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ABSTRACT  9 

Supraglacial ecosystems concentrate their microbial communities mostly in cryoconite holes, small pits full of 10 
melting water with a sediment on the bottom. The geographical differences of their bacterial communities (among 11 
glaciers) are quite ascertained, especially at large scale. Furthermore, so far no data are available to confirm the 12 
hypothesis that bacterial communities inhabiting cryoconite holes are different from those that can be found in the 13 
sparse debris (the dry debris that is not immersed in the melting water), especially considering that the sparse 14 
debris can form cryoconite holes and vice versa. In this study we characterized bacterial communities of the sparse 15 
debris of three different glaciers belonging to a quite restricted area (maximum distance < 10 km) of the Ortles 16 
Cevedale Group (Italian Alps) and confirmed that bacterial communities differ among different glaciers, but not 17 
according to their geographic distance. Indeed, lithology seems to have an effect on their composition. 18 
Furthermore, we found that bacterial communities of the sparse debris are significantly different from those 19 
inhabiting cryoconite holes. 20 
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1. INTRODUCTION 23 

Cryoconite holes are small ponds full of melting water with a fine-grained sediment on the bottom (the cryoconite) 24 
characteristic of glaciers surface. Cryoconite origin is mostly atmospheric mainly from local sources [1–3]. They 25 
are hot-spots of biodiversity in glacier environments, hosting metabolically active microbial communities [4] 26 
dominated by Cyanobacteria [5], Betaproteobacteria, Actinobacteria, Chloroflexi, Acidobacteria, Bacteroidetes, 27 
and Proteobacteria [3, 6, 7].  28 

On glaciers, bacterial communities composition depends on temperature, intense solar radiation, wind exposition, 29 
electrical conductivity, and pH [1, 8, 9]. Furthermore, cryoconite holes are oligotrophic microhabitats [10] and 30 
nutrient availability is a limiting factor for bacteria, especially total organic carbon (TOC), ammonium, and 31 
phosphorous [1, 9, 11–13].  32 

Cryoconite holes can be found on glaciers all over the world, at global scale their structure have been demonstrated 33 
to show a typical decay-by-distance pattern of similarity [14]. At smaller spatial scale, cryoconite hole bacterial 34 
communities seem to differ from one glacier to a nearby one, and even within a glacier [15]. The first study that 35 
compared cryoconite holes bacterial communities from different glaciers in a restricted geographical area (c.ca 10 36 
km), is by Edwards et al. [1]. Results showed that the ecological distance among their bacterial communities did 37 
not reflect their geographic distance. Other studies confirmed the above mentioned results [16] and found that 38 
different sampling areas can host different bacterial communities [17]. It therefore appears that variation in 39 
cryoconite holes bacterial communities is mostly due to local environmental conditions, while the decay-by-40 
distance pattern appears only at larger spatial scales. 41 

On temperate mountain glaciers, cryoconite holes are rather ephemeral structures that continuously form and are 42 
dismantled during the melting season [8]. Interestingly, the within-season temporal dynamic of the bacterial 43 
communities seems to proceed on the whole glacier surface independently of the timing of hole formation [8]. In 44 
other words, when a hole is dismantled by the ablation and the cryoconite is dispersed on the glacier surface the 45 
succession process proceeds once the cryoconite has formed a new hole [8]. 46 
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Therefore, the cryoconite that is broadly dispersed and has not formed a hole, may host bacterial communities 47 
similar to those of cryoconite holes. However, this type of sediment has been poorly investigated to date. Indeed, 48 
few papers studied the sediment of debris cover glaciers, but it is mostly not in direct contact with ice [18, 19]. 49 
Two studies investigated dirt cones (type of depositional glacial feature) [2, 20], however, this sediment differs 50 
from cryoconite (thicker and typically originates in crevasses or moulins) [21].  51 

So far, a comprehensive study that investigated and compared the bacterial community composition of 52 
supraglacial sparse debris of different glaciers of the same study area has not been conducted yet. To fill this gap, 53 
we investigated bacterial communities of the supraglacial environments of three glaciers in a rather small 54 
geographical area (max distance = 6 km) of Italian Alps.  55 

Hence, we formulated two main hypotheses. First, if bacterial communities of supraglacial sparse debris derive, 56 
at least partly, from cryoconite holes that are known to differ among glaciers, we expect also bacterial communities 57 
of supraglacial sparse debris to differ from one glacier to another. Second, if cryoconite hole bacterial communities 58 
are released on glacier surface because of ablation, we also expect communities of supraglacial sparse debris to 59 
be more similar to those of cryoconite holes of the same glacier than to those of supraglacial sparse debris of 60 
nearby glaciers. 61 

2. METHODS 62 
2.1. Sampling site and samples collection 63 

Both cryoconite and supraglacial sediment were sampled on three glaciers of the Stelvio National Park (Italy): 64 
West Zebrù (WZB), Gran Zebrù and Cedec (CED) (Fig. 1). West Zebrù is the northernmost glacier, covers 0.99 65 
km2 and ranges from 2816 m a.s.l. to 3268 m a.s.l. This glacier lays on a sedimentary bedrock (dolomite). Gran 66 
Zebrù is located about 3 km south from WZB, has a surface area of 0.79 km2 and ranges from 2957 m to 3380 m 67 
a.s.l. This ice body has a particular geologic setting: its accumulation basin lies on the Zebrù tectonic line that 68 
divides sedimentary bedrocks to the North from metamorphic bedrocks to the South. Consequently, its 69 
supraglacial debris is composed of both limestone and mica schist. Moreover, this glacier is divided into two 70 
tongues by a rock ridge. In the present study, we considered samples collected on the two tongues of this glacier 71 
separately, and we called them, respectively West Gran Zebrù (WGZ) and East Gran Zebrù (EGZ). Cedec Glacier 72 
lies on a metamorphic bedrock about 3 km south-east from Gran Zebrù, covers an area of 2.07 km2 with an 73 
altitudinal range from 2687 to 3761 m a.s.l. (Azzoni et al., 2018).  74 

Supraglacial sparse debris samples were aseptically collected in sterile plastic bags every ~ 20 m along transects 75 
crossing the glacier tongues at approximately the same elevation (~ 3100). Cryoconite samples were aseptically 76 
collected and stored in 50 mL FalconTM tubes in the ablation areas of each glacier. Cryoconite holes were rare on 77 
WGZ and EGZ, and sample size from these glaciers was insufficient for any statistical analyses (Tab. S1). All the 78 
samples were kept at 4 °C during transport to the laboratory (~ 8 hours), where they were stored at -20 °C.  79 

2.2. Chemical analyses 80 

For each sample, we estimated the pH value and the total organic carbon (TOC) content. Details on pH and TOC 81 
analyses are reported in supplementary Methods. 82 

2.3. Molecular analyses and sequences elaboration 83 

DNA was extracted from 0.7 g of sediment of each sample using the FastDNA Spin for Soil kit (MP Biomedicals, 84 
Solon, OH) according to the manufacturer’s instructions. DNA samples and library preparation were performed 85 
as reported in Pittino et al. (2018) amplifying the V5-V6 hypervariable region of the 16S rRNA gene and 86 
sequencing was performed at “Consorzio per il centro di Biomedicina Molecolare (CBM)” (Trieste, Italy). Reads 87 
were demultiplexed according to the indexes. Sequences were grouped in Amplicon Sequence Variants (ASVs) 88 
using DADA2 [22] and classified with RDP classifier [23]. Cyanobacteria were not classified at order level 89 
because the RDP taxonomy does not report the order level for this phylum [24, 25]. When working at phylum 90 
level we therefore kept the Cyanobacteria/Chloroplast definition given by rdp. Since we removed those 91 
Cyanobacteria/Chloroplast that were classified as Chloroplast, the difference between phylum and order is 92 
attributed to the presence of Unclassified Cyanobacteria/Chloroplast, that are those that rdp is not able to 93 
distinguish and are therefore not classified at more specific taxonomic levels. Therefore, considering the phylum 94 
Cyanobacteria/Chloroplast algal ASVs were likely included, as algae are an important component in cryoconite 95 
[20]. 96 
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2.4. Statistical analyses 97 

Analyses were performed with R 3.5.1 (R Core Team, 2014) with the VEGAN, BIODIVERSITYR, MULTTEST, 98 
MULTCOMP packages. Singletons (ASVs present only once in the dataset) were removed and Hellinger distance 99 
was used to compute the distance among the samples, which depends on the differences in ASVs proportion among 100 
them, decreases the importance of ASVs over their occurrence and avoids the double-zero problem [27, 28]. 101 
Alpha-diversity was investigated calculating the Shannon diversity index, which accounts for both the richness 102 
and the evenness of the species [29], and Gini inequality index which is an index of inhomogeneity largely used 103 
in economics [30]. Redundancy analysis (RDA) and variation partitioning (VP) were used to investigate the 104 
variation of community structures. Predictors were: glacier (four-level factor), the type of sediment (either 105 
cryoconite or sparse debris, two level factor) and TOC. More details are available in Supplementary Methods. 106 

3. RESULTS  107 
 108 
3.1. Chemical features of the sediments 109 

Results from chemical analyses showed that both pH and TOC varied among glaciers and between type of 110 
sediment. In each glacier, pH and TOC were strongly collinear (r > 0.8) except on CED (r = 0.3). pH values of 111 
supraglacial debris were more acidic on CED and more alkaline on WGZ while WZB and EGZ had intermediate 112 
pH values, the cryoconite was more acidic on CED than on WZB (Fig. 2a). TOC content in supraglacial debris 113 
was higher in WZB samples than in the other glaciers, which did not differ to one another. Cryoconite TOC was 114 
also higher on WZB than on CED (Fig. 2b).  115 

Cryoconite samples were consistently more acidic than supraglacial sediment samples on both CED (t16.15 = -8.78, 116 
p < 0.001) and WZB (t10.96 = -6.283, p < 0.001) (Fig. 2a), and TOC content was always higher in cryoconite 117 
samples than in supraglacial debris (CED: t11.05 = 4.635, p < 0.001; WZB: t11.69 = 3.464, p = 0.005; Fig. 2b).  118 

3.2. Bacterial communities 119 
The number of sequences obtained varied from 7,458 to 113,151 per sample. The orders with more than 30,000 120 
sequences were considered as the most abundant and were: Burkholderiales, Actinomycetales, Sphingobacteriales, 121 
Enterobacteriales, Pseudomonadales, Sphingomonadales, Cytophagales. Cyanobacteria class sequences were also 122 
> 30,000 (Fig. 3). They were analysed together with the other orders since the RDP taxonomy does not provide 123 
the classification at order level for them (see Pittino et al. (2018) for a similar approach). Abundant phyla (i.e. > 124 
30,000 reads) were: Proteobacteria, Actinobacteria, Cyanobacteria and Bacteroidetes (Fig. 4). 125 
 126 

3.2.1. Bacterial communities of sparse supraglacial debris 127 

RDA on supraglacial sediment samples and post-hoc tests showed that bacterial communities differed significantly 128 
among glaciers (Tab. 1), with significant differences between each pair of glaciers (F2,40 ≥ 4.57, PFDR ≤ 0.025). In 129 
addition, TOC significantly affected bacterial community structures (Tab. 1, Fig. 5a). VP showed that glacier 130 
explained 49 % of variance, while TOC accounted for 1.7 % only (Fig. 5b).  131 

Analyses of most abundant taxa showed that their relative abundance significantly changed among glaciers (F3,40 132 
≥ 7.419, PFDR ≤ 0.002). Burkholderiales were more abundant on CED and WGZ (F3,40 = 10.301, PFDR < 0.001; Fig. 133 
S1a), Actinomycetales on CED and WZB and less abundant on WGZ (F3,40 = 17.646, PFDR < 0.001;Fig. S1b), 134 
Sphingomonadales (F3,40 = 18.750, PFDR < 0.001;Fig. 1c) and Pseudomonadales were more abundant on WGZ 135 
(F3,40 = 27.211, PFDR < 0.001;Fig. S1d) and Cytophagales on WZB (F3,40 = 7.419, PFDR = 0.002;Fig. S1e). 136 
Abundance of Sphingobacteriales and Enterobacteriales did not change among glaciers (F3,40 ≤ 1.23, PFDR = 1). 137 
TOC did not affect the abundance of any of the most abundant taxa (F1,40 ≤ 8.65, PFDR ≥ 0.11). 138 

GLMs performed on the most abundant phyla showed that Proteobacteria were more abundant on WGZ and CED 139 
than on the other glaciers, (F3,40 = 6.32, PFDR = 0.004; Fig. S2a), Actinobacteria were more abundant on CED and 140 
WZB (F3,40 = 6.708, PFDR = 0.004; Fig. S2b), and Bacteroidetes on WZB and EGZ (F3,40 = 6.857, PFDR = 0.004; 141 
Fig. S2c). Abundance of Cyanobacteria/Chloroplast did not change significantly among glaciers (F3,40 = 1.083, 142 
PFDR = 0.765). Cyanobacteria/Chloroplast (F1,40 = 8.651, PFDR = 0.023) increased with TOC (Fig. S3a), while 143 
Proteobacteria (F1,40 = 9.706, PFDR = 0.023) decreased (Fig. S3b). 144 

3.2.2. Comparison of bacterial communities of cryoconite holes and sparse supraglacial debris 145 
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The RDA performed on the Hellinger-transformed ASV abundances of cryoconite and supraglacial sediment 146 
samples from CED and WZB showed that bacterial communities varied according to type of sediment, glacier and 147 
their interaction (Tab. 2, Fig. 6). Partial adjusted R2 showed that the type of sample explains 45.9% of the variance, 148 
the glacier 3.4%, and their combined effect 2.8%. 149 

Even if in the RDA biplot (Fig. 6) cryoconite samples of the two glaciers look similar, post-hoc tests revealed that 150 
they were significantly different, indeed bacterial communities resulted different both between glaciers and 151 
between type of sediment (F1,39 > 2.708, PFDR < 0.038). 152 

GLMs performed on the most abundant orders and phyla according to type of sediment, glacier and their 153 
interaction showed that only relative abundance of Cyanobacteria varied according to the type of sediment (F1,39 154 
= 12.199, PFDR = 0.022) and that they were more abundant in cryoconite samples than in supraglacial sediment 155 
samples (Fig. S4). 156 

3.3. Alpha diversity 157 

GLMs performed on alpha diversity indexes according to the glacier and TOC, showed that the Shannon index 158 
(F3,40 = 5.020, P = 0.005) and Gini index (F3,40 = 7.228, P < 0.001) changed among glaciers but not with TOC (F 159 
≤ 0.950, P ≥ 0.336). In particular, Shannon index was higher on EGZ and WGZ and lower on CED and WZB (Fig. 160 
S5a) and Gini index was higher on CED and WZB and lower on EGZ (Fig. S5b). 161 

GLMs on the alpha diversity indexes according to type of sediment, glacier and their interaction showed that 162 
Shannon index changed significantly according to glacier only (F1,39 = 47.17, P < 0.001) with higher values on the 163 
WZB (Fig. S6a). Gini index changed significantly among glaciers (F1,39 = 21.822, P < 0.001), with higher values 164 
on CED (Fig. S6b). In addition, it varied also with the interaction between glacier and type of sample (F1,39 = 165 
8.071, P = 0.007), with higher values in both cryoconite and sparse supraglacial debris of CED and the lowest 166 
value in cryoconite of WZB (Data not shown).  167 

4. DISCUSSION 168 

The investigated glaciers are all within a limited geographical area (max. distance = 6 km). The Ortles-Cevedale 169 
area is geologically heterogeneous, with a close contact between sedimentary and metamorphic rocks [31]. In 170 
particular, the Zebru` Tectonic Line separates Pre-Permian mica schist and paragneiss, in the Southern area, from 171 
the Rhaetian dolomite and limestone, outcropping in the Northern part of the region [31]. The local bedrock, and 172 
consequently the debris originating from it, exhibits different colours, which has different effects on the albedo 173 
and on heat absorption [32]; metamorphic rocks are mostly dark grey, brown, or reddish brown, whereas 174 
sedimentary rocks feature a light gray to whitish colour. 175 

CED supraglacial debris showed the lowest pH values, followed by EGZ and WZB, while WGZ had the highest 176 
values (Fig. 2a). These differences can be related to differences in the lithology of the rocks surrounding each 177 
glacier. CED is surrounded mainly by mica schist with chlorite and sericite. EGZ lays under the steep south face 178 
of Gran Zebrù mountain, which is composed of dolomite as the rocks surrounding WZB. Dolomite clasts therefore 179 
reach EGZ in large abundance (our personal observations), which may explain why pH values of EGZ supraglacial 180 
debris was similar to that of WZB. WGZ receives less dolomite clasts then EGZ, because of the rock ridge that 181 
separates them, and is surrounded by metamorphic rocks enriched in iron that gives them a red-brown colour. 182 
TOC content of supraglacial debris was higher on WZB than on all other glaciers, and showed also larger variance. 183 
Maybe carbonate debris can favour higher productivity, which may also explain the slightly higher TOC values 184 
of EGZ, whose debris is enriched in dolomite, than WGZ and CED. This is also consistent with the increase in 185 
Cyanobacteria/Chloroplast with TOC. 186 

Generally, bacterial communities of both cryoconite from cryoconite holes and supraglacial sparse debris were 187 
dominated by Cyanobacteria, Burkholderiales, and Actinomycetales, Sphingobacteriales, Pseudomonadales, 188 
Clostridiales, Rhodospirillales, Cytophagales. These orders are typical of glacial environments and among the 189 
most abundant in cryoconite [6–8, 33]. Indeed, also in the few cryoconite samples of EGZ and WGZ we found 190 
these orders (Fig. 3). 191 

Despite the taxonomic similarity, the structure of bacterial communities of supraglacial sparse debris differed 192 
among glaciers, and this held true also for EGZ and WGZ, which are two tongues of the same glacier. Interestingly, 193 
Figs. 3 and 5a show that bacterial communities of EGZ are more similar to those of WZB than to those of the 194 
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WGZ. Sparse debris of WZB and EGZ have similar pH values maybe because of the inputs of dolomite debris. 195 
WGZ and CED communities were also separated from those of the other glaciers and to one another. This latter 196 
difference can be explained by the difference in pH values among glaciers. Indeed, the first RDA axis seems to 197 
represent a gradient of the pH values of supraglacial debris of our glaciers (Fig. 5a), which, unfortunately, we 198 
could not include directly in the analysis because of its strong collinearity with TOC. In contrast, the second axis 199 
seems to separate glaciers with and without carbonatic inputs. WGZ, EGZ and WZB communities in the RDA are 200 
also along the TOC gradient of the glaciers, while CED ones seem to deviate. Indeed, CED supraglacial debris 201 
showed the lowest values of alpha diversity, the highest evenness (Fig. S5), and the highest relative abundances 202 
of Actinomycetales, Burkholderiales and Pseudomonadales. In contrast, WZB showed both low alpha diversity 203 
values and high relative abundance of Actinomycetales and Cytophagales. These orders are chemorganotrophic 204 
bacteria and their presence is consistent with the high TOC values present on this glacier that decrease also the 205 
presence of metals because of its sorption capacities, decreasing metals bioavailability for lithotrophic bacteria 206 
[34, 35]. Consistently, Acidimicrobiales, that are chemolithotrophic, were more abundant on the WGZ that had 207 
very low TOC values, and consequently more bioavailable metals [35]. WGZ showed also higher alpha diversity 208 
than the other glaciers, with abundant Sphingobacteriales and Burkholderiales that may have been favoured by 209 
the alkaline pH. 210 

TOC was significantly related to bacterial community variation of supraglacial debris, but VP analysis showed 211 
that it explained 1.7% of variance only (Tab. 1). TOC is known to affect bacterial communities in soils of different 212 
environments [36–38]. However, the actual effects of TOC on bacterial communities of the supraglacial sparse 213 
debris are unknown. In our study, it had a significant effect on Cyanobacteria/Chloroplast and Proteobacteria only. 214 
In contrast, differences among glaciers accounted for 49% of observed variability in bacterial communities, which 215 
strongly suggests that, even within a small geographical area, bacterial communities are glacier-dependent.  216 

The fact that Cyanobacteria/Chloroplast abundance is positively correlated with TOC might be due to their 217 
autotrophic activity that is important for cryoconite grains production [5]. Indeed, organic carbon in supraglacial 218 
environments can have three main sources: aeolian transport, the wash-away of supraglacial debris and biological 219 
carbon transformation mostly in cryoconite holes played by Cyanobacteria [39]. Furthermore, only a small fraction 220 
of organic carbon is consumed by the heterotrophic community, explaining the increase and accumulation of TOC 221 
in parallel with the high relative abundance of Cyanobacteria/Chloroplast [40].  222 

Proteobacteria are a phylum characteristic of soils with a wide variety of metabolisms involved in the global 223 
carbon, nitrogen and sulfur cycles [41]. This phylum is one of the most abundant in many studies of soils in 224 
extreme environments [8, 42–46] and also as a pioneer phylum [47]. Their decrease with the increase in TOC is 225 
difficult to explain since this phylum is composed by a very heterogeneous group of bacteria, making hard to find 226 
an ecological explanation of their correlation with TOC [41]. 227 

These results show that the structure of bacterial communities of supraglacial sediment changes from one glacier 228 
to another. This is consistent with the results reported by Sommers et al. [3], which showed that the source of the 229 
sediment plays an important role in shaping supraglacial bacterial communities. This may occur because the 230 
sediment source determines its mineralogical and chemical composition, which, in turn, affect the structure of the 231 
bacterial communities that develop in cryoconite holes and supraglacial sediment.  232 

Our results also corroborate the lack of a decay-by-distance pattern previously reported in other studies[1], 233 
consistently with the fact that other factors, likely edaphic variables, are mostly responsible for bacterial 234 
communities’ composition in soils [1, 48].  235 

The second aim of this study was to compare cryoconite collected in cryoconite holes and sparse debris. The low 236 
number of cryoconite holes on EGZ and WGZ allowed this comparison on CED and WZB only. Cryoconite 237 
collected in cryoconite holes showed lower pH and higher TOC values than the sparse debris of the same glacier. 238 
In addition, both CED cryoconite and sparse debris were more acidic than WZB ones, consistently with the 239 
different lithology of the surrounding rocks.  240 

RDA showed that cryoconite communities from the two glaciers are closer to one another, while sparse debris 241 
communities look more different (Fig. 6), even if this was not supported by the results of post-hoc tests. The effect 242 
of the type of sediment (either cryoconite from cryoconite holes or sparse debris) was predominant (45.9% of 243 
variance explained) with respect to that of glacier (3.4%). This suggests that cryoconite holes provide a peculiar 244 
microhabitat different from the sparse supraglacial debris. Liquid water in cryoconite holes provides protection 245 
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from harsh wind, extremely cold temperatures and high UV radiation that characterize the glacier environment 246 
[49]. These conditions allow the establishment and development of bacterial communities typical of these 247 
microhabitats, which increase the organic carbon content of the sediment and decrease pH. This may explain the 248 
similarity between bacterial communities of cryoconite holes of these nearby glaciers, which however largely 249 
differ for the lithology of the surrounding mountains. Furthermore, the fact that bacterial communities of 250 
cryoconite holes of different glaciers are more similar than those of the sparse debris, brings support to the 251 
hypothesis that these communities (the cryoconite holes ones) inhabit a microhabitat that select similar taxa and 252 
brings the communities to a climax situation. This hypothesis was already supposed in Pittino et al. [8], where 253 
appears that in the late ablation season communities are more similar than in the early stages. 254 

The higher alpha diversity and the higher evenness of cryoconite than sparse debris observed on WZB is consistent 255 
with this hypothesis. However, on CED, the opposite pattern was found. A possible explanation is that on this 256 
glacier cryoconite biodiversity is lower because of the extreme low pH of cryoconite samples (< 6). Alpha diversity 257 
was also generally higher on WZB than on CED. However, on CED alpha diversity was higher in the supraglacial 258 
debris, while on WZB it was higher in cryoconite (Fig. S6). Only Cyanobacteria abundance changed between the 259 
two type of samples, and they were more abundant in cryoconite samples (Fig. S4), consistently with the general 260 
assumption that this phylum is typical of cryoconite holes and a keystone taxon on these environments [5]. 261 

To the best of our knowledge, no studies so far compared bacterial communities between cryoconite holes and 262 
supraglacial sparse debris. Stibal et al. (2006) compared bacterial communities of cryoconite holes with those of 263 
supraglacial kames (characterized by a thicker sediment) and concluded that cryoconite is a more suitable 264 
environment for bacteria [20].  265 

Our results are only partly consistent with those of the above mentioned study because we did not find a generally 266 
higher biodiversity in cryoconite holes than in sparse debris, but opposite patterns in the two glaciers. However, 267 
the debris considered by Stibal and colleagues was rather different than the sparse supraglacial debris we 268 
investigated in this study [20]. In addition, we found similar communities in the cryoconite holes of the two 269 
glaciers, and both communities differed from those of the supraglacial debris of the respective glacier, which also 270 
differed to one another. This is only partly consistent with our hypothesis that cryoconite released from cryoconite 271 
holes dismantled by ablation contributes to the bacterial communities of sparse debris, because a stronger 272 
similarity among cryoconite and sparse debris bacterial communities was expected in that case. Supraglacial 273 
sparse debris seems therefore to host more diverse bacterial communities, largely different from glacier to glacier, 274 
also within a small geographic area. These communities may derive partly from long-range transport, but also 275 
from the surrounding environments, and therefore be affected by the lithology of the glacier bedrock and of the 276 
surroundings, which affects sediment glacier lithology. On the other side, cryoconite holes seem to favour typical 277 
communities that benefit from the presence more protected conditions.  278 

We can conclude that bacterial communities of the supraglacial sparse debris seem strongly variable and linked to 279 
the characteristic of the surrounding environment, including lithology. Cryoconite and supraglacial sparse debris 280 
host different bacterial communities. In particular, cryoconite samples, even from different glaciers, host bacterial 281 
communities that are more similar to one another than those of sparse debris, likely because of the peculiar feature 282 
of cryoconite hole microhabitat. Our hypothesis that bacterial communities of cryoconite holes may derive from 283 
those of the sparse supraglacial debris and vice versa found therefore little support. We can confirm that different 284 
glaciers host different bacterial communities in their supraglacial debris. Our results suggest that supraglacial 285 
sparse debris can host an even larger biodiversity than cryoconite holes. In a period of global warming, when 286 
glaciers are quickly disappearing, we may therefore be losing a larger amount of biodiversity than previously 287 
considered.  288 

  289 
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Tables 423 

Table 1 RDA of Hellinger-transformed bacterial ASVs abundances of supraglacial sediment samples according 424 
to the glacier and TOC. 425 

Variable df Variance F P 

Glacier 3 0.207 14.974 < 0.001 

TOC 1 0.011 2.394 0.018 

Residuals 40 0.184   

F4,40 = 11.829, P < 0.001, Adjusted R2 = 0.496 

 426 

Table 2 RDA of Hellinger-transformed bacterial ASV abundances of both cryoconite and supraglacial sediment 427 
samples of Cedec and Zebrù Est according to the glacier, type of sample and their interaction. 428 

Variable Df Variance F P Partial 

Adjusted R2 

Glacier 1 0.014 3.684 < 0.001 0.034 

Type 1 0.137 36.992 < 0.001 0.460 

Glacier × Type 1 0.012 3.172 < 0.001 0.028 

Residuals 39 0.144    

F3,39 = 14.42, P < 0.001, Adjusted R2 = 0.489 

 429 

Figures caption 430 

Figure 1 Location map of the studied glaciers with 2015 glacier limits (Stelvio Park, Ortles-Cevedale Group, 431 
Lombardy Sector, Italian Alps). The yellow line indicates the Zebru` Tectonic Line that divides sedimentary 432 
bedrocks in the North from metamorphic bedrocks in the South.  433 

Figure 2 Boxplots representing pH (a) and TOC (b) of supraglacial sediment on WGZ (brown), EGZ (orange), 434 
WZB (blue) and CED (black), and of cryoconite of WZB (blue) and CED (black). The thick lines represent the 435 
median, boxes upper and lower limits the 25th and the 75th percentiles respectively, whiskers the data that go 436 
beyond the 5th percentile (lower whisker) and the 75th percentile (upper whisker), dots represent the outliers and 437 
different letters indicate significant differences (P < 0.05) between the mean values of different groups at post 438 
hoc-tests. 439 

Figure 3 Barplot showing the relative abundance of the orders in each glacier in cryoconite and in supraglacial 440 
sediment. Orders less abundant than 1 % were grouped in others. Cyanobacteria are reported among the orders 441 
since rdp does not provide the classification at order level for them. Cryoconite samples from GZ were included 442 
here but not in statistical analyses because of the low number of samples. 443 

Figure 4 Barplot showing the relative abundance of the phyla in all the glaciers in cryoconite and supraglacial 444 
sediment. Phyla less abundant than 1 % were grouped in others. Cryoconite samples from GZ were included 445 
here but not in statistical analyses because of the low number of samples. 446 

Figure 5 (a) Biplot from RDA on Hellinger-transformed bacterial ASVs abundances in the supraglacial sediment 447 
of glacier and TOC. The percentage of variance explained by each axis and their significance (***: P < 0.001) is 448 
reported. (b) Results from the Variation Partitioning (VP) showing the amount of variance explained by each 449 
predictor of the RDA. The joint contribution of glacier and TOC was null. 450 

Figure 6 Biplot from RDA on Hellinger-transformed bacterial ASV abundances on glacier and type of sample. 451 
The percentage of variance explained by each axis and their significance (***:P < 0.001) is reported.  452 
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