) were
established on 28 October 2019 following the same
criteria and setup outlined above. Winter Wrap was
affixed to plots on 8 December 2019 (fallow and old field)
and on 17 December 2019 (prairie). Snow removal was
conducted a total of seven times between 20 January
2020 and 28 February 2020. The plastic netting and soil
temperature loggers were removed on 3 April 2020. In
the third year, 10 new pairs of plots were again marked
within each site (20 plots per site; 60 plots total) on
17 October 2020, following the same criteria and setup as
the first two years. Plastic netting was applied to all plots
on 28–29 November 2020, and snow removal was
conducted a total of eight times between 7 January 2021
and 12 February 2021. Soil temperature loggers and plas-
tic netting were removed from the plots on 23 April 2021.
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Data collection

Plant cover for each plot was assessed through visual sur-
veys in the growing season following treatment applica-
tion, with multiple surveys conducted each year to assess
different periods of the growing season and to account
for variation in phenology among species. Surveys follow-
ing the first year of snow removal were conducted on 3–7
June 2019, 13–15 July 2019, and 7–10 August 2019. For
the second year, surveys were conducted June 9–14 2020,
16–19 July 2020, and 15–18 August 2020. In the final
year, surveys were conducted 10–13 June 2021, 16–18
July 2021, and 14–18 August 2021.

Aboveground plant material for each plot was harvested
at the peak of the growing season (August–September,
dependent on site) by using an electric hedge trimmer to
sample from a 60 cm × 40 cm section of each plot. The
aboveground plant material was then sorted by plot into
functional groups: nonleguminous forbs (NLF), leguminous
forbs (LF), and graminoids (GR); within LF, plant material
was further separated to the species level. The plant matter
was subsequently dried at 60�C for at least 72 h or until
mass measurements became constant. Harvest in the first
year was carried out on 8–9 August 2019 (fallow and old
field) and 6 September 2019 (prairie). For subsequent years,
harvests were conducted on 16 August 2020 for fallow plots,
17 August 2020 for old field plots, and 9–10 September 2020
for prairie plots, and 16 August 2021 for the fallow plots,
16–17 August 2021 for plots within the old field site, and
1–4 September 2021 for the prairie site. We did not examine
the impacts of multiple years of snow removal within a
given plot because the destructive biomass sampling neces-
sitated that new plots had to be selected each year to ensure
a sufficient abundance of target legumes was present.

Data analyses

To examine treatment effects on biomass, a mixed-effects
model with year, functional group, and treatment (snow
removal versus control) as fixed effects and plot pair as a
random effect was used for each site; linear contrasts were
then used to directly compare whether treatment-induced
changes in legume biomass differed significantly from the
changes exhibited by the other functional groups. In addi-
tion, the responses of total, functional group, and legume
(species-level) aboveground biomass to snow removal were
analyzed using paired one-tailed t tests within each plant
community for each year. Snow removal effects on
species-level cover were assessed for each year using paired
one-tailed t tests for each survey period; species-level cover
was analyzed only for the dominant species (i.e., those in
all or nearly all plots) and target legumes within each plant

community. All analyses were conducted using JMP
Version 14 (1989–2023) (SAS Institute).

RESULTS

Interannual variation in weather and
treatment effects on soil temperature
and freeze–thaw

Over the three years, there were interannual differences
in both winter air temperatures and snow cover. The first
winter (December–March) was the coldest (average daily
temperature −3.2�C) with regular snow cover (2.8 cm on
average) (Environment Canada, 2022). The second winter
was extremely mild (average daily temperature −0.3�C)
with lower-than-normal snow cover (2.2 cm on average),
but a high proportion of snow near the end of the snow
removal period. The winter in the final year was also
mild (average daily temperature −1.5�C; although it was
severely cold during periods of snow removal), with low
snow cover (0.9 cm on average), especially in the latter
portion of the winter.

The effect of snow removal on average soil tempera-
ture, minimum temperature, and number of freeze–thaw
cycle events varied by year (Figure 1). Nevertheless, snow
removal decreased the minimum soil temperature across
all sites relative to the control (ambient snow) in all years
(Figure 1A). Snow removal typically increased the num-
ber of freeze–thaw events, except for the fallow area and
old field in the first year (Figure 1C).

Aboveground biomass and cover responses

For the fallow site, the mixed-effects model results
revealed there was a significant interaction between
treatment effect (snow removal versus control) and func-
tional group (pFunctional×Treatment = 0.013). The above-
ground biomass of leguminous forbs was reduced
substantially by snow removal in all years, with approxi-
mate reductions relative to the control plots of 70% in
Year 1 (p < 0.05), 90% in Year 2 (p < 0.01) and 50%
in Year 3 (p < 0.001) (Figure 2A). These decreases were
explained almost entirely by declines in Melilotus spp. in
response to snow removal (Figure 2B). In contrast, there
were no significant effects of snow removal on the above-
ground biomasses of graminoids or nonleguminous forbs,
except for in Year 3, when nonleguminous forb biomass
was reduced by ~12% (p < 0.001; Figure 2A). The linear
contrasts confirmed there was a larger reduction in bio-
mass caused by snow removal in legumes than in
graminoids (pGRvsLF = 0.0041), and there was a larger
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reduction in biomass caused by snow removal in legumes
than in nonleguminous forbs (pNLFvsLF = 0.039).

For the old field, the mixed-model analysis revealed that
biomass responses to the snow removal treatment depended
on functional group (pFunctional×Treatment = 0.0002). The
aboveground biomass of leguminous forbs was reduced

substantially by snow removal in all years, with approxi-
mate reductions relative to the control plots of 50% in Year
1 (p < 0.01), 60% in Year 2 (p < 0.001) and 50% in Year
3 (p < 0.001) (Figure 3A). These declines were predomi-
nantly explained by reductions in T. pratense and
L. corniculatus (Figure 3B). Similar to the fallow site, there

F I GURE 1 (A) Minimum winter soil temperature at 2 cm depth (mean ± SE), (B) mean soil temperature at 2 cm depth (mean ± SE),

and (C) the number of freeze–thaw cycles per plot (defined as decreases in temperature below 0�C followed by an increase in temperature

above 0�C) in years 1, 2, and 3 (Y1, Y2, and Y3) for the fallow area, old field, and prairie (December–April). Asterisks indicate significant
differences (*0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001; paired one-tailed t test) between treatments for a given site and year of study.
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were no significant effects of snow removal on the above-
ground biomasses of graminoids or nonleguminous forbs,
except for Year 2, when nonleguminous forb biomass was
reduced by ~19% (p < 0.01; Figure 3A). The linear con-
trasts confirmed there was a larger reduction in biomass
caused by snow removal in legumes than in graminoids
(pGRvsLF = 0.0001), and there was a larger reduction in
biomass caused by snow removal in legumes than in
nonleguminous forbs (pNLFvsLF = 0.001).

For the prairie site, the mixed-model analysis of biomass
revealed a marginally significant interaction between treat-
ment and functional group (pFunctional×Treatment = 0.051).
However, unlike in the fallow site or old field, the above-
ground biomass of leguminous forbs was not affected signif-
icantly by snow removal in any year (Figure 4A). This
response was explained by the lack of response by the dom-
inant legume species, Desmodium canadense (Figure 4B).
There were no significant reductions in aboveground

F I GURE 2 Dried aboveground biomass (mean ± SE) harvested at peak growth of (A) herbaceous functional groups and (B) the target

herbaceous legumes, Melilotus spp. under snow removal and control treatments across three years of experimentation within the fallow site

(n = 10 per treatment). Asterisks (*) indicate significant differences (p < 0.05; paired one-tailed t test) between treatments for a given species

or functional group within each year of study.
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biomass in response to snow removal for the graminoids or
nonleguminous forbs, except for in Year 1, when graminoid
biomass was reduced by ~80% (p < 0.05; Figure 4A). The
linear contrasts revealed there was not a larger reduction in
biomass caused by snow removal in legumes than in
graminoids (pGRvsLF = 0.34), nor was there a larger reduc-
tion in biomass caused by snow removal in legumes than in
nonleguminous forbs (pNLFvsLF = 0.14).

In general, the treatment effects on plant cover
(Tables 1–3) examined over the growing season were con-
sistent with the aboveground biomass responses. However,
the prairie legume Desmodium canadense, which did not

exhibit significant biomass responses to snow removal,
exhibited significant reductions in cover early in the grow-
ing season in response to snow removal in Year 1 and
Year 2 (Table 3).

DISCUSSION

While various factors affecting legume freezing tolerance
(e.g., cultivar, exogenous phytohormone application,
nutrient provision, freezing timing and severity; Bertrand
et al., 2007; D’Amours et al., 2022; Irshad et al., 2021;

F I GURE 3 Dried aboveground biomass (mean ± SE) harvested at peak growth of (A) herbaceous functional groups (n = 10 per

treatment) and (B) the target herbaceous legumes, Lotus corniculatus and Trifolium pratense (n = 5 per treatment per species) under snow

removal and control treatments across three years of experimentation within the old field site. Asterisks (*) indicate significant differences

(p < 0.05; paired one-tailed t test) between treatments for a given species or functional group within each year of study.
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McKersie et al., 1993, 1999; Mir et al., 2021) have been
studied extensively in an agricultural context, where
legumes are often planted in monoculture, the freezing
tolerances of legumes relative to other species in herba-
ceous plant communities have not been a focus of previ-
ous studies. Our prediction that herbaceous legumes
would be more sensitive to freezing than neighboring

nonleguminous herbaceous plants was supported for the
two sites that were dominated by non-native legumes,
but the response of Desmodium canadense (the sole dom-
inant native herbaceous legume) at the prairie site was
contrary to our prediction, at least for the peak growing
season biomass results. The non-native legumes consisted
of naturalized populations that have escaped cultivation

F I GURE 4 Dried aboveground biomass (mean ± SE) harvested at peak growth of (A) herbaceous functional groups and (B) the target

herbaceous legume, Desmodium canadense, under snow removal and control treatments across three years of experimentation within the

prairie site (n = 10 per treatment). Asterisks (*) indicate significant differences (p < 0.05; paired one-tailed t test) between treatments for a

given species or functional group within each year of study.
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following their introduction for agricultural and other
purposes (e.g., as a preventative measure for soil erosion;
Turkington & Franko, 1980). Therefore, the source
populations may have originated (i.e., via commercial

seed suppliers) from southern climates that experience
milder winters, and thus may not be as well adapted as
their neighboring species to harsher winters. Similarly,
the freezing sensitive legumes in previous studies were

TAB L E 1 Percent cover (mean ± SE) for the target herbaceous legumes (Melilotus albus and M. officinalis, pooled) and dominant

herbaceous species within the control and snow removal (SR) plots (n = 10 per treatment) at the fallow site over the three years.

Species

June July August

Control SR Control SR Control SR

Year 1

Melilotus spp. 9 ± 2 2 ± 1** 11 ± 1 4 ± 1*** 11 ± 1 4 ± 1***

Taraxacum officinale 5 ± 1 6 ± 1 2 ± 1 3 ± 1 3 ± 1 4 ± 1

Solidago spp. 37 ± 6 45 ± 6 41 ± 7 45 ± 7 42 ± 7 45 ± 7

Year 2

Melilotus spp. 1 ± 0 0 ± 0* 4 ± 1 0 ± 0*** 5 ± 1 2 ± 1***

Taraxacum officinale 7 ± 1 7 ± 1 5 ± 1 7 ± 1 7 ± 1 8 ± 1

Solidago spp. 36 ± 6 39 ± 7 35 ± 6 33 ± 6 35 ± 6 33 ± 6

Year 3

Melilotus spp. 2 ± 1 0 ± 0* 3 ± 1 0 ± 0** 4 ± 1 2 ± 1**

Taraxacum officinale 7 ± 2 7 ± 1 8 ± 1 10 ± 2 9 ± 1 12 ± 1*

Solidago spp. 31 ± 5 29 ± 3 36 ± 4 32 ± 3 39 ± 5 35 ± 3

Note: Asterisks indicate significant differences (p < 0.05, paired one-tailed t test) between treatments within a species for a given year.
*p < 0.05; **p < 0.01; ***p < 0.001.

TAB L E 2 Percent cover (mean ± SE) for the target herbaceous legumes (Lotus corniculatus and Trifolium pratense) and dominant

herbaceous species within control and snow removal (SR) plots (n = 10 per treatment) at the old field site over the three years.

Species

June July August

Control SR Control SR Control SR

Year 1

Lotus corniculatus 17 ± 3 7 ± 2* 28 ± 5 18 ± 3* 24 ± 4 14 ± 2*

Trifolium pratense 44 ± 6 25 ± 3* 68 ± 5 42 ± 10* 56 ± 3 34 ± 6**

Taraxacum officinale 9 ± 1 13 ± 2 3 ± 1 3 ± 1 8 ± 1 9 ± 1

Solidago spp. 21 ± 2 29 ± 4* 27 ± 6 43 ± 6* 33 ± 5 40 ± 5

Year 2

Lotus corniculatus 31 ± 6 20 ± 5** 30 ± 5 18 ± 4** 32 ± 4 17 ± 2**

Trifolium pratense 32 ± 4 21 ± 3** 30 ± 4 19 ± 3** 33 ± 3 17 ± 2**

Taraxacum officinale 15 ± 1 14 ± 1 12 ± 1 14 ± 2 15 ± 2 12 ± 2

Solidago spp. 25 ± 2 20 ± 3* 27 ± 2 19 ± 2* 24 ± 1 23 ± 2

Year 3

Lotus corniculatus 21 ± 2 9 ± 2** 26 ± 2 15 ± 2*** 28 ± 3 18 ± 2**

Trifolium pratense 27 ± 3 15 ± 2** 31 ± 3 18 ± 3** 37 ± 5 20 ± 2*

Taraxacum officinale 14 ± 2 13 ± 1 10 ± 1 10 ± 1 12 ± 2 12 ± 1

Solidago spp. 25 ± 3 23 ± 2 27 ± 2 26 ± 2 29 ± 2 26 ± 1

Note: Cover for target legumes was averaged within target plots (n = 5 per treatment). Asterisks indicate significant differences (p < 0.05, paired one-tailed t

test) between treatments within a species for a given year.
*p < 0.05; **p < 0.01; ***p < 0.001.
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non-native species (e.g., Joseph & Henry, 2008; Lubbe &
Henry, 2020). Nevertheless, although the biomass of
Desmodium canadense, the native legume, was not sensi-
tive to freezing, the early season coverage of this species
decreased with snow removal, possibly from damage to
overwintering structures. Moreover, freezing experiments
on both potted and transplanted legumes have revealed
that low legume freezing tolerance relative to other species
in northern temperate regions is not unique to non-native
legumes (Rycroft & Henry, 2024). The apparent recovery
of D. canadense within a single growing season potentially
could be explained by a reallocation of resources from
reproductive (i.e., seed production) to vegetative growth,
as has occurred for previous freezing experiments on the
grass Poa pratensis (Malyshev & Henry, 2012b).

We based our prediction of low legume freeze tolerance
in part on the observation that decreased nodule formation
in response to freezing (Alexandre & Oliveira, 2013;
Thurston et al., 2022) provides a mechanistic explanation
for high freezing sensitivity in legumes. Such a mechanism
implies that the presence of compatible, freeze-tolerant
rhizobia may be an important component of legume freeze
tolerance. Numerous studies have demonstrated the bene-
fits of rhizobial associations under a myriad of stressors,
including freezing and low temperature stress (e.g., Liu
et al., 2019; Prévost et al., 1999, 2003). For example, alfalfa
in association with cold-adapted rhizobia had significantly
improved regrowth following overwintering under both
anaerobic winter conditions (i.e., simulated ice encasement;
~40% more dry shoot mass) and normal winter conditions
(~20% greater dry shoot mass; Prévost et al., 2003). As the
sites we studied were previously used for agriculture,
the soils at these sites may be degraded with respect to the
diversity of soil organisms (Middleton & Bever, 2012),

especially bacterial diversity (Martínez-Romero &
Caballero-Mellado, 1996), compared to remnant or rela-
tively undisturbed habitats. Therefore, the soils of these
sites may contain nonoptimal rhizobia or lack compati-
ble rhizobia for these species, which can impair nitrogen
fixation (Denison & Kiers, 2004; Kiers & Denison, 2008).

Root structure also may have explained the high
freezing sensitivities of the non-native legumes. The
belowground structure of these legumes, particularly
Trifolium pratense and Melilotus officinalis, consists of a
pronounced primary taproot (Rupert 1989; Chmelíkov�a &
Hejcman, 2012). These species, as with other tap-rooted
leguminous species (e.g., alfalfa; Perfect et al., 1987) and
even nonlegumes, may be vulnerable to frost heave,
wherein patchy freezing of soil water occurs, causing
expansion and subsequent upheaval of soil and proximal,
susceptible plant structures located at or near the soil sur-
face (Iwata et al., 1995). While tap-rooted plants can be
thrust out of the soil by frost heave, leading to either lethal
or sublethal damage (Perfect et al., 1988), more fibrous
root systems may be better anchored and less disrupted
(e.g., Jonasson, 1986). Although true fibrous root systems
would have been restricted to the graminoid species in our
study, unlike Trifolium pratense and Melilotus officinalis
(Chmelíkov�a & Hejcman, 2012), Desmodium canadense
features a robust lateral root system and a relatively deep
root collar depth, both of which could render it less
vulnerable to frost heave than the non-native legume spe-
cies. Under significant frost heaving, fine roots growing off
the taproot (which are key for nutrient acquisition;
Ambroise et al., 2020; Tierney et al., 2001) and nodules
(which house rhizobial partners and are thus essential for
nitrogen fixation) can become exposed to more severe
freezing temperatures, resulting in subsequent damage or

TAB L E 3 Percent cover (mean ± SE) for the target herbaceous legume (Desmodium canadense) and dominant herbaceous species

within control and snow removal (SR) plots (n = 10 per treatment) at the prairie site over the three years.

Species

June July August

Control SR Control SR Control SR

Year 1

Desmodium canadense 13 ± 2 9 ± 2* 15 ± 1 11 ± 3 14 ± 1 12 ± 1

Solidago spp. 17 ± 5 24 ± 8* 24 ± 6 25 ± 7 25 ± 6 26 ± 8

Year 2

Desmodium canadense 25 ± 2 13 ± 2*** 29 ± 2 18 ± 2*** 26 ± 1 23 ± 2

Solidago spp. 13 ± 3 10 ± 3 13 ± 3 11 ± 3 14 ± 2 13 ± 3

Year 3

Desmodium canadense 15 ± 1 12 ± 1 16 ± 1 14 ± 1 17 ± 1 16 ± 1

Solidago spp. 11 ± 2 12 ± 2 14 ± 2 16 ± 2 15 ± 1 19 ± 2*

Note: Asterisks indicate significant differences (p < 0.05, paired one-tailed t test) between treatments within a species for a given year.
*p < 0.05; ***p < 0.001.
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mortality (Matamoros et al., 1999; Tierney et al., 2001).
Damage to these structures may then lead to resources
(e.g., nonstructural carbohydrates; Gaul et al., 2008)
being allocated to repair or regrow vital components,
potentially placing a resource strain on the affected plant.
Concentrations of various nutrients (e.g., N, K, and
phytate) and proteins increase during winter hardening
within the taproots of some herbaceous legumes (i.e., the
taproots function as storage organs), and they decrease
significantly in spring prior to the initiation of regrowth
in roots of birds-foot trefoil, red clover, and sweet clover
(Li et al., 1996); accumulations of nonstructural carbohy-
drates and other nutrients/compounds have been hypothe-
sized to allow for greater regrowth in the early growing
season. If belowground tissues (e.g., fine roots, primary
taproot) containing high concentrations of these nutrients
or proteins are damaged significantly or die due to
increased freezing exposure during overwintering, this
may exert an additional resource-based strain on the
affected legumes and in part explain the lowered growth
seen in situ. Damage to fine roots exposed to more
extreme freezing temperatures following frost heave may
also lead to water deficits, impacting growth the following
summer (Zahran, 1999; Marino et al., 2007; Gonz�alez
et al., 2015; Ambroise et al., 2020).

While our snow removal treatment was intended to
increase the exposure of overwintering plants to freezing,
rather than to directly simulate the conditions experienced
by plants in warmer winters, increased mid-winter melts
caused by increased climate variability (Vincent et al., 2018),
changes in winter precipitation (Ahmed et al., 2022) and
increases in mean winter temperature (Henry, 2008) all
result in the exposure of overwintering plants to an
increased frequency and intensity of freeze–thaw cycles in
the context of climate change in northern temperate regions
(Groffman et al., 2001). Given that snow removal can poten-
tially affect plant growth via changes to soil moisture over
the subsequent growing season, we ceased snow removal
prior to the end of winter to avoid confounding the effects
of changes to both freezing intensity and soil moisture.
Consequently, in each year, there was consistent snow cover
on the ambient snow and snow removal plots during spring
melt. Similarly, for previous snow removal studies at our site
and others where this technique was used, there were no
significant treatment effects on soil moisture in spring
(Vankoughnett & Henry, 2014; Henry et al., 2018; Stover &
Henry, 2019). However, ceasing snow removal in late
winter also meant that our experiment did not address the
potential effects of spring freezing. The freezing sensitivi-
ties of legumes relative to other species may be particularly
high in the spring (e.g., Joseph & Henry, 2008), which sug-
gests that variation in the timing of cold deacclimation
could also influence legume freezing responses beyond

what we observed in our study. Reductions in snow cover
can increase soil warming by increasing the sun exposure
of the soil surface and decreasing albedo, which can affect
the phenology of many herbaceous species by advancing
growth and development (Vankoughnett et al., 2016;
Sherwood et al., 2017). Premature cold deacclimation can
increase the susceptibility of structures at or near the soil
surface to subsequent periods of freezing (Bokhorst
et al., 2008, 2009, 2011; Vyse et al., 2019), which suggests
that increased spring temperature variability could pose
further challenges for some species.

Conclusions

Our findings suggest that herbaceous legumes may be
highly impacted by increased freezing exposure in the
coming decades relative to nonlegumes. Although our
study examined the effects of increased freezing expo-
sure over multiple years, allowing for insights into
plant responses in the context of interannual variation
in winter conditions (e.g., snow cover, temperatures,
freeze–thaw cycling), we did not examine the impacts
of multiple years of snow removal within a given plot.
However, multiple consecutive years of increased soil
freezing could potentially elicit stronger responses.
Legacy effect studies would also be useful to demon-
strate the extent to which reductions in legumes in
response to freezing in one year might carry over to
subsequent years. If these effects persist, severe freez-
ing events could have the lasting effect of reduced
nitrogen inputs into these systems. Beyond the study of
restored and naturalized plant communities, our
results may have broader implications for agriculture,
such as for the overwintering success of fall-planted
legumes in cover crop mixtures.
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