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Distributions and habitats of the two partly allopatric
cryptic species of the vulnerable moss Hamatocaulis
vernicosus (Bryophyta) in Europe
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The geographical distributions of the two cryptic species of the wetland moss Hamatocaulis vernicosus were mapped
for western, central and northern Europe, based on identifications of the two by the nuclear ITS1 + 2 and the plastid
rpl16 and trnL—trnF. The distributions of the two cryptic species overlap to a large extent. However, in the west
and south-west only cryptic species 1 is present, whereas in the boreal north only cryptic species 2 occurs, which
agrees with its distribution in Scandinavia. Despite these differences in distribution, no differences between the two
cryptic species were revealed in habitat water chemistry, elevation distribution or climatic niches. The difference in
distribution therefore suggests that cryptic species 1 could have survived the glacial period in southern Europe and
cryptic species 2 in northern or eastern Europe. However, the studied molecular markers did not reveal geographical
patterns suggesting origins in different glacial refugia. Although populations of both cryptic species have decreased
in large portions of western Europe, a significantly negative Tajima’s D may reflect the long-term expansion south of
Scandinavia since the glacial bottleneck, potentially correlated with the expansion of earlier extensive agricultural
management of wetlands.

ADDITIONAL KEYWORDS: climatic niche — conservation — EU Habitat Directive — glacial refugia — water
chemistry — wetland mosses.

INTRODUCTION of Hamatocaulis vernicosus (Mitt.) Hedenis, a flagship
species in mineral-rich fens that is protected by the
European Habitat Directive (Anonymous, 1992).
After its two cryptic species were revealed (Hedenés
& Eldenis, 2007), they were thoroughly studied in
Sweden (Hedenis, 2018) and especially in the Czech
Republic (Manukjanova et al., 2019a; Manukjanova,
Stechova & Kucera, 2019b), but information regarding
their occurrences in other portions of the continent
is more anecdotal. A comprehensive morphological
evaluation revealed no morphological differences
between the two (Manukjanova et al., 2019a).

With the mounting evidence for cryptic speciation
*Corresponding author. E-mail lars.hedenas@nrm.se and for strong geographical structure of phylogenetic

Cryptic species are molecularly distinct but
morphologically indistinguishable. They are relatively
frequent in many organism groups (Bickford et al.,2006;
Pérez-Ponce de Leon & Poulin, 2016; Poulin & Pérez-
Ponce de Leoén, 2017; Struck et al., 2018), especially in
bryophytes (Heinrichsetal.,2009; Hedenis, 2020a,b),in
which reduced morphologies necessitate phylogenetic
testing of species delimitations (Vanderpoorten &
Shaw, 2010). The most thoroughly studied cryptic
moss species in western and central Europe are those
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differentiation within bryophyte species (Hedenés,
2016, 2018, 2019), ecotype formation has also raised
concerns of bryologists (Collart et al., 2021). The
mounting evidence for cryptic speciation and strong
geographical structure within phylogenetically
redefined species among bryophytes has raised
concerns that ecotype differentiation may also occur.
Unlike many seed plants, bryophytes supposedly do
not develop ecotypes, but rather display an inherent
broad ability to cope with environmental variation (see
review by Patifno & Vanderpoorten, 2018). Bryophytes
in general disperse across long distances, so that
even distant populations may regularly reshuffle
their genetic variability, possibly neutralizing local
adaptations (Mikulaskova et al., 2015). Nevertheless,
reports of regional differences in niche characteristics
(Shaw, 1985; Vanderpoorten & Durwael, 1999; Graham
et al., 2019) and mounting evidence for correlated
patterns of genetic divergence and environmental
variation (Hutsemékers et al., 2010; Pisa et al., 2013;
Mikulaskova et al., 2015; Magdy et al., 2016), suggest
that adaptation may play a more important role in
bryophytes than previously thought. If ecological
specialization occurs in different lineages within
species or in cryptic species, this could challenge
the application of species distribution models at the
species level (Pearman et al., 2010; Smith et al., 2019;
Collart et al., 2021).

Hedenids & Eldenids (2007) and Hedenés (2018)
speculated on explanations for the European
distributions of the two cryptic species of H. vernicosus,
but this was based on a too limited sampling for a more
conclusive elucidation. Hedenés & Eldenés (2007)
found no differences in pH and electric conductivity
(EC) between the habitats of the two, and Manukjanova
et al. (2019a) found no differences in several studied
climatic parameters. However, these studies were
geographically limited, and a wider sampling is needed
to decide whether niche differentiation could explain
distribution patterns on a continental scale.

Hamatocaulis vernicosus is classified as vulnerable
by the IUCN (Hodgetts et al., 2019) and is included in
Appendix IT of the EU Habitat Directive (Anonymous,
1992) as a species for which it is mandatory for EU
member states to ensure its survival. Since we now
know that H. vernicosus includes two cryptic species
that are necessarily less common than the morphology-
defined species, we need more accurate information
for their efficient conservation. We know that cryptic
species 1 (from now on called CRS1), the southern
cryptic species of Hedends (2018), is not found in
northern Sweden, where only cryptic species 2 (CRS2;
the northern cryptic species) occurs. In the Czech
Republic, CRS1 occurs on 93% of the H. vernicosus
localities, whereas CRS2 only occurs at 11%; 7% of the

sites support a mixed occurrence of the two species
(Manukjanova et al., 2019a). However, as we do not
know how the two cryptic species are distributed in
most of Europe, with what frequency and under which
habitat and climatic conditions, an efficient continental
conservation strategy is difficult to enforce.

In this study, we include > 200 samples of
H. vernicosus from Europe eastwards to Finland,
westernmost Russia, Estonia, Poland and Romania
and a few samples from other continents. We have
three main aims with this investigation: (1) to reveal
the geographical distributions of CRS1 and CRS2 in
the mentioned portions of Europe; (2) to quantify their
European genetic diversity and the variation within
and between the two cryptic species; and (3) to explore
whether differences in habitat and climatic preferences
in Europe can potentially explain differences in
their geographical distributions. Alternatively, do
intraspecific patterns of genetic variation support
different post-glacial histories that may explain their
different extant distributions?

MATERIAL AND METHODS
STUDIED MATERIAL

A brief characterization of H. vernicosus is found in
Hedenis (2018). The species is widely distributed but
rarely common in the northern temperate to Arctic
zones and has scattered occurrences in the mountains
of central and northern South America (Hedenés, 2003).
Sweden was well represented in the earlier studies
based on the molecular markers used here (Hedenés
& Eldenis, 2007; Hedenis, 2018), and we therefore
added samples of Hamatocaulis vernicosus s.l. only
from other portions of Europe, as delimited previously.
We generated new sequences from 91 European
samples and one extra-European sample in addition
to the 113 European and 12 extra-European samples
available from the earlier studies, yielding a total of
204 European and 13 extra-European samples. One
sample of each of the species Hamatocaulis lapponicus
(Norrl.) Hedenés, Scorpidium cossonii (Schimp.)
Hedenis, S. revolvens (Sw. ex Anonymo) Rubers and
S. scorpioides (Hedw.) Limpr. were included as the
outgroup to explore the relationship between the two
cryptic species of H. vernicosus in a broader context.
For locality data, see Appendix 1.

MOLECULAR METHODS

We studied the same three molecular markers as in
the earlier investigations (Hedends & Eldenis, 2007,
Hedenis, 2018), the nuclear internal transcribed
spacers 1 and 2 (ITS) and the plastid ribosomal protein
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HAMATOCAULIS VERNICOSUS IN EUROPE 3

16 G2 intron (rpl16) and the ¢rnL intron + the trnL, ,-
trnF, , intergeneric spacer (trnL—trnF). The molecular

laboratory work was performed following Hedenis &
Eldenés (2007) and Hedenés (2018).

SEQUENCE EDITING AND ANALYSES

We edited and assembled nucleotide sequence
fragments for each DNA region using PhyDE v.0.9971
(http://www.phyde.de/index.html; accessed 2 March
2021). We aligned the assembled sequences manually
in PhyDE. Regions of partially incomplete data at the
beginning and end of the sequences were identified
and were excluded from subsequent analyses. Gaps
were coded using the simple indel coding of Simmons
& Ochoterena (2000) in SeqState (Miiller, 2005) and
this information was included in the analyses. The
sequence alignments used in the analyses are available
on request. GenBank accession numbers are listed in
Appendix 1.

Although ITS paralogues are occasionally
encountered in bryophytes (see, e.g. Ko$nar et al.,
2012; Hedends, Heinrichs & Gallego, 2019), ITS
chromatograms included in this study did not show
‘messy’ patterns or noise that could suggest paralogy,
and the 5.8S gene was invariable among all samples (cf.
Shaw et al., 2002; Feliner & Rosselld, 2007). Therefore,
the revealed ITS variation was interpreted as being
among homologous ribotypes.

We tested whether two cryptic species exist among the
specimens of H. vernicosus s.l. with all three markers
available in the online assemble species by automatic
partitioning (ASAP) tool (Puillandre, Brouillet & Achaz,
2019; https://bioinfo.mnhn.fr/abi/public/asap/; accessed
6 October 2021), using the default settings. The null
hypothesis was that only one species exists.

Because no incongruence between the nuclear
and plastid markers for the studied taxa was found
earlier (Hedenis & Eldends, 2007, 2008), we analysed
all molecular data in combination. Since reticulation
occurs in H. vernicosus s.l. (Hedends & Eldenis,
2007; Hedends, 2018), we evaluated relationships
between the entities with the outgroups included in
NeighborNet Split Networks, produced in SplitsTree
v.4.12.6 (Huson & Bryant, 2006). We tested potential
support for lineages in a tree context by jacknife
analyses (1000 replications) performed with the
program TNT (Goloboff, Farris & Nixon, 2003). For the
specimens of H. vernicosus s.l., we used the program
TCS (Clement, Posada & Crandall, 2000) to identify
haplotypes and their relations to each other. Specimens
for which only one or two of the molecular markers
could be generated were referred to either of the two
cryptic species based on their available sequences but
were not included in the haplotype analyses. We used
the program GENALEX v.6.5 (Peakall & Smouse, 2006,

2012) to estimate haplotype diversity, as the effective
number of haplotypes (Ne) and haplotype diversity
(H), and to estimate pairwise @, (an analogue of F,
i.e. genetic diversity among populations) by analysis
of molecular variance (AMOVA). We used Arlequin
v.3.5.2.2 (Excoffier & Lischer, 2010) to calculate
nucleotide diversity () in the two cryptic species. Our
null hypothesis is that no differences exist between
the cryptic species. We employed Tajima’s D test of
selective neutrality (Tajima, 1989) to estimate whether
European populations of the cryptic species are
stable in size or potentially expanding or decreasing.
[Tajima’s D test was preferred over Fu’s FS test (Fu,
1997), because it has been shown that the latter should
not be used when recombination levels are unknown
(Ramirez-Soriano et al., 2008).] Tajima’s D test was
run in Arlequin.

After the geographical distributions of CRS1 and
CRS2 were clarified, their distribution patterns
suggested different potential post-glacial immigration
routes according to Kyrkjeeide et al. (2014). Populations
in or close to glacial refugial areas are assumed to
display higher genetic diversity than populations
from areas to which the species have recently spread
(cf. Kyrkjeeide et al., 2014). Considering the known
patterns of southern refugia for species with relatively
southern geographical distributions and eastern or
north-eastern refugia for species with more northern
distributions (Taberlet et al., 1998; Tollefsrud et al.,
2008; Kyrkjeeide et al., 2014), we divided the samples
of CRS1 into southern (S population; N = 43) and
northern (N population; 49) specimen subsets and
CRS2 into eastern (E population; 47) and western
(W population; 60) subsets, putting the geographical
limits so that within each cryptic species both
subsets included approximately the same number of
specimens. We explored patterns of haplotype diversity
(Ne, H) and variation (pairwise @,,) between the S and
N populations of CRS1 and E and W populations of
CRS2, respectively, using GENALEX v.6.5. Specimens
belonging to these respective subsets are indicated in
Figure 1 and Appendix 1.

HABITAT AND CLIMATE PREFERENCES

Potential differences in EC and/or pH values in the
water surrounding the mosses were tested, based
on 151 samples for CRS1, 73 samples for CRS2 and
20 samples for localities with the two cryptic species
together. For CRS1, three samples were collected
in Sweden, 127 in the Czech Republic, 11 in the
Netherlands, six in Switzerland and five in Spain. For
CRS2, 54 samples were collected in Sweden, nine in
the Czech Republic, one in Switzerland and nine in
Minnesota, USA. Data were derived from Hedenés
& Kooijman (1996), Hedenés & Eldenis (2007),
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Figure 1. European distributions of cryptic species 1 (A) and 2 (B). The elevation spans, in m a.s.l., of the sampled localities
are indicated by different colours. The subdivisions into northern (N) and southern (S) populations in cryptic species 1 (A)
and western (W) and eastern (E) populations in cryptic species 2 (B) are indicated by grey lines.

Stechova, Kucera & Smilauer (2012) and Kooijman
et al. (2020) and from unpublished records of Lars
Hedenis and Annemieke Kooijman (Sweden), Alzbéta
Manukjanovéa and Taia Stechova (Czech Republic)
and Patxi Heras and Marta Infante (Spain). For 134
samples, more elaborate analyses were available in
addition to pH and EC, such as Ca, Fe, N-NO,, N-NH,
and/or P-PO, content of the water (33 from Sweden,
85 from the Czech Republic, 11 from the Netherlands
and five from Spain). As additional variables, molar
ratios of Ca:Fe, the total amount of inorganic N
and the contribution of N-NH, to total mineral N
were calculated. Two records for CRS1 in the Czech
Republic contained extreme values for Fe or N-NO,
and were therefore discarded for these parameters.
We tested for differences between the cryptic species
of H. vernicosus with one-factor general linear models
with cryptic species (CRS1, CRS2 and CRS1+CRS2)
as the independent variable (Cody & Smith, 1987). We
also used one-factor general linear models with the six
countries as independent factors to test differences
between them, and two-factor general linear models
to test interactions between cryptic species (only
CRS1 and CRS2) and countries. Correlations between

individual habitat characteristics were tested with
Pearson correlation tests.

We tested for differences in elevation distribution of
the two cryptic species both for all samples and for the
samples from regions where both cryptic species occur.
We used the Mann—Whitney U-test because Shapiro—
Wilk W was significant and the distributions of the
residuals in a preliminary ANOVA were non-normal.

To test the difference between climatic niches, ten
climatic variables at 1-km resolution were downloaded
from CHELSA v.1.2 or derived from monthly
exCHELSA data v.1.2 (see Appendix 2; Karger et al.,
2017, 2018). A principal component analysis was
computed with these ten variables across the studied
area [EPSG 4326; extent: -10°, 42°, 35°, 72° (x__,
X Yo Yma)] iD R v.4.0.2 (R-Core-Team, 2019) via
the modEvA package (Barbosa et al., 2013). The first
two principal components, representing 62.93% of
the total variance, were kept. For this analysis, the
cryptic species occurrences were spatially filtered via
the ‘dismo’ package (Hijmans et al., 2017) to have only
one occurrence per pixel of a 1-km resolution map. As
niche conservatism or divergence should be tested
only within environmental conditions available for the
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HAMATOCAULIS VERNICOSUS IN EUROPE 5

two cryptic species (Guisan et al., 2014; Qiao, Escobar
& Peterson, 2017; Collart et al., 2021), we conducted
a multivariate environmental similarity (MESS)
analysis (Elith, Kearney & Phillips, 2010) via the
‘modEvA’ package (Barbosa et al., 2013). We thus only
retained occurrences where climates were analogous,
reducing the risk of spurious conclusions by removing
the geographical influence (i.e. climatic areas that are
not accessible for one cryptic species due to, notably,
dispersal limitations) and therefore focusing only on
potential differences in environmental niches (Guisan
et al., 2014; Qiao et al., 2017). With the two principal
climatic components and the filtered species data,
we computed niche overlaps among the two cryptic
species with Schoener’s D and a modified Hellinger’s 1
metric (Warren, Glor & Turelli, 2008) from the ‘ecospat’
package (Di Cola et al., 2017; Broennimann, Di Cola
& Guisan, 2020). Two tests have been developed to
determine whether niches are equivalent (equivalency
test) or more/less similar than random (similarity
test; Warren et al., 2008). However, the equivalency
test tends to excessively reject the null hypothesis of
niche identity (Peterson, 2011; Broennimann et al.,
2012). Consequently, we decided to focus only on the
niche similarity test, which was realized following
Broennimann et al. (2012). The niche similarity test
compares the climatic niche overlap between CRS1 and
CRS2, to a null distribution of niche overlap inferred
from the climatic niche of CRS1 and a climatic niche
acquired by randomly relocating the whole observed
frequency of occurrences of CRS2 among the available
climate in the study area. This computation is
reiterated 999 times in each direction (CRS1 to CRS2,
or CRS2 to CRS1) to generate the null distribution of
random niche overlaps. If the observed niche overlap
falls within the 95% confidence limits of the null
distribution, the null hypothesis cannot be rejected
(Broennimann et al., 2012; Collart et al., 2021). We
tested the hypothesis that the cryptic species niches
are less similar than expected by chance (observed
niche overlap is lower than random), indicating a
niche divergence, using the ‘ecospat’ package (Di Cola
et al., 2017; Broennimann et al., 2020). A test of the
opposite hypothesis, suggesting a niche conservatism
was also carried out.

RESULTS
MOLECULAR ANALYSES

The total number of aligned sites in the studied
217 specimens of H. vernicosus and four outgroup
specimens, after deletion of regions at the beginning
and end of the sequences that were incomplete for
some specimens, was 678 for ITS, including 44 base

substitutions (seven in H. vernicosus), of which 24
(four) were potentially parsimony informative and
11 indels (two), including three (one) potentially
informative. The equivalent numbers for rpl16 and
trnL—trnF were 636 [24 (six), 11 (two), eight (one),
seven (one)] and 438 [11 (one), eight (one), one (zero),
zero (zero)], respectively.

The ASAP analysis suggested that two statistically
supported groups of specimens exist (P = 0.0184),
corresponding with the two cryptic species CRS1
and CRS2. The NeighborNet revealed the two cryptic
species of H. vernicosus and H. lapponicus as three
separate entities (Fig. 2A). Hamatocaulis is highly
distinct from species of Scorpidium (Schimp.) Limpr.
(jackknife support 100), and H. vernicosus CRS2 is
well distinguished from CRS1 and H. lapponicus
(89). Hamatocaulis vernicosus samples with all three
markers available yield a TCS network divided into
two groups separated by five mutational steps,
corresponding to CRS1 and CRS2 (Fig. 2B). The
molecular diversity was higher in CRS1 than in
CRS2, and Tajima’s D was significantly negative for
both species (Table 1A). Fifty-nine percent of the total
molecular variation in H. vernicosus s.l. is due to
variation between the cryptic species and 41% refers
to variation within the cryptic species (Table 1B).

The two cryptic species are sympatric from Central
Europe and the Balkans to southern Scandinavia
(Fig. 1). Only CRS1 was found in the west and south-
west, from western Norway to the Iberian Peninsula
(Fig. 1A), and only CRS2 was found in the boreal
zone, except for a few localities in the southernmost
portion of this zone (Fig. 1B). No or only minor (CRS1)
differences in haplotype diversity were found between
S and N populations of CRS1 and between E and W
populations of CRS2 (Table 2A; specimens belonging
to either subset as indicated in Fig. 1 and Appendix 1),
and no differences in haplotype composition were found
between the S and N subsets of CRS1 (Table B) or E
and W subsets of CRS2 (Table 2C). The geographical
distributions of the haplotypes of CRS1 and CRS2 are
shown in Figure 2C.

HABITAT AND CLIMATE PREFERENCES

The two cryptic species only slightly differed in habitat
characteristics related to water chemistry (Tables 3,
4). In the overall analysis, CRS1 showed slightly lower
pH values than CRS2, with mean values of 6.3 and
6.6, respectively. These differences were mainly due
to imbalances in the dataset with respect to countries
(Table 3). CRS1 predominated in the Czech Republic,
the Netherlands, Switzerland and Spain, with relatively
low pH values. In contrast, CRS2 predominated in
Sweden and Minnesota, which showed significantly
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Figure 2. A, NeighborNet split network, based on ITS, rpl16 and trnL-trnF combined, for Hamatocaulis vernicosus s.l.
with three Scorpidium spp. and H. lapponicus as outgroups. Jacknife support > 75 is indicated by grey lines and support
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HAMATOCAULIS VERNICOSUS IN EUROPE 7

Table 1. Haplotype and nucleotide diversity, Tajima’s D and the partition of haplotype diversity between the two cryptic
species of Hamatocaulis vernicosus in Europe, based on ITS, rpl16 and ¢trnL—trnF combined. Indel information was in-
cluded to define haplotypes, but not to calculate nucleotide diversity. A, Haplotype and nucleotide diversity indices and
Tajima’s D. N = number of samples; Na = number of haplotypes; Ne = effective number of haplotypes; H = haplotype di-
versity; 7t = nucleotide diversity (SD = standard deviation). An asterisk (¥) indicates a significant Tajima’s D (P < 0.05). B,
Results of AMOVA to partition haplotype variation within and between the two cryptic species. (N = 199; 13 haplotypes;
® =0.593, P =0.0001, based on 9999 permutations). d.f. = degrees of freedom, SS = sums of squares and MS = mean

squared deviations

A
Pop N Na Ne H 7t (SD) Tajima’s D
Cryptic species 1 92 5 2.002 0.500 0.000311 (0.000288) -1.62025%
Cryptic species 2 107 8 1.458 0.314 0.000203 (0.000221) -1.53754%
B

Estimated % of total
Source d.f. SS MS Variance Variation
Between cryptic species 1 29.325 29.325 0.294 59
Within cryptic species 197 39.816 0.202 0.202 41
Total 198 69.141 0.496 100

higher pH values than most other countries. In
countries with both cryptic species, such as Sweden
and the Czech Republic, pH values did not differ
between them. In Switzerland, values for CRS1 were
even higher than for CRS2. This means that habitat
requirements with respect to pH probably do not differ
between CRS1 and CRS2. For EC, the two cryptic
species did not differ in the overall analysis, but also
not when treated per country. Electrical conductivity
could be low for both CRS1 and CRS2, but also reach
values of 400-500 puS cm™'. Electrical conductivity
significantly correlated with Ca levels (R = 0.57),
which also did not differ in the overall analysis and
showed values between 4 and 68 mg/L Ca for CRS1
and 3-57 mg/L for CRS2. However, Ca concentrations
were higher in the Netherlands than in Sweden or the
Czech Republic. In the overall analysis, the two cryptic
species did not differ in Fe concentrations, although
values were generally higher in the Netherlands

than in Sweden or the Czech Republic. Hamatocaulis
vernicosus is known for its tolerance to Fe-rich habitats,
and high Fe concentrations were found for both cryptic
species. For both CRS1 and CRS2, Fe levels could be
close to zero, but also showed values (much) > 20 pmol
L-tor 1.12 mg L' in > 25% of the cases. The molar
Ca:Fe ratio did not differ between cryptic species in
the overall analysis and showed that concentrations
were generally higher for Ca than for Fe. High Ca:Fe
ratios were especially found in the Netherlands. In the
correlation analysis, pH significantly correlated with
EC (R =0.20) and Ca (R = 0.18), which also correlated
with each other (R = 0.57). Correlations with Fe were,
however, not significant.

With respect to nutrients in the water, the two
cryptic species did not differ in N-NO,, N-NH, and
total mineral N concentrations, although the Czech
Republic showed relatively high values for nitrate and
low values for ammonium (Table 5). The contribution

values. In cryptic species 1, sample M1694, which is molecularly most similar to one haplotype of cryptic species 2
(Fig. 1B), is indicated. B, Haplotype network for the two cryptic species of Hamatocaulis vernicosus s.l., based on ITS, rpl16
and trnL—trnF combined. Circle sizes are proportional to the number of samples (total N = 212). For five additional samples,
in grey boxes below the network, only one or two of the plastid markers could be retrieved, and their exact haplotype within
the respective cryptic species could not be determined. Lines between circles represent one mutational change and the dots
on the line between the two cryptic species represent ‘missing’ haplotypes. Cryptic species 1 includes 96 European and
four extra-European [shaded numbers: Russia or Peru (M707)] specimens and cryptic species 2 includes 108 European and
nine extra-European (USA: Minnesota) samples. Sample numbers correspond with those in Appendix 1. C, European
distributions of the haplotypes that belong to cryptic species 1 and 2.
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8 HEDENASETAL.

Table 2. Haplotype diversity and the partition of haplotype diversity between subsets within cryptic species 1 (CRS1)
and cryptic species 2 (CRS2) of Hamatocaulis vernicosus in Europe, based on ITS, rpl16 and ¢rnL-trnF combined. A,
Haplotype diversity indices. N = number of samples; Na = number of haplotypes; Ne = effective number of haplotypes;

H = haplotype diversity. B, Results of AMOVA to partition haplotype variation within and between S and N populations of
CRS1 (N = 92; 5 haplotypes; ® = —-0.020, P = 0.939, based on 9999 permutations). C, Results of AMOVA to partition haplo-
type variation within and between E and W populations of CRS2 (INV = 107; 8 haplotypes; ® = -0.009, P = 0.200, based on
9999 permutations). d.f. = degrees of freedom, SS = sums of squares and MS = mean squared deviations

A
Pop N Na Ne H
CRS1 S population 43 3 1.982 0.504
CRS1 N population 49 4 2.016 0.495
CRS2 E population 47 6 1.369 0.270
CRS2 W population 60 5 1.516 0.341
B
Estimated % of total
Source d.f. SS MS Variance Variation
Between CRS1 S and N pop. 1 0.024 0.024 0.000 0
Within CRS1 populations 90 22.998 0.256 0.256 100
Total 91 23.022 0.256 100
C
Estimated % of total
Source d.f. SS MS Variance Variation
Between CRS2 E and W pop. 1 0.237 0.237 0.002 1
Within CRS2 populations 105 16.557 0.158 0.158 99
Total 106 16.794 0.159 100

of NH, to total mineral N was higher for CRS2 than
CRS1, but this was mainly due to low values in the
Czech Republic, in which CRS1 predominated. In
Sweden and the Czech Republic, the two cryptic
species did not differ. In the overall analysis, P-PO,
concentrations were significantly higher for CRS1
than for CRS2, mainly due to high levels in the
Netherlands, in which only CRS1 occurred. In Sweden
and the Czech Republic, the two cryptic species did
not differ. Correlations between nutrients and other
habitat factors were significant to some extent. Total
mineral N and N-NH, positively correlated with the
Ca:Fe ratio (R = 0.52 and 0.41, respectively). The
contribution of N-NH, to total mineral N increased
with pH (R = 0.28), and P-PO, positively correlated
with Fe (R = 0.36).

No differences were revealed in the elevation
distributions for the two cryptic species (Fig. 1) in the
total data set (CRS1: mean 459 m a.s.l.,, N = 96; CRS2:
mean 356 m a.s.l., N = 108. Mann—Whitney U-test:
U =4851,Z=0.790, P = 0.429) or for the samples from

regions where they are sympatric (CRS1: mean 454 m
a.s.l., N=63; CRS2: mean 417 m a.s.l., N = 61. Mann—
Whitney U-test, U = 1590, Z = 1.654, P = 0.098).

For environmental niche comparisons, the MESS
analysis removed 15 and 17 occurrences, resulting in
72 and 86 occurrences usable for the further analyses,
for CRS1 and CRS2, respectively (Appendix 3).
The climatic niche overlap was high between the
two cryptic species (D = 0.82; I = 0.97). Although the
climatic niches were largely overlapping, the niche
similarity test did not confirm a niche conservatism
(P =0.156 and 0.147 for D and I niche overlap metrics,
respectively; see Appendix 4) or a niche divergence
(P =0.858 and 0.863 for D and I metrics).

DISCUSSION

We found no differences in habitat or climate
parameters that could explain the different
distributions of the genetically well separated CRS1
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HAMATOCAULIS VERNICOSUS IN EUROPE 9

Table 3. Habitat factors pH and electrical conductivity (EC) of the water surrounding the cryptic species 1 and 2 of
Hamatocaulis vernicosus in different countries. Values given are mean values and standard deviations. Differences be-
tween countries and cryptic species were tested with two-factor general linear models; different letters indicate significant
differences in pH or EC (P < 0.05) between particular mean values for a cryptic species in a particular country

Habitat factor Country n Cryptic species 1 Cryptic species 2
pH Sweden 57 6.8 (0.6) = 6.6 (0.5) =
Czech Republic 156 6.3 (0.5)« 6.3 (0.3) "
Netherlands 11 6.1(0.)2 -
Switzerland 6.7 (0.7) b* 54 (-)a
Spain 6.1(0.6)® -
USA (Minnesota) - 7.1(0.5)1
EC Sweden 57 138 (80) @ 127 (81) ®
(uS ecm™) Czech Republic 129 156 (125) @ 165 (182) =
Netherlands 11 296 (131) " -
Switzerland 129 (89) @ 18 (-)?
Spain 58 (32) * -
USA (Minnesota) - 314 (125) "

Table 4. Concentrations of Ca and Fe and Ca:Fe ratios of the water surrounding the cryptic species 1 and 2 of
Hamatocaulis vernicosus in different countries. Values given are mean values and standard deviations. Differences be-
tween countries and cryptic species were tested with two-factor general linear models; different letters indicate significant
differences (P < 0.05) between particular mean values for a cryptic species in a particular country

Habitat factor Country n Cryptic species 1 Cryptic species 2

Ca (mg L) Sweden 33 11(3)® 23 (14) 2
Czech Republic 85 17 (12)2 25 (30) 2>
Netherlands 11 35(17)° -

Fe Sweden 33 5.3 (4.0) * 3.0(3.5)®

(mg L) Czech Republic 83 2.3(5.8)® 0.6 (0.1) =
Netherlands 11 9.7 (15.2)" -

Ca:Fe Sweden 33 7(8)® 70 (115) =

(mol mol) Czech Republic 83 50 (107) ® 69 (8) @
Netherlands 11 155 (213) -

and CRS2 of H. vernicosus in western and central
Europe. Neither did we find regional intraspecific
molecular differentiation within the two cryptic
species that could have correlated with hypotheses
of post-glacial immigration of CRS1 from refugia
in southern Europe and of CRS2 from the east or
north-east. A significant negative Tajima’s D for both
cryptic species at the European level suggests that
both are presently increasing. This could possibly be
due to colonization of wetlands that gradually became
available due to expanding agricultural management
over thousands of years.

MOLECULAR RELATIONSHIPS

The significant split into two groups in the ASAP
analysis (Puillandre et al., 2019) confirms that CRS1

and CRS2 are well differentiated molecularly. In
combination with the non-existent exchange of genetic
material between them (Fig. 2B, and Hedenis &
Eldenis, 2007; Hedends, 2018; Manukjanova, Kosnar
& Kucera, 2020), the closer relationship of CRS1 to
H. lapponicus than to CRS2 (Fig. 2A) and the different
geographical distributions in Europe (Fig. 1), this
shows that they behave in all respects as species. In
view of the lack of morphological differentiation, they
should therefore be treated as cryptic species. Cryptic
species are sometimes formally described among other
organisms, but this has not yet become the practice
for bryophytes (Wagner & Wagner Jr., 1989; Heinrichs
et al., 2011; Hedends, 2020a, b). Among the problems
listed in these two studies, knowing which cryptic
species the type specimen belongs to is perhaps the
most crucial for H. vernicosus. The type of Stereodon
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10 HEDENASETAL.

Table 5. Nutrient concentrations (ng L) of the water surrounding the cryptic species 1 and 2 of Hamatocaulis vernicosus
in different countries. Values given are mean values and standard deviations. Different letters indicate significant differ-
ences in N-NO, concentrations (P < 0.05) between particular mean values for a cryptic species in a particular country.

Habitat factor Country n Cryptic species 1 Cryptic species 2
N-NO, Sweden 33 30 (47) 30(33) 2
(ng LY Czech Republic 75 108 (176) * 142 (130) =
Netherlands 11 17 (13) 2 -
N-NH, Sweden 33 314 (435) 236 (295) 2
(ng L) Czech Republic 76 173 (465) * 135 (42) @
Netherlands 11 267 (375) @ -
Spain 5 740 (343)° -
Total mineral N Sweden 33 343 (483) ® 265 (293) *
(ng LY Czech Republic 75 326 (587) ® 277 (88) ®
Netherlands 11 284 (382) @ -
Contribution N-NH, Sweden 33 94 (5)" 78 (24)°
(% total mineral N) Czech Republic 75 58 (30) 54 (33) 2
Netherlands 11 87 (9)" -
P-PO4 Sweden 33 7(3)2 9(11)2
(ng L) Czech Republic 76 13(7)? 13(3)2
Netherlands 11 39 (41)®

vernicosus Mitt., the basionym of H. vernicosus, was
collected 1858 in a now destroyed wetland situated
in a region where both CRS1 and CRS2 occurred. The
cryptic species to which the type belongs can therefore
not be established.

In CRS1, the two main haplotypes are about equally
frequent and evenly distributed in Europe (cf. Fig. 2C
and Appendix 1), whereas in CRS2 one haplotype is
dominant. This causes a higher haplotype diversity
in CRS1 than in CRS2 (and a similar difference in
nucleotide diversity), in line with results from the
Czech Republic (Manukjanova et al., 2020), but not
from Sweden where the two cryptic species display
equal diversity (Hedends, 2018). The situation in
Sweden could be a result of smaller populations
and presumably smaller effective population sizes
(Ellegren & Galtier, 2016) of CRS1 than of CRS2 in
Sweden, where CRS1 is restricted to the southern
third of the country, whereas CRS2 occurs throughout
the country. The geographically restricted sampling of
Hedenis (2018), from regions with relatively abundant
and also relatively undisturbed wetlands where the
H. vernicosus populations are probably more stable
than elsewhere in Europe, could also explain why
Tajima’s D was not significant in that study, whereas
it was significantly negative for both cryptic species
in the present study. The similarly negative Tajima’s
D for both CRS1 and CRS2 could indicate that large
portions of their European populations are presently
expanding after an earlier bottleneck. We believe it
is unlikely that both cryptic species should display
Tajima’s D of similar negative magnitudes due to other
potential factors, such as recent selective sweeps or

purifying selection (Simonsen, Churchill & Aquadro,
1995). A possible explanation is that the expansion of
H. vernicosus s.l. after the glacial bottleneck finished
early in Scandinavia, whereas the expansion at the
European level reflects that many localities south of
Scandinavia gradually became suitable only relatively
recently. This could be a result of the gradual
implementation of extensive agricultural management
of wetlands over most of the continent during a
period of > 6000 years (Joosten & Tanneberger, 2017),
including grazing and hay harvest that promote less
competitive plants such as bryophytes (Bergamini
et al.,2001; Singh et al., 2021).

HOW TO EXPLAIN THE DISTRIBUTIONS
OF THE CRYPTIC SPECIES

Only CRS1 was sampled in westernmost/south-
westernmost Europe, and only CRS2 was found in
northern Fennoscandia, whereas they are sympatric
in the other studied regions (Fig. 1). Such clear
differences in geographical distributions beg for an
explanation, which can be either in terms of different
habitat preferences or immigration histories.

The two cryptic species did not really differ in
habitat conditions, although their ranges could differ
between countries. In agreement with Stechova et al.
(2012), both cryptic species grow in mineral-rich
habitats with neutral pH. Electric conductivity and
Ca levels were strongly correlated and varied for both
cryptic species in a similar way. For nutrients such as
N and P, the levels were generally rather low, except
for some Fe-rich fens in the Netherlands, which helps
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reduce the growth of vascular plants and increase the
density of H. vernicosus (Stechové et al., 2012). The
most characteristic habitat factor for H. vernicosus
s.l. is probably the tolerance to high Fe. This taxon
is thought to be more Fe-tolerant than other brown
mosses such as Scorpidium scorpioides (Hedends &
Kooijman, 1996; Mettrop et al., 2018). Both cryptic
species of H. vernicosus were found over a wide range of
Fe concentrations in the water, including values above
the high and very high levels of 20 and 200 pmol L of
Vicherova, Hajek & Hajek (2015) or 1.12 and 11.2 mg
L. Aggenbach et al. (2013) indicated that H. vernicosus
did not occur in fens with Fe concentrations >56 mg L1,
but they compared pristine fens with heavily degraded
fens in which typical mosses may have been absent
for other reasons, such as high aboveground biomass.
In our study, H. vernicosus was found even at 152 mg
Fe L. The populations of H. vernicosus are usually
more extensive under Fe-rich conditions (Stechova
et al., 2012). This may be due to Fe toxicity to vascular
plants, or low relative growth rates for Fe-tolerant
species (Wheeler, Al-Farraj & Cook, 1985; Snowden &
Wheeler, 1993, 1995), which both reduce aboveground
biomass. On the other hand, both cryptic species may
profit from the relatively high P-PO, concentrations in
Fe-rich fens, which positively correlated with each other,
in agreement with Kooijman et al. (2020). However,
H. vernicosus may only be tolerant to high Fe levels as
long as pH is relatively high (Vicherova et al., 2015). The
latter showed that CRS1 could grow even at 200 pmol
Fe L' or 11.2 mg Fe L%, as long as pH was kept at
c. 7.1 and Ca was also supplied. For this reason, it is
important that the molar Ca:Fe ratio was (far) > 1 for
all samples, except for the most Fe-rich locality in the
Czech Republic. No experiments have been performed
to test tolerance to high Fe levels for CRS2, but the
overlap in habitat characteristics related to Fe, pH and
Ca suggest that this characteristic has developed before
the separation of the two clades. This also means that
both cryptic species are sensitive to acidification of their
habitats, which is a major threat to this species.
Neither this study nor Manukjanova et al. (2019a)
found differences in elevation distributions between
the two cryptic species, and our results show that
the climatic niche overlap between the two is high,
and neither climatic niche conservatism nor niche
divergence could be confirmed. CRS1, which in Europe
is the southern cryptic species, also occurs in Arctic
Russia (M566, M1578; Appendix 1) and can thus grow
in very cold climates. This suggests that CRS1 and
CRS2 are likely to share similar climate preferences.
The lack of niche differentiation along the investigated
habitat, elevation and climate parameters suggest that
other factors explain the different distributions of the
two cryptic species. Both cryptic species are widespread
outside Europe. Although their extra-European

distributions are known only from scattered samples
(CRS1: Buryatia, Taimyr and Wrangel Island; CRS2:
Minnesota), their distributions probably cover large
portions of the Northern Hemisphere, with outliers
in the south for at least CRS1 (Peru). The existence
of 1.8-2.6 Myr-old finds of the morphology-defined
species (Hedenéds & Bennike, 2008), suggests that the
species, and probably the two cryptic species, attained
their wide distributions long before the last glacial
period. However, to explain the global history of the
two cryptic species a much wider sampling than we
have at present is required. For Europe, one important
factor to explain phylogeographic patterns in species
is their glacial and post-glacial histories (e.g. Taberlet
et al., 1998; Svenning & Skov, 2007; Parducci et al.,
2012; Kyrkjeeide et al., 2014). Kyrkjeeide et al. (2014)
suggested three main post-glacial colonization routes
for European bryophytes, the western, southern
and eastern routes. Based on total geographical
distributions only, that of CRS1 seems to fit elegantly
into their southern route, implying that it survived the
Last Glacial Maximum (LGM c. 30-16 kA BP) in the
Iberian, Italian and Balkan Peninsulas and that it has
not yet reached the northern portions of Europe. CSR2
equally well fits their eastern route, implying that it
survived the LGM east of glaciated Europe and has
not yet reached the western and south-western regions
of this continent. We did not find a higher genetic
diversity or different genetic composition in subsets
of specimens sampled closer to the supposed refugial
regions than further away, as could be expected under
these scenarios (cf. Kyrkjeeide et al., 2014) and the
distributions of the individual haplotypes (Fig. 2C)
did not suggest distinct geographical patterns. Thus,
unlike for some well-studied European bryophytes,
such as Leucodon sciuroides (Hedw.) Schwagr.
(Cronberg, 2000), Rhytidium rugosum (Hedw.) Kindb.
(Hedenés, 2015) and Sanionia uncinata (Hedw.)
Loeske (Hedenés, 2010), but in common with other
species (Kyrkjeeide et al., 2014), the variation in the
studied molecular markers does not provide additional
evidence regarding the post-glacial origin of each of the
cryptic species within H. vernicosus. The two cryptic
species within H. vernicosus inhabit narrower habitats
than the three mentioned bryophyte species, suggesting
that their refugial populations could potentially have
been smaller and therefore experienced stronger
bottleneck effects. This would have resulted in low
overall remaining genetic variation that is insufficient
to reveal patterns related to dispersal history.

CONCLUSIONS

Hamatocaulis vernicosus was placed on the EU Habitat
Directive Appendix II to protect it and to ensure its
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long-term survival in the European Union. This
led to a multitude of actions to determine its actual
frequency and measures for its survival. The revelation
that it includes two cryptic species complicates the
situation, since each of these is necessarily rarer than
the original morphology-defined species. We here show
that: (1) the two cryptic species have partly different
geographical distributions in western Europe: (2)
the western European populations of both have
genetic signs of a slight increase, possibly connected
with a long-term increase linked with the spread of
agricultural practices in wetlands over thousands of
years, (3) the two cryptic species occur under similar
chemical and climatic conditions and (4) the post-
glacial origins hypothesized here, suggested by the
distribution patterns of the respective cryptic species,
are not accompanied by corresponding intraspecific
genetic differentiation. We therefore suggest that
more variable molecular markers are used to test the
presented post-glacial immigration hypothesis.
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APPENDIX 1

GenBank accession numbers for the studied
Hamatocaulis vernicosus and outgroup specimens.
Data format: Sample No.[-sample classification
as S or N (Cryptic species 1), or E or W (Cryptic
species 2)]: Locality; Collection date, Collector
[collector’s no.J; Herbarium, [Herbarium no.]; GenBank
accession numbers for ITS, rpl16, and trnL-trnF. [NA
= not available].

Hamatocaulis vernicosus (Mitt.) Hedenis.
CRYPTIC SPECIES 1. M012-N: Sweden. Smaland,
Killeryd; 1996, L.Hedends & A.Kooijman; S, B1070;
DQ397055, DQ405051, DQ400063. M013-N: Sweden.
Vistergotland, Dala; 1996, L. Hedends & A.Kooijman,;
S, B1069; DQ397056, DQ405052, DQ400064. M014-N:
Sweden. Vistergotland, Valstad; 1996, L.Hedends &
A.Kooijman; S, B1068; AY625994, DQ304456,
AY626012. M196-S: Switzerland. Ziirich, Wetzikon,;
2002, L.Hedends et al.; S, B69400; DQ397085,
DQ405079, DQ400092. M197-S: Switzerland. Ziirich,
Wetzikon; 2002, L. Hedends et al.;S,B69401; DQ397086,
DQ405080, DQ400093. M198-S: Switzerland. Zirich,
Monchaltorf; 2002, L.Hedends et al.; S, B69402;
DQ397087, DQ405081, DQ400094. M199-S:
Switzerland. Ziirich, Monchaltorf; 2002, L. Hedendis
et al.; S, B69403; DQ397088, DQ405082, DQ400095.
M200-S: Switzerland. Schwyz, Einsiedeln; 2002,
L.Hedends & E.Urmi; S, B69404; DQ397089,
DQ405083, DQ400096. M384-N: Sweden. Uppland,
Jumkil; 1987, L.Hedends; S, B21439; EF172694,
EF172729, EF172766. M385-N: Sweden. Smaland,
Horeda; 1999, C.Jacobsson; S, B24928; EF172695,
EF172730, EF172767. M386-N: Sweden. Uppland,
Edebo; 1997, K. Hylander 2047; S, B21370; EF172696,
EF172731, EF172768. M488: United Kingdom.
Cumbria, Great Ewe Fell; 1999, D.T. Holyoak 99-1002;
S, B89325; NA, EF172735, EF172772. M489-N: United
Kingdom. Wales, Gwynedd; 1999, D.T. Holyoak 99-1968;
S, B89326; EF172700, EF172736, EF172773. M490-N:
United Kingdom. Wales, Dyfed; 1999, D.T.Holyoak
99-943; S, B89327; EF172701, EF172737, EF172774.
M534-N: Denmark. Viborg, Vinge Mglle; 2004,
L.Hedends; S, B90388; EF172702, EF172738,
EF172775. M566: Russia. Taimyr Peninsula,
Nadaturku Lake; 1992, E. Pospelova; MW; EF172704,
EF172740, EF172777. M602: Switzerland. Kt. Schwyz,
Brunnen; 1990, I.Bisang 90463; S, 116576; NA,
EF172741, EF172778. M642-S: Italy. Siid-Tirol,
Eggental; 2005, L.Hedends; S, B103433; EF172705,
EF172742, EF172779. M676-S: Austria. Carinthia,
Klagenfurter Becken; 2005, H.Kiockinger; S, B105473;
EF172707, EF172744, EF172781. M678-S: Austria.
Styria, S of Schladming; 2002, R.Krisai; S, B105475;
EF172709, EF172746, EF172783. M680-S: Austria.
Salzburg, Flachgau; 1999, R.Krisai; S, B105477;

EF172711, EF172748, EF172785. M685-S: Spain.
Madrid, Sistema Central, Sierra de Guadarrama;
2004, E.Fuertes et al.; S, B107012; EF172715,
EF172752, EF172789. M707: Peru. Cajamarca,
N. Andes, Jalca; 2005, D.J.Cooper 2825; S, B108364;
EF172716, EF172753, EF172790. M834-N:
Netherlands. Overijssel, Weer.-Wieden NP, Kikkerl.;
2014, L.Hedends et al.; S, B211004; MZ417782,
MZ447580, MZ447676. M835-N: Netherlands.
Overijssel, Weer.-Wieden NP, Kiersche W.; 2014,
L.Hedendis et al.; S, B211009; MZ417783, MZ447581,
MZ447677. M836-N: Netherlands. Overijssel, Weer.-
Wieden NP, Veldweg; 2014, L.Hedends et al.; S,
B211014; MZ417784, MZ447582, MZ447678. M837-N:
Netherlands. Overijssel, Weer.-Wieden NP, Meppelerd.;
2014, L.Hedends et al.; S, B211016; MZ417785,
MZ447583, MZ447679. M838-N: Netherlands.
Gelderland, Epe, Korte Broek; 2014, R.J. Bijlsma; herb.
Bijlsma, 15477.1; MZ417786, MZ447584, MZ447680.
MB839-N: Netherlands. Utrecht, Veenendaal, De Hel,
2009, H.Runhaar; herb. Siebel, 2009.830; MZ417787,
MZ447585, MZ447681. M840-N: Netherlands.
Staphorst, Oude Stroom NR; 2014, M.van Tweel; herb.
van Tweel; MZ417788, MZ447586, MZ447682.
M952-N: Sweden. Halland, Ledtorpet; 2016, P.Darell;
S, B241054; MG952385, MG952289, MG952337.
M953-N: Sweden. Smaland, Jonkoéping, Dumme
mosse; 2016, P.Darell; S, B241046; MG952386,
MG952290, MG952338. M954-N: Sweden. Bohuslén,
Save, WSW Tomtebacken; 2010, L.Appelgren; S,
B125425; MG952387, MG952291, MG952339.
M959-N: Sweden. Viastmanland, Sala, Kolarhagen;
2013, L.Hedends; S, B199749; MG952392, MG952296,
MG952344. M960-N: Sweden. Viastmanland, Sala,
Kolarhagen; 2013, L.Hedends; S, B199755; MG952393,
MG952297, MG952345. M964-N: Sweden. Uppland,
Danmark, Norra Lunsen NR; 1998, G.Aronsson; S,
B124245; MG952397, MG952301, MG952349.
M967-N: Sweden. Dalarna, Grycksbo, Lilltansen;
2014, U.Gunnarsson 1151; S, B256788; M(G952400,
MG952304, MG952352. M969-N: Sweden. Dalarna,
Solleron, Norrviken; 2013, U.Gunnarsson 1130; S,
B256793; MG952402, MG952306, MG952354.
M971-N: Sweden. Skane, Sankt Olof, SE of church;
2006, J Dahlberg; S, B117507; MG952404, MG952308,
MG952356. M972-N: Sweden. Smaland, Jonképing,
Rocksjon; 2009, T.Fasth; S, B172408; MG952405,
MG952309, MG952357. M973-N: Sweden. Halland,
Rollstorp; 2016, P.Darell; S, B241057; MG952406,
MG952310, MG952358. M974-N: Sweden. Halland, O.
Karup, Ledtorpet; 2008, K Georgson; S, B137494;
MG952407, MG952311, MG952359. M975-N: Sweden.
Vistergotland, Otterstad, Kéallandso; 2008, L. Hedendis
et al.; S, B134501; MG952408, MG952312, MG952360.
M976-N: Sweden. Niarke, Orebro lian,
Bystadkvarnviken; 2016, P.Darell; S, B241043;
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MG952409, MG952313, MG952361. M977-N: Sweden.
Viastmanland, Dragmossen; 2016, P.Darell; S, B241044;
MG952410, MG952314, MG952362. M979-N: Sweden.
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APPENDIX 2

Climatic variables at 1-km resolution used for the climatic niche preferences. The corresponding names from
CHELSA and how they were generated and their units are present in the second column.

Climatic variables Variables from CHELSA (unit)

Annual mean temperature Bio 1 (°C)

Annual range of temperature Bio 7 (°C)

Mean temperature of the wettest quarter Bio 8 (°C)

Annual precipitation Bio 12 (mm)

Precipitation seasonality Bio 15 (kg m?)

Precipitation of the warmest quarter Bio 18 (mm)

Annual mean relative humidity Average of the monthly relative humidity [rh] (%)

Annual mean solar radiation Average of the monthly total solar radiation [srad] (kJ m2)

Annual range of solar radiation Difference between the maximum and the minimum values generated
from monthly total solar radiation [srad] (kJ m?)

Annual mean potential evapotranspiration Average of monthly potential evapotranspiration [pet] (kg m?)

Appendix 3. Results of the MESS analyses for CRS1 (A) and CRS2 (B). Dots represent the occurrences used for niche
overlap computations and niche comparisons, whereas crosses correspond to the occurrences that were removed from the
analyses..
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Appendix 4. Null distributions of niche overlap computed with the Schoener’s D (A) and Hellinger’s I (B) metrics, resulting
from the niche similarity test. Vertical lines in red (colour only online) with diamond on top represents the observed niche
overlap between the two cryptic species, whereas the dark grey dotted lines represent the 95% confidence interval limits of
null distributions.
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