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A systematic review of ecological responses to variation in seasonal 1 

snow cover 2 

Abstract 3 

Seasonal snow is among the most important factors governing the ecology of many terrestrial 4 

ecosystems, but rising global temperatures are changing snow regimes and driving widespread 5 

declines in the depth and duration of snow cover. Loss of the insulating snow layer will 6 

fundamentally change the environment – far more than incremental temperature increases. 7 

Understanding how individuals, populations, and communities respond to different snow 8 

conditions is thus essential for predicting and managing future ecosystem change. We conducted 9 

a systematic review to synthesize 365 studies that have examined ecological responses to 10 

variation in winter snow conditions. This substantial body of research encompasses a broad 11 

range of research methods (experimental manipulations, natural snow gradients, and long-term 12 

monitoring approaches), locations (35 countries), study organisms (plants, mammals, arthropods, 13 

birds, fish, lichen, and fungi), and response measures. Although we found trends towards 14 

advanced phenology with earlier snowmelt and greater mortality and/or physical injury with 15 

shallower snow, the mechanisms behind these responses remain largely unknown. With 96% of 16 

studies from the northern hemisphere, the generality of these trends across ecosystems is also 17 

unclear. We identified substantial research gaps and highlight five key areas for future research 18 

to better understand the mechanisms underlying responses to changing snow conditions and the 19 

consequences of those responses for seasonally snow-covered ecosystems.  20 
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Introduction 21 

The presence of seasonal snow, covering the ground for weeks to months each year, is a feature 22 

of many temperate and montane ecosystems with up to a third of the Earth’s terrestrial surface 23 

covered by seasonal snow at any time (Vaughan et al. 2013). Snow is one of the most important 24 

factors governing the ecology of these ecosystems due to its influence on the timing and length 25 

of the growing season, local and regional hydrology, and soil nutrient influxes (Billings & 26 

Mooney 1968; Körner 2003; Vavrus 2007; Blankinship & Hart 2012). Yet snow conditions are 27 

changing in many parts of the world, altering winter and growing season conditions for both 28 

plants and animals and with the potential to drive significant biodiversity loss (Vaughan et al. 29 

2013; Niittynen et al. 2018). 30 

Mean global temperatures have increased by 0.7°C over the last 50 years (Stocker et al. 2013), 31 

with global snow cover decreasing by 10% over the same period (Walther et al. 2002). The most 32 

rapid and consistent losses of snow, in terms of both depth and duration, are mid-elevation areas 33 

(e.g. sub-alpine zone) and those with Mediterranean/maritime climates (e.g. Australian alpine 34 

region), where mean air temperatures are close to freezing and snow is primarily temperature-35 

limited (Brown & Mote 2009; Steger et al. 2013; Vaughan et al. 2013). While shifts in regional 36 

and global atmospheric circulation patterns are driving elevated snowfall in areas where snow is 37 

limited by precipitation (e.g. high northern latitudes), these regions are still likely to experience 38 

reduced spring snow and a shorter growing season over the next 50 years (Räisänen 2008; 39 

Brown & Mote 2009; Vaughan et al. 2013). 40 

Changes in winter precipitation and temperature regimes in seasonally snow-covered 41 

environments are mediated by the snowpack – the layer of accumulated snow – and changes to 42 

the snowpack will have diverse ecological effects (Geiger et al. 1995; Fig. 1). Experimental field 43 

manipulations that artificially advance snowmelt consistently induce earlier phenology in plants 44 
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(Wipf & Rixen 2010). With earlier spring snowmelt forecast to be among the most prominent 45 

effects of global warming on seasonal snowpacks (Déry & Brown 2007; Räisänen 2008), an 46 

overall advancement in spring phenology is expected. How organisms adapted to a seasonally 47 

snow-covered environment will respond to changes in snow conditions more generally – 48 

including the extent of cover, depth, density, and the timing of snowmelt – is, however, unclear. 49 

The extent of snow cover determines the availability of snow-associated habitat. Both mammals 50 

and arthropods, can be active on the snow surface during winter. Small arthropods such as 51 

springtails and mites can also inhabit the snowpack itself, moving through air pockets between 52 

ice crystals and using thermal gradients within the snowpack to regulate their microclimate 53 

(Leinaas 1981; Hågvar 2010). Finally, a narrow space between the ground and the base of the 54 

snowpack – the subnivean space, or subnivium (Pauli et al. 2013) – provides a physically 55 

sheltered and thermally stable overwinter refuge for plants and animals (both active and 56 

hibernating/diapausing) (Pauli et al. 2013). Changes to the extent of snow cover will have a 57 

direct impact on the availability of these habitats (Fig. 1). 58 

Snow depth and density determine the degree of thermal insulation offered by the snowpack 59 

(Pruitt 1970). Snow has a low thermal conductivity and, depending on density, 20 cm of snow is 60 

generally sufficient to effectively insulate the subnivean space from diel fluctuations in ambient 61 

air temperature (Pruitt 1970). This buffering effect means that subnivean organisms are expected 62 

to experience the coldest temperatures during early autumn and late spring – not during winter – 63 

in contrast to ecosystems without seasonal snow cover. Groffman et al. (2001) suggested that 64 

seasonally snow-covered ecosystems might thus experience “colder soils in a warmer world”, 65 

with snowpack decline exposing soils and organisms to air temperatures up to 15°C colder than 66 

those in a snow-buffered airspace (Mölders & Walsh 2004). A shallower snowpack will also 67 

increase ground temperature fluctuations, which are thus more likely to cross critical 68 
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physiological thresholds for subnivean organisms (Geiser & Broome 1993; Marshall & Sinclair 69 

2012; Williams et al. 2015). 70 

The duration of snow cover directly determines growing season length for plants, with little 71 

growth and development under the snow (Körner 2003). While a longer growing season could 72 

increase productivity (e.g. Billings & Bliss 1959), snowmelt timing determines the conditions to 73 

which plants are exposed when they emerge from snow, and earlier snowmelt can increase 74 

exposure to damaging frost and extreme temperatures (Steltzer et al. 2009; Gezon et al. 2016). 75 

The timing of snowmelt influences water availability during the growing season, which is 76 

gradually released from melting snow, and late-season moisture limitation is a risk from an early 77 

snowmelt (Litaor et al. 2008; Berdanier & Klein 2011). Changes to snowmelt timing are 78 

particularly relevant for plants because they are unable to track the presence (or absence) of the 79 

snowpack, and for interactions between plants and other organisms such as pollinators and 80 

herbivores (e.g. Forrest & Thomson 2011). 81 

The ecological responses of organisms to changes in snow conditions can be measured using 82 

both experimental and observational approaches. Experimental methods that manipulate specific 83 

aspects of the snowpack (e.g. snow depth) allow a targeted assessment of biotic responses but are 84 

often (necessarily) limited in spatial scale. Observational approaches include both natural snow 85 

gradients and multi-year monitoring. Snow gradients typically describe long-term responses of 86 

populations, species, and communities to spatial variation in snow conditions (e.g. adaptive 87 

differences in cold tolerance among populations: Briceño et al. 2014). By contrast, studies that 88 

monitor ecological responses across years with varying snow conditions generally describe 89 

shorter-term effects (e.g. body mass following years with low/high snow: Hendrichsen & Tyler 90 

2014). Experimental, gradient, and monitoring methods provide complementary approaches for 91 
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examining ecological responses to changes in snow conditions but are not often considered 92 

together. 93 

In this review, we synthesize studies that have explored ecological responses to spatial and 94 

temporal variation in snow conditions using a systematic review approach (Pullin & Stewart 95 

2006; Lortie 2014; Pickering & Byrne 2014). In particular, we explore (a) the geographic 96 

locations of research, (b) what has been measured and how, (c) whether any conclusions can be 97 

made about general responses to snow conditions, and (d) gaps in current knowledge and future 98 

research directions. 99 

Methods 100 

Search procedure and inclusion criteria 101 

The systematic review approach provides reproducible protocols and transparent reporting for 102 

searching, screening, and extracting data from the literature to give an overview of a field 103 

(Koricheva & Gurevitch 2013; Lortie 2014). We used the Preferred Reporting Items in 104 

Systematic Reviews and Meta-Analyses (PRISMA) framework (Moher et al. 2009) to compile a 105 

database of studies that measured ecological responses to variation in snow conditions. 106 

To identify relevant literature, we searched three databases with the term “snow” in combination 107 

with any one of the following: “manipulation”, “experimental warming”, “climate change”, 108 

“ecology”, “long-term monitoring”, “long term monitoring”, “ploughing”, “gradient”, 109 

“grooming”, “snowpatch”, “phenology”, “winter warming”, (“winter” and “climate change”). 110 

These terms were used within “Topic” in the Web of Science database, within “Abstract, title, 111 

author, keywords” in the Scopus database, and within “Keywords” in the Science Direct 112 

database, limiting results to studies in English-language journals. These searches were initially 113 

conducted in May 2016 and repeated in May 2019 to update the database, which produced 9,047 114 
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unique results (Fig. 2). To supplement this topic-based search, 24 reviews on related topics were 115 

identified that have been published since 1999 (Appendix S1). All studies citing or cited by these 116 

reviews were retrieved in May 2016, returning an additional 860 unique studies (Fig. 2). 117 

Unpublished data and “grey” literature, such as protected area management plans, were not 118 

included as much of this literature is not publicly available and is challenging to search 119 

systematically via electronic databases (Côté et al. 2013). 120 

All studies were screened for eligibility, based on the following criteria: (1) the study was 121 

original research, not a review, and published in an English-language academic journal; (2) the 122 

study was carried out at a site where there is seasonal snow cover; (3) the study measured some 123 

form of biotic response; (4) the study measured responses to changes in snow cover. For 124 

criterion 2, we excluded studies from polar regions and permanently snow-covered areas. Cooper 125 

(2014) reviewed the effects of winter climate change on arctic ecosystems and the effects of 126 

snow regime change in permanently snow-covered ecosystems are likely to differ from those in 127 

seasonal environments, where plants and animals are adapted to snow for only part of the year. 128 

For criterion 3, we considered any form of response measured in an animal or plant but excluded 129 

studies on soil microbes. For criterion 4, we included studies that experimentally manipulated 130 

snow cover in the field (“manipulation”), those that measured responses along a snowmelt 131 

gradient (“gradient”), and those that recorded responses over multiple years across which snow 132 

conditions differed (“monitoring”). Several experimental methods can be used to reduce snow 133 

cover, including manual snow removal (e.g. Bombonato & Gerdol 2012), external heating (e.g. 134 

Adler et al. 2007), soil heating (e.g. Bokhorst et al. 2012), the addition of material that increases 135 

albedo and facilitates snowmelt (e.g. Steltzer et al. 2009), and physical covering to prevent snow 136 

accumulation (e.g. Drescher & Thomas 2013). Natural snowmelt gradients and long-term studies 137 

offer a complementary field-based approach to assess the effects of snow depth, duration, and 138 

structure on organisms. In contrast to experimental snow removal, which is limited in scale, 139 
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these studies allow assessments of larger-scale and longer-term effects of growing season 140 

duration and winter snow conditions on community composition, individual behaviors, and 141 

functional traits. Studies were only included if they measured snow cover directly. A total of 365 142 

studies met all inclusion criteria (Fig. 2; Appendix S2).  143 

Data extraction 144 

For each study, the following information was extracted: (1) the location (hemisphere, continent, 145 

country(ies), and study site(s)); (2) the focal taxonomic group(s); (3) the methodology, including 146 

the type of study, length of study and, for experimental studies, the form of manipulation; and (4) 147 

the type of measures made, including when responses were recorded, whether they were 148 

recorded for individuals, populations, or communities, and the type of response recorded (e.g. 149 

phenology, growth, survival, behavior). 150 

For responses recorded during winter, we additionally recorded which snow habitat (on-snow: 151 

“snow surface”, in-snow: “intranivean”, under-snow: “subnivean”) was being used by the study 152 

organism. Data were analyzed using descriptive methods to reveal patterns in the literature and 153 

identify research gaps. Note that the numbers given in the results do not always sum to the total 154 

number of studies (365) because individual studies often included results in several categories. 155 

In addition to the data above, which were extracted directly from each paper, we determined the 156 

general snow conditions for each study (or each site when a study included multiple sites). For 157 

each study, the latitude and longitude of the study site(s) was obtained either directly from the 158 

paper or by georeferencing named locations. For studies conducted over a large geographic area, 159 

we used an approximately central point of the study area. Data on seasonal snow classification 160 

(Sturm et al. 1995; Liston & Sturm 1998) were obtained from the Atlas of the Cryosphere, at a 161 

0.5°×0.5° spatial resolution (Maurer 2007). Sturm et al. (1995)’s seasonal snow classification 162 

defines six classes of snow (tundra, taiga, alpine, maritime, prairie, ephemeral) based on the 163 
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stratigraphy, thickness, density, crystal morphology, and thermal gradient of the snowpack, and 164 

their spatial and temporal variability. Although this classification may not apply to all areas with 165 

seasonal snow (e.g. Sanecki et al. 2006a), it is a useful standard for comparisons. Snow 166 

classification was extracted for each study/site using RASTER 2.5-8 (Hijmans 2016), RGDAL 1.2-5 167 

(Bivand et al. 2016), and SP (Pebesma & Bivand 2005) packages in the R environment for 168 

statistical computing v3.3.0 (R Core Team 2016). The ephemeral snow classification (< 2 169 

months snow) covers large areas across the world that do not typically have seasonal snow, 170 

therefore it was not represented on the world map. Maps were plotted using GGMAP 3.0.0  (Kahle 171 

& Wickham 2013) and GGPLOT2 3.2.1 (Wickham 2016).  172 

To summarize the main results, we tallied studies that had shown positive, negative, nil, or 173 

mixed responses to variation in snow conditions. Although such vote-counting methods are 174 

generally unsuitable as a formal statistical technique for research syntheses (Koricheva & 175 

Gurevitch 2013), they are valuable as a summary tool and highlight areas where formal meta-176 

analysis might be warranted in the future. This approach was chosen because sample sizes were 177 

small for most response variables and many different types of response variable were measured, 178 

limiting the utility of quantitative analysis. Responses were summarized for plants, mammals, 179 

and arthropods – groups for which there were at least 20 studies. Twelve response variables were 180 

identified that were comparable across taxonomic groups. These are presented in relation to 181 

changes in snow depth and snowmelt timing (the most common aspects of snow variation 182 

measured). Summaries of results for all response variables measured across taxa are provided in 183 

Appendix S3.  184 
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Results 185 

Time and place 186 

There were 365 studies on ecological responses to variation in snow conditions that met all 187 

inclusion criteria. These studies were published between 1959 and 2019 with a median study 188 

duration of 2 years (range 1 – 60 years). While studies have been conducted in 35 countries, 189 

most of the research was from the USA (118 studies, 32%), Sweden (41 studies, 11%) and 190 

Canada (33 studies, 9%), and nearly all (349, 96%) from the northern hemisphere (Fig. 3, 191 

Table 1). Studies were conducted in alpine/montane (218 studies), temperate forest or grassland 192 

(94 studies), and sub-arctic environments (112 studies) (Table 1). Two locations featured 193 

prominently: Abisko in northern Sweden (27 studies) and the Rocky Mountain Biological 194 

Laboratory in Colorado, USA (20 studies). 195 

The study sites cover a variety of snow conditions and, in the northern hemisphere, all snow 196 

types were represented: maritime (n = 193 studies/sites), alpine (n = 86), prairie (n = 63), tundra 197 

(n = 79), and taiga (n = 31), with 38 studies lacking a snow classification. Note that a single 198 

study could have multiple sites. The predominance of studies on alpine (cold, deep snow cover) 199 

and maritime snow (warm, deep snow cover) does not correspond to the relative frequencies of 200 

these two snow types across the landscape: each are <10% of snow-covered land area in the 201 

northern hemisphere. In the southern hemisphere, maritime snow was the only snow type 202 

represented, although there were 15 sites that lacked a snow classification. This is likely due to 203 

the snow classification system being developed for northern hemisphere snow conditions, which 204 

are different to those in the southern hemisphere (Sanecki et al. 2006a). 205 

Organisms 206 

The impacts of seasonal snow cover have been assessed, in some way, for a broad range of plant 207 

and animal groups (Table 1). For plants (66% of all studies), this includes research on small 208 



10 
 

vascular plants (n = 158), shrubs (n = 72), trees (n = 40), and bryophytes (n = 21). For animals, 209 

most of the research has focused on mammals (n = 76) or arthropods (n = 23), with few studies 210 

for birds (n = 16), fish (n = 2), reptiles (n = 1), or amphibians (n = 1). Finally, a few studies 211 

included lichens (n = 13) or fungi (n = 7). Considering only the southern hemisphere, however, 212 

there was only one study of arthropods, four studies of mammals, and 13 studies of plants. 213 

Study approach 214 

Research on ecological responses to variation in snow conditions has used experimental 215 

(n = 164) and observational (n = 212) methods (Table 2). This is true for research in both 216 

hemispheres, and all climatic zones. Observational studies included research using natural snow 217 

cover or snowmelt gradients (n = 119) and year-to-year variation in snow conditions (n = 113). A 218 

few studies used multiple methods: experimental manipulations with measures across snowmelt 219 

gradients (n = 7) or through time (n = 5), or long-term monitoring across snowmelt gradients 220 

(n = 20). 221 

Experimental manipulations of snow depth tested the effects of both more snow (increased 222 

depth: n = 62; increased persistence: n = 47), less snow (decreased depth: n = 68; decreased 223 

persistence: n = 46), and the effects of unusual weather events (e.g. mid-winter snowmelt: 224 

n = 14). However, more than half of the studies that altered snow depth also altered snowmelt 225 

timing (and vice versa), meaning that these effects are frequently confounded. Studies that 226 

altered snow duration almost always did so by manipulating the timing of spring snowmelt, with 227 

only three studies changing the timing of snow accumulation. Experimental manipulations of the 228 

effects of snow density (n = 17) and snow chemistry (n = 4) were most often related to 229 

anthropogenic use of snow: compaction from oversnow vehicles or skiing, and changes to 230 

chemistry or density due to artificial snowmaking.  231 
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Experimental approaches were common in physiological studies, community composition, 232 

chemistry, and overwinter survival, as well as the response of arthropods (n = 31) and plants 233 

(n = 84). By contrast, gradient and monitoring studies provide most of the evidence for effects of 234 

snow conditions on animal movements (n = 28 and n = 18, respectively) and plant phenology 235 

(n = 33 and n = 44, respectively). 236 

Timing of measurement 237 

Experimental studies nearly always measured responses in the subsequent growing season (93% 238 

of studies), while 20% of monitoring studies and 24% of gradient studies included winter 239 

measurements (Table 2). In contrast to all other taxa, more studies measured mammal responses 240 

during winter (n = 49) than during the subsequent snow-free period (n = 32), with these studies 241 

primarily exploring activity (e.g. home range size, habitat use) in relation to snow characteristics. 242 

There were 154 studies that measured the responses of small vascular plants during the growing 243 

season, but only five (Bell & Bliss 1979; Blume-Werry et al. 2016; Saarinen et al. 2016; Tessier 244 

2017; Mo et al. 2018) included measurements of winter response. In total, only 71 (19%) studies, 245 

of which only 22 were studies on non-mammalian organisms, included winter measurements. 246 

Ecological responses to snow variation 247 

We recorded 214 different response variables measured, across all studies (Appendix S3). 248 

Taking 12 response variables that are comparable to some extent between plants, mammals, and 249 

arthropods (Fig. 4), three results stand out. First, earlier snowmelt was consistently associated 250 

with earlier spring phenology across all groups (Fig. 4). Second, reduced snow depth was 251 

frequently associated with higher mortality and/or damage in plants; this effect was not clear for 252 

either arthropods or mammals, nor was there a clear association with snowmelt timing. Third, 253 

there seemed to be no clear directional effect of changes in either snow depth or snowmelt timing 254 

on body size (for animals) or total biomass (for plants), or on abundance/relative cover overall 255 
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(Appendix S3). In addition, variation in snow conditions was often (37 of 49 studies) associated 256 

with differences in plant and arthropod community composition in experimental, gradient, and 257 

monitoring studies. 258 

Discussion 259 

There is a substantial body of research on ecological responses to changes in snow conditions, 260 

ranging from studies of habitat use by large mammals during winter, to those testing the effects 261 

of shallow snow cover on plant physiology. These studies encompass many locations, study 262 

organisms, research methods and response variables, reflecting the widespread ecological 263 

importance of snow. Nevertheless, the large number of studies belies a thin research coverage for 264 

many taxa, locations, and research questions, and there are several notable gaps in the current 265 

literature, including geographic gaps and the measurement of winter responses. 266 

Research on seasonal snow cover is geographically skewed 267 

Snow occurs on every continent, but this is only partly reflected in the locations of research on 268 

seasonal snow, which is strongly biased towards European and North American mountain 269 

systems. Notably absent were studies from South America, Africa, and the sub-Antarctic. The 270 

Andes range in South America maintains both permanent and seasonal snowpacks, with the latter 271 

covering approximately 61,000 km2 and accounting for 98% of snow-covered area on the 272 

continent (Saavedra et al. 2017). In the Chilean Andes, Cavieres and Arroyo (2000) found that 273 

seeds of the herb Phacelia secunda from higher elevations needed longer periods of cold prior to 274 

germination than those from lower elevation populations, however this study did not specifically 275 

examine effects of snow conditions. In Africa there are mountain systems with seasonal snow, 276 

including the Atlas Mountains in Algeria, Morocco and Tunisia, mountains in the Eastern Cape 277 

region of South Africa, and the Maluti Mountains in Lesotho. Studies from low-elevation forest 278 
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and grassland, many of which have “prairie”, “tundra” or “taiga” snow types, were also globally 279 

scarce, perhaps reflecting relatively higher human land-use across these areas. 280 

Large regional differences in snow regimes, the drivers of snow cover variation (e.g. 281 

temperature- vs precipitation-limitation), and the likely impacts of climate change on snow 282 

conditions (Räisänen 2008) mean that expanding studies to include these underrepresented areas 283 

is important. The type and nature of the biota present also differs among regions and ecosystems 284 

(e.g. Sinclair & Chown 2005; Bannister 2007). In Australia, for example, snow-covered 285 

environments have many scleromorphic shrubs and no large mammals (Green & Osborne 2012). 286 

This ecosystem is likely to have fundamentally different responses to changes in snow conditions 287 

compared to, for example, a northern boreal forest with many large mammals. 288 

While the ecological effects of snow might vary geographically due to differences in the 289 

underlying nature of the biota, variation might also be driven by differences in effects of 290 

changing snow conditions on the abiotic environment. When mean ambient air temperatures are 291 

above freezing, loss of the insulating snowpack should tend to increase, rather than decrease 292 

near-ground temperatures (Slatyer et al. 2017). By contrast, ambient winter air temperatures are 293 

well below freezing in many seasonally snow-covered ecosystems, driving a decrease in near-294 

ground temperature with a reduced snowpack (e.g. Groffman et al. 2001; Decker et al. 2003; Tan 295 

et al. 2014; Petty et al. 2015). If the physical effects of reduced snow cover vary among regions, 296 

then inferences regarding ecological impacts will necessarily be region-specific. It is thus critical 297 

that studies of snow ecology measure and consider these differences. Conducting further studies 298 

in seasonally snow-covered areas of the southern hemisphere and other regions where the abiotic 299 

and/or ecological effects of reduced snow might be unique is essential to better understand which 300 

ecological impacts could be generalizable and which are specific to particular regions or snow 301 

conditions. 302 
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Winter responses: the black box 303 

Fifteen years since Campbell et al. (2005) highlighted a paucity of ecological studies during 304 

winter, measurements of winter responses to variable snow conditions remain limited. Only 71 305 

of the 365 studies included in this review measured responses during the winter. Two studies of 306 

arthropods exemplify the value in measuring winter responses: following experimentally reduced 307 

snow cover, abundances of small arthropods were lower during the winter but, at the scale of the 308 

experiment, these effects did not carry over into the growing season (Sulkava & Huhta 2003; 309 

Bokhorst et al. 2013). For grazing mammals such as the Svalbard reindeer, climate warming has 310 

potential to lead to opposing effects on body mass in summer and winter. While warming during 311 

the growing season might increase plant growth and forage availability, winter warming that 312 

increases rain-on-snow events that in turn cause icing will restrict winter grazing, thereby 313 

reducing body mass (Albon et al. 2017). In these examples, measurements made only during the 314 

growing season would have failed to detect or explain the effects of changing snow conditions. 315 

Among the studies included here, most of the winter measurements were on habitat use and 316 

activity patterns of mammals moving on the snow surface, with a tendency for individuals to 317 

favor areas with shallower snow than surrounding habitat (e.g. Mermod & Liberek 2002; Kolbe 318 

et al. 2007; Matthews 2010). An additional three studies examined how snow conditions affected 319 

habitat use and overwinter survival for subnivean animals. Artificially expanding the subnivean 320 

space increased winter activity and improved the overwinter survival of voles in Norway 321 

(Korslund & Steen 2006), while reducing the subnivean space lowered detection of small 322 

mammals in Australia (Sanecki et al. 2006b). However, winter survival of bank voles was not 323 

related to subnivean temperature or snow depth (Johnsen et al. 2018), with food availability more 324 

important than subnivean habitat structure for abundance and overwinter survival (Johnsen et al. 325 

2017). Shallow snow, and the associated increase in temperature fluctuations, can also increase 326 

the energy expenditure of hibernating subnivean mammals and dormant arthropods (e.g. Geiser 327 
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& Broome 1993; Irwin & Lee 2003). Taken together, these studies suggest contrasting effects of 328 

reduced snow on snow-surface and subnivean fauna. 329 

The ecology of the subnivean environment remains elusive. With the exception of a detailed 330 

series of studies in Canada (e.g. Aitchison 1979a, b, c, 1984) and a couple of others (Berzitis et 331 

al. 2017; Slatyer et al. 2017), there are few surveys of subnivean arthropods and, although many 332 

mammals, reptiles, and amphibians are known or assumed to overwinter beneath the snow, their 333 

winter ecology is generally not well known. A second ecological unknown is the snow layer 334 

itself. Despite extensive searching of the literature, we found no studies that examined how 335 

changes in snow conditions might affect the intranivean fauna – small arthropods such as mites 336 

and springtails living within the snow layer itself. One might expect these organisms to be 337 

affected by the depth, density, and/or crystal structure of the snowpack, which affect the 338 

temperature gradient within the snowpack and the size of the spaces through which animals can 339 

move (Marchand 2013). While Leinaas (1981) studied movements of intranivean arthropods 340 

within the snowpack and (Hågvar 2010) provided an overview of intranivean taxa, we are 341 

unaware of further work on this topic. 342 

Conclusions 343 

The results of our systematic review provide a tantalizing glimpse into possible effects of snow 344 

conditions on organisms during winter, with individual studies showing that physiology, patterns 345 

of activity, habitat use, and foraging behavior can each be influenced by snow conditions. 346 

Winter-time frost hardiness, for example, has been shown to be greater for shrubs under deeper 347 

snow in both experimental (Taulavuori et al. 2011) and gradient studies (Palacio et al. 2015). 348 

These results hint at both short-term (plastic) and long-term (adaptive) physiological adjustments 349 

to variation in snow conditions. How such effects translate into growing season responses 350 
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remains unclear, but linking winter and growing season effects (e.g. Korslund & Steen 2006) 351 

will be an important avenue for future research. 352 

By evaluating the current literature on ecological effects of changing snow conditions in 353 

seasonally snow-covered environments, this review provides an outline of where, how, and what 354 

research has been published, highlighting several knowledge gaps. Although many studies have 355 

examined ecological effects of changes in seasonal snow, when studies are divided by taxonomic 356 

group, location or climate zone, these numbers rapidly attenuate. There is ample scope for future 357 

research that both broadens the current literature and adds depth and detail to what already exists. 358 

We highlight five key areas for future research: 359 

1. Additional studies in underrepresented snow-covered areas, including the Andes 360 

mountain range in South America, the southern hemisphere generally, and low-elevation 361 

grassland and forest. These studies should be accompanied by measures of microclimate, 362 

so that observed ecological responses can be compared with studies from other regions. 363 

2. Integration of natural snowmelt gradients with experimental manipulations or long-term 364 

monitoring (e.g. Dunne et al. 2004; Cornelius et al. 2013). Understanding how changing 365 

snow conditions will affect species and communities adapted to different snow conditions 366 

will require integrated approaches. Variation in, for example, physiological tolerances 367 

(e.g. Vrba 2012; Briceño et al. 2014), developmental temperatures (e.g. Forrest & 368 

Thomson 2011), or species interactions (e.g. Callaway et al. 2002) in areas with naturally 369 

high or low snow cover could affect responses to changing snow conditions. 370 

3. Exploring the effects of changing snow conditions on species interactions. Only 14 of the 371 

studies in this review explicitly tested species interactions (but see also Nystuen et al. 372 

2014; Penczykowski et al. 2017). Early snowmelt could have large impacts on plant-373 
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pollinator and plant-herbivore interactions by generating phenological mismatches (e.g. 374 

Kudo & Ida 2013). 375 

4. Investigations into the mechanisms underlying higher mortality/injury with reduced 376 

snow/early snowmelt for plants. For example, is mortality caused by an accumulation of 377 

sub-lethal injuries or a single extreme event? Injury could similarly be caused by many 378 

factors such as species interactions (e.g. herbivory: Roy et al. 2004; fungal attack: Graae 379 

et al. 2008), physical damage from ice formation (e.g. Briceño et al. 2014), and 380 

physiological stress (e.g. Bokhorst et al. 2010). While similar mechanisms might be 381 

expected to affect mortality/injury in arthropods (e.g. ice encasement: Coulson et al. 382 

2000; food availability: Konestabo et al. 2007; crossing physiological thresholds: 383 

Marshall & Sinclair 2012), further studies testing both responses to changing snow 384 

conditions and the mechanisms behind these are needed. 385 

5. Tests of the effects of early snowmelt on recruitment (e.g. seed germination and seedling 386 

establishment in plants Milbau et al. 2013; and hatching success in arthropods). 387 

Phenological shifts induced by early snowmelt are likely to cause decoupling between 388 

life stage and the climatic conditions to which that life stage has historically been 389 

exposed. Effects on recruitment, which typically manifest early in the growing season, 390 

will potentially have larger impacts at the ecosystem level than effects on adult growth. 391 

 392 

Seasonal snow is a central feature in the ecology of many terrestrial ecosystems. With continued 393 

climate change altering snow regimes worldwide, an understanding of how individuals, 394 

populations, species, and communities respond to different snow conditions is essential for 395 

predicting and managing future ecosystem change. There is great scope for more research on 396 

ecological effects of snow, both in terms of geographic and taxonomic breadth, and uncovering 397 

the most salient effects that might themselves be region- or species-specific. 398 



18 

Acknowledgements: Many thanks to Verónica Briceño for the fun and thought-provoking 399 

discussions that led to this review, and for providing comments on the manuscript. Thanks also 400 

to Bente Graae, Adrienne Nicotra, Kate Umbers, Catherine Pickering, and Kimberley Thompson 401 

for many constructive comments. Rachel Slatyer was supported by an American Australia 402 

Association fellowship while completing this work. 403 

Supporting dataset: Available from the figshare repository: https://doi.org/10.6084/
m9.figshare.4977998. 

404 

Literature cited 405 

Adler LS, De Valpine P, Harte J, Call J. 2007. Effects of long-term experimental warming on 406 

aphid density in the field. Journal of the Kansas Entomological Society 80:156-168. 407 

Aitchison CW. 1979a. Winter-active subnivean invertebrates in southern Canada. I. Collembola. 408 

Pedobiologia 19:113-120. 409 

Aitchison CW. 1979b. Winter-active subnivean invertebrates in southern Canada. II. Coleoptera. 410 

Pedobiologia 19:121-1979. 411 

Aitchison CW. 1979c. Winter-active subnivean invertebrates in southern Canada. III. Acari. 412 

Pedobiologia 19:153-160. 413 

Aitchison CW. 1984. The ecology of winter-active collembolans and spiders. PhD thesis. 414 

University of Manitoba, Canada, University of Manitoba. 415 

Albon SD, et al. 2017. Contrasting effects of summer and winter warming on body mass explain 416 

population dynamics in a food‐limited Arctic herbivore. Global Change Biology 417 

23:1374-1389. 418 

Bannister P. 2007. A touch of frost? Cold hardiness of plants in the Southern Hemisphere. New 419 

Zealand Journal of Botany 45:1-33. 420 

Bell KL, Bliss LC. 1979. Autecology of Kobresia bellardii: Why winter snow accumulation 421 

limits local distribution. Ecological Monographs 49:377-402. 422 



19 
 

Berdanier AB, Klein JA. 2011. Growing season length and soil moisture interactively constrain 423 

high elevation aboveground net primary production. Ecosystems 14:963-974. 424 

Berzitis EA, Hager HA, Sinclair BJ, Hallett RH, Newman JA. 2017. Winter warming effects on 425 

overwinter survival, energy use, and spring emergence of Cerotoma trifurcata 426 

(Coleoptera: Chrysomelidae). Agricultural and Forest Entomology 19:163-170. 427 

Billings WD, Bliss LC. 1959. An alpine snowbank environment and its effects on vegetation, 428 

plant development, and productivity. Ecology 40:388-397. 429 

Billings WD, Mooney HA. 1968. The ecology of arctic and alpine plants. Biological Reviews 430 

43:481-529. 431 

Bivand R, Keitt T, Rowlingson B. 2016. rgdal: bindings for the geospatial data abstraction 432 

library. R package version 1.2-5. https://CRAN.R-project.org/package=rgdal. 433 

Blankinship JC, Hart SC. 2012. Consequences of manipulated snow cover on soil gaseous 434 

emission and N retention in the growing season: a meta-analysis. Ecosphere 31:1-20. 435 

Blume-Werry G, Kreyling J, Laudon H, Milbau A. 2016. Short-term climate change 436 

manipulation effects do not scale up to long-term legacies: effects of an absent snow 437 

cover on boreal forest plants. Journal of Ecology 104:1638-1648. 438 

Bokhorst S, Bjerke JW, Davey MP, Taulavuori K, Taulavuori E, Laine K, Callaghan TV, 439 

Phoenix GK. 2010. Impacts of extreme winter warming events on plant physiology in a 440 

sub-Arctic heath community. Physiologia Plantarum 140:128-140. 441 

Bokhorst S, Metcalfe DB, Wardle DA. 2013. Reduction in snow depth negatively affects 442 

decomposers but impact on decomposition rates is substrate dependent. Soil Biology and 443 

Biochemistry 62:157-164. 444 

Bokhorst S, Phoenix GK, Bjerke JW, Callaghan TV, Huyer-Brugman F, Berg MP. 2012. 445 

Extreme winter warming events more negatively impact small rather than large soil 446 

fauna: shift in community composition explained by traits not taxa. Global Change 447 

Biology 18:1152-1162. 448 

Bombonato L, Gerdol R. 2012. Manipulating snow cover in an alpine bog: effects on ecosystem 449 

respiration and nutrient content in soil and microbes. Climatic Change 114:261-272. 450 

https://cran.r-project.org/package=rgdal
https://cran.r-project.org/package=rgdal


20 
 

Briceño VF, Harris-Pascal D, Nicotra AB, Williams E, Ball MC. 2014. Variation in snow cover 451 

drives differences in frost resistance in seedlings of the alpine herb Aciphylla glacialis. 452 

Environmental and Experimental Botany 106:174-181. 453 

Brown RD, Mote PW. 2009. The response of northern hemisphere snow cover to a changing 454 

climate. Journal of Climate 22:2124-2145. 455 

Callaway RM, et al. 2002. Positive interactions among alpine plants increase with stress. Nature 456 

417:844-848. 457 

Campbell JL, Mitchell MJ, Groffman PM, Christenson LM, Hardy JP. 2005. Winter in 458 

northeastern North America: A critical period for ecological processes. Frontiers in 459 

Ecology and the Environment 3:314-322. 460 

Cavieres LA, Arroyo MTK. 2000. Seed germination response to cold stratification period and 461 

thermal regime in Phacelia secunda (Hydrophyllaceae). Plant Ecology 149:1-8. 462 

Cooper EJ. 2014. Warmer shorter winters disrupt arctic terrestrial ecosystems. Annual Review of 463 

Ecology, Evolution, and Systematics 45:271-295. 464 

Cornelius C, Leingärtner A, Hoiss B, Krauss J, Steffan-Dewenter I, Menzel A. 2013. 465 

Phenological response of grassland species to manipulative snowmelt and drought along 466 

an altitudinal gradient. Journal of Experimental Botany 64:241-251. 467 

Côté I, Curtis PS, Rothstein HR, Stewart GB. 2013. Gathering data: searching literature and 468 

selection criteria. Pages 37-51 in Koricheva J, Gurevitch J, and Mengersen K, editors. 469 

Handbook of meta-analysis in ecology and evolution. Princeton University Press, 470 

Princeton, NJ, USA. 471 

Coulson SJ, Leinaas HP, Ims RA, Søvik G. 2000. Experimental manipulation of the winter 472 

surface ice layer: The effects on a High Arctic soil microarthropod community. 473 

Ecography 23:299-306. 474 

Decker KLM, Wang D, Waite C, Scherbatskoy T. 2003. Snow removal and ambient air 475 

temperature effects on forest soil temperatures in Northern Vermont. Soil Science Society 476 

of America Journal 67:1234-1242. 477 



21 
 

Déry SJ, Brown RD. 2007. Recent Northern Hemisphere snow cover extent trends and 478 

implications for the snow-albedo feedback. Geophysical Research Letters 34:L22504. 479 

Drescher M, Thomas SC. 2013. Snow cover manipulations alter survival of early life stages of 480 

cold-temperate tree species. Oikos 122:541-554. 481 

Dunne JA, Saleska SR, Fischer ML, Harte J. 2004. Integrating experimental and gradient 482 

methods in ecological climate change research. Ecology 85:904-916. 483 

Forrest JRK, Thomson JD. 2011. An examination of synchrony between insect emergence and 484 

flowering in Rocky Mountain meadows. Ecological Monographs 81:469-491. 485 

Geiger R, Aron RA, Todhunter P 1995. The Climate Near the Ground. Harvard University Press, 486 

Cambridge, UK. 487 

Geiser F, Broome LS. 1993. The effect of temperature on the pattern of torpor in a marsupial 488 

hibernator. Journal of Comparative Physiology B 163:133-137. 489 

Gezon ZJ, Inouye DW, Irwin RE. 2016. Phenological change in a spring ephemeral: Implications 490 

for pollination and plant reproduction. Global Change Biology 22:1779-1793. 491 

Graae BJ, Alsos IG, Erjnaes R. 2008. The impact of temperature regimes on development, 492 

dormancy breaking and germination of dwarf shrub seeds from arctic, alpine and boreal 493 

sites. Plant Ecology 1998:275-284. 494 

Green K, Osborne W 2012. A Field Guide to the Wildlife of the Australian Snow Country. New 495 

Holland Publishers, Wahroonga, NSW, Australia. 496 

Groffman PM, Driscoll CT, Fahey TJ, Hardy JP, Fitzhugh RD, Tierney GL. 2001. Colder soils in 497 

a warmer world: A snow manipulation study in a northern hardwood forest ecosystem. 498 

Biogeochemistry 56:135-150. 499 

Hågvar S. 2010. A review of Fennoscandian arthropods living on and in snow. European Journal 500 

of Entomology 107:281-298. 501 

Hendrichsen DK, Tyler NJC. 2014. How the timing of weather events influences early 502 

development in a large mammal. Ecology 95:1737-1745. 503 



22 
 

Hijmans RJ. 2016. raster: geographic data analysis and modeling. R package version 2.5-8. 504 

https://CRAN.R-project.org/package=raster. 505 

Irwin JT, Lee RE. 2003. Cold winter microenvironments conserve energy and improve 506 

overwintering survival and potential fecundity of the goldenrod gall fly, Eurosta 507 

solidaginis. Oikos 100:71-78. 508 

Johnsen K, Boonstra R, Boutin S, Devineau O, Krebs CJ, Andreassen HP. 2017. Surviving 509 

winter: Food, but not habitat structure, prevents crashes in cyclic vole populations. 510 

Ecology and Evolution 7:115-124. 511 

Johnsen K, Devineau O, Andreassen HP. 2018. The effects of winter climate and intrinsic factors 512 

on survival of cyclic vole populations in southeastern Norway. Annales Zoologici Fennici 513 

55:173-185. 514 

Kahle D, Wickham H. 2013. ggmap: spatial visualization with ggplot2. The R Journal 5:144-515 

161. 516 

Kolbe JA, Squires JR, Pletscher DH, Ruggiero LF. 2007. The effect of snowmobile trails on 517 

coyote movements within lynx home ranges. Journal of Wildlife Management 71:1409-518 

1418. 519 

Konestabo HS, Michelsen A, Holmstrup M. 2007. Responses of springtail and mite populations 520 

to prolonged periods of soil freeze-thaw cycles in a sub-arctic ecosystem. Applied Soil 521 

Ecology 36:136-146. 522 

Koricheva J, Gurevitch J. 2013. Place of meta-analysis among other methods of research 523 

synthesis. Pages 3-13 in Koricheva J, Gurevitch J, and Mengersen K, editors. Handbook 524 

of Meta-Analysis in Ecology and Evolution. Princeton University Press, Princeton, NJ, 525 

USA. 526 

Körner C 2003. Alpine plant life: functional plant ecology of high mountain ecosystems. 527 

Springer-Verlag, Berlin, Germany. 528 

Korslund L, Steen H. 2006. Small rodent winter survival: snow conditions limit access to food 529 

resources. Journal of Animal Ecology 75:156-166. 530 

https://cran.r-project.org/package=raster
https://cran.r-project.org/package=raster


23 
 

Kudo G, Ida TY. 2013. Early onset of spring increases the phenological mismatch between 531 

plants and pollinators. Ecology 94:2311-2320. 532 

Leinaas HP. 1981. Activity of Arthropoda in snow within a coniferous forest, with special 533 

reference to Collembola. Holarctic Ecology 4:127-138. 534 

Liston GE, Sturm M 1998. Global Seasonal Snow Cover System. National Snow and Ice Data 535 

Center. Digital media, Boulder, Colorado, USA. 536 

Litaor MI, Williams M, Seastedt TR. 2008. Topographic controls on snow distribution, soil 537 

moisture, and species diversity of herbaceous alpine vegetation, Niwot Ridge, Colorado. 538 

Journal of Geophysical Research-Biogeosciences 113:G02008. 539 

Lortie CJ. 2014. Formalized synthesis opportunities for ecology: systematic reviews and meta-540 

analyses. Oikos 123:897-902. 541 

Marchand PJ 2013. Life in the cold: an introduction to winter ecology. University Press of New 542 

England, Hanova, NH, USA. 543 

Marshall KE, Sinclair BJ. 2012. Threshold temperatures mediate the impact of reduced snow 544 

cover on overwintering freeze-tolerant caterpillars. Naturwissenschaften 99:33-41. 545 

Matthews A. 2010. Changes in fine-scale movement and foraging patterns of common wombats 546 

along a snow-depth gradient. Wildlife Research 37:175-182. 547 

Maurer J 2007. Atlas of the Cryosphere. National Snow and Ice Data Center. Digital media, 548 

Boulder, Colorado, USA. 549 

Mermod CP, Liberek M. 2002. The role of snowcover for European wildcat in Switzerland. 550 

Zeitschrift Fur Jagdwissenschaft 48:17-24. 551 

Milbau A, Shevtsova A, Osler N, Mooshammer M, Graae BJ. 2013. Plant community type and 552 

small-scale disturbances, but not altitude, influence the invasibility in subarctic 553 

ecosystems. New Phytologist 197:1002-1011. 554 

Mo L, Luo P, Mou CX, Yang H, Wang J, Wang ZY, Li YJ, Luo C, Li T, Zuo DD. 2018. Winter 555 

plant phenology in the alpine meadow on the eastern Qinghai-Tibetan Plateau. Annals of 556 

Botany 122:1033-1045. 557 



24 
 

Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group. 2009. Preferred reporting 558 

items for systematic reviews and meta-analyses: the PRISMA statement. PLoS Medicine 559 

6:e1000097. 560 

Mölders N, Walsh JE. 2004. Atmospheric response to soil-frost and snow in Alaska in March. 561 

Theoretical and Applied Climatology 77:77-105. 562 

Niittynen P, Heikkinen RK, Luoto M. 2018. Snow cover is a neglected driver of Arctic 563 

biodiversity loss. Nature Climate Change 8:997-1001. 564 

Nystuen KO, Evju M, Rusch GM, Graae BJ, Elde NE. 2014. Rodent population dynamics affect 565 

seedling recruitment in alpine habitats. Journal of Vegetation Science 25:1004-1014. 566 

Palacio S, Lenz A, Wipf S, Hoch G, Rixen C. 2015. Bud freezing resistance in alpine shrubs 567 

across snow depth gradients. Environmental and Experimental Botany 118:95-101. 568 

Pauli JN, Zuckerberg B, Whiteman JP, Porter W. 2013. The subnivium: a deteriorating seasonal 569 

refugium. Frontiers in Ecology and the Environment 11:260-267. 570 

Pebesma EJ, Bivand R. 2005. Classes and methods for spatial data in R. R News 5:https://cran.r-571 

project.org/doc/Rnews. 572 

Penczykowski RM, Connolly BM, Barton BT. 2017. Winter is changing: trophic interactions 573 

under altered snow regimes. Food Webs 13:80-91. 574 

Petty S, Zuckerberg B, Pauli JN. 2015. Winter conditions and land cover structure the 575 

subnivium, a seasonal refuge beneath the snow. PLoS ONE 10:e0127613. 576 

Pickering C, Byrne J. 2014. The benefits of publishing systematic quantitative literature reviews 577 

for PhD candidates and other early-career researchers. Higher Education Research and 578 

Development 33:534-548. 579 

Pruitt WO. 1970. Some ecological aspects of snow in Raup HM, editor. Ecology of the subarctic 580 

regions. UNESCO, Paris, France. 581 

Pullin AS, Stewart GB. 2006. Guidelines for systematic review in conservation and 582 

environmental management. Conservation Biology 20:1647-1656. 583 

https://cran.r-project.org/doc/Rnews
https://cran.r-project.org/doc/Rnews
https://cran.r-project.org/doc/Rnews


25 
 

R Core Team 2016. R: A language and environment for statistical computing. R Foundation for 584 

Satistical Computing, Vienna, Austria. URL: http://www.R-project.org/. 585 

Räisänen J. 2008. Warmer climate: less or more snow? Climate Dynamics 30:307-319. 586 

Roy BA, Güsewell S, Harte J. 2004. Response of plant pathogens and herbivores to a warming 587 

experiment. Ecology 85:2570-2581. 588 

Saarinen T, Rasmus S, Lundell R, Kauppinen OK, Hanninen H. 2016. Photosynthetic and 589 

phenological responses of dwarf shrubs to the depth and properties of snow. Oikos 590 

125:364-373. 591 

Saavedra FA, Kampf SK, Fassnacht SR, Sibold JS. 2017. A snow climatology of the Andes 592 

Mountains from MODIS snow cover data. International Journal of Climatology 37:1526-593 

1539. 594 

Sanecki G, Green K, Wood H, Lindenmayer D. 2006a. The characteristics and classification of 595 

Australian snow cover: an ecological perspective. Arctic, Antarctic, and Alpine Research 596 

38:429-435. 597 

Sanecki G, Green K, Wood H, Lindenmayer D. 2006b. The implications of snow-based 598 

recreation for small mammals in the subnivean space in south-east Australia. Biological 599 

Conservation 129:511-518. 600 

Sinclair BJ, Chown SL. 2005. Climatic variability and hemispheric differences in insect cold 601 

tolerance: support from southern Africa. Functional Ecology 19:214-221. 602 

Slatyer RA, Nash MA, Hoffmann AA. 2017. Measuring the effects of reduced snow cover on 603 

Australia's alpine arthropods. Austral Ecology 42:844-857. 604 

Steger C, Kotlarski S, Jonas S, C. 2013. Alpine snow cover in a changing climate: a regional 605 

climate model perspective. Climate Dynamics 41:735-754. 606 

Steltzer H, Landry C, Painter TH, Anderson J, Ayers E. 2009. Biological consequences of earlier 607 

snowmelt from desert dust deposition in alpine landscapes. Proceedings of the National 608 

Academy of Sciences 106:11629-11634. 609 

http://www.r-project.org/
http://www.r-project.org/


26 
 

Stocker TF, et al. 2013. Technical Summary in Stocker TF, Qin D, Plattner G-K, Tignor M, 610 

Allen SK, Boschung J, Nauels A, Xia Y, Bex V, and Midgley PM, editors. Climate 611 

Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 612 

Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 613 

University Press, Cambridge, UK. 614 

Sturm M, Holmgren J, Liston GE. 1995. A seasonal snow classification system for local and 615 

global applications. Journal of Climate 8:1261-1283. 616 

Sulkava P, Huhta V. 2003. Effects of hard frost and freeze-thaw cycles on decomposer 617 

communities and N mineralisation in boreal forest soil. Applied Soil Ecology 22:225-618 

239. 619 

Tan B, Wu FZ, Yang WQ, He XH. 2014. Snow removal alters soil microbial biomass and 620 

enzyme activity in a Tibetan alpine forest. Applied Soil Ecology 76:34-41. 621 

Taulavuori K, Bauer E, Taulavuori E. 2011. Overwintering stress of Vaccinium vitis-idaea in the 622 

absence of snow cover. Environmental and Experimental Botany 72:397-403. 623 

Tessier JT. 2017. Importance of depth in soil to corm survival in Erythronium americanum 624 

(Liliaceae). Rhodora 119:33-43. 625 

Vaughan DG, et al. 2013. Observations: Cryosphere in Stocker TF, Qin D, Plattner G-K, Tignor 626 

M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, and Midgley PM, editors. Climate 627 

Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 628 

Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 629 

University Press, Cambridge, UK. 630 

Vavrus S. 2007. The role of terrestrial snow cover in the climate system. Climate Dynamics 631 

29:73-88. 632 

Vrba ES. 2012. Reverse altitudinal cline in cold hardiness among Erebia butterflies. CryoLetters 633 

33:251-258. 634 

Walther GR, Post E, Convey P, Menzel A, Parmesan C, Beebee TJC, Fromentin JM, Hoegh-635 

Guldberg O, Bairlein F. 2002. Ecological response to recent climate change. Nature 636 

416:389-395. 637 



27 
 

Wickham H 2016. ggplot2: elegant graphics for data analysis. Springer-Verlag, NY, USA. 638 

Williams CM, Henry HAL, Sinclair BJ. 2015. Cold truths: how winter drives responses of 639 

terrestrial organisms to climate change. Biological Reviews 90:214-235. 640 

Wipf S, Rixen C. 2010. A review of snow manipulation experiments in Arctic and alpine tundra 641 

ecosystems. Polar Research 29:95-109. 642 

643 



28 
 

Supporting Information 644 

Appendix S1. Summary of studies identified via review searches. 645 

Appendix S2. Citation details for all studies included in the review. 646 

Appendix S3. Summary tables of responses of plants, mammals, and arthropods to reduced 647 

snow conditions. 648 

Data availability 649 

The full database of studies included in the review is available at: 10.6084/m9.figshare.4977998 650 
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Tables 651 

Table 1. Summary of location and study organism information for original research papers 652 

examining ecological effects of snow conditions. Percentages given are out of the total number 653 

of studies (365) and do not always add up to 100 as some studies covered multiple categories. 654 

Category Total  Category Total 

All papers 365    

     

Continent/region   Taxonomic/functional group  

    Europe 159 (44%)      Plant 241 (66%) 

    North America 149 (41%)          Small vascular plant 158 (43%) 

    Asia 40 (11%)          Shrub 72 (20%) 

    Australia 12 (3%)          Tree 40 (11%) 

    Oceania 6 (2%)          Bryophyte 21 (6%) 

    South America 0 (0%)      Animal 131 (36%) 

    Africa 0 (0%)          Mammal 76 (21%) 

           Arthropod 37 (10%) 

Climate zone           Bird 16 (4%) 

    Temperate alpine 157 (43%)          Fish 2 (1%) 

    Sub-arctic/boreal 112 (31%)          Reptile 1 (< 1%) 

    Temperate sub-alpine 61 (17%)          Amphibian 1 (< 1%) 

    Temperate forest 57 (16%)      Lichen 13 (4%) 

    Temperate grassland 37 (10%)      Fungi 7 (2%) 

    Sub-Antarctic 0 (0%)    

    Tropical alpine 0 (0%)    

  655 
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Table 2. Summary of methodological approaches used to study the ecological effects of snow 656 

conditions on plants and animals. Percentages given are out of the total number of studies (365) 657 

and do not always add up to 100 because some studies covered multiple categories. 658 

Category Total 

Type of study  

    Experimental 164 (45%) 

       Snow depth 114 (31%) 

       Snow duration 75 (21%) 

       Snow density 20 (5%) 

       Snow chemistry 4 (1%) 

    Observational 212 (58%) 

       Spatial variation 119 (33%) 

       Temporal variation 113 (31%) 

  

Timing of measurement  

    Summer 309 (85%) 

    Winter 71 (19%) 

       Snow-surface 59 (16%) 

       Intranivean 0 (0%) 

       Subnivean 17 (5%) 

 659 
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Figure legends 660 

Figure 1. Some potential effects of changing snow conditions on organisms in seasonally snow-661 

covered environments. Different colors are indicative of the type of effect (e.g. behavior, 662 

physiology, growth) that the change in snow condition might have. 663 

Figure 2. Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA: 664 

Moher et al. 2009) flowchart, outlining the process followed to compile the dataset used in the 665 

literature review; n = number of original research papers (studies). 666 

Figure 3. Distribution of study sites in relation to snow type and geography. Colors indicate 667 

different snow classifications according to Sturm et al. (1995) and studies included in the review 668 

are shown as orange circles. Snow classification data were obtained from the Atlas of the 669 

Cryosphere (Maurer 2007). Note some regions with seasonal snow, primarily in the southern 670 

hemisphere, do not have a classification according to the system of Sturm et al. (1995). 671 

Figure 4. Summary of responses of plants, mammals, and arthropods to changes in snow depth 672 

and the timing of snowmelt, based on a simple vote-counting procedure (see Methods). Response 673 

variables are on the left and responses are shown in relation to (a) reduced snow depth and (b) 674 

earlier snowmelt; numbers indicate the number of studies. Light blue shading indicates a higher 675 

value or an earlier occurrence (for autumn/spring phenology) in > 50% of studies; dark blue 676 

shading indicates a lower value or a later occurrence in > 50% of studies. Grey shading indicates 677 

no clear directional response; this could be due to different studies showing results in opposite 678 

directions, individual studies showing mixed results, or individual studies showing no effect of 679 

snow variation on the response variable. Unfilled boxes indicate no studies. 680 
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(a) Reduced snow depth (b) Earlier snowmelt

Community responses Plant Mammal Arthropod Plant Mammal Arthropod

Diversity, species richness 14 2 15 1 Response

Increased/advanced

Population responses Mixed

Growing season density, abundance, relative abundance 14 2 7 10 3 3 Decreased/delayed

Population growth rate 2 3 1 1 No data

Mortality, recruitment, and growth

Mortality, injury, damage 23 8 12 17 1 2

Germination/establishment/hatching success 6 1 3 7

Fecundity/number of progeny 17 3 1 16 4 1

Individual growth rate 17 1 2 24 1

Body mass, body size, total biomass 26 5 3 21 2

Phenology

Spring phenology 22 1 2 73 3 6

Autumn phenology 1 6 1

Phenological overlap (inter- or intra-specific) 4 2

Duration of growing season activity 2 13 1

Winter density, abundance, relative abundance 1 3
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