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ABSTRACT

Vascular and nonvascular plants are affected by environmental factors determining their distribution and shap-
ing their diversity and cover. Despite the cryptogam commonness in Arctic communities, previous studies have
often focused on limited number of factors and their impact on only selected species of vascular plants or cryp-
togams. Our study aimed to investigate in detail the differences in species diversity and cover of cryptogams and
vascular plants in the glacier forelands and mature tundra on Svalbard. Furthermore, we determined the biotic
and abiotic factors that affected diversity, cover and distribution of cryptogam and vascular plant species. In
2017, we established 201 plots in eight locations (each including habitat type of foreland and mature tundra)
and surveyed species abundance, sampled soils and environmental data. Results revealed that diversity and
cover of analysed groups differed significantly between locations and habitat types, except for cryptogam
cover in mature tundra in terms of location. Distance to the glacier terminus, slope, soil conductivity, nutrient
content, and clay content impacted both plant groups' diversity. In contrast, distance to the glacier terminus, nu-
trient content and soil pH affected their cover. In addition, for cryptogam diversity and cover, foreland location
and vascular plant cover were also important, while for vascular plant cover time elapsed after glacier retreat
was significant. Distribution of both groups' species in forelands was associated with time elapsed after glacier
retreat, soil pH, and nutrient contents. Soil texture and distance to the glacier terminus additionally influenced
cryptogam distribution. The positive impact of vascular plants on cryptogam diversity and cover indicates com-
plex relationships between these groups, even in forelands' relatively simple communities. As the cryptogam
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diversity in the polar areas is high but still largely unknown, future studies on species ecology and climate change
impact on vegetation should consider both vascular plants and cryptogams and interactions between these

groups.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Arctic plant communities are among the most sensitive and the most
affected by climate change (Huntington and Fox, 2005; Post et al.,
2009). Cryptogams especially are undergoing substantial changes in
their abundance, biomass and composition due to alteration of their en-
vironments (Bates and Farmer, 1992; Callaghan et al., 2004; Cornelissen
et al., 2007). Cryptogams are spore-bearing organisms such as lichens
and bryophytes (Belnap and Lange, 2013). They differ from vascular
plants in their growth forms, lack of specialized structures to regulate
water loss, ability to survive in a dormant state during desiccation, as
well as nutrition strategy including limited ability to take up soil nutri-
ents (Pointing et al., 2015; Roos et al., 2019). In comparison to vascular
plants, their small size and the difficulty with taxonomic identification
contribute to their underrepresentation in ecological studies and, conse-
quently, our understanding of their diversity (Cornelissen et al.,, 2007).

Similarly, most studies on environmental variables affecting species
occurrence have focused on vascular plants rather than cryptogams
(Wietrzyk et al., 2016; Nakatsubo et al., 2010; Prach and Rachlewicz,
2012). This underrepresentation is particularly true for the Arctic tundra
vegetation, despite cryptogams being a major component of Arctic plant
communities (Longton, 1997; Breen and Lévesque, 2008; Belnap and
Lange, 2013). Cryptogams participate in various ecological processes,
such as nitrogen and carbon cycling, organic matter accumulation, soil
moisture retention, and bio-stabilization against soil erosion (Belnap
and Lange, 2013; Shively et al., 2001; Garcia-Pichel and Wojciechowski,
2009; Pushkareva et al., 2017; Rippin et al., 2018). Since Arctic crypto-
gams are subject to substantial changes, with potential impact on eco-
system functioning, it is important to identify factors that determine
species occurrence and reveal how modification of these factors can af-
fect vascular plant and cryptogam communities in the future.

The Arctic's cold climate promotes ecosystems characterised by low
vascular plant cover that provide a niche for cryptogams (Cornelissen
et al., 2001; Jung et al., 2018). On the other hand, positive relationships
between selected vascular and cryptogam species have also been ob-
served, such as vascular plants' facilitating role for bryophyte growth
(Longton, 1997; Pharo et al., 1999). Nevertheless, cryptogams are
usually patchily distributed between vascular plants. In spaces where
vascular plants are less abundant, cryptogams can dominate the com-
munity. This dominance is the case in glacier forelands, which are pri-
mary successional and initial habitats. Competition from vascular
plants is still an important factor limiting cryptogam distribution
(Cornelissen et al., 2001; Gornall et al,, 2011; Belnap and Lange, 2013).
However, in glacier forelands, vegetation succession is tightly linked to
the underlying substrate characteristics (i.e., age, exposure, moisture,
terrain, and microsite conditions) (Matthews and Whittaker, 1987;
Jones and del Moral, 2005; Moreau et al., 2008, 2009; Wojtui et al.,
2008; Burga et al.,, 2010; Wietrzyk et al., 2016; Eichel, 2019). Both the
physical and chemical properties of soils are important for several spe-
cies of cryptogams and vascular plants (Skre and Oechel, 1981; Longton,
1988; Gornall et al., 2007; Burga et al., 2010; Rydgren et al., 2014;
Wietrzyk et al.,, 2018; Eichel, 2019). Distance to the glacier terminus
(the end of the glacier) can also have a strong influence on the develop-
ment of vascular plants and cryptogams (Haugland and Beatty, 2005;
Jones and del Moral, 2005; Rodriguez et al., 2018; Wietrzyk et al.,
2016, 2018). However, previous studies have been limited to a single
or a few species of vascular plants or cryptogams together with a
small number of selected environmental factors, which may lead to
incorrect conclusions of diversity patterns (Rydgren et al., 2014).

Therefore, our understanding of drivers and the co-colonising of glacier
forelands by cryptogam and vascular plant species is limited.

This study aimed to investigate the differences in species diversity
(measured by species richness, Shannon index and dominance index),
distribution and cover of cryptogams and vascular plants in the fore-
lands and mature tundra of eight glaciers on Svalbard. Furthermore,
we determined multiple biotic and abiotic factors affecting diversity,
distribution and cover of cryptogams and vascular plants. Finally, we
compared if the same set of factors impacted the diversity and cover
of cryptogams and vascular plants. Based on the theory of primary suc-
cession (Walker and del Moral, 2003), we expect cryptogams to be
dominant in foreland habitats because they are well adapted to
nutrient-poor soils, while vascular plants require more nutrients from
their environment, reducing their presence and minimizing the amount
of competition for cryptogams in forelands. We tested the following hy-
potheses: (1) diversity and cover of vascular plants is higher in mature
habitats, while cryptogams dominate and show higher diversity in ini-
tial habitats of forelands because of differences in their nutrient require-
ments; and (2) apart from distance to the glacier terminus, nutrient
availability affects the diversity and cover of vascular plants, while di-
versity and cover of cryptogams are primarily limited by competition
from vascular plants.

Climate change is a potential threat to cryptogam survival
(Callaghan et al., 2004). However, increasing temperatures combined
with other environmental changes have led to the expansion of ice-
free areas across the Arctic and alpine regions, providing new land
areas for colonisation by vascular and non-vascular plant species. There-
fore, to study the processes taking part in glacier forelands, including
species interactions and environmental impact on organisms, is truly
of global significance.

2. Materials and methods
2.1. Study area

We conducted our study in glacier foreland and mature tundra of
the following eight locations in the Svalbard archipelago: Austre
Broggerbreen, Vestre Breoggerbreen, Austre Lovénbreen, Midtre
Lovénbreen, Vestre Lovénbreen, Rieperbreen, Svenbreen, and
Ferdinandbreen glaciers (Fig. 1).

Similar geological and climatic features characterise the locations of
Austre Lovénbreen, Midtre Lovénbreen, Vestre Lovénbreen. The bed-
rock is composed of phyllite, quartzite, and schist (from Proterozoic),
dolomite and limestone (from Carboniferous and Permian), as well as
sandstone, shale, and conglomerate (from Carboniferous and Paleo-
cene) (Saalmann and Thiedig, 2000). Austre Braggerbreen and Vestre
Braggerbreen locations are also characterised by Permian chert, shale,
sandstone, limestone and Triassic shale, siltstone, and sandstone
(Saalmann and Thiedig, 2000). The soils of all these locations belong
to Haplic Cryosols according to WRB classification (Hengl et al., 2017).
There is some variation in the mean annual air temperature (MAAT)
and mean annual precipitation (MAP) for the different locations. The
MAAT of Austre Lovénbreen, Midtre Lovénbreen, Vestre Lovénbreen is
—6 °C, while mean annual precipitation reaches 420 mm (Fick and
Hijmans, 2017). The MAAT of Austre Brgggerbreen and Vestre
Broggerbreen is one degree colder, and MAP is 10 mm higher than
Austre, Midtre and Vestre Lovénbreen (Fick and Hijmans, 2017). North-
ern Arctic tundra vegetation (prostrate dwarf-shrub/herb tundra of sub-
zone B) occurs in all locations (CAVM, 2003; Jénsdottir, 2005).
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The bedrock of the Rieperbreen location is characterised by sand-
stone, siltstone, mudstone and shale from the Cretaceous, Paleocene
and Eocene periods (Dallmann et al., 2001). Contrastingly, Svenbreen
and Ferdinandbreen locations consist mainly of granitic gneiss,
migmatite, amphibolite, quartzite, mica schist, and marble (from the
Proterozoic); sandstone, siltstone, shale, and conglomerate (from the
late Devonian); clastic and carbonate rocks (from the Carboniferous);
and carbonate rocks (from the Permian) (Dallmann, 1999; Dallmann
et al.,, 2004, 2009). The soils are Haplic Cryosols and Turbic Cryosols
(Hengl et al., 2017). These locations have a MAAT of —8 °C (Fick and
Hijmans, 2017). Svenbreen and Ferdinandbreen locations have a MAP
of 300 mm, while Rieperbreen is 100 mm higher (Fick and Hijmans,
2017). Vegetation represents middle Arctic tundra (prostrate/
hemiprostrate dwarf-shrub tundra of subzone C) (CAVM, 2003;
Jonsdottir, 2005).

2.2. Fieldwork

In the summer of 2017, we established 201 plots (plot number per
location and habitat type are presented in the Supplementary file 1) in
eight locations, including initial habitats in glacier foreland (blue dots
in Fig. 1) and mature habitats (orange dots in Fig. 1). In each plot, we
collected data on the percent cover of cryptogam and vascular plant
species using a 1 m? frame divided into 100 10 cm? squares. The pres-
ence of species in one square corresponded to 1% cover; therefore,
each species' cover in the plot was determined in the range 1-100%.
Vascular plant and cryptogam species unable to be identified in the
field were collected and identified using traditional taxonomy methods.
For full details of the species identification methodology, see Wietrzyk-
Petka et al. (2018, 2020a). After specimen collection, within each plot,
soil samples were collected for subsequent laboratory analyses. For
each plot, after plant and biological soil crust removal, we collected
four soil cores (diameter of ca. 10 cm) to a depth of ca. 10 cm and
then mixed them into one soil sample.

2.3. Spatial analyses

For each plot, we calculated the time elapsed since the glacier's re-
treat (based on historical glacier extent from satellite images), distance
to the current glacier terminus, slope, exposure, and topographic wet-
ness index (TWI). Time elapsed since the glacier's retreat and distance
to the current glacier terminus were obtained by digitalisation of glacier
terminus in the past on available satellite data. We used available
Landsat (2020) and Modified Copernicus Sentinel (2020) data as a
source. Slope, exposure, and TWI were calculated in SAGA GIS 7.0.0 soft-
ware (Conrad et al., 2015) using ArcticDEM (2 m grid) as a terrain data
source (Porter et al., 2018). We computed TWI to determine the ten-
dency of an area to accumulate water according to the formula 1:

SCA

I=1n tan @

(1)

where SCA is the Specific Catchment Area and ¢ is the slope angle, and
the assumption of uniform soil properties is set (Mattivi et al., 2019).

For preparation of the study area map, we used a dataset from the
Norwegian Polar Institute (2020) service and ArcGIS Desktop 10.7 soft-
ware (ESRI, Redlands, California, USA).

2.4. Laboratory analysis

Soil samples were oven-dried at 30 °C for 24 h. Dried soil samples
were then passed through a 2 mm sieve to remove the coarse material
(fraction >2 mm). We determined total carbon and total nitrogen
(TN) content via gas chromatography using a CHN elemental analyser
(Vario Micro Cube, Elementar, Hanau, Germany) in triplicate. We mea-
sured carbonate content using the volumetric calcimeter method

Science of the Total Environment 770 (2021) 144793

(Loeppert and Suarez, 1996). We calculated total organic carbon con-
tent (TOC) in calcareous samples by subtracting the carbon content in
carbonates from the total carbon content. We determined the concen-
tration of exchangeable cations, i.e., calcium (Ca®"), magnesium
(Mg?"), potassium (K*), and sodium (Na*) ions via flame atomic ab-
sorption spectrometry (FAAS) after extraction with 1 M ammonium ac-
etate (CoH;NO,) (Sumner and Miller, 1996). Plant available phosphorus
(P,0s) and potassium (K,0) were extracted according to the protocol
given by Egner-Riehm (Egner et al., 1960). The concentration of avail-
able phosphorus and potassium was determined using the colorimetric
method (Kuo, 1996) and FAAS, respectively. Plant available magnesium
(MgO) was extracted according to the protocol given by Schachtschabel
(1954) and measured by FAAS. We measured soil pH (Thomas, 1996)
and electrical conductivity (COM-80, HM Digital, California, USA) in dis-
tilled water (1:2.5 soil/water ratio) after 24 h when the solution was in
equilibrium with the soil and therefore stable. Lastly, we determined
soil particle-size distribution (fraction <1 mm) using laser diffraction
(Mastersizer 3000, Malvern, UK).

2.5. Data analysis

In each plot, we calculated: (1) species richness (number of recorded
species), (2) Shannon index, (3) dominance index, and (4) cover (%)
using the statistical software PAST 3.25 (Hammer et al., 2001).

The Shannon index included the cover of individuals and the num-
ber of species calculated according to the formula 2:

n; n;
2 n In I} (2)

i

where n; is the cover of species i.

The dominance index ranges from 0 (all species equally present) to 1
(one species dominates the community completely) and was calculated
according to the formula 3:

> (0’ 3)

i \n

where n; is the cover of species i.

To verify differences in species richness, Shannon index, dominance
index and cover between habitat type (mature tundra and glacier fore-
land), as well as geographical location (Rieperbreen, Ferdinandbreen,
Svenbreen, Austre Breggerbreen, Vestre Brgggerbreen, Austre
Lovénbreen, Midtre Lovénbreen, and Vestre Lovénbreen) we performed
a two-way analysis of variance (habitat type x location) followed by
post hoc Tukey's HSD (Honestly Significant Difference) test for unequal
sample size (p < 0.05) for cryptogams and vascular plants, separately.
Prior to the analysis, we verified the normality of the distribution and
the equality of variances using the Kolmogorov-Smirnov test
(p > 0.05) and Levene's test (p > 0.05), respectively. The data that did
not meet the assumption of variance homogeneity and distribution nor-
mality were Box-Cox-transformed. Due to lack of variance homogeneity
within habitat type groups of cryptogam cover after Box-Cox data trans-
formation, we tested the differences in the cryptogam cover in mature
tundra between locations using Kruskal-Wallis test (p < 0.05). The dif-
ferences in the cryptogam cover in forelands between locations were
tested with one-way ANOVA followed by Tukey's HSD test for unequal
sample size (p < 0.05).

We conducted stepwise multiple linear regression analysis using
forward variable selection (with a threshold of p < 0.05 to entry) to in-
vestigate the variables that affect the diversity and cover of cryptogams
and vascular plants in the forelands. Prior to the analysis, we verified the
linearity assumptions between variables and the distribution normality
of residuals using the Kolmogorov-Smirnov test (p > 0.05). We checked
the potential collinearity of the predictors by calculating the variance in-
flation factors (VIFs) using Statgraphics Centurion 18 (StatPoint, Inc.).
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Table 1
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The results of two-way ANOVA for cryptogams for the effects of habitat type (mature tundra vs glacier foreland) and geographical location (glacier) on biotic variables, with the exception
of cryptogamic cover for which the results of one-way ANOVA for the effects of location in forelands and Kruskal-Wallis test for the effects of location in mature tundra are presented.

Significant effects (p < 0.05) are provided in bold.

Variable Location Habitat type Location x habitat type Error
F/H p df Partial n? F p df Partial n? F p df Partial n? df
Cryptogams
Cover - forelands 9.50 <0.001 7 149
Cover - mature tundra 9.09 0.247 7
Dominance index 213 0.043 7 0.08 37.20 <0.001 1 0.17 0.92 0.489 7 0.03 183
Species richness 3.74 0.001 7 0.13 115.07 <0.001 1 0.39 1.09 0.371 7 0.04 183
Shannon index 229 0.029 7 0.08 50.69 <0.001 1 0.22 1.00 0.435 7 0.04 183

To validate the regression model, obtain reliable regression coefficients
and detect the extreme cases, we performed a detailed residual analysis.
Next, we calculated the Durbin-Watson statistic to evaluate the poten-
tial presence of a serial correlation of residuals. Since VIFs for sand and
silt, Mg?* and MgO, were >10, we only included sand and Mg?™ as pre-
dictor variables in the models. We performed stepwise multiple linear
regression on separate data matrices for cryptogams and vascular
plants. For cryptogams, 19 variables were included in the analysis (ex-
posure of the plot, contents of Ca®*, Mg?™, K+, Na*, available P,0s,
available K30, clay content, soil conductivity, distance to the glacier ter-
minus, sand content, slope of the plot, soil pH, TOC content, TN content,
time elapsed after glacier retreat, TWI, and vascular plant cover as well
as geographical location as categorical variables). The same variables
were included in the stepwise multiple linear regression analysis for
vascular plants, except vascular plant cover. We conducted these analy-
ses using the statistical software Statistica 13 (StatSoft, Tulsa, OK, USA).

We applied canonical correspondence analysis (CCA) to determine
which environmental variables were related to species occurrence of
cryptogams and vascular plants separately with the application of an
automatic procedure for forward selection of the explanatory variable
from the set of all available variables. For this purpose, we used
CANOCO 4.5 (ter Braak and Smilauer, 2002). Species data were
square-root transformed to reduce the dominant contribution of abun-
dant species, while rare species were down-weighted. Finally, we per-
formed the Monte Carlo permutation test (p < 0.05) based on 9999
random permutations to assess the statistical significance of relation-
ships between species and environmental factors.

3. Results
3.1. Cryptogam diversity and cover

Descriptive statistics of all environmental variables studied, includ-
ing the division into geographical locations and habitat types, are pre-
sented in Supplementary file 1. Both habitat type and geographical
location significantly affected cryptogamic species richness, Shannon
index and dominance index (p < 0.05; Table 1, Fig. 2A-D). Shannon
index and species richness were 1.5 times and 2.4 times higher,
respectively, in the mature tundra compared to glacier forelands
(p < 0.001; Fig. 2C, D). The opposite relationship was true for domi-
nance index (Fig. 2B), which was always significantly lower in mature
tundra than forelands. For geographical location, Rieperbreen location
was characterised by the highest species richness, which was nearly
two times higher than at Austre Breggerbreen, Ferdinandbreen,
Svenbreen, Vestre Brgggerbreen, and Vestre Lovénbreen locations
(p < 0.01; Fig. 2D). Regarding the Shannon index, Austre Lovénbreen
and Rieperbreen locations were ca. 1.5 times higher than at Austre
Brgggerbreen and Ferdinandbreen locations (p < 0.05; Fig. 2C). The

remaining locations did not differ significantly from one another
(p > 0.05). The dominance index was the highest at Austre
Broggerbreen and Ferdinandbreen locations and was significantly
higher than at Austre Lovénbreen and Rieperbreen locations by two
orders of magnitude (Fig. 2B). Cryptogam cover in forelands differed
between particular location (p < 0.05), whereas within mature tundra
habitat no differences between locations were found (p > 0.05). The
highest cover was recorded at Austre Lovénbreen and Rieperbreen
forelands, whereas the lowest at Austre Broggerbreen, Ferdinandbreen
and Vestre Braggerbreen forelands (Fig. 2A). For all analysed diversity
indices, habitat type accounted for more variance explained than geo-
graphical location (Table 1). For dominance index, 17% of the variation
was due to habitat type, 8% due to location; for species richness, 39%
of variation was due to habitat type, 18% due to location; while for
Shannon index, 22% of variation was due to habitat type, 8% due to
location (Table 1).

Distance to the glacier terminus, available P,O5 content and vascular
plant cover were the only variables that significantly impacted both di-
versity metrics and cryptogams' cover (p < 0.05; Supplementary files
2-5). These predictors positively affected cryptogamic species richness,
Shannon index and cover, whereas negatively impacted the dominance
index (p < 0.001). The soil pH and electrical conductivity had a signifi-
cant negative impact on cryptogamic species richness and cover (Sup-
plementary files 2, 5). The cryptogamic species richness, Shannon
index and cover were significantly and positively influenced by K* con-
tent (Supplementary files 2, 4, 5). Additionally, Ca®>" content and slope
significantly affected the Shannon index, whereas clay content on spe-
cies richness (Supplementary files 4, 5). Foreland location only had a
significant effect on cryptogam species richness (Supplementary file 5).

Ten factors significantly affected cryptogam distribution (Fig. 3;
Supplementary file 6) and divided species into two groups. The first
group was associated with high content of TOC, K+, Mg?™, and clay,
and greater distance to the glacier terminus and longer time elapsed
after glacier retreat. The second group was associated with higher soil
pH and electrical conductivity and higher content of Ca?* and sand
(Supplementary file 6). There was no clear division between lichens
and bryophytes, and we recorded their presence in both distinguished
groups (Fig. 3). Both the first axis and all canonical axes taken together
showed statistical significance (F = 9.44, p < 0.01 and F = 2.18,
p < 0.01, respectively).

3.2. Vascular plant diversity and cover

Descriptive statistics of all environmental variables studied, includ-
ing the division into geographical locations and habitat types, are pre-
sented in Supplementary file 1. Both habitat type and geographical
location significantly affected vascular plant cover, which was two
times higher in the mature tundra than glacier forelands (Table 2;

Fig. 1. Location of study areas: (A) - Rieperbreen, Ferdinandbreen and Svenbreen; (B) - Austre Broggerbreen, Vestre Broggerbreen, Austre Lovénbreen, Midtre Lovénbreen, and Vestre
Lovénbreen. Dots mark sampling plots: blue in glacier foreland, orange in mature tundra (Norwegian Polar Institute, 2020). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 4A). Midtre Lovénbreen location showed the highest cover, which
was 1.5 times higher than at Austre Breggerbreen, and two times higher
than at the Ferdinandbreen, Rieperbreen, and Vestre Breggerbreen
locations (p < 0.001; Fig. 4A). Habitat type and location also signifi-
cantly affected vascular plant species richness, Shannon index and dom-
inance index; however, there were also significant interactions between
those variables (significant habitat type x location interaction) (Table 2;
Fig. 4B-D). As a rule, species richness and Shannon index were higher in
mature tundra than in forelands (from 0.9 times at Midtre Lovénbreen
location to 4.1 times at Austre Brgggerbreen location) (p < 0.001). In
contrast, dominance index was lower in mature tundra compared to
forelands (from 0.9 times at Midtre Lovénbreen location to 2.6 times
at Ferdinandbreen location) (p < 0.001; Fig. 4B-D).

Distance to the glacier terminus and available K,0 and/or K* con-
tent in soil significantly impacted species richness, cover, Shannon
index, and dominance index of vascular plants (Supplementary files
7-10). Additionally, Ca®* content significantly affected the cover and
diversity metrices except for species richness. Available P,O5 content

positively affected Shannon index and species richness (p < 0.05; Sup-
plementary files 9, 10), whereas clay content affected dominance
index and species richness (p < 0.01; Supplementary files 8, 10). The
highest number of significant predictor variables was included in the
model for vascular plant cover. In addition to the factors mentioned
above, there was a significant influence of soil pH, time elapsed after
glacier retreat, content of TOC, TN and Mg?* on this dependent variable
(Supplementary file 7).

Seven environmental variables significantly impacted vascular plant
distribution (Fig. 5; Supplementary file 11). The CCA separated vascular
plants into two groups. The first group inhabited areas characterised by
flatter terrain uncovered earlier from the ice, with higher Mg?* and K*
contents and lower soil pH and Ca®* content. While the second group
preferred areas uncovered later from the ice, which showed an opposite
trend to the above-described, more mature foreland parts (Fig. 5; Sup-
plementary file 11). The first axis and all canonical axes taken together
were statistically significant (F = 17.42,p < 0.01 and F = 2.87,p < 0.01,
respectively).
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Fig. 3. CCA biplot with cryptogamic species and significant environmental variables (in blue) identified in forward selection procedure (Supplementary file 6). Species fit range is between
10% and 100% (i.e. 47 species are presented). Lichens are presented by blue dots, while bryophytes by green. Blue circle indicates younger parts of forelands, while orange circle marks older
parts of forelands. Abbreviations of species names: Atlwhe - Atla wheldonii; Bacbag - Bacidia bagliettoana; Mycmic - Mycobilimbia microcarpa; Baeruf - Baeomyces rufus; Bueele - Buellia
elegans; Bueins - Buellia insignis; Buepap - Buellia papillata; Blaamm - Blastenia ammiospila; Calcae - Caloplaca caesiorufella; Calcer - Caloplaca cerina; Hunpol - Huneckia pollinii; Partir -
Parvoplaca tiroliensis; Cetdel - Cetrariella delisei; Clabor - Cladonia borealis; Clachl - Cladonia chlorophaea; Clapoc - Cladonia pocillum; Clapyx - Cladonia pyxidata; Roscer - Rostania
ceranisca; Frucae - Frutidella caesioatra; Strsyc - Strigula sychnogonoides; Myrzos - Myriolecis zosterae; Biaeme - Biatora ementiens; Lecram - Lecidea ramulosa; Lopcor - Lopadium
coralloideum; Micinc - Micarea incrassata; Ochfri - Ochrolechia frigida; Phanim - Phaeorrhiza nimbosa; Polsen - Polyblastia sendtneri; Propez - Protopannaria pezizoides; Prosph -
Protothelenella sphinctrinoidella; Psoten - Psoroma tenue; Rintur - Rinodina turfacea; Solbis - Solorina bispora; Stegla - Stereocaulon glareosum; Stepas - Stereocaulon paschale; Steriv -
Stereocaulon rivulorum; Brypal - Bryum pallescens; Dicspa - Dicranum spadiceum; Dishag - Distichium hagenii; Ditfle - Ditrichum flexicaule; Encpro - Encalypta procera; Pogurn - Pogonatum
urnigerum; Pohwah - Pohlia wahlenbergii; Polhyp - Polytrichum hyperboreum; Polpil - Polytrichum piliferum; Polstr - Polytrichum strictum; Triqui - Trilophozia quinquedentate. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion revealed an important influence of habitat type and geographical loca-
tion on species diversity and cover of analysed plant groups. These ef-

We found several factors that significantly affected the diversity and fects were related to the individual habitat conditions of studied
cover of both cryptogams and vascular plants. However, we could not forelands, including different terrain features and physical and chemical
distinguish any single set of variables that independently impacted characteristics of soils exposed to species succession (Mizuno, 2005;
the diversity and cover of cryptogams and vascular plants. Also, we Wietrzyk-Petka et al., 2020b). Despite the significant differences in

Table 2
The results of two-way ANOVA for vascular plants for the effects of habitat type (mature tundra vs glacier foreland) and geographical location (glacier) on biotic variables. Significant ef-
fects (p < 0.05) are provided in bold.

Variable Location Habitat type Location x habitat type Error
F p df Partial 1’ F p df Partial 12 F p df Partial 1’ df
Vascular plants
Cover 7.03 <0.001 7 0.22 88.64 <0.001 1 0.34 1.24 0.283 7 0.05 174
Dominance index 3.20 0.003 7 0.11 36.16 <0.001 1 0.17 2.55 0.016 7 0.09 174
Species richness 235 0.026 7 0.09 63.81 <0.001 1 0.27 2.70 0.011 7 0.10 174
Shannon index 2.83 0.008 7 0.10 44.05 <0.001 1 0.20 2.73 0.010 7 0.10 174
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cryptogam and vascular plant diversity between geographical locations,
the foreland location was the factor that only influenced cryptogam di-
versity but not vascular plant diversity. The Svalbard archipelago has
low vascular plant diversity (178 species), and a limited number of
the species present can colonise areas newly exposed from under the
ice (Renning, 1996; Meltofte, 2013). In contrast, cryptogams are a
much more diverse group, including 742 lichen and 373 bryophyte spe-
cies (Elvebakk and Prestrud, 1996; Meltofte, 2013). Their higher diver-
sity in the archipelago and their ability to establish in harsher
conditions allows for a larger variety in the species diversity of Svalbard
glacier forelands.

In contrast to our hypotheses, the diversity of both cryptogam and
vascular plants was generally higher in mature tundra than in foreland
habitats. This difference confirmed that Svalbard foreland communities
are still developing and have not yet reached the stage of mature commu-
nities (Walker and del Moral, 2003). Furthermore, this also showed that
numerous species of cryptogams are adapted to coexist with vascular
plants in mature communities. Contrary to our hypothesis, the results
showed that competition from vascular plants did not limit the overall di-
versity and cover of cryptogams. The positive relationship between

diversity and cover of cryptogam and vascular plant cover was surprising
as it opposed the previous findings (Cornelissen et al., 2001; Gornall et al.,
2011; Belnap and Lange, 2013). Several incidences in which cryptogam
diversity and cover increased with increasing plant cover exist. First, it
has been shown that an herbaceous-dominated canopy can support
bryophyte taxa (Longton, 1997). Second, vascular plants can take a surro-
gate role for some bryophyte species (Pharo et al., 1999). Third, lichens
can use vascular plants as a growth substrate and a source of mineral nu-
trition (Favero-Longo and Piervittori, 2010). We observed all three cases
in our study areas. However, the most prevalent was the lichens'
presence (e.g. Caloplaca caesiorufella, Caloplaca cerina, Parvoplaca
tiroliensis, Phaeorrhiza nimbosa, Rinodina turfacea) overgrowing vascular
plants. This overgrowth was particularly common in the older parts of
the glacier forelands indicating that occurrence of several cryptogam spe-
cies depended on vascular plant presence.

The diversity of cryptogams and vascular plants was positively asso-
ciated with increasing distance from the glacier terminus, which was in
line with our hypothesis. Glacier presence produces unfavourable mi-
croclimates for non-pioneer vascular plants (Eichel, 2019). However,
these conditions progressively change across the forelands and become
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Fig. 5. CCA biplot with vascular plant species and significant environmental variables (in blue) identified in forward selection procedure (Supplementary file 11). Species fit range is
between 0% and 100% (i.e. 30 species are presented). Blue circle indicates younger parts of forelands, while orange circle marks older parts of forelands. Abbreviations of species
names: Dralac - Draba lactea; Dracor - Draba corymbose; Stelon - Stellaria longipes; Brapur - Braya purpurescens; Saxopp - Saxifraga oppositifolia; Saxces - Saxifraga cespitosa; Salpol - Salix
polaris; Poaalp - Poa alpina; Poaviv - Poa alpina vivipara; Saxhier - Saxifraga hieracifolia; Saxcer - Saxifraga cernua; Oxydig - Oxyria digyna; Bisviv - Bistorta vivipara; Dryoct - Dryas
octopetala; Pedhir - Pedicularis hirsuta; Minrub - Minuartia rubella; Luzcon - Luzula confusa; Luzniv - Luzula nivalis; Silaca - Silene acaulis; Castet - Cassiope tetragona; Saxriv - Saxifraga
rivularis; Cerarc - Cerastium arcticum; Draniv - Draba nivalis; Papdah - Papaver dahlianum; Cocgre - Cochlearia groenlandica; Draalp - Draba alpina; Sagniv - Sagina nivalis; Silura - Silene
uralensis; Cerreg - Cerastium regelii; Drasub - Draba subcapitata. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

more favourable in the areas located further away from a glacier,
supporting the highest diversity and cover of species (Mizuno, 2005;
Moreau et al., 2008; Wietrzyk et al., 2016, 2018). With increasing dis-
tance from the glacier terminus, the soil gradually changes its physical
and chemical properties (Burga et al., 2010). One of them is soil pH,
which influenced cryptogam diversity and cover. This result confirms
some species' ability to grow only within a specific narrow pH range
and the presence of taxa with a broad tolerance spectrum (Longton,
1988; Saxena, 2004; Paul et al., 2009). In the studied forelands, diversity
and cover of cryptogams increased with decreasing substrate pH, while
vascular plant cover decreased. These findings partly align with succes-
sional soil formation and gradual decrease of pH along forelands (Burga
et al., 2010; Prietzel et al.,, 2013). The soil development is directly linked
to TOC accumulation in the substrate (Burga et al.,, 2010; Kabata and
Zapart, 2012). In Svalbard forelands, changes in soil properties were sig-
nificantly connected with biological soil crusts (formed by cryptogamic
organisms) presence and cover, not vascular plants (Wietrzyk-Petka
et al., 2020b). The input of organic matter from biological soil crusts
was the main factor influencing TOC accumulation and lowering soil
pH along the studied forelands (Wietrzyk-Pelka et al., 2020b), even
though the cover of cryptogams and vascular plants increased with in-
creasing distance from the glacier terminus. More developed soils in

the studied forelands were usually characterised by higher content of
TOC, lower pH, higher biological soil crust cover and simultaneously
lower vascular plant cover (Wietrzyk-Petka et al., 2020b). In the fore-
lands, vascular plants usually appear in the form of isolated patches or
single scattered individuals, while cryptogams form more or less contin-
uous and more compacted biological soil crusts (Fig. 6; Wietrzyk et al.,
2016; Wietrzyk-Petka et al., 2020b; Yoshitake et al., 2018). Therefore,
the contribution of cryptogams in the supply of organic matter to the
soil is most likely higher than vascular plants' contribution. Further-
more, the higher supply of organic matter to the soil from cryptogams
decreases soil pH much more than the supply of organic matter origi-
nating from vascular plants. In addition, vascular plants are more sus-
ceptible to microbial decomposition than cryptogams (Dorrepaal et al.,
2005; Lang et al., 2009). This susceptibility may indicate that the vascu-
lar plant input into the soil TOC is marginal because they are predomi-
nantly decomposed by microorganisms occurring in foreland soils
(Goérniak et al., 2017). It is also worth noting that, in our research, we
did not apply the traditional chronosequence method involving the se-
lection of only undisturbed areas in terms of vegetation (Walker and del
Moral, 2003). We studied both disturbed and undisturbed plots along
forelands, which may affect our results. With our approach, the plots' lo-
cation further from the glacier terminus did not always prevent their
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disturbance by geomorphological processes. As vascular plants usually
grow on an undisturbed substrate (Cannone et al., 2004; Eichel, 2019),
the method we applied might also cause contrasting results with previ-
ous studies concerning the associations between vascular plants and
soil TOC and pH.

Cryptogams forming biological soil crusts usually occupy all initial
soil surfaces, which are not previously colonised by vascular plants
(Belnap and Lange, 2013). They facilitate vascular plant growth by
significantly contributing to organic matter content and other soil ele-
ments (Breen and Lévesque, 2008; Pushkareva et al., 2017; Wietrzyk-
Petka et al,, 2020b). Thanks to cyanobacterial components capable of at-
mospheric nitrogen fixation, cryptogams are major sources of nitrogen
in the barren and nitrogen-limited soil of forelands (Sancho et al.,
2011; Pushkareva et al., 2017). For vascular plant growth, low nitrogen
content in soil is one of the main limiting factors. Consequently, we ob-
served a positive relationship between TN content and the development
of vascular plant cover.

We hypothesised nutrient content to be the most essential for vascu-
lar plants. However, our hypothesis was not entirely supported since
the soil nutrient content significantly impacted species diversity and
cover of both cryptogams and vascular plants. Cryptogams lack a typical
root system compared to vascular plants (Longton, 1988). Despite that,
they are still able to take up nutrients from the soil solution using root-
like structures called rhizines (lichens) or rhizoids (bryophytes), and
also through the lower part of lichen thallus adjacent to the below sub-
strate (Longton, 1988; Mallen-Cooper et al., 2020). Although they can
obtain nutrients from precipitation and other forms of aerial deposition
(Longton, 1988; Cornelissen et al., 2007), our results highlight the im-
portance of soil nutrient contents for cryptogam presence in the
forelands.

We observed a soil Ca®™ gradient ranging from high at the glacier
terminus to low in the mature tundra. Despite the important role of
Ca?* in plant nutrition (Merifio-Gergichevich et al., 2010), we found a
negative relationship between the soil's Ca>* content and diversity of
cryptogams and vascular plants, as well as vascular plant cover. Three
phenomena might explain this negative relationship. The first is that
Ca%* in foreland soils mainly comes from carbonates, which dissolve
and are leached from the soil relatively quickly with increasing distance
from the glacier terminus (He and Tang, 2008; Burga et al., 2010; Kabata
and Zapart, 2012; Prietzel et al,, 2013; Wietrzyk-Petka et al,, 2020b). The
second is that the plant uptake along the foreland also increases, lower-
ing Ca®* content in soil (He and Tang, 2008). The third is that Ca®*-rich
soils are located in the closest vicinity of glaciers, where harsh microcli-
matic conditions do not favour vegetation development (Kabata and
Zapart, 2012). In contrast to Ca®>*, Mg?™ content in soil gradually in-
creased with increasing distance from the glacier terminus and time
after glacier retreat. This pattern may be due to minerals weathering
for a longer time, releasing Mg?™ from the crystal lattice, which subse-
quently may be sorbed in older soils and is therefore chemically ex-
tracted in greater amounts. A similar pattern was recorded in the
forelands of Hailuogou (He and Tang, 2008) and Quaternary (Douglass
and Bockheim, 2006) glaciers. We found that soils poor in Mg?™ sup-
ported greater vascular plant cover. Magnesium is a macronutrient
that is closely involved in plant nutrition, and its content in foreland
soils depends on vegetation type (Parkinson and Gellatly, 1991). There-
fore, the observed negative impact of Mg?* might be related to higher
uptake of Mg2™ by vascular plants, resulting in a substantial decrease
of Mg?™ content in soils with high vascular plant cover. Alternatively,
high magnesium content in soil might be phytotoxic (Brooks, 1988;
D'Amico et al., 2008). Assuming foreland vascular plants as pioneer
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species with low Mg?™ requirement, soils with high Mg2™ content
might limit their growth. Nevertheless, further research should be con-
ducted to determine the cause of the observed negative impact of soil
Ca®" and Mg®" on plant growth.

Following the negative impact of Ca>* and Mg?* contents, we found
that electrical conductivity was also negatively associated with the di-
versity of both vascular plants and cryptogams and cryptogam cover.
Electrical conductivity is an indicator of the amount of plant-available
nutrients in soil; the higher the nutrient content, the higher its electrical
conductivity (Heiniger et al., 2003). However, plant-available nutrients
can also be indirectly affected by soil texture, as usually more devel-
oped, fine-grained soil possesses a higher conductivity level (Heiniger
etal., 2003). The observed negative relationship may relate to the disap-
pearance of pioneer species in more nutrient-rich areas with higher clay
content and major development of cryptogams on substrates low in
nutrients.

Contrastingly, K™, and available P,05 contents positively affected the
diversity of both groups and cryptogam cover, confirming these ele-
ments' vital roles for both cryptogams and vascular plants. K™ is a fun-
damental cation in living plants and plays a crucial role in many
processes, i.e. enzyme activation, membrane transport, and osmoregu-
lation (Wang and Wu, 2013). Phosphorus is an essential nutrient for
plant growth and ecosystem development, and it is the primary limiting
nutrient in polar ecosystems (Seastedt and Vaccaro, 2001; Vitousek
et al., 2010; Zhou et al., 2013). Its availability is closely associated with
the ribosomal RNA processes connected to protein synthesis (Elser
et al,, 2007; Bracken et al., 2015). Moreover, phosphorus is an essential
element in biological N fixation, carried out by nitrogen-fixing crypto-
gams (Vance, 2001). Biological N fixation is crucial during primary
plant succession in glacier forelands as newly uncovered soils are N-
limited.

Despite the studies indicating that soil age can affect vegetation de-
velopment (e.g. Haugland and Beatty, 2005; Moreau et al., 2008, 2009;
Robbins and Matthews, 2010; Glausen and Tanner, 2019; Fickert,
2020), we found that the time elapsed after glacier retreat only posi-
tively impacted vascular plant cover in the forelands. This factor also af-
fected the distribution of some species of vascular plants and
cryptogams, along with other variables, such as nutrient content and
soil pH, which is in agreement with several other studies (e.g. Burga
et al., 2010; Kabata and Zapart, 2012; Wang and Wu, 2013; Bracken
et al., 2015; Wietrzyk et al., 2016, 2018). Species distribution of both
plant groups across studied forelands showed similar patterns. We dis-
tinguished early and late colonisers in both cryptogam and vascular
plants (Wietrzyk et al., 2016; Fickert, 2020). Early colonisers of crypto-
gams (e.g. Atla wheldonii, Rostania ceranisca, Polyblastia sendtneri, and
Ditrichum flexicaule) and vascular plants (e.g. Papaver dahlianum,
Cochlearia groenlandica, and Draba subcapitata) inhabited areas rela-
tively newly exposed, characterised by higher soil pH and Ca®™ content,
and lower K content. In addition, pioneer cryptogams overgrowth
areas near the glacier terminus, with lower clay and TOC contents, and
lower soil conductivity, while pioneer vascular plants inhabited hillier
foreland parts. These patterns were reflected by the dominance index
of both cryptogams and vascular plants, which was higher in foreland
than mature tundra. Although, the species diversity of mature tundra
was higher, and there were few dominant species that consistently
commonly occurred in forelands. The earlier stages of primary succes-
sion in forelands are characterised by the sporadic occurrence of various
species, which increases species diversity; however, they usually form
an initial community, which is thought to be more heterogeneous
than mature tundra (Mizuno, 2005; Mori et al., 2008; Robbins and

Fig. 6. Images of selected study sites presenting their heterogeneity: (A) - view on Svenbreen foreland; (B) - example of initial community; (C) - example of plot located near to the glacier
terminus where only cryptogams are present; (D) — example of plot located further from the glacier terminus where apart with cryptogams also Saxifraga oppositifolia is present; (E) -
example of plot located furthest from the glacier terminus where cryptogams and vascular plants are present; (F) - single Cerastium arcticum overgrowing biological soil crusts; (G) -

foreland community dominated by biological soil crusts.
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Matthews, 2010). As the ecosystem develops, the heterogeneous com-
munity is believed to evolve into a more structured vegetation, leading
to a homogenous tundra community (del Moral and Jones, 2002;
Fickert, 2020). Our results did not confirm this pattern; instead, they re-
vealed significant differences in diversity and cover of cryptogams and
vascular plants between the studied habitats indicating the on-going
development of foreland communities and the more heterogeneous
character of mature tundra communities.

5. Conclusions

The diversity and cover of cryptogams and vascular plants differed
between locations and habitat types except for cryptogam cover in ma-
ture tundra in terms of location. In addition, different sets of factors af-
fected diversity, cover and distribution of both groups, including
distance to the glacier terminus, selected physio-chemical substrate
properties, and time elapsed after glacier retreat. In the glacier fore-
lands, the overall diversity and cover of cryptogams were not limited
by competition from vascular plants. Vascular plant cover positively in-
fluenced the diversity and cover of cryptogams, which indicates the ex-
istence of complex species relationships and the coexistence of species
dependent on each other between these distinct groups even in initial
and relatively simple communities of Svalbard forelands. These rela-
tionships are particularly important in the aspect of climate change's
impact on tundra species as our research suggested that some crypto-
gam species might benefit from vascular plant expansion. Future re-
search should explore vascular plant and cryptogam dynamics in
more detail to properly assess the directions of changes in tundra com-
munities. Due to high cryptogam diversity in the polar and alpine areas,
future ecological studies on climate change's impact on vegetation
should also consider the more taxonomical challenging organisms
such as cryptogams. The inclusion of cryptogams is the only approach
to better understand the full impact of climate change on Arctic plant
diversity.
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