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Abstract. The cryosphere encompasses a wide range of habitats that support cold-adapted communities. Seasonal snow 10 

patches (SSPs) in lowlands are underexplored cryohabitats, characterised by a short persistence period (late winter–early 

spring) and the presence of trees around, in contrast to large vegetation-free high-mountain and polar ecosystems. To provide 

the first assessment of organisms from SSPs, we focused on invertebrate diversity and densities from 40 sites in the Baltic 

States in relation to physicochemical parameters (i.e., suspended solids, chlorophyll a, nutrients), microalgae, and surrounding 

landscape features (i.e., tree canopy cover). SSPs appeared to be an important spot for bdelloid rotifers (Bdelloidea), 15 

tardigrades (Tardigrada), and nematodes (Nematoda), which together accounted for 60–100 % of all invertebrates, reaching 

densities >7,000 ind∙m-2. Acari and Insecta were less abundant, whereas other invertebrates occurred only sporadically. The 

community was strongly determined by surroundings (trees), which supply snow ecosystems with organic and inorganic 

matter. Chlorophyll a, particulate phosphorus, total suspended solids and organic debris were strongest predictors of 

invertebrate distribution. The canopy cover also influenced invertebrate communities, highlighting the importance of the 20 

organic deposition from trees and also suggesting that trees may be a source of microscopic invertebrates to the snow. Results 

demonstrate the importance of SSPs as overlooked ephemeral habitats and can be used as a baseline for future changes in snow 

communities in temperate regions. 

1 Introduction 

Glaciers, snow, and sea ice, known as the cryosphere, shape the functioning of the Earth’s systems by providing multiple 25 

services spanning from regulation of albedo to delivery of nutrients downstream and shaping biodiversity (e.g., Hodson et al., 

2005; Domine, 2019; Bosson et al., 2023; Dong et al., 2023). But the cryosphere itself also supplies a range of habitats for 

cold-adapted biota – microbial communities and complex organisms (e.g., Anesio and Laybourn-Parry, 2012; Gobbi and 

Lencioni, 2020; Zawierucha et al., 2021). The cryospheric ecosystems, includingi.e., glaciers, snow fields, are biologically 

active during summer when temperatures rise and liquid water is available for activity and reproduction of cold -living 30 

organisms (Hodson et al., 2008). For example, glaciers host a variety of bacteria, phototrophs, and invertebrates inhabiting 

mostly supraglacial environments, i.e.e.g., located on the glacier surface, such as water-filled bodies known as cryoconite holes 
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(Zawierucha et al., 2015; Rozwalak et al., 2022; Pittino et al., 2023), or the spaces between ice crystals on the surface ice 

(Shain et al., 2016; Hotaling et al., 2019). Invertebrates on glacier surfaces represent higher levels of trophic chains, often are 

top consumers, with springtails (Collembola) dominating the surface ice, while tardigrades (Tardigrada) and rotifers (Rotifera: 35 

Bdelloidea) prevail in cryoconite holes (Zawierucha et al., 2018; Hotaling et al., 2020; Crosta et al., 2025; Dimattia et al. , 

2025). Nematodes (Nematoda), the most distributed group of microfauna in the world, are much less common on glaciers 

(Zawierucha et al., 2021; Devetter et al., 2025). Although glaciers are investigated in terms of biodiversity and ecology 

worldwide, other components of the cryosphere, like snow fields and snow patches, receive less attention.Although glaciers 

are investigated in terms of biodiversity and ecology worldwide, other components of the cryosphere receive less attention, 40 

the snow fields and snow patches are among the best examples. 

In mountains, Ssnow surface is known to host snow algae which bloom during the melting season, and change the colour of 

the surface, then trigger changes such as absorbing solar radiation, and shape the environment for bacteria, fungi and even 

invertebrates (Fiołka et al., 2020; Hoham and Remias, 2020; Procházková et al., 2024). Microalgae, the primary producers on 

the snow surface, are among the best recognised biotic components of snow (Lea, 2013; Segawa et al., 2018; Remias et al., 45 

2023), while invertebrates, top-consumers, are known to a lesser extent (Ono et al., 2021; 2022). This knowledge gap limits 

our understanding of the bio-albedo feedback, and recognition of the biodiversity and biomass, which may trigger further 

changes following snowmelt. To date, only a few recent studies have reported data on snow-dwelling microscopic invertebrates 

(microinvertebrates, microfauna), covering mountains in Slovakia (Hanzelová et al., 2018), Canada (Yakimovich et al., 2020), 

and a single mountainous locality in northern Japan (Ono et al., 2021; 2022; 2025; Ono and Takeuchi, 2025). In contrast, 50 

studies on larger invertebrates on snow have much longer history and larger geography (e.g., Brauer, 1871; Chapman, 1954; 

Hågvar, 2010; Valle et al., 2024). To date, only a few studies present data on snow microscopic invertebrates 

(microinvertebrates, microfauna) (Hanzelová et al., 2018; Yakimovich et al., 2020; Ono et al., 2021), in contrast to a long 

history of studies on larger invertebrates on snow (Brauer, 1871; Chapman, 1954; Hågvar, 2010; Valle et al., 2024). This gap 

is alarming, given the impacts of global warming on the rapid loss of cryospheric ecosystems, which are closely linked to 55 

changes in snowfall patterns and amounts (Krasting et al., 2013). Many glacier invertebrates seem to be glacier-dependent, 

and cannot survive without glacial environments (Zawierucha et al., 2019). Similar assumptions were presented for snow 

microinvertebrates, however, the knowledge on these animals is insufficient and restricted to a few mountainous sites (e.g., 

Ono et al., 2021; 2022; 2025) without data for seasonal snow in lowlands. Even though invertebrates which inhabit snow or 

ice are freeze-tolerant, survive freeze-thaw cycles and have the capacity to enter dormant stages and survive even millennia 60 

(Shmakova et al., 2021), they are poorly adapted to increasing temperatures and are, therefore, particularly vulnerable to the 

effects of global warming (Zawierucha et al., 2019; Zawierucha and Shain, 2019).   

Unlike the seasonal snow in mountains of Japan studied by (Ono et al., (2021; 2022; 2025;) Ono and Takeuchi 2025)in Japan, 

which persists from November to June, the last snow in lowlands of temperate lowland Europe typically vanishes by late 

March and usually does not have algal blooms. These patches of late snow cover, or seasonal snow patches (SSPs), represent 65 
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some of the most ephemeral and fragile components of the global cryosphere, and are particularly vulnerable to intensifying 

warming trends in Europe (Voigt et al., 2010; European Environment Agency, 2025).  

SSPs are confined to late winter and early spring in temperate climates, predominantly occurring in the sheltered places under 

the canopy of forested areas. The remaining SSPs exhibit characteristics similar to those of glacial habitats: the presence of a 

thin water film resulting from temperatures above zero and increased solar radiation, along with albedo-reducing dark 70 

materials. However, in contrast to snow in polar and many alpine ecosystems, in SSPs in lowland Europe these organic particles 

might be deposited by falling from trees. Collectively, these factors suggest that SSPs may provide conditions beneficial for 

cold-adapted microinvertebrates. Considering that comprehensive information regarding dominant groups, their abundances, 

and distribution patterns in SSPs is entirely lacking, here we address this knowledge gap. The absence of such data for lowlands 

in temperate climates prevents understanding the role of SSPs for fauna, other organisms and ecosystem function (Kivinen et 75 

al., 2012).  

The study provides an inventory of invertebrates, with a focus on poorly studied microfauna, inhabiting seasonal snow patches 

in the Baltic States, a representative lowland region of Europe with temperate climate. The aim of the study is was to evaluate 

how, and to what extent, these ephemeral habitats support diverse metazoan communities and to assess how the surrounding 

landscape (e.g., type of forests, trees and their canopies) influence the seeding of invertebrates onto the snow surface. We 80 

hypothesize that deposition of food sources (organic matter) from the surrounding, particularly forest canopies, on to snow 

surfaces supports the increase of microinvertebrate diversity and densities during early spring. Data obtained through a 

comprehensive approach, including biotic and abiotic variables on the surface of seasonal snow, will contribute to broader 

assessments of the potential loss of cryosphere habitats suitable for invertebrates in lowland regions. This study provides a 

background for the understanding the SSPs as a habitat, spot for invertebrate reproduction or a source of organic matter to 85 

forest floor after snow melt. 

2.Material and methods 

2.1 Study area 

Snow was collected in March 2023 and February–March 2024, in Lithuania, Latvia, and Estonia, at latitudes ranging from 

55.22° N to 59.00° N and at longitudes ranging from 24.59° E to 27.16°E. The elevation varied from 5 to 170 m above sea 90 

level (Fig. 1). The sampling dates were chosen following the principle of collecting the last SSPs (las snow of the season) and 

therefore differed across the Baltic States (i.e., end of February in Lithuania, March in Latvia and southern Estonia, end of 

March in central and northern Estonia).  

Snow-covered areas were selected in forests (mainly spruce, mixed spruce-birch, and pine-spruce-birch), in forest edges, and 

in shrubs. A total of 40 sites were sampled (Table S1), each site represented one SSP. The priority was given to older and more 95 

undisturbed SSPs (i.e., showing no visible signs of human or animal trampling, mechanical disturbance, or recent surface 
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disruption, and maintaining an intact snow surface) of different sizes (from less than 1 m2 to more than 200 m2). Dumps 

resulting from snow removal from forest roads and fresh, recently fallen snow were avoided. 
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Figure 1. Locations of sampling sites ## 1–40 in Lithuania, Latvia, and Estonia, 2023–2024 (a); SSPs at sampling sites # 11 (b), # 20 (c), 

and # 36 (d). For coordinates of sampling sites, see Table S1Sampling site locations in the Baltic States (a) and examples of the SSPs (b–d)   
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Figure 1. Sampling site locations in the Baltic States (a) and examples of the SSPs (b–d)   

 130 

2.2 Data collection  

From each site, snow was collected using an iron or plastic shovel and placed in a 20 L plastic bucket with a locking lid. Tree 

branches and large leaves were removed before sampling. Other organic debris (conifer needles, and organic particles 

originated from surroundings, such as small pieces of tree bark, wood, etc. smaller than 1 cm) were considered as a part of the 

habitat and taken with the snow. The limited snow thickness did not allow for the sampling of distinct layers, as described in 135 

Ono et al. (2025) and Ono and Takeuchi (2025), therefore only upper layer (2–3 cm of depth) was collected. However, the 

thickness of each SSP exceeded 5 cm, thereby avoiding the snow-soil interface.We collected only the upper layer of SSP (2–

4 cm of depth), taking the maximum possible area of the snow, until the whole SSP was sampled or, in cases of larger patches, 

until bucket became full. The sampling was performed following the principle of taking the maximum possible area of the 

snow, until the whole SSP was sampled or, in cases of larger patches, until bucket became full. Due to the varying density and 140 

structure of the snow, the final volumes placed in buckets differed, ranging from 7.3 L to 13.1 L between sampling sites. The 

sampled area varied from 0.34 m2 to 2.8 m2. To analyse the composition and biomass of microalgae (potential food resource 

for rotifers and other microinvertebrates), a small portion of the collected snow from each SSP was placed in a 50 mL Falcon 

tube and fixed after melting with acetic Lugol’s solution in a proportion of 0.5 mL solution per 100 mL sample. 

At each site, we recorded surrounding landscape features that could potentially influence the densities of invertebrates on the 145 

snow surface. We measured the distance from the sampled area to the nearest large tree (diameter > 10 cm) as well as the total 

number of trees of any size and shrubs in close proximity to the sampled area (within a 1 m radius of its edges).  

All sampling sites were photographed and georeferenced. Additionally, one photo was taken from the middle of the sampled 

area at a height of 1 m above the ground surface vertically upwards and towards the sky to assess how the area was covered 

by canopies of the trees (Fig. 2). The total area of the snow collected for the sample was measured, as well as the total area of 150 

the SSP. 
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Figure 2. Sampling sites # 16 (a), # 22 (b), and # 36 (c) representing different level of canopy cover: 5 %, 24 %, and 58 %, respectively. For 

coordinates of sampling sites, see Table S1Figure 2. Canopy cover at sampling sites ##16 (a), 22 (b), 36 (c) 

 155 

2.3 Sample processing 

To avoid heat shock, snow samples were melted slowly by placing buckets containing snow in a +5° C room for 2–3 days. 

After complete melting, the meltwater, together with organic particles collected with snow, was measured by volume, gently 

mixed and subsampled for different analyses. Approximately 4–6 L were taken for chemical and nutrient analysis, while the 

remaining meltwater (approximately 3–7 L) was used for analyses of invertebrate densities. 160 

2.3.1 Nutrients and chemical parameters 

pH and conductivity were measured immediately after melting using the multiparameter probe WTW Multi 9630 IDS. 

Additionally, alkalinity was measured by the titration method (American Public Health Association, 2005) before filtration 

through Whatman GF/F (0.7 µm pore size) filters.  

In all melted samples dissolved (NO2
-, NO3

-, NH4
+, TDN) and total nitrogen (TN), dissolved inorganic and total dissolved 165 

phosphorus (DIP, TDP),  and total phosphorus (TP), organic carbon (Corg), total suspended matter solid (TSS), and chlorophyll 

a (Chl-a) concentrations were measured. Aliquots for DIP, NO2
-, NO3

-, NH4
+, TDN and TDP measurements were immediately 

filtered through Whatman GF/F (0.7µm pore size), while unfiltered water samples were used for TP and TN measurements. 

For Corg, Chl-a and TSS, snow water samples were filtered on the Whatman GF/F (0.7 µm pore size), and the filters were 

frozen for later analysis. For Corg and TSS measurements, filters were precombusted at 550° C for 4 hours.  170 

Spectrophotometric methods were used for analysis of nutrients: NO2
- (International Organisation for Standardisation, 1999), 

NH4
+ (International Organisation for Standardisation, 198498), DIP, TDP and TP (International Organisation for 

Standardisation, 2004), and Corg (International Organisation for Standardisation, 1995). NO3
-, TDN and TN were measured 

spectrophotometrically by recording spectra and calculating the second derivative according to Ferree and Shannon (2001). 

Particulate nitrogen (PN) and phosphorus (PP) were calculated by subtracting the total form from the total dissolved form. 175 

Filters for total suspended solids were dried at 60° C for 24 hours and particulate weight per L was calculated.  

Pigment concentrations were determined spectrophotometrically. Chl-a concentration was estimated using the trichromatic 

method of Jeffrey and Humphrey (1975). 

2.3.2 Abundance and biomass of microalgae 

The composition of the microalgal communities was analyzed under an inverted microscope (LEICA DMI 3000, Leica 180 

Microsystems) at magnifications of 400×, according to the method described by Utermöhl (1958). According to European 

Committee for Standardization recommendations (2006), the abundance of microalgae (counts L -1) was calculated by 

multiplying the number of units counted with the coefficient C (dm3), calculated using Eq. (1): 
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𝐶 =  
(𝐴×1000)

(𝑁×𝑎×𝑉)
,                                                                                                                                                                           (1) 185 

 

where A is the cross-section area of the top cylinder of the combined sedimentation chamber (the usual inner diameter is 25.0 

mm, giving A= 491 mm2), N is the number of counted fields or transects, a is the area of single field or transect, and V is the 

volume (cm3) of sedimented aliquot. 

The biomass of microalgae (mg L-1) was calculated by the allocation of algal species (genus) to size classes according to the 190 

scheme of Olenina et al. (2006) and updated appendix available at ICES website 

(https://www.ices.dk/data/vocabularies/Pages/default.aspx). The biomass of microalgae (mg L-1) was calculated based on Eq. 

(2), as recommended by HELCOM (2021): 

 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 = 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒 × 𝑉𝐶𝑈 × 10−6,                                                                                                                                 (2) 195 

 

where VCU is the volume of the counting unit (μg).The preserved samples were analyzed under an inverted microscope 

(LEICA DMI 3000, Leica Microsystems) at magnifications of 400×. Identification and enumeration of microalgae were 

performed following the Utermöhl technique (Utermöhl, 1958), in accordance with HELCOM guidelines (HELCOM, 2021). 

The biomass of the microalgae  (mg L⁻¹) was estimated following Olenina et al. (2006) by multiplying cell abundances by the 200 

mean cell volume of each species, assuming a density equivalent to 1 g mL⁻¹. 

2.3.3 Invertebrate extraction 

Water after melting was filtered using a limnological or similar net with a 50 µm mesh size. The filtered residue with 

invertebrates was removed from the net with a spatula and tweezers and placed in 50 mL plastic Falcon tubes (2–5 per sampling 

site, depending on how many particles there were on it). Tubes with concentrated samples were stored in –20° C until 205 

processing. 

To analyse the taxonomic composition and abundances of snow invertebrates, contents of tubes were slowly refrozen at +5 – 

+7° C and placed in Petri dishes with a gridded bottom. Sorting, counting and isolation of invertebrate individuals were 

conducted using dissection microscopy (stereomicroscope Olympus SZ61 with bottom illumination and magnification of x6.7–

45).  210 

2.4 Data analysis 

Invertebrate abundances densities obtained from the part of the sample were recalculated to the whole volume of the sample 

and then expressed in number of individuals per one square meter (ind m-2) and per one liter (ind L-1). 
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To explain the invertebrate presence and their distributional patterns on the snow we used all recorded and measured 

environmental variables (Table 1).  215 

Since the development of invertebrates on the seasonal snow may be fostered by surrounding trees and particularly their 

canopies, we focused on characteristics describing the degree of forest cover in the immediate vicinity of each snow patch. We 

identified the following elements of the surrounding landscape as the most relevant: i) distance to the nearest large tree/trees, 

ii) number of trees and shrubs within a 1 m radius from the edges of the sampled area, and iii) canopy cover (shadiness of 

sampled area). To quantify the latter, we calculated the proportion of tree canopies and trunks visible in upward-facing 220 

photographs taken from the centre of each sampled area, using object selection tools and colour histogram analysis in the 

Adobe Photoshop program. The canopy cover was expressed in percentages: 0 % – totally open area with no canopies above, 

100 % – area completely covered by canopies.  

Organic debris mass was considered as a factor, which is likely influenced by the surrounding landscape (the rate of material 

deposition from trees). Although it was impossible to determine the age of each snow patch, the presence of organic debris 225 

was used as an indicator of the longer existence of the patch (due to the longer accumulation of debris over time). Additionally, 

organic debris mass was considered a factor influenced by both the surrounding landscape (the rate of material deposition from 

trees) and snow patch age (accumulation of debris over time). To quantify organic debris mass, all particulate matter (conifer 

needles, leaves, wood fragments and bark, etc.) was carefully separated from each sample after analysis of invertebrates and 

dried at room temperature and then weighed to the nearest 0.01 g using laboratory scales.   230 

 

Table 1. Environmental variables used for explaining the patterns of distribution of invertebrates in SSPs 

# Variables Description Unit of 

measurement 

 Surrounding characteristics   

1 Distance to trees Distance from the sampled area to the closest large tree (more than 10 cm of trunk 

diameter) 

m 

2 Tree density Number of trees and shrubs within 1 m of the sampled area number of trees 

3 Canopy cover The degree of shading of the sampled area by surrounding trees (canopies, trunks, 

branches) 

% 

4 Organic debris Total weight of fallen from trees macroscopic debris and particles (conifer 

needles, small leaves, pieces of wood and tree bark, etc.) laying on the sampled 

area 

g m-1g 

    

  

Microalgae 

  

5 Cyanophyceae biomass  Biomass of all Cyanophyceae spp. found in snow mg ·L-1 

6 Chlorophyceae biomass Biomass of all Chlorophyceae spp. found in snow mg ·L-1 

    

 Nutrients and chemical parameters   

7 pH pH value in the snow sample - 
8 Conductivity Conductivity of the snow μµS ·cm-1 

9 TSS total Dry-weight of suspended solids in the snow sample mg ·L-1 

10 TDP Dissolved phosphorus concentration in the snow sample mg ·L-1 
11 PP Particulate phosphorus in the snow sample mg ·L-1 

12 TDN Dissolved inorganic nitrogen (NO3
-, NO2

-, NH4
+) concentration in the snow sample mg ·L-1 

13 PN Particulate nitrogen in the snow sample mg ·L-1 

14 Corg Organic carbon content in the snow sample % 

15 Chl-a Concentration of chlorophyll a in the snow sample µμg ·L-1 
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When estimating the biomass of the microalgae, the most abundant algal classes were considered separately. Nutrient 

composition and chemical parameters were assessed in three replicates per sample, and mean values were subsequently 235 

calculated. 

All plots and statistical analyses (Kruskal Wallis test, Spearman correlation, transformation-based redundancy ordination 

analysis) were performed in R using R Studio environment and following packages: ‘vegan’ v2.5-7 (Oksanen et al., 2020), 

‘ggplot2’ v3.5.1 (Wickham, 2016), and ‘Hmisc’ v4.7-1 (Harrel, 2022). 

3 Results 240 

3.1 Characteristics of the sites 

Characteristics of the SSPs and its surrounding environment varied significantly. The distance from the SSP edge to the nearest 

large tree ranged from 0.03 to 20 m, with more than half of the sites (n = 26) located closer than 1 m. The maximum number 

of any trees within a 1 m radius was 19, while four SSPs were not surrounded by any trees or shrubs. Canopy cover, another 

parameter describing the degree of forest cover for each SSP, ranged from 0.4 % to 69.8 %. Since no significant correlations 245 

were found between three aforementioned environmental variables, they can be treated as independent variables in subsequent 

analyses. At the same time, the number and cover of trees around the snow influenced the surface accumulation of organic 

debris, whose mass ranged substantially (0.015–5.81 g m-1). A negative correlation between organic debris mass and distance 

to the nearest large tree (Rs = –0.44; p = 0.0115) was observed as well as positive correlation between organic debris mass and 

canopy cover (Rs = 0.45; p = 0.0102). 250 

All data on environmental variables are given in Table S2. 

3.2 Biomass of microalgae in SSP 

As expected, no algal blooms were observed. Two main groups of autotrophic microorganisms were identified in SSP: 

cyanobacteria (Cyanophyceae) and green algae (Chlorophyceae), which were present in 97 % and 100 % of the analysed 

samples, respectively (Table S2). All cyanobacteria belonged to the genus Chroococcus, with abundances ranging from 255 

50.8·103 to 2,408.3·103 counts L-1 and biomass values ranging from 0.003 to 0.349 mg L⁻¹. Green algae, represented by 

Chloromonas spp., exhibited higher abundances and biomass levels, ranging from 49.9·103 to 13,149.8·103 counts L-1 and 

from 0.012 to 3.347 mg L⁻¹, respectivelyfrom 0.012 to 3.347 mg L⁻¹. Cryptophytes (Cryptomonas, Cryptophyceae) were 

recorded in only one sample, at low biomass (0.003 mg L⁻¹). 

3.3 Nutrients and chemical parameters in SSP  260 

The environmental variables in SSP exhibited moderate variation across the studied samples (Table S2). The pH ranged from 

5.40 to 6.62, indicating slightly acidic conditions. Conductivity values varied between 3.9 and 30.7 µS cm⁻¹, reflecting 
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generally low mineralization, and total suspended solids (TSS) showed a wide range from 36.5 to 1,376.7 mg L⁻¹. TDP was 

low, ranging from 0.005 to 0.050 mg L⁻¹, whilst PP was higher, varying from 0.035 to 0.330 mg L⁻¹. TDN ranged between 

0.139 and 0.512 mg L⁻¹. PN showed the widest variation, from 0.471 to 2.902 mg L⁻¹. Corg ranged from 16.4 % to 55.9 %, 265 

indicating moderate to high organic content in the studied SSPs.  

3.4 Invertebrates in SSP: overview of taxonomy 

Invertebrates were found in all snow patches, with five phyla recorded: rotifers (Rotifera), nematodes (Nematoda), tardigrades 

(Tardigrada), arthropods (Arthropoda), and annelids (Annelida). Rotifers were represented only by bdelloids (subclass 

Bdelloidea) and were recorded at every site (Table 2). At 18 sites they accounted for more than 50 % of all invertebrates, and 270 

at one site they were the only taxon recorded. Other dominant taxa in SSPs were tardigrades and mites (Acari), both found at 

38 sites, and nematodes, recorded at 36 of the 40 sites. 

Among arthropods, in addition to mites, the most widespread groups were insects belonging to the orders Hymenoptera, 

Coleoptera, Hemiptera, and Diptera (chironomid larvae). Springtails (Collembola) were present at 32.5 % of the sites, and 

spiders (Araneae) at 25 %. Other arthropods occurred in only a few SSPs: diplurans (Diplura) and proturans (Protura) at two 275 

sites each, and centipedes (Chilopoda) and harvestmen (Opiliones) at one site each. Annelids were represented by oligochaetes 

(Oligochaeta), recorded in two SSPs. 

All densities for invertebrates in SSPs are provided in Table S3. 

Table 2. Invertebrates in SSPs and their frequencies of occurrence (%) 

Taxa Occurrence 

frequency, % 

Rotifera 100 

Tardigrada 95 
Acari 95 

Nematoda 90 

Insecta 70 

Collembola 32.5 

Araneae 25 
Diplura 5 

Oligochaeta 5 

Protura 5 
Сhilopoda 2.5 

Opiliones 2.5 

 280 

3.5 Main abundance patterns of invertebrates in SSP 

The total density of snow invertebrates was 653 ± 1,240 ind m⁻² (n = 40), ranging from 17 to 7,188 ind m⁻², with bdelloid 

rotifers being the most abundant taxon (347 ± 722  ind m⁻²), followed by nematodes (131 ± 297  ind m⁻²) and tardigrades (129 

± 231  ind m⁻²) (Fig. 3).The total density of snow invertebrates ranged from 17 to 7,188 ind m⁻², with bdelloid rotifers being 

the most abundant taxon (10–4,338 ind m⁻²), followed by nematodes (1–1,438 ind m⁻²) and tardigrades (8–1,238 ind m⁻²) (Fig. 285 

3). These three groups of microscopic invertebrates accounted for the majority of all metazoans, comprising 87 ± 12.1 % of 
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the total abundance. Although mites were widely distributed, their densities were comparatively low, reaching a maximum of 

213 ind m⁻², which was less than that of insects (264 ind m⁻²). Only in two low-density samples mites constitute a substantial 

proportion of the community – 43 % and 46 %, respectively (however, some specimens were destroyed, likely not active on 

snow). All other taxa were less abundant, with densities below 10 ind m⁻², contributing up to 12 % of total individuals at most. 290 
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Figure 3. Density (ind m-2 of snow) of all invertebrates in SSPs (n = 40). Boxes show interquartile ranges; box horizontal midlines 

are medians; whiskers are maxima and minima; black dots represent outliers 310 

 

Possible relationships between invertebrates and microalgae were estimated for taxa presumed to depend on microalgae or 

cyanobacteria as a food source. The analysis revealed moderate weak positive correlations between the biomass of 

cyanobacteria and rotifers (Rs = 0.48; p = 0.0053), as well as between cyanobacteria and tardigrades (Rs = 0.49; p = 0.0037) 

(Fig. 4). Neither significant correlations were detected between nematodes and cyanobacteria, nor between mites and 315 

cyanobacteria. No correlations were observed between any of the taxa and green algae biomass. 
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Figure 4. Density (grey bars, ind m-2 of snow) of rotifers (top left), tardigrades (bottom left), nematodes (top right) and mites (bottom 

right) in SSPs (n = 40) in relation to the biomass of green algae (green circles) and cyanobacteria (blue circles) 

 

 

Considering the most abundant invertebrate groups (rotifers, nematodes, tardigrades, mites, insects), a slight increase in density 350 

was observed in SSPs located within coniferous and mixed forests compared to those located at deciduous forests and shrubs 

(Fig. 5). In the latter type of habitats, rotifer densities reached up to 350 ind m⁻², while most of the other invertebrates generally 

occurred at densities below 100 ind m⁻². Springtails were recorded only once on the snow in the deciduous forests. In contrast, 
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SSPs located in mixed forests exhibited substantially higher densities of all groups, with rotifers exceeding 1,000 ind m⁻² in 

several sites (e.g., 4,338 ind m⁻² at site 8), along with nematodes (up to 1,438 ind m⁻²) and tardigrades (up to 1,238 ind m⁻²). 355 

Comparable values were also recorded in coniferous forests (e.g., site 5 with a density of rotifers 1,496 ind m⁻²). Mite and 

insect densities in both mixed and coniferous forests were an order of magnitude higher than those observed in deciduous 

forests (e.g., 264 ind m⁻² for insects at site 5), springtails were also more abundant. However, none of the differences in 

densities among SSPs from different habitat types were statistically significant. 

 360 
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Figure 5. Density (ind m-2 of snow) of the most distributed invertebrate taxa (from top to bottom – Rotifera,  Tardigrada, Nematoda, 380 
Acari, Insecta) in SSPs (n = 40) for different types of forest. Sites are shown in the order of increasing canopy cover (%, black dots).  
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Figure 5. Density (ind m-2 of snow) of the most distributed invertebrate taxa (from top to bottom – Rotifera, Nematoda, Tardigrada, Acari, 

Insecta) in SSPs (n = 40) for different types of forest. Sites are shown in the order of increasing canopy cover (%, black dots).  390 

Invertebrate densities were compared with canopy cover, which is considered one of the key predictors of animal distribution 

(Fig. 5). A moderate positive correlation was detected for rotifers (Rs = 0.38; p = 0.02), tardigrades (Rs = 0.46; p = 0.003), and 

insects (Rs = 0.39; p = 0.016). However, the strength of invertebrate–canopy relationships varied among forest types. The 

strongest correlations were observed for rotifers and insects in deciduous forests, despite the low number of sites (Rs = 0.96; 

p < 0.001 and Rs = 0.94; p = 0.047, respectively). In contrast, correlations in coniferous and mixed forests were weak or not 395 

statistically significant. 
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 410 

 

 

Figure 6. Distance-based redundancy analysis (tbRDA) showing relationships between invertebrate taxa (response variables, red 

arrows) and environmental variables (explanatory variables, black arrows; see Table 1).  

The direction of arrows indicates the direction of relationships: angles between arrows reflect correlations among variables, with 415 
smaller angles indicating positive relationships and opposite directions indicating negative relationships. Solid black arrows indicate 

environmental variables that significantly explain variation in community composition (Monte Carlo permutation test, p < 0.05), 

dashed arrows represent non-significant variables (p > 0.05).  

Sites (n = 32) are shown as grey numbers.  



15 

 

Response variables: Aca – Acari, Ara – Araneae, Col – Collembola, Ins – Insecta, Nem – Nematoda, Rot – Rotifera, Tar – 420 
Tardigrada. Explanatory variables: CC – canopy cover, CHA – chlorophyll a, CHL – Chlorophyceae biomass, CON – conductivity, 

CORG – organic carbon, CYA – Cyanophyceae biomass, DEN – tree density, DIS – distance to trees, OD – organic debris 

tbRDA analysis of invertebrate taxa (response variables, red arrows) with respect to all environmental variables (explanatory 

variables, black arrows – see Table 1). Solid black arrows represent significant variables (Monte Carlo test: p < 0.05); dashed 

lines – non-significant (Monte Carlo test: p > 0.05). Aca – Acari, Ara – Araneae, Col – Collembola, Ins – Insecta, Nem – 425 

Nematoda, Rot – Rotifera, Tar – Tardigrada, CC – Canopy cover, CHA – Chl-a, CHL – Chlorophyceae biomass, CON – 

Conductivity, CORG – Corg, CYA – Cyanophyceae biomass, DEN – tree density, DIS – distance to trees, OD – organic debris. 

Sites (n = 32) are shown in grey numbers. 

 

3.6 Invertebrates in SSP respecting environmental variables 430 

Transformation-based redundancy analysis (tbRDA, scaling type II) was performed for 32 sampling sites (## 9–40), for which 

all environmental variables were available. All these sites were sampled in second year of research (2024). The density of the 

invertebrates in SSPs is strongly determined by environmental variables, which contribute 63.4 % of the variation (tbRDA, 

scaling type II – Fig. 6). The first two axes explain 55.9% of the entire variation and 88.3 % of the constrained variation. The 

results of the tbRDA analysis were statistically significant (permutation test: F15 = 1.84, p = 0.026). Canopy cover appears to 435 

explain only 5.5 % of the variation (p = 0.001). The most important factors were Chl-a concentration (20.6 %, p = 0.001), TSS 

(16.5 % of the variation, p = 0.001), organic debris (11.5 %, p = 0.001), and PP (13.6 %, p = 0.001). pH, density of the trees, 

and Corg were not significant. Other variables were statistically significant, however had a minor or almost no contribution 

(e.g., conductivity – 1.6 %, TDP – 0.5 %).  

Correlations with environmental factors varied among taxa. Rotifers showed the strongest associations with canopy cover, 440 

TSS and cyanobacteria, similar to insects and springtails. Tardigrades were positively associated with PN, organic debris  and 

PP, nematodes and mites – with dissolved nutrients (TDP and TDN). 

4 Discussion 

The presence of microinvertebrates in snow reflects their broad global occurrence and near-ubiquitous distribution in almost 

all available limno-terrestrial habitats, especially among rotifers (Ricci, 1987; Fontaneto et al., 2006; 2007) and tardigrades 445 

(Ramazzotti and Maucci, 1983; Schill, 2018). Their ability to colonise new environments is enhanced by ability to survive, 

passive aeolian transport, hydrochory, and zoochory (Bertolani et al., 1990; Fontaneto, 2019; Robertson et al., 2020; Giannetti 

et al., 2025). However, recent data on the global distribution of some tardigrade species support the assumption of everything 

is everywhere but environment select (Morek et al., 2021; Zawierucha et al., 2023a). Some of the tardigrades or rotifers need 

a specific habitat for surviving and reproduction and can be regarded as cold-tolerant species or psychrophiles (Shain et al., 450 

2024). Both taxa are commonly found in glacial habitats (Shain et el., 2016; Zawierucha et al., 2018; 2021; 2023b; Dimattia 
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et al., 2025), while rotifers have also been recorded in the snow in the Antarctic (Murray, 1910). In the seasonal snow at the 

mountains of Japan, tardigrades and rotifers were found, some of them likely reproduce on snow and are cold-adapted species 

(Ono et al., 2021). This observation indicates that microfauna is linked with permanent cryosphere and its long evolutionary 

history, but also inhabits transient cold environments, which are similar in conditions but persist temporarily. In this context, 455 

SSPs in lowland Europe can be considered as cryohabitats at the margin, characterized by shorter persistence, yet still 

supporting microinvertebrate communities.  

Apart from rotifers and tardigrades, SSPs also harbour large numbers of nematodes, the third major group of 

microinvertebrates. Nematodes frequently co-exist with the former two taxa in many types of habitats but are generally absent 

from permanent cryospheric environments. Their absence from cryoconite holes, with some exceptions, is likely due to a 460 

combination of nutrient limitation, rapid fluctuations in oxygen availability and other environmental factors (Zawierucha et 

al., 2021; Devetter et al., 2025).  The presence of nematodes in SSPs, therefore, suggests that these habitats provide distinct 

environmental conditions that support taxonomically richer microfaunal communities.  

Among the larger invertebrates recorded in the SSPs, collembolans and spiders were the most expected taxa, as they are typical 

inhabitants of winter and spring snow cover, e.g., in Fennoscandia (Hågvar, 2010). However, in the present study, the dominant 465 

arthropods were mites, followed by insects. The lack of information about mites from snow could be related to their small size 

and small number of experts on the diversity and ecology of this diverse arthropod’s group. Mites are ubiquitous in terrestrial 

ecosystems; however, they are not common in cryospheric environments and their role on snow requires more studies in future. 

Other groups, such as Chilopoda, Diplura, Opiliones and Protura, were present in smaller numbers. This unusual taxonomic 

structure of arthropods in SSP may reflect the specific characteristics of the studied habitats, particularly the much shorter 470 

duration of seasonal snow cover and the lower elevation compared with Fennoscandia. One of the most remarkable findings 

among the larger invertebrates was the presence of Diptera larvae, indicating that at least some insect species may be capable 

of reproduction under these environmental conditions. Chironomids (Diamesinae and others) represent one of the most 

widespread groups of insects inhabiting snow surfaces (Hågvar and Krzemińska, 2008; Hågvar, 2010 and others), including 

in lowlands (Soszyńska-Maj et al., 2016). However, in the SSPs, representatives of the orders Coleoptera, Hymenoptera, and 475 

Hemiptera were neither less frequent nor less abundant than non-biting midges. In contrast, Mecoptera, Plecoptera and 

Trichoptera, taxa commonly reported from the snow habitats (Bouchard et al., 2009; Hågvar, 2010; Soszyńska-Maj et al., 

2016), were not found. Since many specimens were destroyed or in poor condition, our results on adult flying insects in SSPs 

should be regarded as preliminary, likely reflecting occasional occurrences rather than stable snow-associated assemblages. 

Similarly, other taxa of larger invertebrate taxa recorded in SSP in low numbers (diplurans, proturans, spiders, harvestmen) 480 

may represent fortuitous findings. In addition, some insects and other arthropods may have been underrepresented due to their 

ability to actively avoid sampling by leaving the area in response to human approach. In contrast, the more abundant and 

widely represented small metazoans (rotifers, tardigrades, nematodes and mites) can be considered as true snow inhabitants in 

European lowlands. Considering their numbers and different instars, some of these animals are adapted to snow conditions 

and benefit from them.  485 



17 

 

The very short persistence of SSPs appears inconsistent with the high abundances that these SSP-dwelling invertebrates can 

reach. As shown in the results, total microinvertebrate densities exceeded 1,000 ind m⁻² in several of the snow patches 

examined. Comparing these numbers, expressed per litre values, with the densities of invertebrates from ice or snow surfaces 

gives controversial results. In the snow in the mountains of Japan (Ono et al., 2021), the density of both tardigrades and rotifers 

exceeded those in SSPs by an order of magnitude, but only within visibly coloured patches associated with algal blooms. In 490 

contrast, “clean” snow from the same region contained tardigrade densities comparable to those found in SSPs and even lower 

numbers of rotifers. Similarly, rotifers, tardigrades, and nematodes were more abundant in studied SSPs (reaching more than 

400, 100, and 170 ind L-1, respectively) than on glaciers, where maximum reported values are approximately 40 ind L⁻¹ for 

tardigrades and 3–4 ind L⁻¹ for both rotifers and nematodes (Shain et al., 2021). Densities of bdelloid rotifers recorded on the 

ice surface of polar glaciers in Iceland (Shain et al., 2016) were also lower (1–100 ind L-1) than in SSPs. In Arctic cryoconite 495 

densities of tardigrades in cryoconite holes reach 82 ind. per cm2 (820 000 per m2), however cryoconite is characterised be by 

lower number of competitors (nematodes, mites) and higher biomass of potential food, i.e., algae and cyanobacteria 

(Jaroměřská et al., 2025). In the Antarctic, permanent snow described as ‘water-melon snow’, obviously contained large 

densities of pigmentated rotifer individuals (Murray, 1910). However, this work did not include quantitative data or an 

explanation of the phenomenon.  500 

In this regard, the microfauna in SSP can be viewed as a cryophilic community in a transitional state: more developed, diverse, 

and abundant than those in many glacial systems, yet less abundant than communities in snow with algal blooms. This 

intermediate status is likely arising from the specific conditions of seasonal snow patches, which lack pronounced algal blooms 

but are nevertheless suitable for living. Microalgae belonging to Chloromonas and cyanobacteria belonging to Chroococcus 

were found at each site of early spring snow. First taxon was more abundant in SSPs; however, its numbers were much lower 505 

than in mountain snow across the world (e.g., Procházková et al., 2020). UHowever, unlike rotifers and tardigrades in the long-

living seasonal snow of Japanese mountains (Ono et al., 2021; 2025), both taxa in SSP showed little dependence on microalgal 

or cyanobacterial cell concentrations, exhibiting only weak positive correlations with cyanobacteria and no correlation with 

green algae (Fig. 4). Notably, high numbers of microinvertebrates in SSPs were recorded in the upper snow layer, whereas 

Ono et al. (2025) reported increasing densities of both rotifers and tardigrades in the subsurface layer of snowpacks in the 510 

mountains of Japan. The latter, however, represents a system fundamentally different from SSPs due to its larger thickness and 

longer persistence – until late spring, which at these latitudes (around 44 N) is characterised by high solar radiation (up to 800 

W m-2) and ambient temperature exceeding 20 °C. Under such conditions, microinvertebrates and all motile microbes tend to 

migrate 10–20 cm below the surface during the day (Ono and Takeuchi, 2025). In contrast, all SSPs sampled in the Baltic 

states did not reach sufficient thickness to allow investigation of microfaunal densities across different layers. Moreover, they 515 

disappear much earlier in the season and hence not exposed to intense solar radiation. This suggests that microfaunal densities 

observed in the surface layer of SSPs provide a representative estimate of their distribution.In the laboratory conditions 

tardigrades are often cultured by using representatives of Chlorophyceae (Kosztyła et al., 2016; Bryndová et al., 2020). On 

glaciers, the biomass of tardigrades is negatively correlated with the biomass of green algae, which suggests top-down control 

Formatted: Font color: Auto

Formatted: Font color: Auto

Formatted: Font color: Auto



18 

 

(Jaroměřská et al., 2025). Thus, negative correlations between some groups of invertebrates and green algae or cyanobacteria 520 

may also indicate top-down control.  

In an attempt to explain the observed densities of invertebrates under the conditions without algal blooms, we focused on the 

surrounding landscape. Thus, We observed a slight tendency for invertebrate abundances to increase in more shaded and 

sheltered locations, e.g., more forested areas (Fig. 5). The surrounding extensive and dense vegetation, ranging from shrubs to 

evergreen conifers with large canopies, appears to be another major environmental characteristic that distinguishes SSPs from 525 

the cryohabitats in polar and alpine snow and ice. Ono et al. (2025) highlighted the role of trees as a source of nutrients essential 

for primary producers in underlaying snow ecosystems. Our results extend this concept to snow ecosystems lacking algal 

blooms, indicating that invertebrate communities can develop using an alternative source of organic matter: allochthonous 

inputs derived from surrounding vegetation.Our results indicate that, in the absence of algal blooms, invertebrate communities 

can develop using an alternative source of organic matter: allochthonous inputs derived from surrounding vegetation.  As 530 

identified in ordination analysis (Fig. 6), the canopy cover, or the degree of shadiness of the area, influences on the invertebrate 

distribution, but tree density and proximity of tree trunks do not. These results suggest that the microfauna in SSP is shaped 

predominantly by the vertical structure of the surrounding landscape rather than by the horizontal structure, meaning the 

primary role of precipitation-like inputs of organic and mineral material onto the snow surface. Moreover, the most affecting 

variables are likely linked to processes of deposition from the canopies. For example, Chl-a showed only a weak relationship 535 

with green algae or cyanobacteria, neither of which contributed to the variation observed in snow-dwelling invertebrates. This 

suggests that the chlorophyll quantified after extraction from snow samples likely originates from microscopic plant fragments 

rather than active algal growth, supporting the importance of external inputs from the above-growing vegetation. Fine organic 

or mineral particles, which are also positively associated with invertebrate distribution (see PP, TSS, and conductivity variables 

in the Fig. 6), originate from the close surrounding and – obviously to a lesser extent – due to atmospheric inputs. Another 540 

important variable, organic debris (needles, etc.) obviously emerges from trees growing above and accumulates on the snow 

surface. Seasonal snow in lowland forested landscapes may therefore function as boundary cryohabitats influenced by 

surrounding vegetation, where invertebrate communities are sustained primarily by externally derived organic inputs rather 

than by in situ primary production. Consequently, invertebrates on SSPs can feed on diverse food sources, including 

microalgae, but more likely on deposited organic particles, and heterotrophic bacteria and fungi, which decompose organic 545 

matter. Indeed, fungi and heterotrophic bacteria are part of the tardigrade diet on glaciers (Zawierucha et al., 2022). 

Regarding the origin of microfauna itself on the snow surface, two main scenarios can be considered. First, individuals may 

arrive in SSP as part of this depositional process, being passively transferred from surrounding vegetation together with plant 

particles and organic debris. Second, microfauna may settle in the snow patches via longer-distance dispersal, although their 

establishment would still depend on the organic inputs from the surrounding vegetation, first of all, from tree canopies above 550 

the snow. A combination of both mechanisms can occur as different taxa show slightly different correlations with 

environmental variables. Tardigrades, which are more strongly related to the particulate fraction in snow, and rotifers, which 

correlate with canopy cover, may primarily originate from surrounding trees. In contrast, nematodes, which are less related to 
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these variables, may arrive via alternative dispersal mechanisms. Additionally, we cannot exclude the possibility of some 

invertebrates migrated from the soil beneath the snow, as is known for annelids (Dial et al., 2012), but less possible for 555 

microfauna, main animals on SSPs. To address these questions, more targeted future research is required, including the 

identification of species from both snow patches and surrounding habitats using combined morphological and molecular 

approaches. 

Conclusions 

Seasonal snow patches in European lowlands represent short-living and fragile cryoecosystems, nevertheless, they are capable 560 

of hosting diverse communities of invertebrates. Microfauna (e.g., bdelloid rotifers, tardigrades, and nematodes) were the most 

widespread and abundant metazoans on snow, followed by mites, and likely use the snow environment as a site for 

reproduction. Other invertebrates of larger body size (e.g., insects and springtails) were recorded only sporadically and in low 

numbers. The densities and diversity of invertebrates on SSPs are strongly driven by variables that are directly derived from 

the surroundings (trees and their canopies above the snow). Particularly, communities are shaped by Chl-a likely originating 565 

from plant fragments, as well as by inorganic and organic particles, and fallen organic debris.  

The results of the study support the view that SSPs represent a very specific type of cryoecosystem. Microfaunal communities 

in cryoconite holes on glaciers are primarily structured by the accumulation of dark-coloured particles that reduce surface 

albedo and by the presence of algae and bacteria, which serve as a primary food source for both rotifers and tardigrades. In 

contrast, multicellular life in  old seasonal snow in lowlands critically depends on the immediate surroundings rather than on 570 

wind-blown material from distant sources, and on externally derived organic matter rather than on autotrophic prokaryotes. 

The availability of a film of liquid water on the snow surface appears to be the only driver relevant across all types of cryosphere 

ecosystems, including SSPs. Considering the high abundance of invertebrates on SSPs and the substantial accumulation of 

organic matter on their surface over time, SSPs are important not only as habitats but also as a source seeding the ground 

immediately after snowmelt. 575 
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