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Abstract

Aim: We document realized and potential global species ranges based on empirically
vetted species concepts in conjunction with global climate databases and climate suit-
ability modelling. From this we investigate the nature of dispersal barriers and illus-
trate how they generate ecological uniqueness.

Location: Holarctic.

Methods: Fifty-two small body-size (i.e. < 5 mm) land snail taxa within the genera
Euconulus, Pupilla and Vertigo were considered. These represent ~10% of all small
body-size Holarctic land snails and are among the most proficient known passive
dispersers. Their potential climatic ranges were determined using Maxent modelling
based on 9205 occurrence records. From these we inferred the location, width and
nature of isolating barriers and tested for their effects on regional species pool rich-
ness and turnover.

Results: Use of unvetted traditional taxonomic concepts and unverified occurrence
records would have created up to threefold higher or lower estimates of species-
specific climatic tolerances than the actual values. Modelling must thus only use high
quality occurrence data. All but one taxon were shown at a global scale to possess
multiple isolated areas of appropriate climate. While oceans represented the most
common barrier (37%), intra-continental barriers were in total almost twice as fre-
quent (inappropriate climate - 29%, habitat/history - 27% and the Greenland ice
sheet - 7%). These barriers restricted taxa to only a subset of their potential range,
with European taxa possessing approximately twice the global occupancy rates as
North American ones (median scores of 62 vs. 34%). As a result, regional taxa pools
were three times smaller than their potential sizes, with 50% change in composition
occurring over ~2600-km distances.

Main conclusions: Even for these readily dispersing taxa, isolation barriers prevented
species from saturating their potential global range, reduced the size of regional spe-

cies pools by 2/3, and generated ecological uniqueness between them.

KEYWORDS
climate suitability modelling, dispersal limitation, distinctiveness, Holarctic, isolation barriers,
terrestrial gastropods
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1 | INTRODUCTION

The fundamental role of dispersal barriers in stimulating biological
diversification and biogeographic uniqueness has been suggested
since the dawn of modern biology (e.g. Darwin, 1859; Humboldt
& Bonpland, 1805). Evolutionary biologists have been early and
strong advocates of isolation as a fundamental mechanistic driver
(e.g. Jordan, 1905; Mayr, 1942). Biogeographers have identified
ocean, mountain and adverse climate barriers as playing an essen-
tial role in the formation of global biogeographic regions (Lomolino
et al.,, 2010; Riddle & Hafner, 2010). And, over the last few decades
there has also been an increasing awareness of the role of barriers
in generating ecological pattern from local (Hubbell, 2001) to re-
gional (Hanski, 1999; Leibold & Chase, 2018), continental and global
(Preston, 1960; Ricklefs & Schluter, 1993; Shmida & Ellner, 1984)
scales.

In spite of this, the quantitative aspects of barriers and their in-
fluence on species pools remain relatively poorly investigated, espe-
cially at the global scale. This is likely due to inherent difficulties in
their empirical documentation, which requires proof of two different
forms of a negative (Lobo et al., 2010): (a) documentation of regions
falling outside of a species’ niche, and (b) identifying unoccupied
areas that possess appropriate environmental conditions for estab-
lishment and persistence of a given species. It is thus one thing to say
‘There is hardly a climate or condition in the Old World which cannot
be paralleled in the New... [with] barriers of any kind, or obstacles
to free migration, [being] related in a close and important manner
[to their biological] differences...’ (Darwin, 1859) and quite another
to prove it.

However, our ability to quantitatively document, analyze and
map species ranges - and thus barriers - across global extents has
undergone a revolution over the last few decades. While little pre-
cise environmental data were once available, there are now multiple
resources available providing - at least for climate - global coverage
of dozens of variables at fine spatial resolution not only for current
(e.g. Hijmans et al., 2005; Karger et al., 2017) but also past (ranging
back to the Last Glacial Maximum - LGM; e.g. Brown et al., 2018;
Title & Bemmels, 2018) and potential future (e.g. Navarro-Racines
et al., 2020) conditions. Second, the empirical estimation of niche
space has evolved greatly over the past few decades with the advent
of increased computational power and development of nonpara-
metric multivariate methods such as generalized additive (Hastie
& Tibshirani, 1986) and Maxent (Phillips et al., 2006) modelling.
Because of their accuracy in defining environmental niche space
these approaches generate better estimates of potential global
range (Cowell & Rangel, 2009), including the location and size of
not only occupied but also unoccupied appropriate patches and the
barriers separating them. Third, the development of DNA sequenc-
ing technology and molecular phylogenetics now allows for a priori
determination of biologically valid groups and their correct identifi-
cation features. This reduces environmental data errors related to
misidentified, overlumped and/or oversplit occurrence data (Nekola
& Horsak, 2022).

In spite of these advancements, determination of potential range
saturation - and the factors influencing it - has been limited to re-
gional or smaller scales: for example, European trees (Svenning &
Skov, 2004, 2007) and carabid beetles (Calatayud et al., 2019) or
Mexican mammals (Munguia et al., 2008). While such works have
been crucial in documenting disequilibrium between species
range and climate and a reduction of species pool size (Svenning
et al., 2015), until now no one has considered the nature and impact
of dispersal barriers at the global scales where such features have
been classically invoked (Preston, 1960).

The principal goals for this paper are thus to estimate actual,
realized and potential Holarctic-wide distributions for a suite of ef-
fectively dispersing land-snail taxa that have survived integrative
empirical revision. From this we identify, measure and characterize
the barriers impacting each. Our analyses document the statistical
properties of species ranges and dispersal barriers, the mechanisms
underlying barriers, and their impact on the size and composition of
regional taxa pools. They also allow for consideration of how bar-
riers impact: (a) realized range sizes, (b) global occupancy rates of
appropriate habitats, (c) regional species pool richness, and (d) the

strength of distance decay in similarity between species pools.

2 | METHODS

2.1 | Target group

We limit our analyses to small (shell diameter < 5 mm) Holarctic land
snail species from three genera (Euconulus, Pupilla and Vertigo). All
modelled taxa have survived empirical integrative taxonomic re-
vision using multiple DNA and morphological signals (Horsakova
etal., 2020; Nekola et al., 2015, 2018). We limited analysis to entities
whose range centre is at least 40°N in eastern Eurasia and central/
eastern North America and 50°N in central/western Eurasia with
this difference being due to a shifting of boreal species ranges north
due to warmer winter temperatures at similar latitudes in western
Eurasia due to Gulf Stream maritime influence. One additional spe-
cies (Pupilla hebes) was included even though its range centre lies
farther south because it is limited to montane taiga. After some
additional adjustments related to uncertain taxonomic status (see
Appendix A), our sample system includes 5 Euconulus, 13 Pupilla and
34 Vertigo taxa (Appendix B).

These taxa represent an ideal system to analyse dispersal barriers
because: (a) they have all undergone integrative taxonomic revision,
occur throughout the entire region, and represent about 10% of the
entire small-sized Holarctic fauna. They are also among the most fre-
quent land snails within the Holarctic fauna, and occur throughout
the region across all habitat types and trophic states (Barker, 2001;
Némec et al., 2021; Pilsbry, 1948; Sysoev & Schileyko, 2009; Welter-
Schultes, 2012); (b) post hoc analysis demonstrates that shell
features allow for correct identification of all but one empirically val-
idated taxon. It is thus possible to accurately determine occurrences
from shells alone; (c) composition and abundance data are available
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for over 5000 modern sites across much of the Holarctic (Horsak &
Meng, 2018; Horsakova et al., 2018; Nekola, 2014); (d) while being
poor active movers (e.g. Orstan et al., 2011), small land snails are
among the most effective known passive dispersers, with multiple
ocean crossings of 7500 km having been documented (Gittenberger
et al., 2006). Rates of local endemism for small-sized species within
the Holarctic fauna are thus quite low, with at least some taxa being
thought to possess global ranges (Pilsbry, 1948). Focus on these taxa
should thus identify the lower bound for the impact of barriers on

ecological and biogeographic pattern.

2.2 | Inputdata compilation
Using genetically validated diagnostic shell traits, all target taxa oc-
currences from our 5000+ site-scale composition lists - as well ma-
terial from the 15,000+ lot Brian Coles collection at the National
Museum of Wales - were revised. We also reidentified all Holarctic
Pupilla and Vertigo lots from the University of Michigan Museum of
Zoology, Royal Ontario Museum and National Museum of Canada
(Nekola & Coles, 2010). For species whose diagnostic features
are easily observed and did not change, we also incorporated oc-
currence data from the UK/Ireland (Kerney, 1999) and Sweden
(Waldén, 2007). Over 9200 individual occurrence records were
accumulated (Figure 1). Each was reported in decimal degrees at 5
arc-min cell resolution, and all are provided in Supplementary File
‘occurrences_all.csv’. While these data obviously do not represent
all known occurrences, accurate climatic envelope estimation is
possible because the full known geographic, ecological and climatic
ranges of each taxon have been included. Given that museum land
snail records possess a non-trivial frequency of labelling errors and
a 20% misidentification rate (Nekola et al., 2019) - which increases
to more than 80% in online databases of some other invertebrate
groups (Meier & Dikow, 2004) - we avoided their use as we had
no way to independently verify identifications or generate simple a
priori decision rules to exclude inaccurate reports. We thus opted to
use a smaller but higher-quality dataset to ensure the most robust
model outputs.

To avoid potential bias in climate suitability models caused by

the uneven density of occurrence records, we resampled species

Euconulus | n = 2,579

Pupiila | n =763

and Biogeography

occurrences using an environmental filtering procedure (Castellanos
et al., 2019; Varela et al., 2014). We assigned climatic variables ob-
tained from the WorldClim v.1.4 (Hijmans et al., 2005) and ENVIREM
(Title & Bemmels, 2018) databases at 5 arc-minute resolution to each
record. For taxa with more than 80 occurrences, we placed each
record into a mulitdimensional space generated through principal
components analysis (PCA) that captured at least 90% of observed
variation. We then successively removed occurrence records asso-
ciated with the smallest average pairwise distance in reduced PCA
space until all distances were 0.1 SDs or greater, or the number of
remaining records reached 80, whichever came first. The number of
records used to calibrate each climate suitability model is provided
in Appendix B, and these are mapped in Appendix E.

2.3 | Climate suitability modelling

2.3.1 | Model parameterization

We used Maxent (version 3.4.1; Phillips & Dudik, 2008) to model
suitable climates because it uses presence-only data and gener-
ally performs well at small sample sizes (Elith et al., 2006; Wisz
et al., 2008). We excluded seven taxa primarily due to their very lim-
ited number of records (see Appendix A for details). Models were
calibrated using resampled occurrence records (as described above)
with 10,000 background points and taxon-specific subsets of best-
performing climatic variables to avoid issues connected with model
overfitting (for details on variable selection, see Appendix C). All
suitability models and their resultant predictions were evaluated
using fivefold cross-validation. Three metrics were utilized: (a) area
under a reciever operating characteristic curve (AUC; the higher the
score the better the model performance; Phillips et al., 2009); (b)
difference between forecast and reference AUC (AucDiff or over-
fitting; the higher the score the poorer the model performance;
Warren & Seifert, 2011); and (c) Boyce index (1 = models consistent
with occurrence distribution, -1 = models which avoid occurrences;
Boyce et al., 2002; Hirzel et al., 2006). Modelling was conducted
in the dismo R package (Hijmans et al., 2017). All details on model
settings are provided in the Overview, Data, Model, Assessment,
Prediction (ODMAP) protocol found in Appendix C.

Vertigo | n = 5,863

FIGURE 1 Location of the 9,205 occurrence records use to parameterize climate suitability models
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2.3.2 | Potential range determination

The climatic suitability model for each taxon was projected
across the Holarctic using WorldClim 1.4 and ENVIREM (Title &
Bemmels, 2018) data at 5 arc-min resolution. Geographic coverage
of suitable climates (hereafter referred to as ‘potential range’) was
estimated by applying a Maxent routine that balances training omis-
sion, predicted area and threshold value (Phillips & Dudik, 2008).
This procedure was used as it generates the most liberal estimates
of potential range and thus the smallest possible barrier widths. For
this reason, actual barrier widths are likely larger than our estimates.

2.4 | Range and barrier documentation

2.4.1 | Holarctic biogeographic regions

We divided the Holarctic into nine roughly equally dispersed bio-
geographic regions (Figure 1): western (Region 1: 26°W-7°E), cen-
tral (Region 2: 7°E-35°E) and eastern (Region 3: 35°E-60°E) Europe;
western (Region 4: 60°E-110°E), central (Region 5: 110°E-163°E)
and eastern (Region 6: 163°E-133°W) Beringia; and western (Region
7: 133°W-102°W), central (Region 8: 102°W-79°W) and eastern
(Region 9: 79°W-26°W) North America. Since genetically confirmed
species occurrence data do not yet exist for Greenland, for the pur-
poses of this work we defined Region 1 to begin just west of Iceland,

with Region 9 ending along the western shore of the Labrador Sea.

2.4.2 | Actual range measurement

Taxon occupancy within each Holarctic region (see above) was re-
corded based on our data in addition to verifiable literature reports
(e.g. Nekola & Coles, 2010; Pilsbry, 1948; Welter-Schultes, 2012).
The known major and orthogonal minor range extents for each were
measured using our data in combination with published literature.
Based on its range centroid, each taxon was also assigned to one of
three main biogeographic groups: European (26°W-60°E), Beringian
(60°E-133°W), and North American (133°W-26°W). Range area
was estimated by calculating the total area (km?) of appropriate cli-
mate found within all occupied regions. These represent the maxi-
mum possible because taxa almost never fully occupy their potential
range (Hurlbert & White, 2005; Svenning & Skov, 2004). Recorded

data for each species are presented in Appendix B.

2.4.3 | Potential range measurement

We measured major and orthogonal minor axes for the suitable
climate patches associated with the areas where each species re-
sides (Appendix B). These reflect the maximum potential range
because taxa occurrences at range margins often represent micro-

climatically unique habitats - such as cooled air emanating from ice

caves (Nekola, 1999) or warm air associated with geothermal fields
(Brunton, 1986; Carcaillet et al., 2018). The global climate suitability
map for each species was also used to record potential occurrence
within each biogeographic region. The simple presence of an appro-
priate 5 arc-min climate pixel within a region does not indicate that
a given taxon should be expected there, however, with population
colonization and persistence being unlikely when total appropriate
area and largest patch size are too small (e.g. Gilpin & Soulé, 1986).
Using actual modern Holarctic species occurrences as a guide, we
set these lower thresholds at 90,000 and 45,000 km?, respectively.
Thus, any taxa with appropriate climate area falling under both lim-
its were coded as being absent from a given region even if some
appropriate climate was actually present. The matrix of actual and
potential regional occurrences is presented in Appendix D. Lastly,
maximum potential global range area was determined by summing
the total area of appropriate climate within regions that were re-
corded as potentially supporting populations.

2.4.4 | Dispersal barrier measurement

For each modelled taxon, minimum barrier width separating appropri-
ate climate areas was measured both to the east and west of the ac-
tual range. Distances were calculated from great-circle routes that did
not exceed 70°N - for example, transpolar routes were disallowed.
Patches within regions falling below the 90,000/45,000 km? thresh-
olds were ignored. The underlying cause of the barrier (inappropriate
climate, ocean or ice) was noted. If more than one appeared responsi-
ble, each was reported. An example is provided in Figure 2. When ac-
tual range was found to terminate significantly (e.g. 1500+ km) before
the end of a contiguous predicted climate envelope, barrier width was
recorded as missing with habitat/history being recorded as the barrier

type. The resultant data matrix is provided in Appendix B.

2.5 | Statistical analyses

2.51 | Range size and occupancy

Cumulative Rank Frequency Distributions (CRFDs; Newman, 2005)
for actual and potential range area and major axis extent were plot-
ted. Because these (as well as barrier distributions) demonstrated
POwer-law/LOg-normal (POLO; Halloy 1998; Newman 2005)
shapes (see below), and because normalizing them frequently leads
to significant mathematical artifacts (Nekola et al., 2008), we relied
on the Kruskal-Wallis test as it is the nonparametric equivalent of
ANOVA, works well when groups contain at least five members (our
data range from 9 to 66) and when distributions are not strongly
skewed (none of ours are). In all cases where multiple comparisons
were made on the same data, we adjusted the a = .05 significance
threshold using a Bonferroni correction. The proportion of the po-
tential global Holarctic range occupied by each taxon was also cal-
culated. Significance of observed differences between European,
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Vertigo nylanderi

Verified occurrences

« Records used for
x = Model calibration

Regional climate
B Svuitable
[ ] Unsuitable

0.5 mm

FIGURE 2 Range and barrier analysis for Vertigo nylanderi. The appropriate climate envelope (marked in green) is based on WorldClim
data gathered from 119 verified populations across the entire known range. Regions 8 and 9 are known to be occupied, while an additional
six (1, 2, 3,4, 5, 7) were deemed to be appropriate by possessing at least 90,000 km? of suitable climate with the largest patch size being

at least 45,000 km?. We chose to consider Region 7 as being occupied because it supports a proper amount of climate (see Section 2.4.3)
extending in a contiguous fashion from the current western range limit in western Manitoba to the base of the Rocky Mountains in Alberta.
The reason that the species has yet to be reported from Region 7 is almost certainly due to lack of field surveys. Note that the small isolated
appropriate climate zone in Newfoundland was considered unoccupied because no populations have ever been recorded from this area,
which is separated from the nearest appropriate climate by 500 km of ocean and inappropriate climate. The actual major range axis is
estimated to be 3,500 km with the minor axis to be 800 km. The distance of the potential major axis as indicated via climate niche modelling
was 4,100 km with a potential minor axis of 1,300 km. The amount of appropriate climate within the occupied range is 3.4 million km?, the
total amount of global modern appropriate climate within zones capable of supporting the species is 13.4 million km?, representing a global
occupancy rate of 25.7%. The occupied range is separated by 3,900 km of ocean from the nearest suitable regional climate in the Cantabrian
Mountains of western Spain, while the western range limit is separated by 6,200 km of inappropriate climate from the nearest suitable

regional climate in the Amur Oblast of eastern Siberia

Beringian, and North American species was estimated using the
Kruskal-Wallis test. All comparisons were graphically represented
using box-plots. These and all subsequent statistical analyses were

conducted in R version 3.4.1 https://www.r-project.org/).

2.5.2 | Barriersize and type

CRFDs were generated for measured barrier widths. The Kruskal-
Wallis test was used to identify the significance of differences be-
tween major versus minor and actual versus potential range extents
and between major/minor range extents versus barrier widths. The
number of instances in which climate, ocean, ice, and habitat/histori-
cal factors underlie barriers was calculated separately for European,
Beringian, and North American taxa, with significance of deviation in
cell counts from uniform in 2 x 3, 3 x 3, or 3 x 4 contingency tables
being estimated using Fisher’s exact test because it provides the most

accurate results when sparse cells (e.g. n < 5) are relatively frequent.

2.5.3 | Observed versus potential species
pool turnover

The significance of differences between observed and potential
regional richness was calculated using the Kruskal-Wallis test.

Observed versus potential distance decay was calculated for all pair-
wise comparisons using the Jaccard index (Nekola & White, 1999),
with distance between regional centroids being estimated using
great-circle routes that did not exceed 70°N or cross the Atlantic
Ocean. Because distance decay may be modelled through either ex-
ponential or power law forms (Nekola & McGill, 2014), each was fit
to the data with two free parameters using nonlinear regression in
the NLS package of R with small sample-size corrected Akaike infor-
mation criterion (AlCc) being recorded for each along with optimum
parameter values. Model p and assemblage 50% turnover distance
(Nekola & White, 1999) were also noted. Relationships were plotted

on untransformed distance and similarity axes.

3 | RESULTS

3.1 | Model evaluation

All climate suitability models accurately portrayed their respective
occurrences (Table 1, Appendix E): AUC ranged from .716 to .996
(median = .953); overfitting from .0002 to .056 (median = .008);
Boyce index from .285 to .937 (median = .792). In eight taxa (18% of
total; Euconulus alderi, Euconulus fresti, Vertigo alpestris, Vertigo cris-
tata agg., Vertigo lilleborgi agg., Vertigo oughtoni, Vertigo pygmaea and
Vertigo substriata), populations were noted outside of the predicted
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TABLE 1 Climate niche model evaluation. Density of blue coloration in the Boyce Index column cells indicates model efficacy, ranging

from white (poor) to blue (excellent).

Taxon

Euconulus

Euconulus
Euconulus
Euconulus
Pupilla
Pupilla
Pupilla
Pupilla
Pupilla
Pupilla
Pupilla
Pupilla
Pupilla
Pupilla
Pupilla
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo
Vertigo

alderi

fresti

fulvus
polygyratus
alaskensis
alpicola
blandi

hebes
hokkaidoensis
hudsonianum
loessica
muscorum
sterrii
triplicata
turcmenia
alpestris
arctica
arthuri
beringiana
bollesiana
circumlabiata
columbiana
cristata agg.
extima
genesii
genesioides
geyeri

hannai
kurilensis
kushiroensis
lillieborgi
microsphaera
modesta
morsei
nylanderi
oughtoni
parcedentata
perryi
pseudosubstriata

pygmaea

Fivefold cross-validation

Evaluation based on 20% of data excluded from calibration dataset

Mean test
AUC

.887

927
716
956
.986
961
931
.982
.993
953
996
.890
.933
912
.983
.953
959
.887
.987
956
978
994
.855
.986
.980
932
946
976
.994
.984
.930
975
.874
.940
952
.986
977
.938
911
.853

.021

023
010
018
.006
033
079
006
.007
048
.002
016
026
.080
.006
008
010
015
.003
018
012
004
044
004
.009
040
.008
015
.005
007
012
013
014
035
024
019
037
087
132
012

Mean

overfitting

(AucDiff)

.015

.005
.027
.008
.002
.011
.038
.004
.000
.013
.001
.014
.024
.038
.008
.007
.003
.020
.002
.006
.008
.002
.028
.003
.005
.028
.006
.002
.001
.008
.007
.012
.019
.016
.008
.002
.010
.056
.055
.022

+SD

.026

.028
.012
.021
.007
.039
.089
.007
.009
.051
.002
.019
.028
.090
.006
.009
.012
.017
.004
.021
.015
.005
.052
.005
.010
.040
.010
.017
.006
.007
.014
.013
.019
.039
.028
.023
.042
.088
.140
.014

Mean Boyce
index

Sl

.543

.502

.523

445

.285
.334

.153

154
.039
.045
.310
.081
179
130
.384
.083
.064
.072
.281
.085
.080
.035
.042
.056
.065
117
.094
176
.040
.060
.071
197
.031
A5
136
.080
.058
.025
.095
.061
151
.389
169
.257
484
.033
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Evaluation based on 20% of data excluded from calibration dataset

Mean test
Taxon AUC +SD
Vertigo ronnebyensis 925 .017
Vertigo substriata 920 .006
Vertigo ultima 942 .095
Vertigo ventricosa .887 .017
Mean 941 .025

Mean

overfitting Mean Boyce

(AucDiff) +SD index +SD
.008 .021 .094
.011 .006 .024
.042 .099 .569 .233
.014 .028 751 127

Abbreviation: AUC, area under a reciever operating characteristic curve; AucDiff, difference between forecast and reference AUC.

appropriate climatic range. These universally represented thermally
distinct microclimates (e.g. fens, cold ocean shores, sky island for-
ests, talus slopes with cold air drainage, irrigated yards/fields). We
also note the Pupilla alpicola climate model accurately predicted its
previously unreported presence on the north-west coast of Iceland
(Horsak et al., 2022).

3.2 | Range and occupancy

CRFDs for actual and potential major range axes and areas all
exhibit concave shapes characteristic of ecological systems
(Figure 3), and likely represent underlying POLO distributions.
Observed major axis extents (Appendix B) varied from c. 100 km
(Vertigo lillieborgi East Asian race) to 19,800 km (Euconulus fulvus)
with a median value of 3500 km. Minor range axes ranged from
¢. 100 km (Pupilla hokkaidoensis and V. lillieborgi East Asian race)
to 4800 km (Vertigo cristata agg., Vertigo modesta) with a median
value of 1000 km (Figure 4). While these minimum values are cer-
tainly impacted by underreporting (the actual major and minor
range extents are likely at least 1000 km), regional endemics
within these genera do rarely exist (Horsak et al., 2016). Median
potential major axis extent was 7000 km and that for minor axes
was 2800 km, ranging from 2200 to 19,800 and 200 to 5600 km,
respectively. Following Bonferroni correction for eight compari-
sons (a' =.05/8 = .00625), significant differences (p « .001) were
noted between actual and potential major versus minor range
extents.

The total area of appropriate climate within biogeographic re-
gions supporting a given taxon (e.g. maximum actual range size)
varied from 3.3 x 10° (Vertigo kurilensis) to 4.2 x 107 km? (E. ful-
vus) with a median value of 5.6 x 10° km? (Figure 5). The total
area of appropriate climate across the entire Holarctic from 30°N
within regions supporting sufficient quantities to maintain a given
taxon (e.g. maximum potential range size) varied from 1.4 x 10°
(V. kurilensis) to 4.2 x 107 km? (E. fulvus) with a median value of
1.4 x 107 km?. Kruskal-Wallis tests show that actual range sizes are

significantly smaller than their potential (p « .001). Additionally, no
significant differences were noted between European, Beringian,
and North American taxa for actual (p = .861) and potential
(p = .106) range sizes. Global occupancy rates ranged from 8.6%
(V. lillieborgi East Asian race) to 100% (E. fulvus), being highest
for European (median = 61.7%) and lowest for North American
(33.9%) taxa (Figure 6). While 71% of European taxa were esti-
mated to occupy more than 50% of their potential global range,
this was the case for only 50% of Beringian and 21% of North
American taxa. The Kruskal-Wallis test found this difference to
be significant (p = .028).

3.3 | Barriers

Only one climate suitability map (E. fulvus) suggested existence
of a single trans-Holarctic range. All remaining taxa possessed
at least two (and often more) discrete areas of appropriate cli-
mate (Appendix E), with minimum barrier distances ranging from
200 km (Pupilla alaskensis, Vertigo hannai, Vertigo modesta, Vertigo
oughtoni, Vertigo ultima) to 9200 km (Pupilla hebes) (Appendix B).
The five smallest all represented Alaska taxa separated from ap-
propriate climates in the Chukchi Peninsula of easternmost Siberia
by the Bering Strait. It is also possible that their apparent absence
in Siberia is due to inadequate field sampling. CRFD plots demon-
strated that barrier widths possessed a concave shape (Figure 3),
implying again an underlying POLO distribution. Median barrier
width was 2450 km (Figure 4). Of the 66 measured barrier dis-
tances, 39 (~60%) were shorter than the ~3000 km ocean bar-
rier separating eastern Newfoundland from western Ireland and
the Hawaiian archipelago from the nearest continental landmass.
Using Bonferroni corrected significance thresholds, actual bar-
rier widths were found to be statistically similar to both actual
major axis (p = .012) and potential minor axis (p = .829) distances.
However, barrier widths were significantly larger (p < .001) than
actual minor axis and significantly smaller (p « .001) than potential
major axis distances.
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FIGURE 4 Major and minor range extent versus barrier width distances for actual and potential ranges. Kruskal-Wallis test statistics

(all df = 1) and p-values: actual major versus minor axis - 30.6518, p « .001; potential major versus minor axis - 44.3291, p «.001; actual
major versus potential major axis 19.4006, p < .001; actual minor versus potential minor axis - 21.4957, p « .001; actual major axis versus
barrier width - 6.2088, p = .0123; actual minor axis versus barrier width - 13.8069, p < .001; potential major axis versus barrier width
42.8913, p « .001; potential minor axis versus barrier width 0.0465, p = .8292. Both actual range categories represent 52 observations; both
potential range categories represent 47, while 66 barrier distances were considered. Bonferroni-adjusted .05 significance threshold for eight

comparisons a' =.00625

Twenty-six range limits in 20 species were found to terminate
at least 1500 km before cessation of appropriate climate (Table 2,
Appendix A). While some of these cases are clearly related to dis-
appearance of required habitat (e.g. for Vertigo genesioides the
lack of peatlands between the Altai and Urals in Kazakhstan and
south-western Siberia), others have no clear explanation and may
be related to the vagaries of dispersal history. The frequency of
habitat/historical barriers demonstrated a strong phylogenetic sig-
nal, being present in almost 60% of Pupilla range limits (10/11 taxa),
but in only 20% of Vertigo (11/31 taxa) and 12.5% of Euconulus

(1/5 taxa). Fisher’s exact test demonstrated this difference to be
significant (p = .001).

Of the 114 recorded barriers, oceans represented the most com-
mon underlying causative factor (37%) followed by inappropriate cli-
mate (29%), habitat/history (27%), and the Greenland ice sheet (7%).
While frequencies significantly varied (p = .007) across European,
Beringian, and North American taxa, this result is completely driven
by the three times higher level of habitat/history range limits in
Beringia: there was no statistically significant difference among the
other three barrier types across these three regions (p = .775).
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3.4 | Taxa-poolrichness and turnover
Observed actual regional taxa richness ranged from 20 (western
Beringia) to 11 (central Beringia), with a median of 16 (Figure 7).
Potential regional taxa richness ranged from 45 (eastern Europe,
central Beringia, western North America) to 31 (western Europe),
with a median of 43. This difference was highly significant (Kruskal-
Wallis p < .001).

Nonlinear least-squares fits of observed regional taxa pool simi-
larity versus distance (Figure 8) demonstrated that AlCc values were

virtually identical between the two-parameter exponential and power
law forms (-49.5375 versus -49.1935). Because the exponential form
is mathematically expected in situations where species pools vary
across sample extent (Nekola & McGill, 2014), it was chosen for sub-
sequent analysis. The exponential decay of regional composition was
highly significant (p « .001), explaining over 79% of observed vari-
ation. With a best-fit decay coefficient of -0.000263, a distance of
~2600 km is required for average regional taxa-pool similarity to fall by
50%. However, no significant compositional decay with distance was
noted in potential regional species pools (p = .975, pseudo-r? « .001).
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TABLE 2 Barrier type by biogeographic location. Bonferroni-adjusted .05 significance threshold for four comparisons a' = .0125

(a) By region

Habitat/
Climate Ocean Ice history
Region n (%) n (%) n (%) n (%)
Europe 11 (34.4) 12 (37.5) 4(12.5) 5(15.6)
Beringia 5(17.9) 7 (25.0) 0(0) 16 (57.1)
North America 17 (31.5) 23 (42.6) 4 (7.4) 10 (18.5)
Total 33(28.9) 42 (36.8) 8(7.0) 31(27.2)
Fisher’s exact test:
Climate/ocean/ice across Holarctic: p = .6071
Climate/ocean/ice between regions: p = .7745
All categories between regions: p =.0072
(b) By genus
Range limits corresponding to
Genus Climate/Ocean/Ice Habitat/History (% Total)
Euconulus 7 1 12.5
Pupilla 10 14 58.3
Vertigo 66 16 19.5

Fisher’s exact test: p = .0011

p= .00033

|

Regional richness
10 15 20 25 30 35 40 45

Actual Potential

4 | DISCUSSION

This work illustrates that use of global climate databases in conjunc-
tion with modern niche modelling and empirically vetted taxonomic
concepts provides important insights into the factors generating
large-scale dispersal barriers and their impact on global range lim-
its and regional taxa pools. It also helps document the importance
of intra-continental barriers in isolating faunas, and suggests that

FIGURE 7 Actual versus potential
regional taxa richness across all nine
Holarctic biogeographic regions. Kruskal-
Wallis test-statistic = 12.8959 atdf =1

concern regarding exotic species should be expanded to include an-
thropogenic movements within continents.

4.1 | Protocol efficacy

Our protocol demonstrated excellent ability to accurately predict
taxa occurrences with 33 taxa (75%) having Boyce index scores
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exceeding .7. Only a single entity (Vertigo perryi) had a Boyce index
value < .3, and even then its AUC score (.938) was high. The only
occurrences outside of predicted appropriate climates were all as-
sociated with unique isolated microclimates. As a result, we are con-
fident that our models accurately portray potentially appropriate
climates and that they reliably estimate not only actual and potential
maximum range, but also the position, width and nature of dispersal
barriers.

As has been previously shown in invasive plant niche model-
ling (Ensing et al., 2013), perhaps the most important step in gen-
erating accurate projections was to limit model parameterization
to high-quality occurrence data. Because more than half of the
traditional taxonomic concepts considered here were initially in
error, up to 90% of site composition lists would have also been
initially incorrect (Nekola & Horsak, 2022). The use of such data
would have created up to threefold larger or smaller estimates
of species-specific climatic tolerances than the actual ones and
lead to badly under- or over-estimated range sizes and disper-
sal barriers for the majority of species (Appendix A). We would
thus treat as potentially suspect climate envelopes based solely
on uncritical use of unvetted taxonomic concepts and unverified
occurrence records. It is for this reason we only analysed data
that we had empirically confirmed and avoided use of unverified
records even though these are numerous in the literature and on-
line databases. As long as they capture the full geographic and
climatic range of a given taxon, such smaller sized, highly vetted
input data likely represent the best way to accurately parameter-

izing climate niches.

and Biogeography

4.2 | Statistical properties of range extents/
sizes and barrier widths

The median observed Holarctic taxon range was 3500 x 1000 km.
Median predicted climate envelope range was 7000 x 2800 km.
Measured barriers were of the same general scale, with a me-
dian distance of 2450 km. Given the excellent passive dispersal
abilities of these species, it is not surprising that some have been
able to span these barriers and develop disjunct distributions:
European and Altai Pupilla alpicola populations are separated by a
4000-km and southern Urals and European Pupilla sterrii/Vertigo
alpestris by a 2000-km climate barrier. Vertigo arctica and Vertigo
genesii both possess populations on either side of a ~600-km cli-
mate/water barrier between southern Scandinavia and the Alps.
Icelandic E. fulvus, P. alpicola, V. alpestris and V. arctica populations
are separated from those in Scandinavia/Great Britain by 1000 km
of the north Atlantic. And, since European contact both Pupilla
muscorum and Vertigo pygmaea have traversed the 3000+ km
North Atlantic Ocean barrier between Europe and North America
(Nekola et al., 2015, 2018). The origins of these disjunctions are
almost certainly related to different mechanisms: consistent DNA
sequence differences in P. alpicola populations between Europe
and central Asia (Nekola et al., 2015) suggests old isolation age,
perhaps related to splitting of once continuous Pleistocene dis-
tributions through Holocene climate change. The long branch for
isolated Icelandic V. alpestris populations also suggests early- to
mid-Holocene establishment. However, the lack of genetic devi-
ance between P. muscorum, V. arctica, V. genesii and V. pygmaea
populations (Nekola et al., 2015, 2018) suggest more recent bar-
rier crossings.

One last important point is that both ranges and barriers
demonstrate POLO statistical distributions. This could imply that
they are driven by random multiplicative processes (McGill, 2003),
or - within a complex systems perspective - that they are gener-
ated by a positive interaction correlation with agent size and an
inverse correlation with increasing distance (Halloy, 1998). While
data transformation could normalize such distributions, this pro-
cess can also generate mathematical artifacts that complicate or
inhibit the drawing of accurate conclusions (Nekola et al., 2008).
Because of this, standard parametric statistics will be inappropri-
ate for empirical confrontation of competing hypotheses (Hilborn
& Mangel, 1997).

4.3 | Barrier configuration and causes

The most common factors associated with range limits/barriers
were oceans (37%), followed by inappropriate climate (29%), habi-
tat/history (27%) and ice sheets (7%). The importance of oceans
and habitat/history in generating range limits is not surprising,
with these having been given prominence since the start of bio-

geographic inquiry. However, intra-continental climate represents
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20-35% of barriers across all three biogeographic affinities. These
are especially important in separating European taxa from appropri-
ate Beringian climate zones in the Himalayas and east of Lake Baikal,
North American taxa from boreal eastern Eurasia, and eastern and
western North American taxa from each other. Assuming that dis-
persal limitation is unimportant within continents (e.g. Krebs, 1985)
must thus be seriously questioned.

The frequent existence of intra-continental barriers has sig-
nificant conservation implications. For instance, the rapid human-
driven range expansion of some eastern North American land snail
taxa (e.g. Triodopsis hopetonensis, Ventridens demissus) has led to neg-
ative impacts on local species pools in newly colonized areas (Brian
Coles, personal communication). And the ~120-km climate barrier
associated with Puget Sound effectively isolated alpine habitats of
the Cascade and Olympic ranges in Washington state. Movement of
mountain goats (Oreamnos americanus) across this barrier by wild-
life biologists in the 1920s led to subsequent serious degradation of
alpine plant biodiversity within the Olympic range (Scheffer, 1993).

It is also interesting to note that even though in modern times
continental ice serves as a potential ~1000-km barrier only in
Greenland, roughly 10% of European and North American taxa may
have range limits related to this feature. It thus seems likely that con-
tinental ice could have played a much more important role during
cold phases of the Pleistocene when their coverage was more than
an order of magnitude greater. Modern range disequilibrium re-
lated to position of the Last Glacial Maximum continental ice sheet
has been previously suggested for both European forest plants
(Svenning et al., 2008) and carabid beetles (Calatayud et al., 2019).

4.4 | Impact of barriers on ecology, assemblage
richness and uniqueness

Dispersal barriers have had a profound impact on species biogeog-
raphy and regional taxa pools. Taxa frequently occupy less than half
of their potential Northern Hemisphere climate range. These occu-
pancy rates possess a significant biogeographic signal, with that of
European taxa being roughly twice that of North American (median
scores of 62 vs. 34%). This difference seems driven partly by the
relative scarcity of the European boreal-maritime climate across the
rest of the Holarctic. Range limitation from barriers has also led to
regional taxa pools being three times smaller than they would be if
ranges were in equilibrium with climate. This generates strong dis-
tance decay in regional taxa pools with observed overlap between
regional pools falling by 50% after ~2600 km; in the absence of dis-
persal barriers there is no predicted change across the extent of
the Holarctic. The age and stability of these barriers are also likely
important, with abrupt but dynamic small-scale climatic transi-
tions often leading to smaller faunal differences than longer-term
and more stable ocean barriers related to plate tectonics (Ficetola
etal., 2017).

Barriers and dispersal limitation thus appear to have profound
implications upon ecological and biodiversity pattern and process.

First,these factors makeitimpossible for competitive sortingto solely
explain composition because the bulk of species simply never have
the opportunity to come into direct contact (Brown & Kurzius, 1987;
Harmon & Harrison, 2015). Second, theoretical analyses have shown
that typical species abundance distribution shapes are most likely
related to incomplete dispersal and recruitment (Chave et al., 2002).
As a result, dispersal barriers may well represent their underlying
universal root cause (McGill, 2003; McGill & Nekola, 2010). The re-
laxation of dispersal limitation via anthropogenic activities thus has
the potential to profoundly alter the shape of biodiversity statisti-
cal distributions by altering diversity generation and maintenance
processes, especially for competitive co-equivalents, which require

dispersal barriers to maintain co-existence (Shmida & Ellner, 1984).
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APPENDIX A

Taxonomic control, taxa excluded from the modelling, and impact

of limiting modelling on empirically vetted concepts

We treated as distinct the western North American populations of
Euconulus alderi and the eastern Eurasian populations of Vertigo lillje-
borgi because of their unique sequence signatures in combination with
geographic isolation. The only reason these entities have not yet been
formally described is that there are not yet enough known sites and
material to accurately demarcate their genetic/morphological variabil-
ity and geographic range. We did not model Vertigo aff. hoppi because
we are currently unable to distinguish it based on shell features and
know of only three genetically confirmed sites. Additionally, because
of uncertainty regarding taxonomic status (Nekola et al., 2018), we
chose to lump Vertigo ronnebyensis + Vertigo ultimathule and Vertigo
coloradensis + Vertigo cristata + Vertigo pisewensis.

Taxa with five or fewer modern occurrences (Pupilla limata, Vertigo
binneyana, Vertigo chytryi) were not modelled. Even though falling
under this threshold, we modelled western North American E. alderi,
and Japanese V. lillieborgi and V. lilljeborgi vinlandica by lumping their
occurrences into remaining E. alderi and V. lillieborgi records, respec-
tively. This approach appeared justified as the resultant suitability
models accurately portrayed not only the known ranges of these
taxa but their better-known European relatives as well. Pupilla alluvi-

onica, although having 14 known occurrences, was also not modelled

and Biogeography

due to extreme spatial clustering and climatic homogeneity within
these records (Horsak et al., 2016), which limits global interpolation
due to large potential spatial autocorrelation effects.

The impact of using empirically vetted concepts from integra-
tive taxonomic revision on analyses was estimated by calculat-
ing the overlap of climate polygons in 2-D principal components
analysis (PCA) space for unvetted versus vetted taxonomic con-
cepts in 10 taxa that required lumping, splitting, and/or altered
diagnostic features (1 Euconulus, 4 Pupilla, 5 Vertigo). Traditional
taxonomic concepts that required splitting into multiple distinct
forms (e.g. E. alderi, Pupilla muscorum, Vertigo genesii) possessed
initial PCA climate polygons up to 76% too large, while those that
required other forms to be lumped into them (e.g. Vertigo arthuri,
Vertigo ventricosa) possessed initial polygons up to 3.5 times too
small. Species that had altered diagnostic characters (e.g. Pupilla
blandi, V. ronnebyensis) expressed variable changes, ranging from
a 50% decrease to threefold increase in polygon size (Figure A1).
For instance, the continental range of V. arthuri would not have
been apparent if the seven forms that had been incorrectly split
from it had not been included. The limitation of Vertigo alpestris
to western Eurasia would have been lost if Vertigo beringiana had
been incorrectly lumped with it. And the low elevation eastern
Rockies/Great Plains range of P. blandi would not have been gen-
erated if identification used traditional diagnostic features leading
to conflation with either P. muscorum or the mid-high elevation

forest Pupilla hebes pithodes.
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APPENDIX C.
Protocol generated by ODMAP 1.0 (Zurell et al., 2020)

THE NATURE OF DISPERSAL BARRIERS AND THEIR
IMPACT ON REGIONAL SPECIES POOL RICHNESS AND
TURNOVER

2021-11-01

OVERVIEW
Authorship
Nekola, J. C., J. Divisek & M. Horsak

Model objective
Model objective: Mapping and interpolation.

Target output: Estimation of species potential ranges.

Focal taxon
Focal taxon: Small land snails from genera Euconulus, Pupilla and

Vertigo.

Location
Location: Holarctic region.

Scale of analysis

Spatial extent: -180, 180, 30, 90 (xmin, xmax, ymin, ymax).
Spatial resolution: 7681.097 m.
Temporal extent: 1996-2018.
Boundary: Rectangle.

Biodiversity data
Observation type: Field survey, museum collections.

Response data type: Presence-only.

Predictors
Predictor types: Climatic.

Hypotheses
Hypotheses: Species distributions at this spatial scale are mainly

driven by suitable environment (climate) and dispersal barriers.

Assumptions

Model assumptions: Relevant ecological drivers (or proxies) of species
distributions are included. Gathered occurrence data well represent the
geographic and climatic range of each taxon (any biases are accounted
for/corrected or discussed). Detectability does not change across habi-
tat gradients. All occurrence records are taxonomically vetted.

Algorithms
Modelling techniques: Maxent.

Model complexity: To reduce model complexity, each model was
calibrated using taxon-specific subset of best-performing climatic
variables, which were selected based on fivefold cross-validation.

We used the default parameterization of the ‘auto-feature’ option.
This uses all available mathematical transformations of predictor
variables for sample sizes > 80, but only linear, quadratic and hinge
features for sample sizes between 15 and 79.

Model averaging: No.

Workflow

Model workflow: (a) Taxonomic revision of occurrence data; (b)
environmental filtering of occurrence data (sensu Castellanos
et al., 2019; Varela et al., 2014) to reduce uneven sampling intensity;
(c) selection of taxon-specific subsets of best-performing climatic
variables; (d) Maxent modelling with constrained sampling of back-
ground points; (e) model evaluation using fivefold cross-validation
and AUC, AUC.diff and Boyce index; (f) model projection and critical

revision of resulting maps of potential ranges.

Software
Software: Maxent (version 3.4.1), R (version 4.0.2), dismo package
(version 1.1-4).

Code availability: Available on request.

Data availability: Available in Supporting Information as 'occur-

rences_all.csv'.

DATA
Biodiversity data

Taxon names: Taxon names are available in Appendices B-D.

Taxonomic reference system: Traditional species and subspecies-
level taxonomic concepts were based on Welter-Schultes (2012;
Europe), Sysoev and Schileyko (2009; central and east Asia) and
Turgeon et al. (1998; North America).

Ecological level: Species, operational taxonomic units.

Data sources: Our own field collections; Brian Coles collection at
the National Museum of Wales; the Royal Ontario Museum collec-
tion; the National Museum of Canada collection; species distribution
atlases (Kerney, 1999 for UK and Waldén, 2007 for Sweden). We
avoided the use of external museum and other remote data sources
as we could not independently verify identifications or make a sim-
ple and consistent, non-arbitrary rule on which data can be used (be-
cause are likely to be correct) and which cannot.

Sampling design: Stratified to capture maximum environmental
variability.

Sample size: The numbers of occurrence records for each taxon
are provided in Appendix A.

Clipping: Holarctic region.

Scaling: Because non-uniform occurrence distribution leads to cli-
mate reporting bias, accurate and robust models require input data
rarefication. We accomplished this for taxa with more than 80 oc-
currences by standardizing and ordinating occurrence climate data
using principal components analysis (PCA), with the number of di-
mensions representing those needed to explain at least 90% of ob-
served variation. We then removed the point associated with the
smallest average pairwise distance in PCA space, and recalculated
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the distance matrix. We repeated this process until all distances
were 0.1 SDs or greater, or the number of remaining records reached
80, whichever came first. The number of records used to calibrate
each climate suitability model is shown in Appendix A.

Cleaning: We limited analyses to the three genera that have un-
dergone integrative empirical revision (e.g. Schlick-Steiner et al., 2010;
Will et al., 2005) across the Holarctic: Euconulus, Pupilla and Vertigo
(see Horsakova et al., 2020; Nekola et al., 2015, 2018). We considered
species-level concepts to be empirically validated when they were
shown to be distinct from their nearest evolutionary neighbours across
a consensus of data streams including some reasonable subset of mi-
tochondrial DNA (mtDNA) sequence, nuclear DNA (nDNA) sequence,
conchology, genitalic anatomy, behavior, ecological preference and/or
biogeography. The actual conchological features distinguishing each
taxon were then determined. We reserved subspecies-level assign-
ments to those taxa strongly supported in mtDNA but unsupported
in the more slowly evolving nDNA amplicons which we employ. Such
taxa tend to also possess weakly differentiated shell characters and a
unique biogeographic range from the nominate subspecies.

Absence data: Not available.

Background data: 10,000 background points randomly assigned
within well-surveyed regions defined by a minimum convex envelope

extending 100 km beyond the most marginal occurrences in our dataset

Data partitioning

Training data: Fivefold cross-validation with random assignment of

species occurrences to folds; final models based on 100% of data.
Validation data: Fivefold cross-validation with random assignment

of species occurrences to folds.

Predictor variables
Predictor variables: Climatic variables from the WorldClim and
ENVIREM databases.

Data sources: WorldClim (version 1.4; https:/www.worldclim.org/
data/v1.4/worldclim14.html); ENVRIEM (https:/envirem.github.io/).

Spatial extent: -180, 180, 30, 90 (xmin, xmax, ymin, ymax).

Spatial resolution: 7681.097 m.

Coordinate reference system: North Pole Lambert Azimuthal
Equal Area projection (+proj=laea +lat_0=90 +lon_0=0 +x_0=0
+y_0=0 +datum=WGS84 +units=m +no_defs).

Temporal extent: 1960-1990.

Transfer data
Data sources: Climatic variables from the WorldClim and ENVIREM
databases as described above.

Spatial extent: -180, 180, 30, 90 (xmin, xmax, ymin, ymax).

Spatial resolution: 7681.097 m.

Temporal extent: North Pole Lambert Azimuthal Equal Area
projection (+proj=laea +lat_0=90 +lon_0=0 +x_0=0 +y_0=0
+datum=WGS84 +units=m +no_defs)

Models and scenarios: N/A.

Quantification of novelty: N/A.

and Biogeography

MODEL

Variable pre-selection

Variable pre-selection: We limited model calibration to a taxon-
specific subset of the best-performing variables selected based on

fivefold cross-validation (see below).

Multicollinearity

Multicollinearity: We limited calibration to a subset of the best-
performing variables. These were determined by first calibrat-
ing a set of Maxent models for a given taxon containing only one
climatic variable and a constant. The performance of each was
documented using fivefold cross-validation. Resulting values of
area under a ROC curve (AUC) were used to rank each climate
variable from the best to worst in terms of predictive value. The
two best-performing variables were selected, and if their variance
inflation factor (VIF) was lower than 10, the third best-performing
variable was added to the subset and collinearity again checked.
This process was repeated until the VIF of any variable in the sub-

set exceeded 10.

Model settings
maxent: betamultiplier (1), removeduplicates (true), autofeature
(true), addsamplestobackground (true), extrapolate (true), doclamp
(true), maximumiterations (500), convergencethreshold (0.00001),
Ig2lgptthreshold (80), I2Igthreshold (10), hingethreshold (15).

Model settings (extrapolation): Clamping applied.

Model selection - model averaging - ensembles
Model averaging: No model averaging, no ensemble.

Threshold selection

Threshold selection: Potential range of habitat suitability was es-
timated by applying a threshold that balances training omission,
predicted area and threshold value provided by Maxent, with areas
above this threshold being considered climatically suitable. This was
used as it generates the most liberal estimates of potential range and
thus the smallest possible barrier widths. Actual barrier widths are

thus actually likely larger.

ASSESSMENT
Performance statistics
Performance on training data: AUC, Boyce index.

Performance on validation data: AUC, AUC difference between

training and testing data, Boyce index.

Plausibility check

Response shapes: We used partial dependence plots to check the

ecological plausibility of fitted relationships in Maxent models.
Expert judgement: We critically assessed resulting maps of spe-

cies potential ranges.


https://www.worldclim.org/data/v1.4/worldclim14.html
https://www.worldclim.org/data/v1.4/worldclim14.html
https://envirem.github.io/
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PREDICTION

Prediction output

Prediction unit: grid cells 7681.097 m x 7681.097 m.

APPENDIX D.

Actual and potential occurrences across the nine holarctic biogeographic regions

Biogeographic zone occurrence
Actual Potential
Species 1 2 3 4 5 6 7 8 9 1 2 8 4 5 6 7 8 9
Euconulus alderi + + + + - - - - - + + + + + + + + +
Euconulus alderi (North - = = = - + + - - + 4 o Ee + + +
American)
Euconulus fresti - - - - - - + + + + _ + + +
Euconulus fulvus I F F I F aF F + + + + + + + + a4k
Euconulus polygyratus - - - - - - - + + + + + - + - + + +
Pupilla alaskensis = = = - - + - - - - ue 4 + + + + + +
Pupilla alluvionica® - - - + - - - - - - - - - - - _ _ R
Pupilla alpicola + + + + - - - - - + + + + + + + +
Pupilla blandi - - - - - - + + - - + + + + + + -
Pupilla hebes = = = = = = aF = = + I + + - - ak + -
Pupilla hokkaidoensis - - - - + - - - - + + + + + +
Pupilla hudsonianum = = = - - - + + + - + ue 4 + + + + +
Pupilla limata® - - - - + - - - - - - - - - - _ _ _
Pupilla loessica = = = 4 = = = = - - - - + ue 4 + + +
Pupilla muscorum + + + - - - - - - + + + + - + + +
Pupilla sterrii = 4 + = = = - - - + + Ee 4 + + + +
Pupilla triplicata + + + - - - - - + + + + - + + +
Pupilla turcmenia = = = 4 = = = = = = 4 F 4 + + + + =
Vertigo alpestris + + - - - - - - - + + - + + + - +
Vertigo arctica aF 4 = = = - - - - & o 4L e + + + + +
Vertigo arthuri - - - - - + + + + - + + + + + +
Vertigo beringiana = = = + + + = - - - - o ax . + +
Vertigo binneyana® - - - - - - + + - - - - - - - - - -
Vertigo bollesiana = = = = = = = 4 + = = + = + = + + +
Vertigo chytryi® - - - + - - - - - - - - - - - _ _ _
Vertigo circumlabiata - - - - “F + = = = + + + + 4k 4 + + 4
Vertigo columbiana - - - - - + + - - + + + + + + + - -
Vertigo cristata = = - - - + 4k o 4k = 4 aL + + + +
(aggregate)

Vertigo extima - + + + - - - - - + + + + + + + + +
Vertigo genesii + + + = - - - - - 4 ax E + + + + - +
Vertigo genesioides - - - + + + + + + + + + + + + + + +
Vertigo geyeri + + + = - - - - - a4t L 4 x + + + - +
Vertigo hannai - - - - - + + + - + + + + + - + + +
Vertigo cf. hoppi® = = = + - - - + - - = = = - - - - _
Vertigo kurilensis - - - - + - - - - + + - - + - _ +
Vertigo kushiroensis - - - + + - - - - _

Vertigo lillieborgi + + + + - - - - - +
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APPENDIX D. (Continued)

Biogeographic zone occurrence

Actual Potential
Species 1 2 3 4 5 [ 7 8 9 1 2 3 4 5 [ 7 8 9
Vertigo lillieborgi = - - - - - - - a4k 4 L ax + + + + + +
vinlandica
Vertigo lilljieborgi (East - - - - + - - - - + + + + + + + + +
Asian)
Vertigo microsphaera = = = “F + + = = = = + + + + + + 4 4=
Vertigo modesta - - - - - + + + + + + + + + + + +
Vertigo morsei - - - - - - aE L = + + + + - + + +
Vertigo nylanderi - - - - - - - + + + + + + + - + + +
Vertigo oughtoni = = = = = + + + + = + + + + + + + +
Vertigo parcedentata - + - + - - - - - - + + + + + + + +
Vertigo perryi = = = = = = = + + + + + = - - - ax ax
Vertigo - - - + - - - - - + + + + + + + + +
pseudosubstriata
Vertigo pygmaea + + = = - - - + + + + + + + + +
Vertigo ronnebyensis + + + + + + + + - + + + + + + + +
Vertigo substriata ar aF = - - - - + + B 4k a L + = +
Vertigo ultima - - - - - + - - + + 4 + + + + +
Vertigo ventricosa - - - - - + 4 4 = + + + + + + +

2 Unmodelled species.
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APPENDIX E CLIMATIC SUITABILITY MAPS

Euconulus alderi | n = 471/205

Euconulus fresti| n = 219/139

W Records used for
% model calibration
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Pupilla blandi | n = 24/24

« Records used for

x

model calibration

|:| Unsuitable climate
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Pupilla triplicata | n = 51/51

Pupilla turcmenia | n = 57/57

TN

_ _ x Records used for
- Suitable climate %  model calibration

|:| Unsuitable climate



NEKOLA ET AL. Global Ecology

Biogeography

Vertigo beringiana | n = 57/57

_ _ x Records used for
- Suitable climate %  model calibration

|:| Unsuitable climate
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Vertigo genesioides | n = 80/80

Vertigo hannai | n = 78/78

« Records used for

x

% model calibration

|:| Unsuitable climate
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Vertigo lilljeborgi | n = 286/220

Vertigo oughtoni | n = 35/35

— T

)

_ _ x Records used for
- Suitable climate %  model calibration

|:| Unsuitable climate
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Vertigo parcedentata | n = 21/21 Vertigo perryi | n = 47147

Vertigo pseudosubstriata | n = 11/11

= ——

» Records used for

x

* model calibration
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Vertigo ultima | n = 26/26 Vertigo ventricosa | n = 405/163

i Records used for

®

x model calibration

I:l Unsuitable climate
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