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Cryptogamic cover determines soil attributes and functioning in polar terrestrial 

ecosystems 

 

Abstract 

We still lack studies that provide evidence for direct links between the development of soil 

surface cryptogamic communities and soil attributes and functioning. This is particularly 

true in areas free of potentially confounding factors such as different soil types, land uses, 

or anthropogenic disturbances. Despite the ecological importance of polar ecosystems and 

their sensitivity to climate change, we are far from understanding how their soils function 

and will respond to climate change-driven alterations in above- and belowground features.  

We used two complementary approaches (i.e. cover gradients in the forefront of 

retreating glaciers as well as long-time deglaciated areas with well-developed cryptogamic 

cover types) to evaluate the role of cryptogams driving multiple soil biotic and abiotic 

attributes and functioning rates in polar terrestrial ecosystems. 

Increases in cryptogamic cover were consistently related to increases in organic 

matter accumulation, soil fertility, and bacterial diversity, but also in enhanced soil 

functioning rates in both sampling areas. However, we also show that the ability to 

influence soil attributes varies among different polar cryptogamic covers, indicating that 

their differential ability to thrive under climate-change scenarios will largely determine the 

fate of polar soils in coming decades. 

 

Keywords 

Enzymatic activity, Soil functioning, Soil biodiversity, Polar ecosystems, Iceland, Antarctica 

Abstract

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 1 
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Abstract 4 

We still lack studies that provide evidence for direct links between the development of soil 5 

surface cryptogamic communities and soil attributes and functioning. This is particularly 6 

true in areas free of potentially confounding factors such as different soil types, land uses, 7 

or anthropogenic disturbances. Despite the ecological importance of polar ecosystems and 8 

their sensitivity to climate change, we are far from understanding how their soils function 9 

and will respond to climate change-driven alterations in above- and belowground features.  10 

We used two complementary approaches (i.e. cover gradients in the forefront of 11 

retreating glaciers as well as long-time deglaciated areas with well-developed cryptogamic 12 

cover types) to evaluate the role of cryptogams driving multiple soil biotic and abiotic 13 

attributes and functioning rates in polar terrestrial ecosystems. 14 

Increases in cryptogamic cover were consistently related to increases in organic 15 

matter accumulation, soil fertility, and bacterial diversity, but also in enhanced soil 16 

functioning rates in both sampling areas. However, we also show that the ability to 17 

influence soil attributes varies among different polar cryptogamic covers, indicating that 18 

their differential ability to thrive under climate-change scenarios will largely determine the 19 

fate of polar soils in coming decades. 20 
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Introduction 24 

Soil surface cryptogamic communities dominated by lichens, mosses, fungi, algae, or 25 

cyanobacteria (hereafter cryptogams) are known to influence soil attributes in many 26 

terrestrial ecosystems (Eldridge et al., 2010; Felde et al., 2014; Lafuente et al., 2020; 27 

Maestre et al., 2015, 2013; Moreira-Grez et al., 2019). Previous studies show that biotic 28 

cover and identity might determine soil biodiversity, fertility, and functioning through 29 

processes such as primary production, atmospheric nitrogen fixation, litter and exudates 30 

production, dust capture, and the formation of fertility islands (Delgado‐Baquerizo et al., 31 

2015; Y.-R. Liu et al., 2017; Ochoa-Hueso et al., 2018). However, we still lack studies that 32 

provide evidence for direct links between the development of cryptogamic covers and soil 33 

attributes and functioning (Benavent-González et al., 2018). This is particularly true in areas 34 

free of potentially confounding factors such as different soil types, land uses (and land use 35 

histories), or anthropogenic disturbances, which hinder our ability to identify and 36 

understand such links.  37 

Polar terrestrial ecosystems are among the most important areas of the planet in 38 

terms of ecological value and protection status, and are particularly susceptible to climate 39 

change (Amesbury et al., 2017; Turner et al., 2005). At the same time, these areas are ideal 40 

to study the role of cryptogamic covers driving soil functioning because (i) they are far from 41 

the main anthropogenic contamination sources; (ii) retreating glaciers (due to climate-42 

change) generate primary succession processes that result in areas with increasing biotic 43 

cover (and diversity) and soil development (Garrido-Benavent et al., 2020; Makoto and 44 

Wilson, 2016); and (iii) the harsh climate allows for a particularly high development of 45 

different cryptogamic groups (Benavent-González et al., 2018; Bramley-Alves et al., 2014). 46 

Climate change is likely to result in significant changes in the cover and relative abundance 47 
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of different cryptogams in polar ecosystems, which might alter soil functioning rates (Kardol 48 

et al., 2010; Y. Liu et al., 2017; van der Putten et al., 2016). Indeed, pioneer studies 49 

anticipate that changes in cryptogamic cover and identity might result in concomitant 50 

changes in soil diversity and in the capacity of soils from these areas to store and cycle 51 

nutrients (Benavent-González et al., 2018; Garrido-Benavent et al., 2020). However, despite 52 

the fact that polar ecosystems are (and will be) experiencing increasingly longer ice or snow-53 

free periods at temperatures compatible with biological activity (Amesbury et al., 2017), we 54 

are far from understanding how their soils function and will respond to climate change. This 55 

lack of information is mainly due to the difficulties in conducting scientific studies in these 56 

remote areas of the planet. Advancing our knowledge on the relationships between 57 

cryptogamic covers and soil attributes is of paramount importance to accurately forecast 58 

the impacts of climate change on these areas. More importantly, it would provide novel 59 

information on the role of pioneer cryptogams in soil development and functioning, which 60 

would provide useful insights for restoration projects and terraforming studies.  61 

Using two complementary approaches, we evaluated the role of cryptogams driving 62 

multiple soil biotic and abiotic attributes and functioning rates related to carbon (C), 63 

nitrogen (N) and phosphorus (P) cycling in polar terrestrial ecosystems. Specifically, we first 64 

used the forefront of two retreating glaciers (one in Antarctica and one in Iceland) to test 65 

the hypothesis that increased cryptogamic cover would result in changes in key soil 66 

attributes (e.g. organic matter, pH, or bacterial diversity) and in increases in soil functioning 67 

rates (i.e. several enzymatic activities related to the organic matter decomposition and C, N, 68 

and P cycling). Then, we used deglaciated areas, both in Iceland and Antarctica, with well-69 

developed cryptogamic covers to test the hypothesis that lichen-, moss-, or algae-70 

dominated cryptogamic covers would differentially control soil attributes and functioning.  71 
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Methods 72 

Study area 73 

We carried out our study at Arctic and Antarctic sites. At both sites, we selected two 74 

sampling areas, the forefront of a retreating glacier as well as a long deglaciated area with a 75 

well-developed cryptogamic cover.  76 

In Antarctica, we carried out the study in ice-free areas of the Livingston Island (62° 77 

39 ′ S, 60° 21′ W), the second largest island in the South Shetlands, a mountainous and 78 

extensively glaciated archipelago located in maritime Antarctica. The climate is dominated 79 

by cold moist maritime air, which facilitates the formation of semi-deserts dominated by 80 

cryptogams with the sporadic presence of two Antarctic phanerogam species (Peat et al., 81 

2006). Mean annual precipitation and temperature are approximately 400 mm/year and -82 

1.5C (2005-2015 and 2009-2019, respectively; data from the AEMET weather station at the 83 

Spanish Antarctic Station BAE JCI). Soils in this area are acidic cryosols originating mainly 84 

from mechanical bedrock disintegration, while the bedrock is composed of greywackes 85 

arenites and shales from the Miers Bluff Formation (Navas et al., 2008). Specifically, we used 86 

(i) the forefield of the Sally Rocks tongue of the Hurd Glacier (62°42'01.0"S 60°25'09.7"W), 87 

dominated by mosses; and (ii) areas with a well-developed patchy cryptogamic cover 88 

dominated by lichens or mosses in the vicinity of the Juan Carlos I Spanish Antarctic Base 89 

(62°39'45.6"S 60°23'37.6"W), or by terrestrial green macroalgae (Prasiola spp.) in Punta 90 

Hannah (62°38'15''S, 60°34'28''W). 91 

In Iceland, the study was carried out in the vicinity of the Vatnajökull glacier in the 92 

subarctic, southeastern part of the island. The climate is cold-temperate maritime. Mean 93 

annual precipitation and temperature are around 2000 mm/year and 5 °C respectively. 94 

Specifically, we used (i) the forefield of the Breiðamerkurjökull tonge (64°05'12.6"N, 95 
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16°19'55.6"W), dominated by different cryptogams and a few small vascular plants; and (ii) 96 

areas with a well-developed patchy cryptogamic cover dominated by lichens or mosses 97 

(64°04'13.5"N, 16°20'10.0"W). 98 

 99 

Sampling design 100 

In the Icelandic and Antarctic glacier forefronts, we used a regression-type design with 1x1 101 

m independent (i.e. separated by more than 15 m) plots in increasing cover gradients as 102 

sampling units. To do so, we first visually located different areas with increasing cover. 103 

Then, we placed a white frame in those locations and used a remote sensing-based 104 

classification to accurately assess the actual aboveground cover of all plots. Specifically, we 105 

took an orthogonal photo of the frame in each plot using a handheld multispectral camera. 106 

The resulting imagery was analyzed with the Orfeo Toolbox Plugin in QGIS. In a first step, 107 

similar pixels in each image were grouped using a multi-scale segmentation. Finally, the 108 

aboveground cover of each class was calculated in percentage per square meter. As a result, 109 

in Iceland, we were able to establish 20 plots with aboveground cover ranging from 8.2 to 110 

89.7%, whereas in Antarctica we established 18 plots with covers ranging from 0 to 84.6%. 111 

Aboveground richness was assessed in the Icelandic gradient by identifying all species 112 

existing within the 1x1 m plots (Table S1). In Antarctica, we could not carry out the 113 

aboveground species identification for logistical reasons, but visual observations suggest 114 

that the entire area is covered by mosses, mostly by a single species. 115 

For the Icelandic and Antarctic areas with well-developed cryptogamic covers, we 116 

used a classic ANOVA-type design. In Iceland, we randomly selected 20 independent (i.e. 117 

separated by more than 5 m) sampling patches (having at least 40 cm diameter): five which 118 

were dominated in percent cover by the dominant moss species (Racomitrium 119 
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lanuginosum), five dominated by each of the two dominant lichens Stereocaulon sp. and 120 

Peltigera membranacea, and five bare soil patches devoid of biotic cover. In Antarctica, we 121 

followed the same criteria to select 20 independent sampling patches: five dominated by 122 

the dominant moss species Sanionia uncinata, five dominated by the dominant lichen 123 

Stereocaulon alpinum, five dominated by macroalgae (Prasiola spp.), and five bare soil 124 

patches devoid of biotic cover.  125 

 126 

Soil sampling and analyses 127 

In each sampling plot of the glacier forefronts, we systematically collected 5 soil samples 128 

from the top 6 cm mineral soil profile using a 5 cm diameter corer. After removing the 129 

visible aboveground material, soil samples from each plot were immediately sieved (2 mm 130 

mesh), homogenized, and thoroughly mixed to create a single composite sample. Thus, a 131 

total of 20 and 18 independent composite soil samples were produced in the Arctic and 132 

Antarctic glacier forefronts, respectively. Similarly, in each sampling patch of the well-133 

developed cryptogamic areas, we collected 3 soil samples (separated approximately 10 cm 134 

from each other) to produce a single composite soil sample per sampling patch, making a 135 

total of 20 independent soil samples in each of the Arctic and Antarctic areas. The 78 sieved 136 

composite samples were immediately frozen (-20 °C) for biogeochemical analyses.  137 

All soil samples were analyzed to estimate a total of 11 variables closely related to 138 

soil fertility as well as C, N, and P cycling and storage. Soil organic matter content (SOM) was 139 

estimated by loss on ignition at 450 C for 4 h (Nelson and Summers, 1996), soil pH was 140 

determined using a pH-meter and a soil-to-water ratio of 1:2.5 (m/v). Soil organic C and 141 

total N were assessed by dry combustion with an elemental analyzer (LECO TruSpec CN). We 142 

then used the method developed by Bell et al. (2013) and a microplate fluorometer 143 
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(SynergyTM HTX, BioTek Instruments, Inc., USA) to estimate the potential activity of seven 144 

hydrolytic soil enzymes involved in the degradation of common organic matter constituents. 145 

Specifically, we estimated the activity of the α- and β-glucosidases (starch degradation), β-146 

D-Cellobiosidase (cellulose degradation), β-Xylosidase (hemicellulose degradation); L-147 

Leucine aminopeptidase (protein degradation), N-acetyl-β-Glucosaminidase (chitin 148 

degradation), and Phosphatase (P mineralization). Finally, genomic DNA was extracted from 149 

the soil samples using the PowerSoil® DNA Isolation Kit (MO BIO laboratories, Carlsbad, CA, 150 

United States) according to the manufacturer’s protocol. For DNA amplification, we 151 

followed the bacterial 16S rRNA Illumina Amplicon Protocol suggested by the Earth 152 

Microbiome Project (available at http://www.earthmicrobiome.org/protocols-and-153 

standards/16s/) and used the primer pair 515F (5’-GTGYCAGCMGCCGCGGTAA-3’) and 806R 154 

(5’-GGACTACNVGGGTWTCTAAT-3’) which amplifies the V4 region of the 16S ribosomal RNA 155 

gene (Caporaso et al., 2010). Amplicon library generation was carried out at the ASU 156 

Genomics Core (Arizona State University, United States), and the resulting DNA library was 157 

loaded in MiSeq Illumina and run using the version 2 module, 2 × 250 pair-end, following the 158 

manufacturer's instructions. The analyses of bacterial 16S rRNA Illumina amplicon data 159 

conducted to calculate bacterial richness, diversity (Simpson index) and evenness (Pielou) 160 

are described in the Supplementary Material.  161 

 162 

Statistical analyses 163 

To explore the relationships of cryptogamic cover with soil properties and potential 164 

functioning rates in the glacier forefronts, we conducted Spearman rank correlations, which 165 

measure the strength and direction of the association between two ranked variables and do 166 

not require normality or linearity of data. We tested the effect of the cryptogamic cover 167 



 8 

type on soil attributes and potential functioning rates in the areas with well-developed 168 

cryptogamic covers using a semiparametric MANOVA (PERMANOVA, Anderson et al., 2008), 169 

with cryptogamic cover type as fixed factor. Then, we carried out independent one-way 170 

PERMANOVA to test for differences among cryptogamic cover types for all soil attributes 171 

and functioning rates. Regression analyses were carried out in the statistical platform R 172 

version 3.4.0. (R Core Team, 2017), and all PERMANOVA were carried out using 9999 173 

permutation (of raw data) and the Euclidean distance using the PRIMER & PERMANOVA+ 174 

statistical package (PRIMER-E Ltd., UK).  175 
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Results 176 

We found consistent positive effects of cryptogamic cover on soil attributes and potential 177 

functioning rates both in Iceland and in Antarctica. In Iceland, we found significant positive 178 

relationships between cryptogamic cover and total organic C, organic matter content, 179 

bacterial richness and diversity, and the β-Xylosidase, α-glucosidase, β-D-Cellobiohydrolase, 180 

and L-Leucine aminopeptidase enzymatic activities, as well as a significant negative 181 

relationship with soil pH (Fig. 1a; Table S2). In Antarctica, we found significant positive 182 

relationships between cryptogamic cover and soil total organic C, pH, organic matter 183 

content, bacterial richness, and with the α-glucosidase, β-D-Cellobiohydrolase, and L-184 

Leucine aminopeptidase enzymatic activities, as well as significant, yet weak negative 185 

relationships with soil bacterial diversity and the β-Xylosidase enzymatic activity (Fig. 1b; 186 

Table S2).  187 

We also found a significant effect of the cryptogamic cover type on all considered 188 

variables, both in Iceland and Antarctica, except for soil total N in Iceland (Table 1). We 189 

consistently found lower values of soil attributes (Fig. 2) and enzymatic activity (Fig. 3) in 190 

soils collected in bare patches than in soils collected under cryptogamic covers both in 191 

Iceland and Antarctica. In general, soils under Peltigera membranacea (in Iceland) and 192 

Prasiola spp. (in Antarctica) showed the highest levels for most of the variables analyzed, 193 

followed by soils covered by Stereocaulon sp. and moss species. The trend was the opposite 194 

for soil pH at least in Iceland, where we found higher values in soils from bare areas than in 195 

soils covered by cryptogamic covers (Fig. 2). In Antarctica, the differences for soil pH 196 

between bare soil and the rest of the cover types in Antarctica were only significant for 197 

Prasiola spp. (Fig. 2).  198 
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Discussion 199 

This study provides novel evidence about the role of cryptogams driving soil biotic and 200 

abiotic attributes and functioning in polar regions. Specifically, our results confirm that 201 

increases in cryptogam cover, expected with climate change-driven glacier retreat (Radić et 202 

al., 2014), will likely be accompanied by overall increases in soil bacterial biodiversity, 203 

fertility, and functioning. Also, they show that any change in the relative cover of the 204 

different cryptogamic types (i.e. mosses, lichen, algae) will likely result in concomitant 205 

changes in soil attributes. 206 

Increases in soil attributes and functioning rates associated with biotic covers as 207 

compared to bare ground areas devoid of vegetation are well documented in many 208 

ecosystems (Allington and Valone, 2014; Gavilán et al., 2002; Rodríguez et al., 2011; 209 

Schlesinger et al., 1995) and are a known result of pedogenesis processes (Delgado-210 

Baquerizo et al., 2019; Durán et al., 2018). Cryptogamic colonization increases ecosystem 211 

primary productivity initiating cascading processes that result in changes in soil texture 212 

(Linstädter and Baumann, 2013), increases in organic matter accumulation and 213 

redistribution via roots and microorganisms (Hook et al., 1991; Schlesinger et al., 1990), 214 

increases in fertility and potential soil functioning rates (Ochoa-Hueso et al., 2018), and 215 

ultimately changes in soil microbial biodiversity (Delgado-Baquerizo et al., 2019; Garrido-216 

Benavent et al., 2020). Also, cryptogamic covers are known to increase soil enzymatic 217 

activity through changes in pH and increases in soil temperature, water and nutrient 218 

availability, or via release of secondary metabolites (Almeida et al., 2014; Bowker et al., 219 

2011; Cannone et al., 2008; Hauck et al., 2009). Our observational study suggests that these 220 

processes are also likely to occur in polar terrestrial ecosystems (both Icelandic and 221 

Antarctic) as the area of soil occupied by cryptogams increases following glacier retreat 222 
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(Radić et al., 2014). Interestingly, while most soil fertility and functioning proxies 223 

consistently increased in both study areas with increasing cryptogamic cover (although the 224 

degree of significance was relatively different for different variables), bacterial richness and 225 

diversity indices were more responsive in Iceland than in Antarctica, where aboveground 226 

cover was weakly, yet significantly, positively and negatively related to soil bacterial richness 227 

and diversity, respectively. The strong links between aboveground cover, soil attributes, and 228 

belowground diversity are well known, so we expected similar changes in soil bacterial 229 

diversity and richness associated with the observed changes in soil attributes in both 230 

sampling areas. Differences between the two glacier forefronts may be behind the 231 

differential response of soil bacteria to aboveground cover. The gradient of Iceland is older 232 

and shows higher aboveground diversity than that of Antarctica (see Methods section and 233 

Table S1), which is strongly dominated by a single moss species. Thus, the soils of the 234 

Antarctic gradient might represent the very initial phases of colonization, in which the 235 

presence of many highly versatile pioneering microorganisms capable of thriving in 236 

relatively changing conditions is expected (Chapin et al., 1994; Garrido-Benavent et al., 237 

2020; Schulz et al., 2013). Thus, it is likely that in these initial pedogenic stages bacterial 238 

abundance, which we did not assess, is more dynamic (i.e. responsive to changes in soil 239 

attributes) than bacterial richness or diversity. 240 

We have to acknowledge that, by focusing in cover gradients, we were not able to 241 

explicitly consider and parse out the variation due to soil development and different biotic 242 

and abiotic processes associated to soil age. Whereas we do not have actual age date for 243 

our plots, we did not find significant positive relationships between the distance to the 244 

glacier forefront and the percent cover in either of the two gradients, which would indicate 245 

indistinguishable effects of soil age and ground cover. Still, we cannot effectively ignore the 246 
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possibility that some of the observed variation in soil attributes may be explained by 247 

successional processes. That is why our complementary approach using areas with well-248 

developed cryptogamic covers was of utmost importance to confirme the importance of 249 

cryptogamic cover (and identity) driving soil attributes and functioning. Our study found 250 

consistently positive effects of different cryptogamic patches as compared to bare areas on 251 

the overall soil fertility (e.g. soil organic matter, and C and N content) and potential 252 

functioning rates (i.e. soil enzymatic activities), both in Iceland and Antarctica. This type of 253 

positive effect of aboveground species on soil attributes have been observed in different 254 

ecosystems (e.g. Gavilán et al., 2002; Ochoa-Hueso et al., 2018; Schlesinger et al., 1995, 255 

1990), including Antarctica (Benavent-González et al., 2018; Beyer et al., 2000), and are 256 

related with the above-explained capacity of vegetated patches of modifying soil conditions. 257 

Thus, our results indicate that any increase in the area occupied by cryptogams in polar 258 

regions due to increased growing season and increasingly warm conditions will likely result 259 

in a parallel increase in soil fertility, which in turn would increase local primary productivity 260 

(Amesbury et al., 2017; Lee et al., 2017; Wasley et al., 2006). Further, we show that such 261 

changes would not only result in increases in the capacity of both Arctic and Antarctic soils 262 

to accumulate organic matter, but also in their capacity to degrade it (Bell et al., 2013), 263 

which is also likely to result in changes in soil microbial populations (Delgado-Baquerizo et 264 

al., 2018). More importantly, our results show that the magnitude of these positive effects 265 

are identity-, and variable-dependent. For instance, in general, the capacity of lichens to 266 

improve soil fertility and functioning rates (as compared to bare areas) tended to be higher 267 

than that of mosses. This is not unexpected, due to the capacity of the analyzed lichens to 268 

associate with N-fixing bacteria (Weiss et al., 2005), which is particularly important in 269 

increasing the fertility in areas with very low atmospheric N-deposition rates (Alexander et 270 
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al., 1978; Alexander and Billington, 1986; Chapin et al., 1991; Solheim et al., 1996). In any 271 

case, although establishing direct effects of climate change in this type of observational 272 

studies is always difficult, our results suggest that the fate of polar terrestrial ecosystems 273 

under future climate scenarios will depend on the relative ability of different aboveground 274 

species to thrive under the new conditions.  275 

The particularly high levels of soil organic matter and N content, as well as the high 276 

potential phosphatase activity under the only macroalga-dominated cryptogamic cover 277 

considered in the study (Prasiola spp.), are also worth mentioning. However, more than a 278 

differential effect of algae on soil attributes, we speculate that this surprising result could be 279 

related to the presence of petrels (Thalassoica antarctica) near the macroalgae-covered 280 

area, which would increase the availability of both N and P (as indicated by increased 281 

phosphatase activity) via constant guano additions (Bokhorst et al., 2007; Tatur et al., 1997). 282 

 283 

Conclusions 284 

Our study, based on two complementary approaches, adds observational evidence of the 285 

role of cryptogamic cover and identity driving soil attributes and functioning in polar 286 

ecosystems. Our results suggest that expected increases in cryptogamic covers (due to 287 

increased growing season length and increasingly warming conditions) may result in parallel 288 

increases in organic matter accumulation and soil fertility and diversity, but also in 289 

enhanced soil functioning rates. More importantly, we demonstrate that the ability to 290 

influence soil attributes varies among the different polar cryptogamic types, indicating that 291 

their differential ability to thrive under climate-change scenarios will largely determine the 292 

fate of polar soils in coming decades.  293 

 294 
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Figure captions 487 
 488 
Figure 1. Spearman rank significant correlations (P<0.05) among above- and belowground 489 

attributes in Iceland and Antarctica. Blank squares represent non-significant relationships. B. 490 

= Bacterial; PHOS = Phosphatase activity; LAP = Leucine aminopeptidase activity; NAG = N-491 

acetyl-β-Glucosaminidase activity; CB = β-D-Cellobiosidase activities; AG and BG = α- and β-492 

glucosidase activity, respectively; XYL = β-Xylosidase activity; OM = Organic matter; TOC = 493 

Total organic carbon; TN = Total nitrogen; Ab. = Aboveground. 494 

 495 

Figure 2. Soil pH, organic matter content (OM), and total N and C in soils collected under 496 

different cryptogamic covers and in bare soil areas in Iceland and Antarctica. Different 497 

letters show significant differences (PERMANOVA, P<0.05) among cryptogamic types. Bars 498 

represent means ± standard errors. 499 

 500 
Figure 3. β-Xylosidase (BG), α- and β-glucosidases (AG and BG, respectively), β-D-501 

Cellobiosidase (CB), N-acetyl-β-Glucosaminidase (NAG), L-Leucine aminopeptidase (LAP), 502 

and Phosphatase (PHOS) enzymatic activities in soils collected under different cryptogamic 503 

covers and in bare soil areas in Iceland and Antarctica. Different letters show significant 504 

differences (PERMANOVA, P<0.05) among cryptogamic types. All enzymatic activities 505 

expressed in nmol activity gr dry soil-1 h-1. Bars represent means ± standard errors. 506 

 507 
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Abstract 4 

We still lack studies that provide evidence for direct links between the development of soil 5 

surface cryptogamic communities and soil attributes and functioning. This is particularly 6 

true in areas free of potentially confounding factors such as different soil types, land uses, 7 

or anthropogenic disturbances. Despite the ecological importance of polar ecosystems and 8 

their sensitivity to climate change, we are far from understanding how their soils function 9 

and will respond to climate change-driven alterations in above- and belowground features.  10 

We used two complementary approaches (i.e. cover gradients in the forefront of 11 

retreating glaciers as well as long-time deglaciated areas with well-developed cryptogamic 12 

cover types) to evaluate the role of cryptogams driving multiple soil biotic and abiotic 13 

attributes and functioning rates in polar terrestrial ecosystems. 14 

Increases in cryptogamic cover were consistently related to increases in organic 15 

matter accumulation, soil fertility, and bacterial diversity, but also in enhanced soil 16 

functioning rates in both sampling areas. However, we also show that the ability to 17 

influence soil attributes varies among different polar cryptogamic covers, indicating that 18 

their differential ability to thrive under climate-change scenarios will largely determine the 19 

fate of polar soils in coming decades. 20 
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 2 

Introduction 24 

Soil surface cryptogamic communities dominated by lichens, mosses, fungi, algae, or 25 

cyanobacteria (hereafter cryptogams) are known to influence soil attributes in many 26 

terrestrial ecosystems (Eldridge et al., 2010; Felde et al., 2014; Lafuente et al., 2020; 27 

Maestre et al., 2015, 2013; Moreira-Grez et al., 2019). Previous studies show that biotic 28 

cover and identity might determine soil biodiversity, fertility, and functioning through 29 

processes such as primary production, atmospheric nitrogen fixation, litter and exudates 30 

production, dust capture, and the formation of fertility islands (Delgado‐Baquerizo et al., 31 

2015; Y.-R. Liu et al., 2017; Ochoa-Hueso et al., 2018). However, we still lack studies that 32 

provide evidence for direct links between the development of cryptogamic covers and soil 33 

attributes and functioning (Benavent-González et al., 2018). This is particularly true in areas 34 

free of potentially confounding factors such as different soil types, land uses (and land use 35 

histories), or anthropogenic disturbances, which hinder our ability to identify and 36 

understand such links.  37 

Polar terrestrial ecosystems are among the most important areas of the planet in 38 

terms of ecological value and protection status, and are particularly susceptible to climate 39 

change (Amesbury et al., 2017; Turner et al., 2005). At the same time, these areas are ideal 40 

to study the role of cryptogamic covers driving soil functioning because (i) they are far from 41 

the main anthropogenic contamination sources; (ii) retreating glaciers (due to climate-42 

change) generate primary succession processes that result in areas with increasing biotic 43 

cover (and diversity) and soil development (Garrido-Benavent et al., 2020; Makoto and 44 

Wilson, 2016); and (iii) the harsh climate allows for a particularly high development of 45 

different cryptogamic groups (Benavent-González et al., 2018; Bramley-Alves et al., 2014). 46 

Climate change is likely to result in significant changes in the cover and relative abundance 47 



 3 

of different cryptogams in polar ecosystems, which might alter soil functioning rates (Kardol 48 

et al., 2010; Y. Liu et al., 2017; van der Putten et al., 2016). Indeed, pioneer studies 49 

anticipate that changes in cryptogamic cover and identity might result in concomitant 50 

changes in soil diversity and in the capacity of soils from these areas to store and cycle 51 

nutrients (Benavent-González et al., 2018; Garrido-Benavent et al., 2020). However, despite 52 

the fact that polar ecosystems are (and will be) experiencing increasingly longer ice or snow-53 

free periods at temperatures compatible with biological activity (Amesbury et al., 2017), we 54 

are far from understanding how their soils function and will respond to climate change. This 55 

lack of information is mainly due to the difficulties in conducting scientific studies in these 56 

remote areas of the planet. Advancing our knowledge on the relationships between 57 

cryptogamic covers and soil attributes is of paramount importance to accurately forecast 58 

the impacts of climate change on these areas. More importantly, it would provide novel 59 

information on the role of pioneer cryptogams in soil development and functioning, which 60 

would provide useful insights for restoration projects and terraforming studies.  61 

Using two complementary approaches, we evaluated the role of cryptogams driving 62 

multiple soil biotic and abiotic attributes and functioning rates related to carbon (C), 63 

nitrogen (N) and phosphorus (P) cycling in polar terrestrial ecosystems. Specifically, we first 64 

used the forefront of two retreating glaciers (one in Antarctica and one in Iceland) to test 65 

the hypothesis that increased cryptogamic cover would result in changes in key soil 66 

attributes (e.g. organic matter, pH, or bacterial diversity) and in increases in soil functioning 67 

rates (i.e. several enzymatic activities related to the organic matter decomposition and C, N, 68 

and P cycling). Then, we used deglaciated areas, both in Iceland and Antarctica, with well-69 

developed cryptogamic covers to test the hypothesis that lichen-, moss-, or algae-70 

dominated cryptogamic covers would differentially control soil attributes and functioning.  71 



 4 

Methods 72 

Study area 73 

We carried out our study at Arctic and Antarctic sites. At both sites, we selected two 74 

sampling areas, the forefront of a retreating glacier as well as a long deglaciated area with a 75 

well-developed cryptogamic cover.  76 

In Antarctica, we carried out the study in ice-free areas of the Livingston Island (62° 77 

39 ′ S, 60° 21′ W), the second largest island in the South Shetlands, a mountainous and 78 

extensively glaciated archipelago located in maritime Antarctica. The climate is dominated 79 

by cold moist maritime air, which facilitates the formation of semi-deserts dominated by 80 

cryptogams with the sporadic presence of two Antarctic phanerogam species (Peat et al., 81 

2006). Mean annual precipitation and temperature are approximately 400 mm/year and -82 

1.5C (2005-2015 and 2009-2019, respectively; data from the AEMET weather station at the 83 

Spanish Antarctic Station BAE JCI). Soils in this area are acidic cryosols originating mainly 84 

from mechanical bedrock disintegration, while the bedrock is composed of greywackes 85 

arenites and shales from the Miers Bluff Formation (Navas et al., 2008). Specifically, we used 86 

(i) the forefield of the Sally Rocks tongue of the Hurd Glacier (62°42'01.0"S 60°25'09.7"W), 87 

dominated by mosses; and (ii) areas with a well-developed patchy cryptogamic cover 88 

dominated by lichens or mosses in the vicinity of the Juan Carlos I Spanish Antarctic Base 89 

(62°39'45.6"S 60°23'37.6"W), or by terrestrial green macroalgae (Prasiola spp.) in Punta 90 

Hannah (62°38'15''S, 60°34'28''W). 91 

In Iceland, the study was carried out in the vicinity of the Vatnajökull glacier in the 92 

subarctic, southeastern part of the island. The climate is cold-temperate maritime. Mean 93 

annual precipitation and temperature are around 2000 mm/year and 5 °C respectively. 94 

Specifically, we used (i) the forefield of the Breiðamerkurjökull tonge (64°05'12.6"N, 95 



 5 

16°19'55.6"W), dominated by different cryptogams and a few small vascular plants; and (ii) 96 

areas with a well-developed patchy cryptogamic cover dominated by lichens or mosses 97 

(64°04'13.5"N, 16°20'10.0"W). 98 

 99 

Sampling design 100 

In the Icelandic and Antarctic glacier forefronts, we used a regression-type design with 1x1 101 

m independent (i.e. separated by more than 15 m) plots in increasing cover gradients as 102 

sampling units. To do so, we first visually located different areas with increasing cover. 103 

Then, we placed a white frame in those locations and used a remote sensing-based 104 

classification to accurately assess the actual aboveground cover of all plots. Specifically, we 105 

took an orthogonal photo of the frame in each plot using a handheld multispectral camera. 106 

The resulting imagery was analyzed with the Orfeo Toolbox Plugin in QGIS. In a first step, 107 

similar pixels in each image were grouped using a multi-scale segmentation. Finally, the 108 

aboveground cover of each class was calculated in percentage per square meter. As a result, 109 

in Iceland, we were able to establish 20 plots with aboveground cover ranging from 8.2 to 110 

89.7%, whereas in Antarctica we established 18 plots with covers ranging from 0 to 84.6%. 111 

Aboveground richness was assessed in the Icelandic gradient by identifying all species 112 

existing within the 1x1 m plots (Table S1). In Antarctica, we could not carry out the 113 

aboveground species identification for logistical reasons, but visual observations suggest 114 

that the entire area is covered by mosses, mostly by a single species. 115 

For the Icelandic and Antarctic areas with well-developed cryptogamic covers, we 116 

used a classic ANOVA-type design. In Iceland, we randomly selected 20 independent (i.e. 117 

separated by more than 5 m) sampling patches (having at least 40 cm diameter): five which 118 

were dominated in percent cover by the dominant moss species (Racomitrium 119 



 6 

lanuginosum), five dominated by each of the two dominant lichens Stereocaulon sp. and 120 

Peltigera membranacea, and five bare soil patches devoid of biotic cover. In Antarctica, we 121 

followed the same criteria to select 20 independent sampling patches: five dominated by 122 

the dominant moss species Sanionia uncinata, five dominated by the dominant lichen 123 

Stereocaulon alpinum, five dominated by macroalgae (Prasiola spp.), and five bare soil 124 

patches devoid of biotic cover.  125 

 126 

Soil sampling and analyses 127 

In each sampling plot of the glacier forefronts, we systematically collected 5 soil samples 128 

from the top 6 cm mineral soil profile using a 5 cm diameter corer. After removing the 129 

visible aboveground material, soil samples from each plot were immediately sieved (2 mm 130 

mesh), homogenized, and thoroughly mixed to create a single composite sample. Thus, a 131 

total of 20 and 18 independent composite soil samples were produced in the Arctic and 132 

Antarctic glacier forefronts, respectively. Similarly, in each sampling patch of the well-133 

developed cryptogamic areas, we collected 3 soil samples (separated approximately 10 cm 134 

from each other) to produce a single composite soil sample per sampling patch, making a 135 

total of 20 independent soil samples in each of the Arctic and Antarctic areas. The 78 sieved 136 

composite samples were immediately frozen (-20 °C) for biogeochemical analyses.  137 

All soil samples were analyzed to estimate a total of 11 variables closely related to 138 

soil fertility as well as C, N, and P cycling and storage. Soil organic matter content (SOM) was 139 

estimated by loss on ignition at 450 C for 4 h (Nelson and Summers, 1996), soil pH was 140 

determined using a pH-meter and a soil-to-water ratio of 1:2.5 (m/v). Soil organic C and 141 

total N were assessed by dry combustion with an elemental analyzer (LECO TruSpec CN). We 142 

then used the method developed by Bell et al. (2013) and a microplate fluorometer 143 
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(SynergyTM HTX, BioTek Instruments, Inc., USA) to estimate the potential activity of seven 144 

hydrolytic soil enzymes involved in the degradation of common organic matter constituents. 145 

Specifically, we estimated the activity of the α- and β-glucosidases (starch degradation), β-146 

D-Cellobiosidase (cellulose degradation), β-Xylosidase (hemicellulose degradation); L-147 

Leucine aminopeptidase (protein degradation), N-acetyl-β-Glucosaminidase (chitin 148 

degradation), and Phosphatase (P mineralization). Finally, genomic DNA was extracted from 149 

the soil samples using the PowerSoil® DNA Isolation Kit (MO BIO laboratories, Carlsbad, CA, 150 

United States) according to the manufacturer’s protocol. For DNA amplification, we 151 

followed the bacterial 16S rRNA Illumina Amplicon Protocol suggested by the Earth 152 

Microbiome Project (available at http://www.earthmicrobiome.org/protocols-and-153 

standards/16s/) and used the primer pair 515F (5’-GTGYCAGCMGCCGCGGTAA-3’) and 806R 154 

(5’-GGACTACNVGGGTWTCTAAT-3’) which amplifies the V4 region of the 16S ribosomal RNA 155 

gene (Caporaso et al., 2010). Amplicon library generation was carried out at the ASU 156 

Genomics Core (Arizona State University, United States), and the resulting DNA library was 157 

loaded in MiSeq Illumina and run using the version 2 module, 2 × 250 pair-end, following the 158 

manufacturer's instructions. The analyses of bacterial 16S rRNA Illumina amplicon data 159 

conducted to calculate bacterial richness, diversity (Simpson index) and evenness (Pielou) 160 

are described in the Supplementary Material.  161 

 162 

Statistical analyses 163 

To explore the relationships of cryptogamic cover with soil properties and potential 164 

functioning rates in the glacier forefronts, we conducted Spearman rank correlations, which 165 

measure the strength and direction of the association between two ranked variables and do 166 

not require normality or linearity of data. We tested the effect of the cryptogamic cover 167 
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type on soil attributes and potential functioning rates in the areas with well-developed 168 

cryptogamic covers using a semiparametric MANOVA (PERMANOVA, Anderson et al., 2008), 169 

with cryptogamic cover type as fixed factor. Then, we carried out independent one-way 170 

PERMANOVA to test for differences among cryptogamic cover types for all soil attributes 171 

and functioning rates. Regression analyses were carried out in the statistical platform R 172 

version 3.4.0. (R Core Team, 2017), and all PERMANOVA were carried out using 9999 173 

permutation (of raw data) and the Euclidean distance using the PRIMER & PERMANOVA+ 174 

statistical package (PRIMER-E Ltd., UK).  175 
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Results 176 

We found consistent positive effects of cryptogamic cover on soil attributes and potential 177 

functioning rates both in Iceland and in Antarctica. In Iceland, we found significant positive 178 

relationships between cryptogamic cover and total organic C, organic matter content, 179 

bacterial richness and diversity, and the β-Xylosidase, α-glucosidase, β-D-Cellobiohydrolase, 180 

and L-Leucine aminopeptidase enzymatic activities, as well as a significant negative 181 

relationship with soil pH (Fig. 1a; Table S2). In Antarctica, we found significant positive 182 

relationships between cryptogamic cover and soil total organic C, pH, organic matter 183 

content, bacterial richness, and with the α-glucosidase, β-D-Cellobiohydrolase, and L-184 

Leucine aminopeptidase enzymatic activities, as well as significant, yet weak negative 185 

relationships with soil bacterial diversity and the β-Xylosidase enzymatic activity (Fig. 1b; 186 

Table S2).  187 

We also found a significant effect of the cryptogamic cover type on all considered 188 

variables, both in Iceland and Antarctica, except for soil total N in Iceland (Table 1). We 189 

consistently found lower values of soil attributes (Fig. 2) and enzymatic activity (Fig. 3) in 190 

soils collected in bare patches than in soils collected under cryptogamic covers both in 191 

Iceland and Antarctica. In general, soils under Peltigera membranacea (in Iceland) and 192 

Prasiola spp. (in Antarctica) showed the highest levels for most of the variables analyzed, 193 

followed by soils covered by Stereocaulon sp. and moss species. The trend was the opposite 194 

for soil pH at least in Iceland, where we found higher values in soils from bare areas than in 195 

soils covered by cryptogamic covers (Fig. 2). In Antarctica, the differences for soil pH 196 

between bare soil and the rest of the cover types in Antarctica were only significant for 197 

Prasiola spp. (Fig. 2).  198 
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Discussion 199 

This study provides novel evidence about the role of cryptogams driving soil biotic and 200 

abiotic attributes and functioning in polar regions. Specifically, our results confirm that 201 

increases in cryptogam cover, expected with climate change-driven glacier retreat (Radić et 202 

al., 2014), will likely be accompanied by overall increases in soil bacterial biodiversity, 203 

fertility, and functioning. Also, they show that any change in the relative cover of the 204 

different cryptogamic types (i.e. mosses, lichen, algae) will likely result in concomitant 205 

changes in soil attributes. 206 

Increases in soil attributes and functioning rates associated with biotic covers as 207 

compared to bare ground areas devoid of vegetation are well documented in many 208 

ecosystems (Allington and Valone, 2014; Gavilán et al., 2002; Rodríguez et al., 2011; 209 

Schlesinger et al., 1995) and are a known result of pedogenesis processes (Delgado-210 

Baquerizo et al., 2019; Durán et al., 2018). Cryptogamic colonization increases ecosystem 211 

primary productivity initiating cascading processes that result in changes in soil texture 212 

(Linstädter and Baumann, 2013), increases in organic matter accumulation and 213 

redistribution via roots and microorganisms (Hook et al., 1991; Schlesinger et al., 1990), 214 

increases in fertility and potential soil functioning rates (Ochoa-Hueso et al., 2018), and 215 

ultimately changes in soil microbial biodiversity (Delgado-Baquerizo et al., 2019; Garrido-216 

Benavent et al., 2020). Also, cryptogamic covers are known to increase soil enzymatic 217 

activity through changes in pH and increases in soil temperature, water and nutrient 218 

availability, or via release of secondary metabolites (Almeida et al., 2014; Bowker et al., 219 

2011; Cannone et al., 2008; Hauck et al., 2009). Our observational study suggests that these 220 

processes are also likely to occur in polar terrestrial ecosystems (both Icelandic and 221 

Antarctic) as the area of soil occupied by cryptogams increases following glacier retreat 222 
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(Radić et al., 2014). Interestingly, while most soil fertility and functioning proxies 223 

consistently increased in both study areas with increasing cryptogamic cover (although the 224 

degree of significance was relatively different for different variables), bacterial richness and 225 

diversity indices were more responsive in Iceland than in Antarctica, where aboveground 226 

cover was weakly, yet significantly, positively and negatively related to soil bacterial richness 227 

and diversity, respectively. The strong links between aboveground cover, soil attributes, and 228 

belowground diversity are well known, so we expected similar changes in soil bacterial 229 

diversity and richness associated with the observed changes in soil attributes in both 230 

sampling areas. Differences between the two glacier forefronts may be behind the 231 

differential response of soil bacteria to aboveground cover. The gradient of Iceland is older 232 

and shows higher aboveground diversity than that of Antarctica (see Methods section and 233 

Table S1), which is strongly dominated by a single moss species. Thus, the soils of the 234 

Antarctic gradient might represent the very initial phases of colonization, in which the 235 

presence of many highly versatile pioneering microorganisms capable of thriving in 236 

relatively changing conditions is expected (Chapin et al., 1994; Garrido-Benavent et al., 237 

2020; Schulz et al., 2013). Thus, it is likely that in these initial pedogenic stages bacterial 238 

abundance, which we did not assess, is more dynamic (i.e. responsive to changes in soil 239 

attributes) than bacterial richness or diversity. 240 

We have to acknowledge that, by focusing in cover gradients, we were not able to 241 

explicitly consider and parse out the variation due to soil development and different biotic 242 

and abiotic processes associated to soil age. Whereas we do not have actual age date for 243 

our plots, we did not find significant positive relationships between the distance to the 244 

glacier forefront and the percent cover in either of the two gradients, which would indicate 245 

indistinguishable effects of soil age and ground cover. Still, we cannot effectively ignore the 246 
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possibility that some of the observed variation in soil attributes may be explained by 247 

successional processes. That is why our complementary approach using areas with well-248 

developed cryptogamic covers was of utmost importance to confirme the importance of 249 

cryptogamic cover (and identity) driving soil attributes and functioning. Our study found 250 

consistently positive effects of different cryptogamic patches as compared to bare areas on 251 

the overall soil fertility (e.g. soil organic matter, and C and N content) and potential 252 

functioning rates (i.e. soil enzymatic activities), both in Iceland and Antarctica. This type of 253 

positive effect of aboveground species on soil attributes have been observed in different 254 

ecosystems (e.g. Gavilán et al., 2002; Ochoa-Hueso et al., 2018; Schlesinger et al., 1995, 255 

1990), including Antarctica (Benavent-González et al., 2018; Beyer et al., 2000), and are 256 

related with the above-explained capacity of vegetated patches of modifying soil conditions. 257 

Thus, our results indicate that any increase in the area occupied by cryptogams in polar 258 

regions due to increased growing season and increasingly warm conditions will likely result 259 

in a parallel increase in soil fertility, which in turn would increase local primary productivity 260 

(Amesbury et al., 2017; Lee et al., 2017; Wasley et al., 2006). Further, we show that such 261 

changes would not only result in increases in the capacity of both Arctic and Antarctic soils 262 

to accumulate organic matter, but also in their capacity to degrade it (Bell et al., 2013), 263 

which is also likely to result in changes in soil microbial populations (Delgado-Baquerizo et 264 

al., 2018). More importantly, our results show that the magnitude of these positive effects 265 

are identity-, and variable-dependent. For instance, in general, the capacity of lichens to 266 

improve soil fertility and functioning rates (as compared to bare areas) tended to be higher 267 

than that of mosses. This is not unexpected, due to the capacity of the analyzed lichens to 268 

associate with N-fixing bacteria (Weiss et al., 2005), which is particularly important in 269 

increasing the fertility in areas with very low atmospheric N-deposition rates (Alexander et 270 
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al., 1978; Alexander and Billington, 1986; Chapin et al., 1991; Solheim et al., 1996). In any 271 

case, although establishing direct effects of climate change in this type of observational 272 

studies is always difficult, our results suggest that the fate of polar terrestrial ecosystems 273 

under future climate scenarios will depend on the relative ability of different aboveground 274 

species to thrive under the new conditions.  275 

The particularly high levels of soil organic matter and N content, as well as the high 276 

potential phosphatase activity under the only macroalga-dominated cryptogamic cover 277 

considered in the study (Prasiola spp.), are also worth mentioning. However, more than a 278 

differential effect of algae on soil attributes, we speculate that this surprising result could be 279 

related to the presence of petrels (Thalassoica antarctica) near the macroalgae-covered 280 

area, which would increase the availability of both N and P (as indicated by increased 281 

phosphatase activity) via constant guano additions (Bokhorst et al., 2007; Tatur et al., 1997). 282 

 283 

Conclusions 284 

Our study, based on two complementary approaches, adds observational evidence of the 285 

role of cryptogamic cover and identity driving soil attributes and functioning in polar 286 

ecosystems. Our results suggest that expected increases in cryptogamic covers (due to 287 

increased growing season length and increasingly warming conditions) may result in parallel 288 

increases in organic matter accumulation and soil fertility and diversity, but also in 289 

enhanced soil functioning rates. More importantly, we demonstrate that the ability to 290 

influence soil attributes varies among the different polar cryptogamic types, indicating that 291 

their differential ability to thrive under climate-change scenarios will largely determine the 292 

fate of polar soils in coming decades.  293 

 294 
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Figure captions 487 
 488 
Figure 1. Spearman rank significant correlations (P<0.05) among above- and belowground 489 

attributes in Iceland and Antarctica. Blank squares represent non-significant relationships. B. 490 

= Bacterial; PHOS = Phosphatase activity; LAP = Leucine aminopeptidase activity; NAG = N-491 

acetyl-β-Glucosaminidase activity; CB = β-D-Cellobiosidase activities; AG and BG = α- and β-492 

glucosidase activity, respectively; XYL = β-Xylosidase activity; OM = Organic matter; TOC = 493 

Total organic carbon; TN = Total nitrogen; Ab. = Aboveground. 494 

 495 

Figure 2. Soil pH, organic matter content (OM), and total N and C in soils collected under 496 

different cryptogamic covers and in bare soil areas in Iceland and Antarctica. Different 497 

letters show significant differences (PERMANOVA, P<0.05) among cryptogamic types. Bars 498 

represent means ± standard errors. 499 

 500 
Figure 3. β-Xylosidase (BG), α- and β-glucosidases (AG and BG, respectively), β-D-501 

Cellobiosidase (CB), N-acetyl-β-Glucosaminidase (NAG), L-Leucine aminopeptidase (LAP), 502 

and Phosphatase (PHOS) enzymatic activities in soils collected under different cryptogamic 503 

covers and in bare soil areas in Iceland and Antarctica. Different letters show significant 504 

differences (PERMANOVA, P<0.05) among cryptogamic types. All enzymatic activities 505 

expressed in nmol activity gr dry soil-1 h-1. Bars represent means ± standard errors. 506 

 507 



Table 1. Statistical results of PERMANOVA showing the effects of cryptogamic cover identity 

on soil attributes and enzymatic activities in Iceland and Antarctica. 

 

 Iceland   Antarctica 

  df Pseudo-F P(MC)  df Pseudo-F P(MC) 

pH 3 9.57 <0.001  3 47.82 <0.001 

Organic matter content 3 5.16 <0.05  3 14.18 <0.001 

Total organic C 3 5.34 <0.01  3 9.53 <0.01 

Total N 3 1.37 0.29  3 6.27 <0.01 

β-Xylosidase 3 7.11 <0.01   3 6.60 <0.01 

α-1,4-Glucosidase 3 7.13 <0.01  3 11.34 <0.001 

β-1,4-Glucosidase 3 4.92 <0.05  3 6.60 <0.01 

β-D-Cellobiohydrolase  3 6.02 <0.01  3 16.66 <0.001 

β-1,4-N-Acetylglucosaminidase 3 5.02 <0.05  3 4.76 <0.05 

L-Leucine aminopeptidase 3 8.34 <0.01  3 38.88 0.001 

Phosphatase 3 20.93 <0.001   3 8.27 <0.01 
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