Manuscript File Click here to view linked References %

1 Effects of snow cover-induced microclimate warming on soil

2 physicochemical and biotic properties

4 Running title: Snow cover effects on soil properties

6 Zemin Zhao!, Pieter De Frenne?, Josep Pefiuelas® #, Koenraad Van Meerbeek®, Dario A.

7 Fornara®, Yan Peng?, Qigian Wu’, Xiangyin Ni', Fuzhong Wu?, and Kai Yue! 2"

9 1. Key Laboratory for Humid Subtropical Eco-Geographical Processes of the Ministry of Education,
10 School of Geographical Sciences, Fujian Normal University, Fuzhou 350007, China
11 2. Forest & Nature Lab, Ghent University, Geraardsbergsesteenweg 267, 9090 Gontrode, Belgium
12 3. CREAF, E08193 Cerdanyola del Vallés, Catalonia, Spain
13 4. CSIC, Global Ecology Unit, CREAF-CSIC-UAB, E08193 Cerdanyola del Valles, Catalonia, Spain
14 5. Department of Earth and Environmental Sciences, KU Leuven, Celestijnenlaan 200E, 3001 Leuven,
15 Belgium
16 6. Sustainable Agri-Food Sciences Division, Agri-Food and Biosciences Institute (AFBI), Belfast, United
17 Kingdom
18 7. State Key Laboratory of Subtropical Silviculture, Zhejiang A & F University, Lin’an 311300, China
19

20  “Corresponding author: email: kyleyuechina@163.com; kkyue@fjnu.edu.cn

21 Post address: Shangsan Road 8, Cangshan District, Fuzhou 350007, Fujian, China
22


mailto:kyleyuechina@163.com
mailto:kkyue@fjnu.edu.cn
https://www.editorialmanager.com/geoder/viewRCResults.aspx?pdf=1&docID=14726&rev=2&fileID=326383&msid=a8904f08-e059-4f7c-a27c-14ae6de8807f
https://www.editorialmanager.com/geoder/viewRCResults.aspx?pdf=1&docID=14726&rev=2&fileID=326383&msid=a8904f08-e059-4f7c-a27c-14ae6de8807f

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Abstract

The continuing warming of the climate system is reducing snow cover depth and duration
worldwide. Changes in snow cover can significantly affect the soil microclimate and the
functioning of many terrestrial ecosystems across latitudinal and elevational gradients. Yet, a
quantitative assessment of the effects of snow cover change on soil physicochemical and
biotic properties at large or regional scales is lacking. Here, we synthesized data of 3286
observations from 99 publications of snow manipulation studies to evaluate the effects of
snow removal, addition, and compaction on soil physicochemical and biotic properties in
winter and in the following growing season across (sub)arctic, boreal, temperate, and alpine
regions. We found that (1) snow removal significantly reduced soil temperature by 2.2 and
0.9 °C in winter and in the growing season, respectively, while snow addition increased soil
temperature in winter by 2.7 °C but only by 0.4 °C in the following growing season whereas
snow compaction had no effect; (2) snow removal had limited effects on soil properties in
winter but significantly affected soil moisture, pH, and carbon (C) and nitrogen (N) dynamics
in the growing season; (3) snow addition had significant effects on soil properties both in
winter (e.g., increases in soil moisture, soil C and N dynamics, phosphorus availability, and
microbial biomass C and N) and in the growing season (e.g., increases in mineral N,
microbial biomass C and N, and enzyme activities); and (4) the effects of snow manipulation
on soil properties were regulated by moderator variables such as ecosystem type, snow depth,
latitude, elevation, climate, and experimental duration. Overall, our results highlight the
importance of snow cover-induced warmer microclimate in regulating soil physicochemical

and biotic properties at regional scales. These findings are important for predicting and
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managing changes in snow-covered ecosystems under future climate change scenarios.

Keywords: snow removal, snow addition, snow compaction, soil properties, meta-analysis

1. Introduction

Seasonal snow cover is a common feature of (sub)arctic, boreal and many temperate and
alpine ecosystems, with up to one-third of the global terrestrial surface covered by seasonal
snow (Stocker, 2014). Snow cover can serve as a layer of insulation that protects the soil from
cold air temperatures (Brooks et al., 2011), generating a specific warmer soil microclimate
when snow is present (Wilson et al., 2020). Snow cover is therefore one of the most important
factors controlling belowground ecological processes by influencing, for example, local and
regional hydrology, soil nutrient fluxes, the timing and length of the growing season, and the
availability of ecological niches (Vavrus, 2007; Blankinship and Hart, 2012; Slatyer et al.,
2021). Warming temperatures and an increase in rain-on-snow events (Putkonen and Roe,
2003) under scenarios of climate change can dramatically affect the presence, thickness, and
properties of snow cover (Peng et al., 2010; Stocker, 2014), which can significantly affect the
ecological functions of soils, such as carbon (C) and nutrient cycling (Du et al., 2013; Duran
et al., 2014). Understanding the relationships between snow cover and soil physicochemical
and biotic properties is therefore of great importance to better predict potential effects of
climate change on snow-covered soils. Available information of snow cover effects on soil
properties, however, is mainly based on studies of local snow manipulation, thus the potential

effects of snow removal, addition, and compaction within and across different types of



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

ecosystems at regional scales, including the (sub)arctic, boreal, temperate, and alpine regions,
remain unclear.

Snow has long been recognized as an insulating and protecting layer for soil and
vegetation, decoupling ground from air temperatures and forming a warmer microclimate that
can prevent or reduce the occurrence of sub-zero temperatures (Edwards et al., 2007; Graae et
al., 2012). Soil temperatures can remain close to 0 °C under an insulating snow cover, even
when air temperature is well below freezing (Sutinen et al., 2008). Higher soil moisture and
temperature induced by snow cover are important drivers of soil biogeochemical processes in
snow covered environments (Jusselme et al., 2016), including respiration, nutrient availability,
and microbial and enzymatic activities. For example, a thick snow cover can maintain soil
microbial activities by increasing soil temperature, which can lead to relatively high rates of
soil respiration (Blankinship and Hart, 2012; Liu et al., 2016). Studies have also found that
the rate of microbial respiration and enzymatic activities are maintained at relatively high
levels under snow-covered soils (Gavazov et al., 2017) and that snow removal significantly
reduced microbial activities and affected the associated soil biogeochemical processes
(Edwards et al., 2007; Steinweg et al., 2008).

Snow cover is tightly correlated with soil moisture, particularly during snowmelt
(Shibata et al., 2013), which is an important driver of soil microbial activities. A higher
availability of soil water could benefit microbial activity (Aanderud et al., 2013), but it can
also reduce the diffusion of oxygen in the soil and thus reduce microbial respiration
(Yohannes et al., 2011). Severe soil freezing can significantly decrease fluxes of dissolved

organic carbon (DOC), dissolved organic nitrogen (DON), ammonium (NH4"), and nitrate
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(NOz3), possibly because of inhibitory effects of the lack of accessible water induced by
sub-zero soil temperatures on microbial production (Campbell et al., 2014). These results
highlight the importance of snow cover on the cycling of soil C and nitrogen (N). Recent
studies, however, have also suggested that bacterial and fungal communities in boreal forest
soils may be insensitive to changes in snow-cover conditions (Ménnisto et al., 2018) and that
manipulating snow has minor effects on soil CO2 emission, soil temperature, and soil
microbial biomass (Gao et al., 2018). These inconsistent findings on the role of snow cover in
controlling winter soil properties across different regions need to be further investigated and
possibly quantified for a better overall understanding. In addition, even if snow cover has
minor effects on soil properties in winter, it may have strong legacy effects in the following
growing season (Blankinship and Hart, 2012). It is thus important to disentangle snow cover
effects between winter and the subsequent growing season.

The effects of snow cover on soil physicochemical and biotic properties may be affected
by a variety of moderator variables, such as snow depth, soil depth, ecosystem type,
macroclimate, and compaction. It is well established that snow has an insulating effect on soil,
and this effect can increase with snow depth. Seasonal variation in snow depth may have
divergent effects on soil properties because soil organic C and N concentrations are found to
be significantly higher under moderate than either deep or shallow snow covers (Freppaz et
al., 2012). Previous evidence suggests that changes in snow cover have variable effects on
belowground processes such as soil respiration, nutrient dynamics, and microbial
communities and activities in different types of subarctic and boreal ecosystems (Bombonato

and Gerdol, 2012), indicating the importance of ecosystem type in modulating the effects of
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snow cover. The macroclimate, i.e., the free air temperature, would also be a major factor
controlling these effects, because it is directly associated with the amount of snowfall, as well
as snow depth and duration of snow cover. How these moderator variables may affect the
effects of snow cover on soil biogeochemical properties at the regional scale, however, still
remains elusive. Snow compaction can occur, for example, following snow drifts,
deformation strains, and human-related activities, and could impact the physical and
mechanical properties of snow cover such as snow density (lwata et al., 2018), thus affecting
soil properties. Therefore, assessing the effects of snow compaction will help us to better
understand the underlying mechanisms responsible for snow cover effects on soil properties.
Here, we conducted a systematic meta-analysis with 3286 paired observations (i.e., 3286
observations from the control group vs. 3286 observations from the corresponding snow
manipulation group) from 99 publications to explicitly assess how changes in snow cover,
including snow removal, addition, and compaction, might affect the physicochemical and
biotic properties of soils in winter and the following growing season across the (sub)arctic,
boreal, temperate, and alpine regions. The main objectives of this study were to determine (1)
whether and how snow removal, addition, and compaction might affect soil microclimate,
including temperature, moisture, and frost depth, and (2) soil concentrations and fluxes of C
and N, and P, microbial communities and respiration, and the activities of several enzymes in
winter and growing season; and (3) how moderator variables (e.g., snow depth, soil depth,
ecosystem type, latitude, macroclimate, and experimental duration) might influence the
potential effects of snow manipulation on soil properties. Our hypotheses are that (i) snow

removal and compaction promote a colder soil microclimate condition whereas snow addition
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induces warmer and more humid soil conditions; (ii) snow addition increases soil microbial
biomass and diversity, soil enzymatic activity, and the concentrations and fluxes of C, N, and
P, while snow removal and compaction have the opposite effects; and (iii) the effects of snow
manipulation on soil physicochemical and biotic properties will diminish with experimental
duration, and will also be significantly affected by moderator variables such as manipulated

snow depth, soil depth, ecosystem type, and macroclimate.

2. Methods and materials

2.1 Data collection and compilation

Following the guidelines of PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses), which is an evidence-based minimum set of items for reporting in systematic
reviews and meta-analyses (Moher et al., 2009; O'Dea et al., 2021), we systematically
searched peer-reviewed articles and theses published before June 2020 for the term “(snow*
OR freez* OR thaw* OR frost) AND soil” and its equivalent in Chinese using the Web of
Science (www.webofknowledge.com), Google Scholar (scholar.google.com), and the China
National Knowledge Infrastructure (www.cnki.net). We used the following criteria to select
appropriate studies to be included in our database: (1) studies were conducted in terrestrial
ecosystems; (2) experiments were conducted in the field (no modelling studies or lab
experiments) and at least one of the soil properties of our list was reported; (3) both plots with
ambient snow cover (control plots that were maintained during the experimental duration) and
snow manipulation (treated plots in which snow was manipulated for at least 2 weeks),

including snow removal, snow addition, and snow compaction, were included in the
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experimental design; (4) the control and treatment plots were established within the same
location or ecosystem type and at the same time; (5) the measurements of soil properties were
carried out during the winter and/or the following growing season; and (6) the means,
standard deviations, or standard errors, and sample sizes of the soil properties were directly
reported or could be estimated from the figures, tables or data in the respective publications.
This selection provided 3286 observations from 99 articles (80 in English and 19 in Chinese
with English abstracts) that satisfied the criteria and were included in our database (Fig. 1;
Appendix 1).

If a single study reported more than one snow depth treatments (i.e., two or more depths
of snow) or the same snow depth treatment in different locations or ecosystem types, we
treated all comparisons as separate observations and used linear mixed-effects models to
account for the potential dependence in such cases, because they represented different
measurements of the effects of snow cover on soil properties. Data were extracted directly
from the main texts, tables, or appendices of the articles or were extracted from figures using
Engauge Digitizer version 12 (http://markummitchell.github.io/engauge-digitizer/) if
graphically presented. We evaluated the influence of moderator variables on the effects of
snow manipulation on soil properties by collecting information on latitude, longitude,
elevation, climate, ecosystem type [including cropland, desert (e.g., the Gurbantunggut desert),
forest, grassland, tundra, and wetland in our dataset as reported in the primary studies],
experimental duration of the snow manipulation (total number of months till the measurement
in winter or in the growing season across the experimental period, ranging from 0.5 to 96

months), soil depth of measurement (ranging from 0 to 60 cm), and difference of snow depth
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between control and treatment plots (ranging from 1 to 304 cm), where available. Because
many of the primary studies did not report climate data of the experimental period or mean
annual temperature (MAT) and mean annual precipitation (MAP), we thus obtained MAT and
MAP from WorldClim (www.worldclim.org) at a 30 arc second resolution for all study sites to
avoid potential bias.

The variables of soil physicochemical and biotic properties we addressed here included
temperature, moisture, frost depth, pH, C concentration, DOC concentration, CO> efflux, CHa
uptake, C:N ratio, total N concentration, available N concentration (i.e., sum of NHs" and
NO3z), DON concentration, NHs* concentration, NOs concentration, N2O efflux,
ammonification rate, nitrification rate, total phosphorus (P) concentration, plant-available P
concentration, microbial biomass C (MBC) concentration, microbial biomass N (MBN)
concentration, microbial biomass P (MBP) concentration, the MBC:MBN ratio, microbial
Shannon index, Simpson index, Pielou index, total microbial phospholipid fatty acid (PLFA)
concentration, bacterial PLFA concentration, fungal PLFA concentration, the bacterial:fungal
PLFA ratio, microbial respiration (Rm), and the activities of sucrase, urease, invertase, catalase,
and cellulase. The values for a specific variable from different studies may either refer to soil
or soil solution, resulting in different units, but this did not influence our assessment because
we used natural log-response ratio (INRR) as the effect size, which is not affected by unit

(Hedges et al., 1999).

2.2 Statistical analysis

To assess the effects of snow removal, snow addition, and snow compaction on soil properties,
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we used InRR as the standardized metric of effect size (Hedges et al., 1999). We chose InRR
because it is a robust effect size metric commonly used in ecological meta-analysis, it is easily
interpretable, and its sampling distribution approximates normality (Hedges et al., 1999; Yue

et al., 2020). The InRR for each paired observation was calculated as:

InRR = In <_—> (D

where and are the means of soil properties in treated and control groups, respectively.

The variance associated with each INRR was estimated according to equation (2):

2 2
= =2 —2

(2)

where nt and nc are the sample size, and st and s¢ the standard deviation in the treated and
control groups, respectively. The weight (w) associated with each INRR was then calculated as
the reciprocal of variance (w = 1/v). Because negative numbers cannot be used for the
calculation of InRR, we thus transformed temperature in Celsius degree into absolute
temperature in Kelvin degree to calculate the effect size. Where significant effects were found,
we compared temperature data in original format (i.e., in Celsius degree) between the control
and treated plots using linear mixed-effects models to facilitate the interpretation and
understanding.

We ran mixed-effects intercept-only models to calculate the overall weighted effect size
(InRR++) for each response variable of the soil properties. These intercept-only models fitted
INRR as a response variable and included the identity of primary studies from which raw data
were extracted as a random-effects factor. This random-effects factor explicitly accounted for

the potential dependence of observations collected from a single study. The linear
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mixed-effects models were performed using the Ime4 package (Bates et al., 2014). We
assessed how the moderator variables may influence the responses of soil properties to snow
manipulation using mixed effects meta-regression models by fitting each moderator variable
as a continuous (snow depth, soil depth, latitude, elevation, MAT, MAP, and experimental
duration) or categorical (ecosystem type) fixed-effects factor and the identity of primary
studies from which raw data were extracted as a random-effects factor. We assessed the effect
of each moderator variable on each response variable of the soil properties individually to
include as many observations in the model as possible. All statistical analyses were performed
in R version 4.1.1 (R Core Team, 2021). In addition, to assist the interpretation of results,
INRR++ and the corresponding 95% confidence interval were back-transformed as (E™++ —

1) x 100%.

2.3 Publication bias

Publication bias threatens the validity of results generated from meta-analyses because it
results in some findings being overrepresented in meta-analytic datasets as they are published
more frequently or sooner (Nakagawa et al., 2022), or in other words, studies published in the
literature are a nonrandom subset of the total number of studies. To assess the potential
publication bias in our meta-analysis, we used Egger’s regression tests (Egger et al., 1997)
along with funnel plots and trim-and-fill tests (Duval and Tweedie, 2000) using the
meta-analytic residuals (Nakagawa and Santos, 2012). We used the Ro estimator implemented
with the trimfill function in the metafor package (Viechtbauer, 2010) to perform the

trim-and-fill tests. The Egger’s regression tests on the meta-analytic residuals, funnel plots,

11
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and trim-and-fill tests (Table S1; Fig. S1) all found no evidence for funnel asymmetry or
publication bias, indicating that the studies in our database were a representative sample of

the available studies.

3. Results
3.1. Overall effects of snow manipulation on soil properties
Averaged across all the observations, snow removal significantly reduced soil temperature by
2.2 and 0.9 °C in winter and growing season, respectively, while snow addition significantly
increased and decreased soil temperature by 2.7 °C and 0.4 °C in winter and growing season,
respectively (Fig. 2, Fig. S2). Snow compaction had no effect on soil temperature in winter
(Fig. S3). Snow removal significantly increased the depth of soil frost (129.2%),
ammonification rate (87.0%), and nitrification rate (52.0%) in winter, but significantly
decreased the activity of urease by an average of 20.0% in winter (Fig. 2a). Snow addition
generally showed positive effects on soil properties during winter, increasing soil moisture
(14.4%), C content (14.3%), CO- efflux (26.0%), C:N ratio (14.1%), and the concentrations of
NHs* (17.4%), NOs™ (21.1%), P (44.5%), MBC (23.9%), and MBN (15.3%) (Fig. 2b), while
snow compaction significantly increased soil frost by 163.5% (Fig. S3).

Snow removal in winter significantly reduced soil moisture by an average of 28.3% in
the following growing season, but increased soil pH, C, and DOC by 30.7, 28.1, and 25.8%,
respectively (Fig. 2c). Snow removal also stimulated the concentrations of growing season N
(42.6%), DON (26.8%), NH4" (31.3%), and N2O efflux (90.7%), but had no effect on P,

microbes, or the activities of several enzymes. In contrast, winter snow addition had no effect
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on growing season soil moisture, pH, or C, but significantly increased the concentrations of
NH4* (25.5%), NOs™ (25.7%), MBC (22.4%), MBN (34.6%), sucrase activity (17.2%), and

urease activity (29.0%) (Fig. 2d).

3.2. Influence of moderator variables

The removed snow depth negatively correlated with the INRR of soil temperature, moisture, C,
and NOs’, but positively affected the InNRR of frost, N.O efflux, nitrification rate, and catalase
activity in winter (Fig. 3a). The depth of added snow only significantly affected the INRR of
winter soil temperature, moisture and urease activity (Fig. 3b). Soil depth positively affected
the InRR of temperature, NH4*, MBP, PLFA, and PLFA ratio of bacteria to fungi to snow
removal in winter, but negatively affected the INnRR of temperature, P, and MBC:MBN ratio
(Fig. 4). Soil depth had limited effects on the responses of soil properties to snow addition in
winter or to snow removal and addition in growing season. Ecosystem type significantly
affected the InRR of snow removal on soil temperature, moisture, frost, CHs uptake, available
N, N20 efflux, available P, and invertase activity during winter (Fig. 5a), but only affected the
INRR of snow addition on winter soil NOs™ concentration (Fig. 5b) and the InRR of snow
removal on growing season soil pH (Fig. 5¢). The negative effects of snow removal on soil
properties in winter were likely to be most significant in desert, such as moisture, available N,
NOgz", available P, and MBN, while its negative effect on CO; efflux and CH4 uptake were
only significant in wetland. In contrast, snow removal effects on winter soil available N and
N20 efflux were positive in forest.

The effects of snow manipulation on soil properties varied significantly with
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geographical location, climate, and experimental duration (Table 1 and Table S2). Specifically,
the effects of snow removal on soil temperature depended on latitude, while snow addition
effects on soil temperature were significantly affected by latitude and climate. The effects of
snow removal on winter soil available N and P were negatively correlated with latitude, while
its effects on winter CH4 uptake, NOs", P, MBN, and fungal PLFA were positively correlated
with elevation. The effects of snow removal on winter soil pH and available N were positively
correlated with MAP, but its effects on winter soil moisture, frost, available N, and N2O efflux
were negatively correlated with experimental duration. Latitude, elevation, climate, and
experimental duration had a minor impact the effects of snow addition on winter soil
properties, but important moderators for the effects of snow removal on growing season DOC

and snow addition on growing season NH4" and NOs".

4. Discussion

4.1. Warmer and more humid soil microclimate conditions induced by snow cover
Partially consistent with our first hypothesis, our results suggest that snow removal promoted
colder soil microclimate conditions both in winter and in the following growing season, while
snow addition induced warmer and humid conditions in winter but led to lower soil
temperatures in the growing season. Snow cover has a thermal insulating effect on soils, it
generally restricts soil sub-zero temperatures and reduces the frequency of freeze-thaw cycles
thus maintaining a relatively higher temperature compared with the free air temperature
(Groffman et al., 2001a; Li et al., 2017). Previous evidence suggest that a snow cover layer of

30-40 cm is sufficient for decoupling soil thermal changes from air temperature in most of the
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snowing regions (Steinweg et al., 2008). Most of the removed snow in our study had a depth >
30 cm, which would be sufficient to stimulate significant soil temperature decreases, and
trigger variations in multiple soil properties. The thermal insulating effect of snow cover on
soil temperature was further supported by our results that the negative effect of snow removal
and positive effect of snow addition on soil temperature were enhanced with increases in
snow depth (Fig. 3). The non-significant effects of snow removal on winter soil moisture may
be attributed to the fact that the soil was frozen in both snow removal and natural snow plots.
It could also be that snow was only removed for a short period of time at the beginning of the
winter in some of the studies, which is just long enough to induce soil freezing without
substantially altering the water balance. This is supported by our result that soil moisture was
significantly decreased when assessed only using data from plots with snow free in the whole
winter (Fig. S4). The significant positive effects of snow removal on growing season soil pH
may be attributed to the altered availability of NO3™ or NH4*. For example, snow-removal
studies have found that soil NOs™ concentration increased significantly with the absence of
snow, probably by stimulating nitrification rates or inhibiting root uptake (Groffman et al.,
2001b), while soil freezing induced by snow removal can also affect microbial and fine root
cell lysis and leakage, contributing to a higher soil NOs™ concentration (Callesen et al., 2007).
Previous studies have also found that soil NH4* concentration was higher in treatments of
snow removal (Fitzhugh et al., 2001; Hardy et al., 2001) that agreed with our findings here,
but also depended on snow depth and stage of snow cover, e.g., early snow cover, deep snow
cover, and snow-cover melting (Tan et al., 2014). Snow removal did not affect soil pH in

winter, indicating that snow cover not only affects soil properties during winter, but also has
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legacy effects in the following growing season. In addition, our results showed that snow
compaction only increased soil frost depth, suggesting the limited impacts of snow density in

regulating soil microclimate.

4.2. Contrasting effects of snow cover on soil properties between winter and the
following growing season

In contrast to our second hypothesis, we found that snow removal showed only limited effects
on soil properties in winter but induced strong effects in the following growing season, while
snow addition affected soil properties in both winter and growing season. Studies of local
snow manipulation have reported that variables related to heterotrophic microbiological
activities, including soil net N mineralization, the concentrations of DOC, DON, and
microbial MBN, are sensitive to the timing and duration of soil thaw, which is controlled by
the accumulation of snow cover (Edwards et al., 2007). Our results show positive effects of
snow removal on growing season C, DOC, and C:N ratio, as well as positive effects of snow
addition on winter C. Soil dissolved organic matter (DOM) may increase after snow removal,
which has been attributed to the daily variation of soil temperature and frequent freeze-thaw
cycles (Tan et al., 2014). Daily variation in soil temperature can accelerate the release of
DOM from plant litter and soil aggregates (Freppaz et al., 2012), and freeze-thaw cycles can
negatively affect soil microbes and fine roots and thus promote the accumulation of DOM via
microbial cells lysis (Comerford et al., 2013). However, our results suggested that these
processes are not strong enough to induce differences in DOM between ambient snow cover

and snow removal treatment in winter, while the loss of existing soil DOM by leaching along
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with snow melt in the following growing season may explain the significant effects of snow
removal on growing season C and DOC.

Soil temperature is a major factor controlling soil microbial enzymatic activities and the
availability of liquid water for microbes, and thus indirectly drive soil CO, and CH4 fluxes
(Schindlbacher et al., 2007; Puissant et al., 2015). Somewhat surprisingly, our results indicate
that snow removal did not affect soil CO> efflux, microbial biomass, microbial diversity, or
soil enzymatic activities neither in winter nor growing season, except for its negative effect on
winter urease activity which may be the damage of lower soil temperature, despite the
significant negative effects of snow removal on soil temperature. Previous studies have found
that snow removal can reduce microbial activities by increasing the intensity of soil frost and
freeze-thaw cycles that destroy microbial cells (Larsen et al., 2002), affect microbial
metabolism (Schimel and Mikan, 2005), bacterial and fungal abundance and community
structures (Ricketts et al., 2016; Semenova et al., 2016). However, limited impacts of frost
and freeze-thaw events on soil microbial communities in boreal forests have also been
reported (Haei et al., 2011), and microbial communities experiencing periodic freezing may
be physiologically well adapted and resistant to freeze-thaw cycles (Stres et al., 2010). These
nonsignificant effects of snow removal on microbial activities were similar to our findings,
which may be attributed mainly to the high resistance and resilience of soil microbial
communities to changes in snow cover (Mannist6 et al., 2018). In contrast, snow addition
significantly increased soil CO. efflux, MBC, and MBN, mainly because of the higher soil
temperature and moisture under snow addition (Wipf and Rixen, 2010; Mé&nnisto et al., 2018).

The divergent response of soil CO> efflux and microbial biomass to snow removal vs. snow
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addition may be that their responses to snow manipulation depend on ambient macroclimate
conditions.

Snow removal significantly increased winter ammonification and nitrification rates and
increased growing season NH4" and N2O efflux, while snow addition significantly increased
NH4* and NOs™ both in winter and in the growing season, and available P in winter. With
snow removal, the physical disruption of soil aggregates due to more freeze-thaw cycles may
promote the release of previously protected organic matter to microbial attack, thereby
increasing the ammonification and nitrification rates and the availability of inorganic N in the
following growing season (van Bochove et al., 2000). Higher concentrations of inorganic N in
the soil can in turn drive higher N.O emissions via denitrification (Groffman et al., 2001b;
Muiller et al., 2003; Blankinship and Hart, 2012). On the other hand, a higher soil temperature
induced by snow addition may also facilitate a higher abundance and diversity of N-cycling
microbial communities that increase N mineralization (Jusselme et al., 2016; Xu et al., 2021),
and thus increase the concentrations of soil NH4* and NOs. The positive effects of snow
addition on the concentration of soil available P may be attributed to higher release of P from
plant litter in warmer and wetter environments. Findings from a previous study show how
snow-cover reduction slowed the release of P from litter (Wu et al., 2015). In addition, the
higher available P concentration may also attributed to a lower oxygen availability under
increased snow cover, because anoxic conditions can help soil minerals to retain P otherwise
will be susceptible to leaching, and anoxic events may potentially increase P bioavailability

by decreasing the strength of P sorption (Lin et al., 2020).
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4.3. Environmental variables regulate the effects of snow manipulation

Manipulated snow depth, soil depth of measurement, ecosystem type, latitude, and
macroclimate are important moderator variables on the effects of snow manipulation. The
effect of snow cover on soil biogeochemical properties was mainly attributed to its insulating
effects, so understanding that the effects of snow removal or addition would increase with the
manipulated snow depth is easy, and is also supported by our findings. It is noteworthy that
snow water equivalent may be a better predictor than snow depth because it can also capture
some variations of snow density. However, because of the limited data points, we were not
able to assess the impacts of snow water equivalent here. The insulating effects of snow cover
generally decrease with soil depth, and we found evidence that responses of several soil
properties to snow manipulation significantly decreased with soil depth. Ecosystem type was
also an important moderator variable regulating the effects of snow manipulation on several
soil properties, with the strongest effects observed in deserts. A previous study, showed that
the effects of snow cover on vegetation across China were largest in deserts (Peng et al.,
2010), which could mainly be attributed to the persistent effects of snow cover on soil
moisture given the low availability of water in deserts. Latitude was found to be a more
significant factor compared to MAT in explaining legacy effects of snow cover on CO;
emission during the growing season (Blankinship and Hart, 2012). We found that latitude,
elevation, MAT, and MAP were all important factors controlling the effects of snow removal
and snow addition on soil properties in both winter and the following growing seasons, but
their moderating impacts varied among soil properties. In addition, experimental duration was

generally negatively correlated with the effects of snow manipulation on soil properties,
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regardless of the season, indicating that snow manipulation effects diminish with

experimental duration.

4.4. Major limitations and recommendations for future research

Despite the comprehensive analyses conducted in this study, several uncertainties and
knowledge gaps still exist because of the limitations in experimental designs of the primary
studies and the lack of a more complete dataset with sufficient information on the snow
manipulation study. Firstly, the effects of snow cover and snow removal were rarely assessed
in the same study using similar experimental protocols, with only the effects of snow removal
or snow addition assessed in a particular study, which limited our ability to compare their
effects using pairwise datasets. Secondly, the sample sizes for many soil variables were small,
especially when data were divided into different subgroups such as ecosystem types. The
small sample size can hamper our ability to draw a robust result of the snow cover effects and
prevented us from evaluating the underling drivers of snow cover effects. Thirdly, most of the
primary studies did not report background data such as the climate during the experiment
period, snow characteristics such as snow water equivalent, and the frequency and intensity of
snow manipulation, which reduced our ability to clearly evaluate the underlying mechanisms
of snow cover effects on soil properties. Therefore, we suggest that well-designed and
replicated snow manipulation experiments considering both snow removal and snow addition
are needed to help us better understanding the ecological functions of snow cover in alpine
and arctic regions. Also, future studies should clearly report the background information that

is closely related to the assessment of snow cover effects, which will facilitate continuous and
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comprehensive synthesis studies.

5. Conclusions

The results of our systematic meta-analysis show that snow cover significantly increased soil
temperature and soil moisture, generating a unique warmer and more humid soil microclimate.
Snow removal had limited effects on winter soil properties but showed profound effects on
the concentrations and fluxes of soil C and N in the following growing season. Snow addition
affected soil properties both in winter and growing season, while snow compaction only
increased soil frost depth. The effects of snow manipulation on several soil properties
depended on ecosystem type, with the strongest effects found in deserts. Other moderator
variables such as snow depth, latitude, elevation, MAT, MAP, and experimental duration were
also important, but the direction and magnitude of their effects varied among soil properties.
Our results provide a tantalizing glimpse into the role of snow cover in regulating soil
physicochemical and biotic properties in winter and the following growing season. These
findings contribute to improve our understanding and ability to predict potential effects of
snow cover on soil biogeochemical processes such as C and N cycling under future global
change scenarios. We also propose that more research is needed to address how snow-cover
induced effects on soils could be altered by variations in other global change factors such as
rain-on-snow events, elevated CO> concentration, increasing atmospheric N deposition, and

land-use changes.

Acknowledgements

21



462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477
478

479

480

481

482

483

484

K.Y. was funded by the National Natural Science Foundation of China (31922052,
32011530426, and 31800373), F.W. received fund from the National Natural Science
Foundation of China (32171641), X.N. was funded by the National Natural Science
Foundation of China (32022056 and 31800521), P.D.F. was funded by the European Research
Council (ERC) under the Horizon 2020 research and innovation program (ERC Starting Grant
FORMICA 757833), and J.P. was funded by the Spanish Ministry of Science (grant
PID2019-110521GB-100), the Catalan government grant SGR2017-1005, and the Fundacion

Ramon Areces grant ELEMENTAL-CLIMATE.

Author contributions
K.Y. conceived the study. Z.Z. collected the raw data. Z.Z. and K.Y. performed data analyses
and wrote the first draft of the manuscript. All authors contributed to revisions of the

manuscript.

Competing interests

The authors declare no competing interests.

Data availability

Raw data used in the study have been deposited in figshare with a DOI

(https://doi.org/10.6084/m9.figshare.19822885.v1).

References

Aanderud, Z.T., Jones, S.E., Schoolmaster Jr, D.R., Fierer, N., Lennon, J.T., 2013. Sensitivity

22



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

of soil respiration and microbial communities to altered snowfall. Soil Biology and
Biochemistry 57, 217-227.

Bates, D., Méchler, M., Bolker, B., Walker, S., 2014. Fitting linear mixed-effects models
using Ime4. Journal of Statistical Software 67, 1-48.

Blankinship, J.C., Hart, S.C., 2012. Consequences of manipulated snow cover on soil gaseous
emission and N retention in the growing season: a meta- analysis. Ecosphere 3, 1-20.
Bombonato, L., Gerdol, R., 2012. Manipulating snow cover in an alpine bog: effects on
ecosystem respiration and nutrient content in soil and microbes. Climatic Change 114,

261-272.

Brooks, P.D., Grogan, P., Templer, P.H., Groffman, P., Oquist, M.G., Schimel, J., 2011.
Carbon and nitrogen cycling in snow- covered environments. Geography Compass 5,
682-699.

Callesen, I., Borken, W., Kalbitz, K., Matzner, E., 2007. Long- term development of nitrogen
fluxes in a coniferous ecosystem: Does soil freezing trigger nitrate leaching? Journal of
Plant Nutrition and Soil Science 170, 189-196.

Campbell, J.L., Reinmann, A.B., Templer, P.H., 2014. Soil freezing effects on sources of
nitrogen and carbon leached during snowmelt. Soil Science Society of America Journal
78, 297-308.

Comerford, D.P., Schaberg, P.G., Templer, P.H., Socci, A.M., Campbell, J.L., Wallin, K.F.,
2013. Influence of experimental snow removal on root and canopy physiology of sugar
maple trees in a northern hardwood forest. Oecologia 171, 261-269.

Du, E., Zhou, Z., Li, P., Jiang, L., Hu, X., Fang, J., 2013. Winter soil respiration during

23



507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

soil-freezing process in a boreal forest in Northeast China. Journal of Plant Ecology 6,
349-357.

Durén, J., Morse, J.L., Groffman, P.M., Campbell, J.L., Christenson, L.M., Driscoll, C.T.,
Fahey, T.J., Fisk, M.C., Mitchell, M.J., Templer, P.H., 2014. Winter climate change
affects growing- season soil microbial biomass and activity in northern hardwood forests.
Global Change Biology 20, 3568-3577.

Duval, S., Tweedie, R., 2000. Trim and fill: a simple funnel- plot-based method of testing
and adjusting for publication bias in meta- analysis. Biometrics 56, 455-463.

Edwards, A.C., Scalenghe, R., Freppaz, M., 2007. Changes in the seasonal snow cover of
alpine regions and its effect on soil processes: a review. Quaternary International 162,
172-181.

Egger, M., Smith, G.D., Schneider, M., Minder, C., 1997. Bias in meta-analysis detected by a
simple, graphical test. British Medical Journal 315, 629-634.

Fitzhugh, R.D., Driscoll, C.T., Groffman, P.M., Tierney, G.L., Fahey, T.J., Hardy, J.P., 2001.
Effects of soil freezing disturbance on soil solution nitrogen, phosphorus, and carbon
chemistry in a northern hardwood ecosystem. Biogeochemistry 56, 215-238.

Freppaz, M., Williams, M.W., Seastedt, T., Filippa, G., 2012. Response of soil organic and
inorganic nutrients in alpine soils to a 16-year factorial snow and N-fertilization
experiment, Colorado Front Range, USA. Applied Soil Ecology 62, 131-141.

Gao, D., Hagedorn, F., Zhang, L., Liu, J., Qu, G., Sun, J., Peng, B., Fan, Z., Zheng, J., Jiang,
P., 2018. Small and transient response of winter soil respiration and microbial

communities to altered snow depth in a mid-temperate forest. Applied Soil Ecology 130,

24



529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

40-49.

Gavazov, K., Ingrisch, J., Hasibeder, R., Mills, R.T., Buttler, A., Gleixner, G., Pumpanen, J.,
Bahn, M., 2017. Winter ecology of a subalpine grassland: effects of snow removal on
soil respiration, microbial structure and function. Science of the Total Environment 590,
316-324.

Graae, B.J., De Frenne, P., Kolb, A., Brunet, J., Chabrerie, O., Verheyen, K., Pepin, N.,
Heinken, T., Zobel, M., Shevtsova, A., 2012. On the use of weather data in ecological
studies along altitudinal and latitudinal gradients. Oikos 121, 3-19.

Groffman, P.M., Driscoll, C.T., Fahey, T.J., Hardy, J.P., Fitzhugh, R.D., Tierney, G.L., 2001a.
Colder soils in a warmer world: a snow manipulation study in a northern hardwood
forest ecosystem. Biogeochemistry 56, 135-150.

Groffman, P.M., Driscoll, C.T., Fahey, T.J., Hardy, J.P., Fitzhugh, R.D., Tierney, G.L., 2001b.
Effects of mild winter freezing on soil nitrogen and carbon dynamics in a northern
hardwood forest. Biogeochemistry 56, 191-213.

Haei, M., Rousk, J., llstedt, U., Oquist, M., B&ath, E., Laudon, H., 2011. Effects of soil frost
on growth, composition and respiration of the soil microbial decomposer community.
Soil Biology and Biochemistry 43, 2069-2077.

Hardy, J.P., Groffman, P.M., Fitzhugh, R.D., Henry, K.S., Welman, A.T., Demers, J.D., Fahey,
T.J., Driscoll, C.T., Tierney, G.L., Nolan, S., 2001. Snow depth manipulation and its
influence on soil frost and water dynamics in a northern hardwood forest.
Biogeochemistry 56, 151-174.

Hedges, L.V., Gurevitch, J., Curtis, P.S., 1999. The meta-analysis of response ratios in

25



551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

experimental ecology. Ecology 80, 1150-1156.

Iwata, Y., Yanai, Y., Yazaki, T., Hirota, T., 2018. Effects of a snow-compaction treatment on
soil freezing, snowmelt runoff, and soil nitrate movement: A field-scale paired-plot
experiment. Journal of Hydrology 567, 280-289.

Jusselme, M.-D., Saccone, P., Zinger, L., Faure, M., Le Roux, X., Guillaumaud, N., Bernard,
L., Clement, J.-C., Poly, F., 2016. Variations in snow depth modify N-related soil
microbial abundances and functioning during winter in subalpine grassland. Soil Biology
and Biochemistry 92, 27-37.

Larsen, K.S., Jonasson, S., Michelsen, A., 2002. Repeated freeze—thaw cycles and their effects
on biological processes in two arctic ecosystem types. Applied Soil Ecology 21,
187-195.

Li, Z., Yang, W,, Yue, K., Justine, M.F.,, He, R., Yang, K., Zhuang, L., Wu, F., Tan, B., Zhang,
L., 2017. Effects of snow absence on winter soil nitrogen dynamics in a subalpine spruce
forest of southwestern China. Geoderma 307, 107-113.

Lin, Y., Gross, A., O'connell, C.S., Silver, W.L., 2020. Anoxic conditions maintained high
phosphorus sorption in humid tropical forest soils. Biogeosciences 17, 89-101.

Liu, B., Mou, C,, Yan, G., Xu, L., Jiang, S., Xing, Y., Han, S., Yu, J., Wang, Q., 2016. Annual
soil CO efflux in a cold temperate forest in northeastern China: effects of winter
snowpack and artificial nitrogen deposition. Scientific Reports 6, 1-9.

Mannistd, M., Vuosku, J., Stark, S., Saravesi, K., Suokas, M., Markkola, A., Martz, F., Rautio,
P., 2018. Bacterial and fungal communities in boreal forest soil are insensitive to changes

in snow cover conditions. FEMS Microbiology Ecology 94, fiy123.

26



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., Group, P., 2009. Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA statement. PLoS Medicine 6,
€1000097.

Miiller, C., Kammann, C., Ottow, J., Jager, H.J., 2003. Nitrous oxide emission from frozen
grassland soil and during thawing periods. Journal of Plant Nutrition and Soil Science
166, 46-53.

Nakagawa, S., Lagisz, M., Jennions, M.D., Koricheva, J., Noble, D.W.A., Parker, T.H.,
Sanchez-Tojar, A., Yang, Y., O'Dea, R.E., 2022. Methods for testing publication bias in
ecological and evolutionary meta-analyses. Methods in Ecology and Evolution 13, 4-21.

Nakagawa, S., Santos, E.S., 2012. Methodological issues and advances in biological
meta-analysis. Evolutionary Ecology 26, 1253-1274.

O'Dea, R.E., Lagisz, M., Jennions, M.D., Koricheva, J., Noble, D.W., Parker, T.H., Gurevitch,
J., Page, M.J., Stewart, G., Moher, D., 2021. Preferred reporting items for systematic
reviews and meta- analyses in ecology and evolutionary biology: a PRISMA extension.
Biological Reviews 96, 1695-1722.

Peng, S., Piao, S., Ciais, P., Fang, J., Wang, X., 2010. Change in winter snow depth and its
impacts on vegetation in China. Global Change Biology 16, 3004-3013.

Puissant, J., Cécillon, L., Mills, R.T., Robroek, B.J., Gavazov, K., De Danieli, S.,
Spiegelberger, T., Buttler, A., Brun, J.-J., 2015. Seasonal influence of climate
manipulation on microbial community structure and function in mountain soils. Soil
Biology and Biochemistry 80, 296-305.

Putkonen, J., Roe, G., 2003. Rain- on- snow events impact soil temperatures and affect

27



595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

ungulate survival. Geophysical Research Letters 30.

R Core Team, 2021. R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria.

Ricketts, M.P., Poretsky, R.S., Welker, J.M., Gonzalez-Meler, M.A., 2016. Soil bacterial
community and functional shifts in response to altered snowpack in moist acidic tundra
of northern Alaska. Soil 2, 459-474.

Schimel, J.P., Mikan, C., 2005. Changing microbial substrate use in Arctic tundra soils
through a freeze-thaw cycle. Soil Biology and Biochemistry 37, 1411-1418.

Schindlbacher, A., Zechmeister-Boltenstern, S., Glatzel, G., Jandl, R., 2007. Winter soil
respiration from an Austrian mountain forest. Agricultural and Forest Meteorology 146,
205-215.

Semenova, T.A., Morgado, L.N., Welker, J.M., Walker, M.D., Smets, E., Geml, J., 2016.
Compositional and functional shifts in arctic fungal communities in response to
experimentally increased snow depth. Soil Biology and Biochemistry 100, 201-209.

Shibata, H., Hasegawa, Y., Watanabe, T., Fukuzawa, K., 2013. Impact of snowpack decrease
on net nitrogen mineralization and nitrification in forest soil of northern Japan.
Biogeochemistry 116, 69-82.

Slatyer, R.A., Umbers, K.D., Arnold, P.A., 2021. Ecological responses to variation in seasonal
snow cover. Conservation Biology 35.

Steinweg, J.M., Fisk, M.C., McAlexander, B., Groffman, P.M., Hardy, J.P.,, 2008.
Experimental snowpack reduction alters organic matter and net N mineralization

potential of soil macroaggregates in a northern hardwood forest. Biology and Fertility of

28



617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

Soils 45, 1-10.

Stocker, T., 2014. Climate change 2013: the physical science basis: Working Group |
contribution to the Fifth assessment report of the Intergovernmental Panel on Climate
Change. Cambridge University Press.

Stres, B., Philippot, L., Faganeli, J., Tiedje, J.M., 2010. Frequent freeze-thaw cycles yield
diminished yet resistant and responsive microbial communities in two temperate soils: a
laboratory experiment. FEMS Microbiology Ecology 74, 323-335.

Sutinen, R., H&nninen, P., Venéldinen, A., 2008. Effect of mild winter events on soil water
content beneath snowpack. Cold Regions Science and Technology 51, 56-67.

Tan, B., Wu, F.,, Yang, W., He, X., 2014. Snow removal alters soil microbial biomass and
enzyme activity in a Tibetan alpine forest. Applied Soil Ecology 76, 34-41.

van Bochove, E., Prévost, D., Pelletier, F., 2000. Effects of freeze—thaw and soil structure on
nitrous oxide produced in a clay soil. Soil Science Society of America Journal 64,
1638-1643.

Vavrus, S., 2007. The role of terrestrial snow cover in the climate system. Climate Dynamics
29, 73-88.

Viechtbauer, W., 2010. Conducting meta-analyses in R with the metafor package. Journal of
Statistical Software 36, 1-48.

Wilson, G., Green, M., Brown, J., Campbell, J., Groffman, P., Duran, J., Morse, J., 2020.
Snowpack affects soil microclimate throughout the year. Climatic Change 163, 705-722.

Wipf, S., Rixen, C., 2010. A review of snow manipulation experiments in Arctic and alpine

tundra ecosystems. Polar Research 29, 95-109.

29



639

640

641

642

643

644

645

646

647

648

649

650

651

652

Wu, Q., Wu, F, Yang, W., Zhao, Y., He, W., He, M., Zhu, J., 2015. Effect of snow cover on
phosphorus release from leaf litter in the alpine forest in eastern Qinghai-Tibet Plateau.
Acta Ecologica Sinica (in Chinese with English abstract) 35, 4115-4127.

Xu, W., Prieme, A., Cooper, E.J., Morsdorf, M.A., Semenchuk, P., Elberling, B., Grogan, P.,
Ambus, P.L., 2021. Deepened snow enhances gross nitrogen cycling among Pan-Arctic
tundra soils during both winter and summer. Soil Biology and Biochemistry 160,
108356.

Yohannes, Y., Shibistova, O., Abate, A., Fetene, M., Guggenberger, G., 2011. Soil CO2 efflux
in an Afromontane forest of Ethiopia as driven by seasonality and tree species. Forest
Ecology and Management 261, 1090-1098.

Yue, K., Jarvie, S., Senior, A.M., Van Meerbeek, K., Peng, Y., Ni, X., Wu, F., Svenning, J.-C.,
2020. Changes in plant diversity and its relationship with productivity in response to

nitrogen addition, warming and increased rainfall. Oikos 129, 939-952.

30



653
654
655
656
657
658
659

660
661
662

663

Table 1 Mixed-effects meta-regression modeling assessing the effects of moderator variables
[latitude, elevation, mean annual temperature (MAT), mean annual precipitation (MAP), and
duration] on the effect sizes (InRR) of soil properties in response to snow removal in winter.
Estimates (slop) are shown, and values in bold indicate significant effects. Several variables
were not assessed here because of limited number of observations, and the number of

observations and studies (in parentheses) used for analyses for each variable are shown. "p <

*Kkk

0.05, **p <0.01, p<0.001.
Soil property n Winter — snow removal

Latitude Elevation MAT MAP Duration
Temperature 362 (50) -0.004™ 0.002 0.001 0.001 -0.001
Moisture 153 (26) -0.088 0.069 -0.021 0.084 -0.129™
Frost 75 (13) 0.332 -0.142 0.087 -0.284 -0.428™"
pH 30 (9) -0.008 0.005 0.003 0.012" -0.004
C 37 (11) -0.106 0.068 0.011 0.094 -0.019
DOC 46 (10) -0.019 0.002 -0.017 -0.024 0.016
CO; efflux 109 (18) -0.114 0.175 0.012 -0.132 0.047
CH4 uptake 21 (6) 0.002 0.154" 0.122™ 0.160 0.069
C:N ratio 21 (5) -0.002 0.017 -0.034 0.011 -0.014
N 32 (10) -0.120 0.081 0.003 0.117 -0.031
Available N 20 (5) -0.176™ 0.095 0.037 0.169™ -0.192™
DON 40 (7) -0.137 0.137 -0.043 -0.091 0.047
NH4* 106 (18) -0.026 0.014 0.002 0.177 -0.144
NOz 134 (17) -0.129 0.256" -0.018 0.176 -0.098
N20 efflux 51 (8) 0.239™ -0.441" 0.178 -0.320™ -0.342™
Ammonification rate 10 (3) -1.299 1.497 -1.446 -1.616 1.037
Nitrification rate 28 (6) -0.489 0.490 -0.530 -0.509 0.160
P 7(3) -0.338" 0.325" -0.282 0.312 0.028
Available P 31 (5) -0.113 0.084 -0.284 0.317 -0.182
MBC 141 (21) -0.022 0.037 -0.019 0.027 -0.024
MBN 118 (16) -0.024 0.070" -0.076" 0.029 -0.009
MBC:MBN ratio 14 (2) 0.043 -0.044 0.016 -0.018 0.034
PLFA 11 (4) 0.056 0.073 0.038 0.082 0.012
Bacterial PLFA 10 (3) 0.065 0.080 -0.067 0.087 -0.055
Fungal PLFA 8(2) 0.099 0.118" -0.100 0.112 -0.046
Rm 14 (2) -0.072 0.064 0.070 0.071 -0.067
Invertase activity 37 (5) -0.021 0.017 0.042 0.026 -0.044
Urease activity 38 (5) -0.036 0.039 0.049 0.034 -0.103"

C, total carbon; DOC, dissolved organic carbon; N, total nitrogen; DON, dissolved organic nitrogen; P, total phosphorus;
MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; MBP, microbial biomass phosphorus; PLFA,

phospholipid fatty acid; Rm, microbial respiration.
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665 Figure 1 The distribution of paired observations (blue circles) of the responses of soil
666  properties to snow manipulation collected from the 99 publications. The color scale indicates
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Figure 2 Effects of snow removal and addition on soil properties during winter and growing

season. Values indicate means with 95% confidence intervals, and the number of observations

and studies (in parentheses) for each variable of soil properties are shown. Empty circles

indicate non-significant effects, and solid blue and brown circles indicate significant positive

and negative effects, respectively. C, total carbon; DOC, dissolved organic carbon; N, total

nitrogen; DON, dissolved organic nitrogen; P, total phosphorus; MBC, microbial biomass

carbon; MBN, microbial biomass nitrogen; PLFA, phospholipid fatty acid; Rm, microbial

respiration. “p < 0.05; “p < 0.01;

*hk

p < 0.001.
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Figure 3 Influences of manipulated snow depth on the responses of soil properties to snow
manipulation. Values indicate means with 95% confidence intervals, and the number of
observations and studies (in parentheses) for each variable of the soil properties are shown in
parentheses. Empty circles indicate non-significant effects, and solid blue and brown circles
indicate significant positive and negative effects, respectively. Negative (positive) effects
indicate that the presence of snow negatively (positively) affected the soil property. C, total
carbon; DOC, dissolved organic carbon; N, total nitrogen; DON, dissolved organic nitrogen; P,
total phosphorus; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; PLFA,

*kk

phospholipid fatty acid; Rm, microbial respiration. “p < 0.05; “p < 0.01; "“p < 0.001.
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Figure 4 Effects of soil depth on the responses of soil properties to snow manipulation.

Values indicate means with 95% confidence intervals, and the number of observations for

each variable of the soil properties are shown in parentheses. Empty circles indicate

non-significant effects, and solid blue and brown circles indicate significant positive and

negative effects, respectively. Negative (positive) effects indicate that the presence of snow

negatively (positively) affected the soil property. C, total carbon; DOC, dissolved organic

carbon; N, total nitrogen; DON, dissolved organic nitrogen; P, total phosphorus; MBC,

microbial biomass carbon; MBN, microbial biomass nitrogen; PLFA, phospholipid fatty acid.

“p <0.05; “p <0.01;

*kk

p < 0.001.
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Figure 5 Effects of ecosystem type on the responses of soil properties to snow manipulation.
Values indicate means with 95% confidence intervals, and the number of observations and
studies (in parentheses) for each variable of soil properties are shown in parentheses. Empty
circles indicate non-significant effects, and solid blue and brown circles indicate significant
positive and negative effects, respectively. C, total carbon; DOC, dissolved organic carbon; N,
total nitrogen; DON, dissolved organic nitrogen; P, total phosphorus; MBC, microbial
biomass carbon; MBN, microbial biomass nitrogen; PLFA, phospholipid fatty acid

p < 0.001.
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