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Abstract
Aim: Elevated biodiversity is the result of the cradle, museum or sink functions. The 
contributions of these three functions to species accumulation and their changes 
through time remain unknown for glacial refugia. Additionally, our understanding 
of the role these functions played during pre‐glacial periods is limited. We test for 
changes in contributions of functions through time leading to the current diversity 
patterns using a model refugium and taxon.
Location: Anatolia, Western Palaearctic.
Taxon: Freshwater neritid snails (genus Theodoxus).
Methods: Assessments were made to define molecular operational taxonomic units 
(MOTUs) for Theodoxus and reaffirm the genus as a suitable model taxon with el‐
evated interspecific diversity in noted glacial refugia. Thereafter, we constructed a 
time‐calibrated multilocus Bayesian phylogeny of mtDNA and nDNA by using both 
fossil data and published substitution rates. Ancestral area estimation was performed 
on the phylogeny to define the contribution of the functions through time.
Results: Accumulation of Theodoxus diversity in Anatolia over the Miocene–Pliocene 
transition is attributed to the museum function, but its contribution was small as only 
few divergence events occurred. The cradle function dominated during the Pliocene 
and Early Pleistocene, when most interspecific diversity built up and extant lineages 
in Anatolia were established. The sink function acted from the Middle Pleistocene to 
present‐day, but with only a small contribution to the total extant Anatolian interspe‐
cific diversity.
Main conclusion: Our results do not entirely mitigate the role glacial cycles played in 
species accumulation, but highlight Ice Ages may have been less effective in forcing 
temperate aquatic interspecific diversity into more opportune areas. The elevated 
diversity in refugia may rather be the result of earlier in situ diversification. Elevated 
interspecific diversity attributed to the legacy of glacially forced retreats may need 
to be re‐evaluated in cases where refugia have long and complex geological histo‐
ries such as Anatolia. These results highlight the importance of considering species 
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1  | INTRODUC TION

Glacial refugia are of particular interest to biogeographers, evolu‐
tionary biologists and ecologists who are trying to understand the 
heterogeneous distribution of species. Their often high species rich‐
ness can be the result of three possible biogeographical functions: 
(a) high in situ speciation rates – the “cradle function”, (b) high immi‐
gration rates – the “sink function” and (c) range contraction resulting 
in relict species – the “museum function” (Pulliam, 1988; Stebbins, 
1974; Stenseth, 1984; Figure 1).

For example, the Western Palaearctic (WP) includes some of 
the best studied glacial refugia for temperate biodiversity (such 
as Iberia–Mauretania, the Apennine Peninsula, the Balkans and 
Anatolia) (Hewitt, 2000, 2011; Schmitt, 2007; Stewart, Lister, 
Barnes, & Dalén, 2010; Weiss & Ferrand, 2007). The elevated 
species richness in these refugia has largely been attributed 
to the oscillations of pronounced polar ice sheets during the 
Pleistocene, which forced biota mainly to the south (i.e. sink 
function). Moreover, these southern WP refugia are also linked 
to relatively more stable climatic conditions over that period, 
enabling previously widespread species (relicts) to persist (i.e. 
museum function) (Hewitt, 1999, 2000, 2011). However, many 
refugial regions might be sufficiently old enough to support in 
situ speciation (i.e. cradle function) (Neubauer, Harzhauser, Kroh, 
Georgopoulou, & Mandic, 2015; Popov et al., 2006).

Temperate aquatic biodiversity in Anatolia, for example, has 
been subjected to episodically changing drainage connections 
(Akbulut, Bayarı, Akbulut, & Şahin, 2009; Neubauer et al., 2015; 
Popov, 2004), aided by changing sea levels (Badertscher et  al., 
2011), salinities (Aloisi et  al., 2015; Badertscher et  al., 2011; 
Schrader, 1978) and land bridges (Kerey et al., 2004; Popov, 2004). 
These changes would have facilitated dispersal into Anatolia from 
other parts of the WP during its pre‐glacial history and more in‐
tensified immigration during unfavourable glacial periods of the 
last 900 kyr (i.e. sink function) (Durand, Tsigenopoulos, Ünlü, & 
Berrebi, 2002; Kuru, Yerli, Mangit, Ünlü, & Alp, 2014; Poulakakis 
et  al., 2015). Furthermore, relict species have been proposed to 
persist in the region (i.e. museum function) (Odabaşi & Arslan, 
2015; Wilke, Albrecht, Anistratenko, Sahin, & Yildirim, 2007). 
However, Anatolia has also undergone extensive topographic 
changes throughout the Cenozoic era (Alçiçek, 2010; Neubauer 
et  al., 2015; Schildgen et  al., 2012). Upliftment events and sub‐
sequent reorganizing palaeodrainage networks may have driven 
(micro‐)allopatric speciation in the Miocene and Pliocene (Durand, 

Unlü, Doadrio, Pipoyan, & Templeton, 2000), while the climatic 
changes during the Pleistocene could have driven habitat hetero‐
geneity in this geological mosaic furthering ecological speciation 
(i.e. cradle function) (Gvoždík, Moravec, Klütsch, & Kotlík, 2010). 
Nevertheless, the relative contribution of the three functions to 
species accumulation and their changes through time remains 
speculative for refugia. So too does the understanding of the role 
pre‐glacial periods may have played in shaping extant diversity 
patterns of refugia.

Inferring the underlying processes requires a suitable model 
taxon that meets the following requirements – It should be wide‐
spread and species‐rich to test the functional associations of species 
occurring in the refugia (i.e. a result of either the cradle, museum 
or sink function). Also, the taxon's evolution should extend over a 
considerable geological time to assess the change of these functions 
through time. A candidate taxon that fulfils the above‐mentioned 
requirements is the aquatic snail genus Theodoxus Montfort, 1810. 
Theodoxus may have originated in central Europe as early as the 
Palaeocene (Bandel, 2001; Kowalke, 2002). Its diversification has 
been suggested to be closely linked to both older drainage fragmen‐
tation and recent glaciations (Bandel, 2001; Bunje, 2005; Bunje & 
Lindberg, 2007). Today, the genus has a mostly temperate distribu‐
tion across Europe, south‐western Asia and northern Africa, where 
representatives inhabit freshwater to mesohaline aquatic systems 
(Bandel, 2001).

Based on a model refugium (Anatolia) and a model taxon (Theodoxus), 
we test if there is indeed a change of contributions of functions through 
time leading to the current diversity pattern. Furthermore, using these 
models, we assess if pre‐glacial periods may have played greater roles 
in biodiversity accumulation for regions considered glacial refugia 
than previously thought. To achieve this objective, our specific goals 
were to: (a) estimate ages and infer accumulation of lineages through 
time using a dated phylogeny based on both available fossil data and 
substitution rates, (b) estimate ancestral areas through biogeographi‐
cal models subjected to the dated phylogeny and (c) use a set of op‐
erational criteria to define the contributions of the three functions 
through time (see Figure 1). As species assignment within Theodoxus 
remains controversially discussed and thus elevated species diversity 
in refugia is largely unsubstantiated, we used preliminary analyses to 
identify molecular operational taxonomic units (MOTUs) that could 
serve as phylogenetic species (through a combination of phylogenetic 
and barcoding approaches). In addition, we determine if this diversity 
is elevated in glacial refugia (through interpolated mapping and phylo‐
genetically based calculations of species richness).

accumulation through a temporal perspective to adequately explain present‐day bio‐
diversity patterns.

K E Y W O R D S

Anatolia, biodiversity accumulation, cradle function, museum function, sink function, 
Theodoxus, Western Palaearctic
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As a working hypothesis, we expect the sink and cradle func‐
tions to dominate in pre‐glacial periods in Anatolia, given the long 
and complex limnological history and dispersal gateways with other 
parts of the WP, but to contribute relatively little to the accumula‐
tion of interspecific diversity in the region. In contrast, the sink and 
museum functions may dominate during the pronounced glacial cy‐
cles reflecting the retreat of species to southern WP refugia and/or 
range contractions of widespread species, and contribute more sub‐
stantially to the interspecific diversity of the genus in Anatolia. By 
inferring the relative contributions of the three functions and their 
changes through time, we hope to improve our understanding of how 
these processes may have shaped biodiversity in similar glacial re‐
fugia worldwide. This study may also highlight the roles pre‐glacial 
conditions have played in biodiversity accumulation and emphasize 
that contemporary patterns of diversity need to be considered in a 
temporal context.

2  | MATERIAL S AND METHODS

2.1 | Sampling design and morphospecies 
identification

Three hundred and forty‐eight specimens (343 Theodoxus, 4 
Neritina, 1 Neritilia) were hand‐collected from hard substrate in shal‐
low waters or dredging off small boats in deeper water (Figure 2). 
Specimens were preserved in 80% ethanol, before being photo‐
graphed and utilized for DNA extraction. Emphasis was placed on 
collecting as many Theodoxus morphospecies from as many locations 
across the geographical range of the genus as possible. Collected 
specimens were identified based on regional species lists, original 
species descriptions and by consulting taxonomic specialists (see 
Appendix S1, Table S1.1). Most Theodoxus‐based molecular studies 
to date either closely mirrored our own sample localities or lacked 
nuclear DNA (nDNA) data (Bunje, 2005, 2007; Bunje & Lindberg, 
2007; Fehér, Szabó, Bozsó, & Pénzes, 2009a; Fehér, Zettler, Bozsó, 
& Szabó, 2009b). Therefore, only an additional 34 (33 Theodoxus, 

1 Neritina) carefully chosen published sequences, representing po‐
tentially unique species or populations, were included into analyses 
to avoid a maternal bias and oversaturation of our analyses with 
redundant data (Figure 2; Table S1.1). In all instances, special note 
was made of the location for mapping and biogeographical analyses 
(Table S1.1). In total, we were able to obtain 32 of the 37 commonly 
recognized Theodoxus morphospecies. The five missing species have 
either never been recorded alive and are thus impossible to incorpo‐
rate in a phylogenetic framework (T. gloeri; Odabaşi & Arslan, 2015) 
or efforts to gain samples were unsuccessful (T. doriae, T. mesopo‐
tamicus, T. pallidus and T. schultzii).

2.2 | DNA extraction, amplification, sequencing, 
saturation and model selection

Foot tissue was used to extract total genomic DNA for each speci‐
men via a DNeasy Blood and Tissue kit (QIAGEN). DNA sequences 
for two mitochondrial (mtDNA) gene fragments, cytochrome c oxi‐
dase subunit I (COI) and 16S rRNA (16S), and one nDNA intron frag‐
ment, ATP synthetase subunit α (ATPα), were then amplified (see 
Table S2 for primers and PCR conditions). Finally, purification of 
gene fragments and bidirectional Sanger sequencing were carried 
out by LGC Ltd (Berlin, Germany).

Sequence ends were trimmed in Genious 10.1.2 (Biomatters 
Ltd., 2017). Alignments of gene fragments were performed online 
using the MAFFT 7 algorithm (Katoh & Standley, 2013). DAMBE 
5.0.52 (Xia, 2013; Xia & Xie, 2001) was used to test for satura‐
tion over 1,000 replicates (Xia, Xie, Salemi, Chen, & Wang, 2003). 
The three gene fragment datasets (COI, 16S and ATPα) showed 
no significant degree of saturation (p < 0.001). Thereafter, jMod‐
elTest 2.1.10 (Darriba, Taboada, Doallo, & Posada, 2012) and the 
Bayesian information criterion (BIC) (Schwarz, 1978) was used to 
determine the general best‐fit model of sequence evolution for 
each dataset (Posada, Buckley, & Thorne, 2004). The HKY+I+Γ 
model was selected for COI and 16S, and the HKY+Γ model was 
selected for ATPα.

F I G U R E  1  Operational criteria 
based on ancestral distributions used 
to identify and distinguish between the 
cradle, museum and sink functions. The 
functions are identifiable by: (a) the cradle 
function, having an in situ distributed 
ancestor and descendant with either strict 
in situ distribution or both in‐ and ex situ 
distribution, (b) the museum function, 
having an ancestor with both in‐ and ex 
situ distribution followed by a descendant 
with only in situ distribution and (c) the 
sink function, having an ex situ distributed 
ancestor with either a strict in situ 
distribution or with both in‐ and ex situ 
distribution
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2.3 | Determination of interspecific 
molecular diversity

Provided barcoding gaps are present between different monophyl‐
etic phylogroups containing a single morphospecies, a barcoding ap‐
proach can be a useful tool to distinguish between different levels 
of diversity and define MOTUs (representing interspecific diversity) 
among paraphyletic species or phylogroups where complexes exist. 
A COI barcoding approach has already been shown to be useful for 
defining phylogenetic species within other Neritidae (Chee & Mohd 
Nor, 2014; Frey & Vermeij, 2008).

To identify initial MOTUs of supported monophyletic phy‐
logroups of individual Theodoxus morphospecies, we constructed 
two combined phylogenies of all genes (1,608 characters; 549 
parsimony informative) based on unweighted maximum parsimony 
(MP) and model‐informed Bayesian inference (BI). All analyses 
were conducted through the free online resource CIPRES Science 
Gateway (Miller, Pfeiffer, & Schwartz, 2010). The MP analysis was 
performed with PAUP 4.0b (Swofford, 2002), using the heuristic 
search option, with TBR branch swapping and 100 random taxon 
additions. In instances where multiple equally parsimonious trees 
were retrieved, only the best tree was saved during each repli‐
cate. The robustness of nodes were assessed by 10,000 boot‐
strap (BS) replicates and values >70% were considered supported 
(Felsenstein, 1985). The BI analysis was performed using MrBayes 
3.2.6 (Ronquist et al., 2012) to determine the posterior probabil‐
ities (PP) of associations. Two parallel Markov Chain Monte Carlo 
(MCMC) simulations used five chains for 50,000,000 generations, 
saving one tree in every 2,000 generations. The first 50% of trees 
were discarded as burn‐in as assessed by parameter conver‐
gence in Tracer 1.6 (Rambaut, Suchard, Xie, & Drummond, 2014) 
after standard deviation (SD) of split frequencies had reached 
stationarity.

To distinguish and substantiate between intra‐ and interspecific 
diversity we used MEGA 7.0.26 (Kumar, Stecher, & Tamura, 2016) 
to calculate uncorrected genetic p‐distances for the barcoding gene 
COI. Mean values between and within initial supported MOTUs of 
singular monophyletic Theodoxus morphospecies were used as ref‐
erence for intra‐ and interspecific diversity. These were then applied 
to paraphyletic assemblages or phylogroups where species com‐
plexes existed. In instances where mean values were between the 
thresholds of intra‐ and interspecific diversity attained for mono‐
phyletic morphospecies, the nearest supported node (PP ≥ 0.95 and/
or BS ≥ 70%) between thresholds encompassing a monophyletic en‐
tity was used to equate intraspecific diversity and define the remain‐
ing MOTUs.

2.4 | Diversity across the landscape

To infer if elevated interspecific diversity occurs in glacial refugia, 
a heat map indicating the spatial variation in diversity of Theodoxus 
MOTUs across the WP was produced in ArcGIS 10.4 (ESRI, 2016) 
following Neubauer et  al. (2015) in order to correct for oversam‐
pling. The MOTUs, defined by molecular analyses and COI barcod‐
ing, were used to plot observed interspecific diversity. An Inverse 
Distance Weighting (IDW) interpolation surface was computed on 
the number of MOTUs per grid cell, using a cell size of 200 km2, a 
power of two and variable search radius with 12 nearest input sam‐
ple points as settings. Where areas of concentrated diversity were 
found, phylogenetic diversity (PD; Faith, 1992) and sum of evolu‐
tionary distinctiveness (sum Ed; Isaac, Turvey, Collen, Waterman, & 
Baillie, 2007; Redding, 2003) were calculated as indicators of the 
relative amounts of diversity thereof. For this, we used the R pack‐
age Picante 1.6‐2 (Kembel et al., 2010) for the R statistical environ‐
ment 3.3.2 (R Core Team, 2016). Herein a simplified version of the 
dated tree (Figure 3a), (created with TreeGraph 2.13.0‐748β; Stöver 

F I G U R E  2  Map of the locations of 376 Theodoxus specimens used in the current study. See Table S1.1 for more information
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& Müller, 2010) from which most of the specimens were excluded, 
resulting in a species tree‐like phylogeny of the 18 interspecific 
MOTUs) and a community matrix of presence–absence data were 
used.

2.5 | Molecular clock and ancestral 
distribution analyses

Spatiotemporal distributions of common ancestors of in situ MOTUs 
is needed to distinguish contributions of the cradle, museum and 
sink functions through time (Figure  1). To do this, BEAST 1.8.4 
(Drummond, Suchard, Xie, & Rambaut, 2012) was used for con‐
structing a multilocus dated molecular phylogeny. Input files were 
generated in BEAUti 1.8.4 (Drummond et al., 2012) using a lognor‐
mal relaxed molecular clock approach with birth–death tree prior 
and a published molecular clock rate suggested for the COI gene 
among several Protostomia groups (HKY+I+Γ, 1.57  ±  0.45% per 
million years; Wilke, Schultheiß, & Albrecht, 2009) and a lognor‐
mal distributed fossil prior for the most recent common ancestor 
(MRCA = crown age: 15.90–64.80 Ma). Although Theodoxus is not 
restricted to freshwater conditions, it is the only genus of Neritidae 
in the WP that is able to complete its life cycle in a purely fresh‐
water environment. The lower 95% credibility interval on our fos‐
sil‐calibrated crown node therefore represents the earliest fossil 
occurrence of Theodoxus in a restricted freshwater environment 
(16.385 ± 0.485 Ma; ages after Kadolsky & Piechocki, 2000; Klaus 
& Gross, 2010); the upper 95% credibility interval represents the 
earliest fossil attributed to Theodoxus (63.2  ±  1.6  Ma; Kowalke, 
2002). For congruency, five independent MCMC simulations ran 
for 200,000,000 generations, sampling every 10,000 generations. 
Validation of convergence and mixing was assessed in Tracer 1.6 
to ensure that all effective sample size (ESS) values were >200. 
LogCombiner 1.8.4 (BEAST package) was used to combine log and 
tree files applying a 75% burn‐in. Trees were subsequently summa‐
rized in TreeAnnotator 1.8.4 (BEAST package) with no additional 
burn‐in.

To place the geographical perspective on phylogenetic diver‐
gence events, the R package BioGeoBEARS 0.2.1 (Matzke, 2013a) 
was used to estimate ancestral areas under six different biogeo‐
graphical models for the entire dated phylogeny. This included the 
DEC, DIVA‐like and BayArea‐like models including the +J parame‐
ter for each that allows for founder‐event speciation (for details on 
the differences between these models, see Matzke, 2013b, 2014). 
Here, a simplified analysis with default settings in which only two 
areas were predefined, namely “Anatolia” and “non‐Anatolia” was 
run, and the best‐fit model was determined by using the Akaike 
information criterion (AIC) as implemented in BioGeoBEARS. 
Improving the model by constraining the ancestral areas of lin‐
eages using fossil evidence is hampered by the paucity of records 
for Anatolia (but for examples, see Alçiçek, Wesselingh, & Alçiçek, 
2015; Wesselingh, Alçiçek, & Magyar, 2008) and the general dif‐
ficulties in assigning fossil Theodoxus species to lineages based on 
morphology alone.

To infer if the majority of diversity is attributed to specific 
points in time, two lineage‐through‐time (LTT) plot analyses 
were performed using the R packages Ape 4.1 (Paradis, Claude, 
& Strimmer, 2004) and Phytools 0.5‐64 (Revell, 2012). In a first 
attempt, the complete BEAST MCC tree (excluding the outgroups) 
was subjected to the LTT plot analysis including a 95% confidence 
interval based on the posterior distribution that was generated 
in LogCombiner 1.8.4 (Drummond et  al., 2012). A second LTT 
plot analysis was conducted using the same simplified tree with 
18 specimens as representatives of each relevant MOTUs (see 
Section 2.4). For clarity, we defined clades and subclades based 
on dates. Clades represented lineages present at the end of the 
Miocene, while subclades represented lineages present at the end 
of the Pliocene.

3  | RESULTS

3.1 | Interspecific diversity

Through the MP and BI phylogenies, 11 monophyletic phylogroups 
containing a single Theodoxus morphospecies each (i.e. not within a 
species complex) were identified across the set of 376 Theodoxus 
specimens sampled from the WP (MOTUs A, B, C, D, E, F, G, I, J, L 
and M; BS ≥ 70% and/or PP ≥ 0.95; Figure 3a). The MP consensus 
topology comprised of 2,619 steps (retention index = 0.906, consist‐
ency index = 0.363; see Appendix S2, Figure S2.1) where all branch 
swapping was confined to associations among individuals within 
the same phylogroups. The BI and MP analyses were not equally in‐
formative, however, there were no conflicting result (Figures S2.1 
and S2.2).

The uncorrected COI barcoding p‐distances among these ini‐
tial MOTUs of monophyletic morphospecies ranged from 13.81% 
(SD ± 0.33%; between MOTUs A and M) to 2.17% (SD ± 0.00%; be‐
tween MOTUs I and J). On average, interspecific diversity was found 
to be 9.17% (SD ± 2.40%). In contrast, uncorrected p‐distances within 
these MOTUs ranged from 0.00% (SD ± 0.00%; for MOTU J) to 2.30% 
(SD ± 1.32%; for MOTU N – see note in Table S1.3 for an explana‐
tion of the use of this group as a monophyletic morphospecies), with 
an average of 0.97% (SD ± 1.12%; Table S1.3). Given the barcoding 
gap, we considered mean uncorrected p‐distances for phylogroups 
of >2.50% to represent interspecific and <2.00% intraspecific diver‐
sity. Where uncorrected p‐distance values fell between the values of 
intra‐ and interspecific diversity, phylogenetic support was used to 
determine the level of diversity (see Section 2.3).

Through barcoding and phylogenetic support, the remaining 
Theodoxus spp. were found to occur across seven MOTUs (H, K, N, 
O, P, Q and R; Figure 3a). In total, 18 interspecific MOTUs were iden‐
tified within Theodoxus.

3.2 | Diversity across the landscape

Inverse Distance Weighting interpolation mapping characterised 
five areas with some level of concentrated diversity across the 
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WP: Anatolia, the Balkans, Central Europe, Iberia–Mauretania and 
Sarmatia (Figure 4). Anatolia is the most diverse region thereof con‐
sidering both local concentration and the overall amount of diver‐
sity followed by the Balkans, Iberia–Mauretania, Central Europe and 
then Sarmatia (Figure 4).

3.3 | Molecular dating and ancestral distributions

Three clades and 12 subclades were defined based on geological 
periods (Figures  3a and 5). Molecular clock analyses, substanti‐
ated with MP and BI nodal support, suggest that Theodoxus likely 
originated in the Miocene between 17.90 and 8.27 million years 
ago (Ma) (95% highest posterior density “HPD”  =  24.15–5.41 Ma; 
Figure 3a). The diversification in the genus begun around 8.27 Ma 
(95% HPD = 11.62–5.41 Ma; Figure 3a) and interspecific diversifica‐
tion thereon out follows a sigmoidal pattern (Figure 3b). There are 
two Miocene divergence events in Theodoxus giving rise to the three 
clades (Table 1; Figure 3a). There are a further nine divergence events 
during the Pliocene giving rise to the 12 subclades and a further six 
divergence events during the Early–Middle Pleistocene, which ac‐
count for the rest of the intraspecific diversity (Table 1; Figure 3a). 
From the Middle Pliocene to present‐day all further diversification 
is restricted to the intraspecific level and the sigmoidal rate of inter‐
specific diversification through time reaches stationarity (Figure 3b).

The ancestral area estimation using the DEC+J (d  = 0; e  = 0; 
j = c. 0.03; LnL = −100.21) model was found to be the best for our 
data (Table S1.4). It shows that the most recent common ancestor 
(MRCA) of all Theodoxus MOTUs may have inhabited a part of the 
WP that included, but was not restricted to, Anatolia (Figure  5; 
Table S1.4). This wide distribution persists among basal lineages 
until the MRCA of clade 3 begun to diversify from an Anatolian‐
specific distribution in the Early Pliocene. After the Miocene–
Pliocene transition, no lineages present in Anatolia had ancestors 
which were distributed across greater portions of the WP. The 
subsequent diversification of subclades 3.1–3.6 from and within 
one another (excluding subclade 3.4) probably occurred strictly 
within Anatolia (Figure 5; Table S1.4), while the other clades and 
subclades likely diversified elsewhere in the WP. Our analyses 
show that 11 of 18 extant interspecific MOTUs are today pres‐
ent in Anatolia. Of these, eight arose from diversification events 
within Anatolia (MOTUs D, E, F, G, H, L, M and N) between the 
Early Pliocene and Early Pleistocene (Figure  5). The other three 
MOTUs are historically non‐Anatolian lineages, which moved into 
Anatolia during and after the Middle Pleistocene (MOTUs K, Q and 
R; Figure 5).

4  | DISCUSSION

Our analyses yielded 18 MOTUs (that could serve as phylogenetic 
species) of Theodoxus (Figure 3a). These MOTUs showed elevated 
levels of diversity in regions typical for temperate refugia (Hewitt, 
2011; Stewart et  al., 2010; Figure  5). The highest diversity was 

detected for Anatolia with 11 MOTUs (Figures  4 and 5). Through 
these initial results, our biogeographical and temporal analyses re‐
vealed a complex pattern over time of the interplay between func‐
tions. Below follows a chronology of the accumulation of lineages, 
their ancestral distributions and thus the changing contributions of 
the cradle, museum and sink functions over time with the potential 
drivers thereof.

4.1 | Miocene–Pliocene transition

Two divergence events occurred within Theodoxus during the 
Miocene (Table 1; Figure 3a). The corresponding MRCAs had wide 
distributions that likely included both Anatolia and other parts of 
the WP (Figure 5; Table S1.4). Later, the MRCA of clade 3 had an 
Anatolian‐specific distribution before it begun to diversify in the 
Early Pliocene (see C3; Figure 5). As such, Anatolia probably acted 
as museum during the Miocene–Pliocene transition (6.78–4.77 Ma; 
HPD 9.40–3.26  Ma). The museum function is the only function 
that can definitively be associated to Anatolian Theodoxus over this 
time period. The HPD of the two Miocene diversification events in 
Theodoxus aligns relatively well with the Messinian Salinity Crisis 
(MSC) (Krijgsman, Hilgen, Raffi, Sierro, & Wilson, 1999; Roveri et al., 
2014). During the MSC, a positive freshwater budget in the Black 
Sea 5.5–5.33 Ma allowed freshwater to enter the Mediterranean 
Basin, known as the “Lago Mare” event (Gliozzi, Ceci, Grossi, & 
Ligios, 2007; Stoica, Krijgsman, Fortuin, & Gliozzi, 2016; van Baak 
et al., 2015). This event may have facilitated short‐range dispersal 
between adjacent areas in the eastern Balkans and western Anatolia 
for fresh‐ and brackish water taxa (Gliozzi et al., 2007; Levy, Doadrio, 
& Almada, 2009). A number of fresh‐ and brackish water lakes ex‐
isted during this time in Anatolia and may have acted as suitable 
environments for Theodoxus (e.g. Denizli, Söke, Karacasu, Çameli, 
Eşen, Baklan, Acigöl, Burdur, Tuz and Çankırı: Alçiçek, 2010; Gürbüz 
& Kazancı, 2015; Yavuz, Culha, Demirer, & Aydın, 2017). At the end 
of the MSC, in the Early Pliocene, Anatolia became more isolated 
due to the rising sea level in the Mediterranean (Karakitsios et al., 
2017; Popov et al., 2006; de la Vara, van Baak, Marzocchi, Grothe, 
& Meijer, 2016). The web of ancient drainage basins within Anatolia 
would have, for a time, provided opportunities for the persistence 
of previously widespread species (i.e. relicts) before they diversified 
into independent lineages.

4.2 | Pliocene

During the Pliocene, the amount of lineages rapidly rose from 3 to 12 
(Figure 3a,b). Of these further nine diversification events, six were 
strictly associated to Anatolia (Table 1; Figure 5). By the end of the 
Pliocene, 5 of the current 12 Theodoxus lineages were present in 
Anatolia (Figure  5). All Pliocene Anatolian‐associated descendants 
derived from Anatolian ancestors (Figure 5). As a result, the entire 
build‐up of Theodoxus diversity in Anatolia during this period was the 
result of in situ diversification (i.e. cradle function). The Anatolian 
Pliocene climate is considered to have been warmer and more humid 
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than today (Alçiçek, 2010). Increased precipitation sustained a high 
diversity of freshwater environments until the earliest Pleistocene 
(Alçiçek, 2010). Additionally, ongoing tectonic activity at that time 
strongly affected the physiography of some of the basins (Brocard, 
Meijers, Willenbring, Kaymakci, & Whitney, 2015; Gürbüz & Kazancı, 

2015; Özsayin et al., 2014). For example, basin fragmentation prob‐
ably led to divergence differences in the mollusc assemblages of 
two adjacent basins of Denizli and Baklan (Wesselingh & Alçiçek, 
2010). Similarly, vicariance as a result of drainage fragmentation and 
isolation over this time period was suggested as the main driver of 

F I G U R E  3   (a) Dated phylogeny of the genus Theodoxus constructed in BEAST based on COI, 16S and ATPα. Node labels denote 
divergence times in millions of years ago (Ma); node bars indicate the 95% credibility interval around these dates. Small squares at nodes 
indicate significant support of divergence events found with BEAST and other phylogenetic analyses (see Figures S2.1 and S2.2), as 
explained through the key. Where MOTUs (A–R) show conspecifics among a number of morphospecies, species names are given in order 
of their year of description. Morphospecies, incorporated from GenBank, where determination was potentially dubious are highlighted by 
an asterisk. Clades (C) and subclades (SC) are demarcated by dashed lines between MOTUs. (b) LTT plots indicating the build‐up of lineages 
in Theodoxus over geological time. Dashed lines surrounding the solid LTT lines indicate the 95% confidence intervals. Where intra‐ and 
interspecific diversity diverge, interspecific diversity is highlighted in blue and intraspecific diversity in red. Transitions in geological ages are 
highlighted by narrow grey lines, while the grey bar marks the period of pronounced glacial cycles (last 900 kyr)
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speciation in spined loaches and chub in Anatolia (Bohlen, Perdices, 
Doadrio, & Economidis, 2006; Durand et al., 2000). Although it re‐
mains difficult to differentiate the individual drivers of divergence 
events for each lineage, we hypothesize that in situ diversification 
in Anatolian Theodoxus was promoted by changes in topography and 
drainage evolution.

4.3 | Early Pleistocene to Middle Pleistocene

Six phylogenetic divergence events occurred during this period, 
which increased the total number of Theodoxus lineages from 12 to 
18 (Figures 3a,b and 5). The number of lineages with a presence in 
Anatolia rose from five to eight (Figure 5). Similar as for the Pliocene, 
Anatolian‐associated descendants derived from MRCAs restricted 
to Anatolia (Figure 5). Again, the entire build‐up of Theodoxus inter‐
specific diversity in Anatolia during this period was the result of in 
situ diversification (i.e. cradle function). Although the topography 
of Anatolia was still changing as a consequence of tectonic activity 
(Westaway et al., 2005), diversification may have also been driven 
by the result of early Quaternary glacial cycles. The glacial cycles 
that preceded the Middle Pleistocene were more frequent, yet less 
severe (Elderfield et al., 2012). They may not have been prominent 
enough to drive the retreat of species into refugia (i.e. sink function), 

but it is possible that the shifting climates would have driven habi‐
tat heterogeneity (Alçiçek, 2010; Alçiçek & Jiménez‐Moreno, 
2013), promoting further ecological speciation, such as in tree frogs 
(Gvoždík et al., 2010). Moreover, there is evidence suggesting that 
some of the Pliocene Anatolian lakes developed into wetlands and 
river systems by the end of the Gelasian (Alçiçek, 2010).

4.4 | Middle Pleistocene to present‐day

Our results suggest a lack of interspecific diversification events 
during this period (Figure 3a,b). However, three MOTUs colonized 
Anatolia between the Middle Pleistocene and present‐day increas‐
ing the Anatolian diversity from 8 to 11 lineages (Figure 5). The addi‐
tional MOTUs (K, Q and R) are all suggested to have arisen elsewhere 
in the WP (Figure 5; Table S1.4). Their immigration into Anatolia is a 
clear indication of the sink function, which appears to be the only 
function contributing to the biodiversity build‐up during this time. 
Around 900 ka, glacial cycles became more pronounced leading to c. 
100‐kyr‐long glacial cycles with massive fluctuations in temperature, 
precipitation and global sea levels (Elderfield et al., 2012). The low 
sea levels during glacial maxima (Deuser, 1972; Frigola et al., 2012; 
Lambeck, Rouby, Purcell, Sun, & Sambridge, 2014) caused the Black 
and Marmara seas to become cut‐off from the Mediterranean Sea 

F I G U R E  4  Concentrations of Theodoxus interspecific diversity mapped across the Western Palaearctic using the IDW algorithm. Anatolia 
shows the highest concentrations of Theodoxus MOTUs. Other regions with more than one Theodoxus MOTUs present are encircled with 
white‐dashed lines. Bar graphs represent the amount of diversity, indicated by; the number of interspecific MOTUs in each concentrated 
region, PD and sum ED (see text for details)
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and develop brackish to freshwater conditions (Aloisi et  al., 2015; 
Schrader, 1978; Verleye, Mertens, Louwye, & Arz, 2009). The low‐
ered salinities would have facilitated the retreat of WP groups fur‐
ther south as well as promote exchange with the Balkan refugia.

5  | CONCLUSIONS

Our working hypothesis – sink and cradle functions dominating in pre‐
glacial times while contributing little to the accumulation of interspe‐
cific diversity versus sink and museum functions dominating in glacial 
times and contributing considerably to interspecific diversity – is par‐
tially rejected. Our results, indeed, suggest that these functions did 
not operate simultaneously in the accumulation of species richness 
in Anatolia. Specifically, the cradle and museum functions alternately 
acted during pre‐glacial times where most interspecific diversity was 
accumulated, while during the glacial period only the sink function 
acted and contributed comparably little to diversity build‐up. The fact 
that most of the extant lineages were present in Anatolia before the 
onset of the pronounced glacial cycles was somewhat unexpected 

given the available dispersal pathways to other parts of the WP dur‐
ing this time (e.g. the freshening of the Black Sea; Badertscher et al., 
2011) and the possibility that pathways used to explain recent range 
expansion of a number of aquatic species out of Anatolia could be 
mirrored for immigration (Akın et al., 2010; Fehér et al., 2009a,b for 
examples of recent range expansions out of Anatolia). This minimal 
contribution of the sink and museum functions does not mitigate the 
role glacial cycles played. Perhaps, the Ice Ages were less effective 
in forcing temperate aquatic species to retreat into more opportune 
areas than previously thought. In turn, elevated diversity in refugia 
may rather be the result of early in situ speciation.

The paucity of comparable studies focussing on Anatolia 
makes it challenging to compare our results with previous assess‐
ments. Some phylogenetic studies on other aquatic taxa in the WP, 
such as diving beetles, water frogs and limpets, including species 
from Anatolia demonstrate a similar pattern. The results of Akın 
et al. (2010), García‐Vázquez et al. (2016) and Stelbrink, Shirokaya, 
Föller, Wilke, and Albrecht (2016) show an increased diversifica‐
tion of Anatolian species during the Pliocene and Early Pleistocene 
most likely arose as a consequences of in situ speciation (i.e. 

F I G U R E  5  Ancestral area estimation of interspecific MOTUs (A–R) and lineages of Theodoxus obtained from BioGeoBEARS. Clades (C) and 
subclades (SC) are demarcated by dashed lines between MOTUs. Pie charts represent the relative likelihood of the lineage occurring within 
Anatolia (dark blue), occurring both within and outside of Anatolia (light blue) and just outside of Anatolia (grey). Small circles with the same 
colour scheme as the pie charts indicate the most likely state. The bars above the MOTUs represent their current distribution. Small squares 
at nodes indicate significant support of divergence events found with BEAST and other phylogenetic analyses (see Figures S2.1 and S2.2), as 
explained through the key. Cradle, museum and tap icons represent the relative contributions of functions (cradles, museums and sinks) at 
different points across the topology for Anatolian diversity. The grey shading indicates the period of pronounced glacial cycles (last 900 kyr)
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cradle function), and that ancestors of Anatolian species may have 
had wider distributions around the end of the Miocene or Early 
Pliocene (i.e. museum function). Moreover, build‐up of interspe‐
cific diversity in Anatolia over the pronounced glacial cycles is rare 
and appears to have either been driven by the museum or sink 
function (García‐Vázquez et al., 2016; Stelbrink et al., 2016).

These results highlight the importance of considering species 
accumulation through a temporal perspective to adequately explain 
present‐day patterns of biodiversity. As this case study is based on 
a single model genus and region, we encourage future research to 
expand both taxonomically and spatially to test for the changing 
roles of cradle, museum and sink functions. High species diversity 
in refugia that has been mainly attributed to glacially forced retreats 
may need to be re‐evaluated for regions that have a complex and 
long geological history.

ACKNOWLEDG EMENTS

We thank O. Anistratenko, V.V. Anistratenko, G. Balázs, U. 
Bößneck, K. Boulaassafer, A. Brahmi, D. Delicado, S.F. Farzali, T. 
Fehér, Z. Fehér, M. Ghamizi, M. Glaubrecht, P. Glöer, G. Hartz, 
T. Hauffe, J. Heller, A. Hirschfelder, R. Kinzelbach, K. Kittle, M. 
Lattuada, N. Malihus, P. Mildner, A. Mrkvicka, M.D. Naser, V. Pešić, 
V. Prié, M. Ranos, F. Riedel, K. Şahin, R. Soares, K. Tağıyeva, C. 
Taubert, J. Vandendorpe, K. Vardinoyannis, M. Vinarski, C. Wolff, 
Z. Yıldırım and M. Zettler for their help in collecting and/or provid‐
ing samples from across the Western Palaearctic. Moreover, we 
are particularly grateful to V.V. Anistratenko, Z. Fehér, M. Ghamizi, 
P. Glöer, K. Vardinoyannis and M.V. Vinarski for their help in mor‐
phological identification of specimens, and to F.P. Wesselingh for 

input on the palaeoenvironmental context. The research herein 
has received funding from the European Commission's Horizon 
2020 research and innovation programme under the grant agree‐
ment no. 642973: Drivers of Pontocaspian Biodiversity Rise 
and Demise (PRIDE). A.F.S. and S.L. were supported by Marie 
Skłodowska‐Curie Action Fellowships, S.V.S. was supported by the 
Ernst Ludwig Ehrlich Studienwerk foundation, B.S. by a Deutsche 
Forschungsgemeinschaft grant (STE 2460/2‐1) and T.A.N. by an 
Alexander‐von‐Humboldt scholarship.

ORCID

Arthur F. Sands   https://orcid.org/0000-0003-0966-421X 

Sergej V. Sereda   https://orcid.org/0000-0003-3212-8722 

Björn Stelbrink   https://orcid.org/0000-0002-7471-4992 

Thomas A. Neubauer   https://orcid.org/0000-0002-1398-9941 

Sergei Lazarev   https://orcid.org/0000-0003-3735-1296 

Thomas Wilke   https://orcid.org/0000-0001-8263-7758 

Christian Albrecht   https://orcid.org/0000-0002-1490-1825 

R E FE R E N C E S

Akbulut, N., Bayarı, S., Akbulut, A., & Şahin, Y. (2009). Rivers of Turkey. In 
K. Tockner, U. Uehlinger, & C. T. Robinson (Eds.), Rivers of Europe, 1st 
ed. (pp. 643–672). London, UK: Academic Press.

Akın, Ç., Can Bilgin, C., Beerli, P., Westaway, R., Ohst, T., Litvinchuk, 
S. N., … Plötner, J. (2010). Phylogeographic patterns of genetic 
diversity in eastern Mediterranean water frogs were deter‐
mined by geological processes and climate change in the Late 

Geological period Divergence event Age (Ma) 95% HPD (Ma)

Miocene Theodoxus, outgroups 17.90 24.15–15.97

C1, (C2, C3) 8.27 11.62–5.41

C2, C3 6.78 9.40–4.45

Pliocene SC1.1, SC1.2 5.06 8.19–2.28

(SC3.1‐3.4), (SC3.5‐3.9) 4.77 6.33–3.26

SC3.1, (SC3.2‐3.4) 4.08 5.58–2.69

SC3.2, (SC3.3‐3.4) 3.82 5.35–2.55

SC3.3, SC3.4 3.59 4.86‐2.21

(SC3.5‐3.6), (SC3.7‐3.9) 4.28 5.79–2.81

SC3.5, SC3.6 2.81 3.15–1.24

SC3.7, (SC3.8‐3.9) 3.71 5.10–2.39

SC3.8, SC3.9 2.92 3.99–1.68

Early–Middle Pleistocene SC3.1: D, E 1.29 2.03–0.55

SC3.3: G, H 1.56 2.26–0.87

SC3.4: K, (I, J) 2.01 2.80–1.13

SC3.4: I, J 1.23 1.92–0.50

SC3.5: L, M 2.20 3.15–1.24

SC3.9: Q, R 1.57 2.26–0.93

TA B L E  1  Summary of divergence time 
estimates for key nodes in the phylogeny 
(Figure 3a). C, clade; SC, subclade

https://orcid.org/0000-0003-0966-421X
https://orcid.org/0000-0003-0966-421X
https://orcid.org/0000-0003-3212-8722
https://orcid.org/0000-0003-3212-8722
https://orcid.org/0000-0002-7471-4992
https://orcid.org/0000-0002-7471-4992
https://orcid.org/0000-0002-1398-9941
https://orcid.org/0000-0002-1398-9941
https://orcid.org/0000-0003-3735-1296
https://orcid.org/0000-0003-3735-1296
https://orcid.org/0000-0001-8263-7758
https://orcid.org/0000-0001-8263-7758
https://orcid.org/0000-0002-1490-1825
https://orcid.org/0000-0002-1490-1825


     |  11SANDS et al.

Cenozoic. Journal of Biogeography, 37(11), 2111–2124. https​://doi.
org/10.1111/j.1365-2699.2010.02368.x

Alçiçek, H. (2010). Stratigraphic correlation of the Neogene basins in 
southwestern Anatolia: Regional palaeogeographical, palaeocli‐
matic and tectonic implications. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 291, 297–318. https​://doi.org/10.1016/j.
palaeo.2010.03.002

Alçiçek, H., & Jiménez‐Moreno, G. (2013). Late Miocene to Plio‐
Pleistocene fluvio‐lacustrine system in the Karacasu Basin (SW 
Anatolia, Turkey): depositional, paleogeographic and paleocli‐
matic implications. Sedimentary Geology, 291, 62–83. https​://doi.
org/10.1016/j.sedgeo.2013.03.014

Alçiçek, H., Wesselingh, F. P., & Alçiçek, M. C. (2015). Paleoenvironmental 
evolution of the late Pliocene–early Pleistocene fluvio‐deltaic 
sequence of the Denizli Basin (SW Turkey). Palaeogeography, 
Palaeoclimatology, Palaeoecology, 437, 98–116. https​://doi.
org/10.1016/J.PALAEO.2015.06.019

Aloisi, G., Soulet, G., Henry, P., Wallmann, K., Sauvestre, R., Vallet‐
Coulomb, C., … Bard, E. (2015). Freshening of the Marmara Sea prior 
to its post‐glacial reconnection to the Mediterranean Sea. Earth and 
Planetary Science Letters, 413, 176–185. https​://doi.org/10.1016/j.
epsl.2014.12.052

Badertscher, S., Fleitmann, D., Cheng, H., Edwards, R. L., Göktürk, O. 
M., Zumbühl, A., … Tüysüz, O. (2011). Pleistocene water intrusions 
from the Mediterranean and Caspian seas into the Black Sea. Nature 
Geoscience, 4(4), 236–239. https​://doi.org/10.1038/ngeo1106

Bandel, K. (2001). The history of Theodoxus and Neritina connected 
with description and systematic evaluation of related Neritimorpha 
(Gastropoda). Mitteilungen Aus Dem Geologisch‐Paläontologischen 
Institut Der Universität Hamburg, 85, 65–164.

Biomatters Ltd (2017). Geneious. Auckland, New Zealand: Biomatters 
Ltd. Retrieved from https​://www.genei​ous.com

Bohlen, J., Perdices, A., Doadrio, I., & Economidis, P. S. (2006). Vicariance, 
colonisation, and fast local speciation in Asia Minor and the Balkans 
as revealed from the phylogeny of spined loaches (Osteichthyes; 
Cobitidae). Molecular Phylogenetics and Evolution, 39(2), 552–561. 
https​://doi.org/10.1016/j.ympev.2005.12.007

Brocard, G. Y., Meijers, M. J., Willenbring, J. K., Kaymakci, N., & Whitney, 
D. L. (2015). Drainage Evolution during the uplift of the Central 
Anatolia Plateau. In American Geophysical Union, Fall Meeting 2015 
(p. T23F–02). Retrieved from http://adsabs.harva​rd.edu/abs/2015A​
GUFM.T23F..02B

Bunje, P. M. E. (2005). Pan‐European phylogeography of the aquatic snail 
Theodoxus fluviatilis (Gastropoda: Neritidae). Molecular Ecology, 14(14), 
4323–4340. https​://doi.org/10.1111/j.1365-294X.2005.02703.x

Bunje, P. M. E. (2007). Fluvial range expansion, allopatry, and paral‐
lel evolution in a Danubian snail lineage (Neritidae: Theodoxus). 
Biological Journal of the Linnean Society, 90(4), 603–617. https​://doi.
org/10.1111/j.1095-8312.2007.00750.x

Bunje, P. M. E., & Lindberg, D. R. (2007). Lineage divergence of a fresh‐
water snail clade associated with post‐Tethys marine basin develop‐
ment. Molecular Phylogenetics and Evolution, 42(2), 373–387. https​://
doi.org/10.1016/j.ympev.2006.06.026

Chee, S. Y., & Mohd Nor, S. A. (2014). DNA barcoding reveals neritid 
diversity (Mollusca: Gastropoda) diversity in Malaysian waters. 
Mitochondrial DNA, 27, 2282–2284. https​://doi.org/10.3109/19401​
736.2014.987237

Darriba, D., Taboada, G. L., Doallo, R., & Posada, D. (2012). jModelT‐
est 2: More models, new heuristics and parallel computing. Nature 
Methods, 9(8), 772. https​://doi.org/10.1038/nmeth.2109

de la Vara, A., van Baak, C. G. C., Marzocchi, A., Grothe, A., & Meijer, P. 
T. (2016). Quantitative analysis of Paratethys sea level change during 
the Messinian Salinity Crisis. Marine Geology, 379, 39–51. https​://doi.
org/10.1016/j.margeo.2016.05.002

Deuser, W. G. (1972). Late‐Pleistocene and Holocene history of the Black 
Sea as indicated by stable‐isotope studies. Journal of Geophysical 
Research, 77(6), 1071–1077. https​://doi.org/10.1029/JC077​i006p​
01071​

Drummond, A. J., Suchard, M. A., Xie, D., & Rambaut, A. (2012). Bayesian 
phylogenetics with BEAUti and the BEAST 1.7. Molecular Biology 
and Evolution, 29(8), 1969–1973. https​://doi.org/10.1093/molbe​v/
mss075

Durand, J. D., Tsigenopoulos, C. S., Ünlü, E., & Berrebi, P. (2002). 
Phylogeny and biogeography of the family Cyprinidae in the Middle 
East inferred from cytochrome b DNA—Evolutionary significance 
of this region. Molecular Phylogenetics and Evolution, 22(1), 91–100. 
https​://doi.org/10.1006/MPEV.2001.1040

Durand, J. D., Unlü, E., Doadrio, I., Pipoyan, S., & Templeton, A. R. (2000). 
Origin, radiation, dispersion and allopatric hybridization in the chub 
Leuciscus cephalus. Proceedings Biological Sciences, 267(1453), 1687–
1697. https​://doi.org/10.1098/rspb.2000.1196

Elderfield, H., Ferretti, P., Greaves, M., Crowhurst, S., McCave, I. N., 
Hodell, D., & Piotrowski, A. M. (2012). Evolution of ocean tempera‐
ture and ice volume through the mid‐Pleistocene climate transi‐
tion. Science, 337(6095), 704–709. https​://doi.org/10.1126/scien​
ce.1221294

ESRI (2016). ArcGIS Desktop release 10.4. Environmental Systems 
Research Institute, Redlands, CA. Redlands, CA: ESRI. Retrieved 
from http://www.esri.com/softw​are/arcgis

Faith, D. P. (1992). Conservation evaluation and phylogenetic di‐
versity. Biological Conservation, 61(1), 1–10. https​://doi.
org/10.1016/0006-3207(92)91201-3

Fehér, Z., Szabó, K., Bozsó, M., & Pénzes, Z. S. (2009a). Recent range ex‐
pansion of Pomatias rivulare (Eichwald, 1829) (Mollusca: Pomatiidae) 
in central‐eastern Europe. Acta Zoologica Academiae Scientiarum 
Hungaricae, 55(1), 67–75.

Fehér, Z., Zettler, M. L., Bozsó, M., & Szabó, K. (2009b). An attempt to re‐
veal the systematic relationship between Theodoxus prevostianus (C. 
Pfeiffer, 1828) and Theodoxus danubialis (C. Pfeiffer, 1828) (Mollusca, 
Gastropoda, Neritidae). Mollusca, 27(2), 95–107.

Felsenstein, J. (1985). Confidence limits on phylogenies: An ap‐
proach using the bootstrap. Evolution, 39(4), 783–791. https​://doi.
org/10.1111/j.1558-5646.1985.tb004​20.x

Frey, M. A., & Vermeij, G. J. (2008). Molecular phylogenies and histor‐
ical biogeography of a circumtropical group of gastropods (Genus: 
Nerita): Implications for regional diversity patterns in the marine 
tropics. Molecular Phylogenetics and Evolution, 48(3), 1067–1086. 
https​://doi.org/10.1016/j.ympev.2008.05.009

Frigola, J., Canals, M., Cacho, I., Moreno, A., Sierro, F. J., Flores, J. A., 
… Schneider, R. (2012). A 500 kyr record of global sea‐level oscilla‐
tions in the Gulf of Lion, Mediterranean Sea: New insights into MIS 
3 sea‐level variability. Climate of the Past, 8, 1067–1077. https​://doi.
org/10.5194/cp-8-1067-2012

García‐Vázquez, D., Bilton, D. T., Alonso, R., Benetti, C. J., Garrido, 
J., Valladares, L. F., & Ribera, I. (2016). Reconstructing ancient 
Mediterranean crossroads in Deronectes diving beetles. Journal of 
Biogeography, 43(8), 1533–1545. https​://doi.org/10.1111/jbi.12740​

Gliozzi, E., Ceci, M. E., Grossi, F., & Ligios, S. (2007). Paratethyan Ostracod 
immigrants in Italy during the Late Miocene. Geobios, 40(3), 325–337. 
https​://doi.org/10.1016/j.geobi​os.2006.10.004

Gürbüz, A., & Kazancı, N. (2015). Genetic framework of Neogene‐
Quaternary basin closure process in central Turkey. Lithosphere, 7(4), 
421–426. https​://doi.org/10.1130/L408.1

Gvoždík, V., Moravec, J., Klütsch, C., & Kotlík, P. (2010). Phylogeography 
of the Middle Eastern tree frogs (Hyla, Hylidae, Amphibia) as inferred 
from nuclear and mitochondrial DNA variation, with a description 
of a new species. Molecular Phylogenetics and Evolution, 55(3), 1146–
1166. https​://doi.org/10.1016/j.ympev.2010.03.015

https://doi.org/10.1111/j.1365-2699.2010.02368.x
https://doi.org/10.1111/j.1365-2699.2010.02368.x
https://doi.org/10.1016/j.palaeo.2010.03.002
https://doi.org/10.1016/j.palaeo.2010.03.002
https://doi.org/10.1016/j.sedgeo.2013.03.014
https://doi.org/10.1016/j.sedgeo.2013.03.014
https://doi.org/10.1016/J.PALAEO.2015.06.019
https://doi.org/10.1016/J.PALAEO.2015.06.019
https://doi.org/10.1016/j.epsl.2014.12.052
https://doi.org/10.1016/j.epsl.2014.12.052
https://doi.org/10.1038/ngeo1106
https://www.geneious.com
https://doi.org/10.1016/j.ympev.2005.12.007
http://adsabs.harvard.edu/abs/2015AGUFM.T23F..02B
http://adsabs.harvard.edu/abs/2015AGUFM.T23F..02B
https://doi.org/10.1111/j.1365-294X.2005.02703.x
https://doi.org/10.1111/j.1095-8312.2007.00750.x
https://doi.org/10.1111/j.1095-8312.2007.00750.x
https://doi.org/10.1016/j.ympev.2006.06.026
https://doi.org/10.1016/j.ympev.2006.06.026
https://doi.org/10.3109/19401736.2014.987237
https://doi.org/10.3109/19401736.2014.987237
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1016/j.margeo.2016.05.002
https://doi.org/10.1016/j.margeo.2016.05.002
https://doi.org/10.1029/JC077i006p01071
https://doi.org/10.1029/JC077i006p01071
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1006/MPEV.2001.1040
https://doi.org/10.1098/rspb.2000.1196
https://doi.org/10.1126/science.1221294
https://doi.org/10.1126/science.1221294
http://www.esri.com/software/arcgis
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1016/j.ympev.2008.05.009
https://doi.org/10.5194/cp-8-1067-2012
https://doi.org/10.5194/cp-8-1067-2012
https://doi.org/10.1111/jbi.12740
https://doi.org/10.1016/j.geobios.2006.10.004
https://doi.org/10.1130/L408.1
https://doi.org/10.1016/j.ympev.2010.03.015


12  |     SANDS et al.

Hewitt, G. M. (1999). Post‐glacial re‐colonization of European biota. 
Biological Journal of the Linnean Society, 68(1–2), 87–112. https​://doi.
org/10.1111/j.1095-8312.1999.tb011​60.x

Hewitt, G. M. (2000). The genetic legacy of the quaternary ice ages. 
Nature, 405(6789), 907–913. https​://doi.org/10.1038/3501 
6000

Hewitt, G. M. (2011). Mediterranean Peninsulas: The Evolution of 
Hotspots. In F. E. Zachos & J. C. Habel (Eds.), Biodiversity Hotspots: 
Distribution and Protection of Conservation Priority Areas (pp. 123–
147). Berlin, Heidelberg: Springer Berlin Heidelberg. https​://doi.
org/10.1007/978-3-642-20992-5_7

Isaac, N. J. B., Turvey, S. T., Collen, B., Waterman, C., & Baillie, J. E. M. 
(2007). Mammals on the EDGE: Conservation priorities based on 
threat and phylogeny. PLoS ONE, 2(3), e296. https​://doi.org/10.1371/
journ​al.pone.0000296

Kadolsky, D., & Piechocki, A. (2000). Freshwater Rissooidea from 
the Miocene of Belchatow, Poland (Gastropoda Prosobranchia: 
Hydrobiidae, Pomatiopsidae). Archiv Für Molluskenkunde, 128, 
217–236.

Karakitsios, V., Cornée, J.‐J., Tsourou, T., Moissette, P., Kontakiotis, G., 
Agiadi, K., … Roussos, D. (2017). Messinian salinity crisis record 
under strong freshwater input in marginal, intermediate, and deep 
environments: The case of the North Aegean. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 485, 316–335. https​://doi.
org/10.1016/j.palaeo.2017.06.023

Katoh, K., & Standley, D. M. (2013). MAFFT Multiple Sequence 
Alignment Software Version 7: Improvements in performance and 
usability. Molecular Biology and Evolution, 30(4), 772–780. https​://doi.
org/10.1093/molbe​v/mst010

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon, H., 
Ackerly, D. D., … Webb, C. O. (2010). Picante: R tools for integrating 
phylogenies and ecology. Bioinformatics, 26(11), 1463–1464. https​://
doi.org/10.1093/bioin​forma​tics/btq166

Kerey, I. E., Meriç, E., Tunoğlu, C., Kelling, G., Brenner, R. L., & Doğan, 
A. U. (2004). Black Sea–Marmara Sea Quaternary connections: 
New data from the Bosphorus, İstanbul, Turkey. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 204, 277–295. https​://doi.
org/10.1016/S0031-0182(03)00731-4

Klaus, S., & Gross, M. (2010). Synopsis of the fossil freshwater crabs 
of Europe (Brachyura: Potamoidea: Potamidae). Neues Jahrbuch für 
Geologie und Paläontologie ‐ Abhandlungen, 256(1), 39–59. https​://doi.
org/10.1127/0077-7749/2009/0032

Kowalke, T. (2002). Systematic revision of Palaeocene brackish water 
Gastropoda from Mons, Belgium, based on their early ontogenetic 
shells. Bulletin de l'Institut Royal Des Sciences Naturelles de Belqique, 
Sciences de La Terre, 72, 111–134.

Krijgsman, W., Hilgen, F. J., Raffi, I., Sierro, F. J., & Wilson, D. S. (1999). 
Chronology, causes and progression of the Messinian salinity crisis. 
Nature, 400(6745), 652–655. https​://doi.org/10.1038/23231​

Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: Molecular 
Evolutionary Genetics Analysis Version 7.0 for bigger datasets. 
Molecular Biology and Evolution, 33(7), 1870–1874. https​://doi.
org/10.1093/molbe​v/msw054

Kuru, M., Yerli, S. V., Mangit, F., Ünlü, E., & Alp, A. (2014). Fish biodi‐
versity in inland waters of Turkey. Journal of Academic Documents for 
Fisheries and Aquaculture, 1(3), 93–120.

Lambeck, K., Rouby, H., Purcell, A., Sun, Y., & Sambridge, M. (2014). 
Sea level and global ice volumes from the Last Glacial Maximum 
to the Holocene. Proceedings of the National Academy of Sciences 
of the United States of America, 111(43), 15296–15303. https​://doi.
org/10.1073/pnas.14117​62111​

Levy, A., Doadrio, I., & Almada, V. C. (2009). Historical biogeography 
of European leuciscins (Cyprinidae): Evaluating the Lago Mare dis‐
persal hypothesis. Journal of Biogeography, 36(1), 55–65. https​://doi.
org/10.1111/j.1365-2699.2008.01969.x

Matzke, N. J. (2013a). BioGeoBEARS: BioGeography with Bayesian (and 
likelihood) evolutionary analysis in R Scripts (R package, version 0.2, 
1). CRAN: The comprehensive R archive network.

Matzke, N. J. (2013b). Probabilistic historical biogeography: New models 
for founder‐event speciation, imperfect detection, and fossils allow 
improved accuracy and model‐testing. Frontiers of Biogeography, 5(4), 
242–248.

Matzke, N. J. (2014). Model selection in historical biogeography reveals 
that founder‐event speciation is a crucial process in island clades. 
Systematic Biology, 63(6), 951–970. https​://doi.org/10.1093/sysbi​o/
syu056

Miller, M. A., Pfeiffer, W., & Schwartz, T. (2010). Creating the CIPRES 
Science Gateway for inference of large phylogenetic trees. In 2010 
Gateway Computing Environments Workshop, GCE 2010 (pp. 1–8). 
IEEE. https​://doi.org/10.1109/gce.2010.5676129

Neubauer, T. A., Harzhauser, M., Kroh, A., Georgopoulou, E., & Mandic, O. 
(2015). A gastropod‐based biogeographic scheme for the European 
Neogene freshwater systems. Earth‐Science Reviews, 143, 98–116. 
https​://doi.org/10.1016/J.EARSC​IREV.2015.01.010

Odabaşi, D. A., & Arslan, N. (2015). Description of a new subterranean 
nerite: Theodoxus gloeri n. sp. with some data on the freshwater gas‐
tropod fauna of Balıkdamı Wetland (Sakarya River, Turkey). Ecologica 
Montenegrina, 2(4), 327–333.

Özsayin, E., Çiner, T. A., Rojay, F. B., Dirik, R. K., Melnick, D., & Fernades‐
Blanco, D. (2014). Plio‐Quaternary extensional tectonics of the 
Central Anatolian Plateau: A case study from the Tuz Gölü Basin, 
Turkey. Turkish Journal of Earth Sciences, 22(5), 691–714. https​://doi.
org/10.3906/YER-1210-5

Paradis, E., Claude, J., & Strimmer, K. (2004). APE: Analyses of 
Phylogenetics and Evolution in R language. Bioinformatics, 20(2), 
289–290. https​://doi.org/10.1093/bioin​forma​tics/btg412

Popov, S. V. (2004). CFS, Lithological‐Paleogeographic maps of 
Paratethys. Schweizerbart'sche Verlagsbuchhandlung. Retrieved 
from http://www.schwe​izerb​art.de/publi​catio​ns/detai​l/isbn/97835​
10613​700/Litho​logic​al_Paleo​geogr​aphic_maps_of_Parat​ethys_10

Popov, S. V., Shcherba, I. G., Ilyina, L. B., Nevesskaya, L. A., Paramonova, 
N. P., Khondkarian, S. O., & Magyar, I. (2006). Late Miocene to 
Pliocene palaeogeography of the Paratethys and its relation to the 
Mediterranean. Palaeogeography, Palaeoclimatology, Palaeoecology, 
238, 91–106. https​://doi.org/10.1016/j.palaeo.2006.03.020

Posada, D., Buckley, T. R., & Thorne, J. (2004). Model selection and 
model averaging in phylogenetics: Advantages of Akaike Information 
Criterion and Bayesian approaches over likelihood ratio tests. 
Systematic Biology, 53(5), 793–808. https​://doi.org/10.1080/10635​
15049​0522304

Poulakakis, N., Kapli, P., Lymberakis, P., Trichas, A., Vardinoyiannis, K., 
Sfenthourakis, S., & Mylonas, M. (2015). A review of phylogeographic 
analyses of animal taxa from the Aegean and surrounding regions. 
Journal of Zoological Systematics and Evolutionary Research, 53(1), 18–
32. https​://doi.org/10.1111/jzs.12071​

Pulliam, H. R. (1988). Sources, sinks, and population regula‐
tion. The American Naturalist, 132(5), 652–661. https​://doi.
org/10.1086/284880

R Core Team (2016). R: A language and environment for statistical com‐
puting. Vienna, Austria: R Foundation for Statistical Computing. 
Retrieved from http://www.r-proje​ct.org

Rambaut, A., Suchard, M., Xie, W., & Drummond, A. (2014). Tracer v1.6. 
http://Tree.Bio.Ed.Ac.Uk/Softw​are/Trace​r/. Retrieved from http://
beast.commu​nity/tracer

Redding, D. W. (2003). Incorporating genetic distinctness and reserve 
occupancy into a conservation priorisation approach. Norwich, UK: 
University Of East Anglia.

Revell, L. J. (2012). Phytools: An R package for phylogenetic compara‐
tive biology (and other things). Methods in Ecology and Evolution, 3(2), 
217–223. https​://doi.org/10.1111/j.2041-210X.2011.00169.x

https://doi.org/10.1111/j.1095-8312.1999.tb01160.x
https://doi.org/10.1111/j.1095-8312.1999.tb01160.x
https://doi.org/10.1038/35016000
https://doi.org/10.1038/35016000
https://doi.org/10.1007/978-3-642-20992-5_7
https://doi.org/10.1007/978-3-642-20992-5_7
https://doi.org/10.1371/journal.pone.0000296
https://doi.org/10.1371/journal.pone.0000296
https://doi.org/10.1016/j.palaeo.2017.06.023
https://doi.org/10.1016/j.palaeo.2017.06.023
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1016/S0031-0182(03)00731-4
https://doi.org/10.1016/S0031-0182(03)00731-4
https://doi.org/10.1127/0077-7749/2009/0032
https://doi.org/10.1127/0077-7749/2009/0032
https://doi.org/10.1038/23231
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1073/pnas.1411762111
https://doi.org/10.1073/pnas.1411762111
https://doi.org/10.1111/j.1365-2699.2008.01969.x
https://doi.org/10.1111/j.1365-2699.2008.01969.x
https://doi.org/10.1093/sysbio/syu056
https://doi.org/10.1093/sysbio/syu056
https://doi.org/10.1109/gce.2010.5676129
https://doi.org/10.1016/J.EARSCIREV.2015.01.010
https://doi.org/10.3906/YER-1210-5
https://doi.org/10.3906/YER-1210-5
https://doi.org/10.1093/bioinformatics/btg412
http://www.schweizerbart.de/publications/detail/isbn/9783510613700/Lithological_Paleogeographic_maps_of_Paratethys_10
http://www.schweizerbart.de/publications/detail/isbn/9783510613700/Lithological_Paleogeographic_maps_of_Paratethys_10
https://doi.org/10.1016/j.palaeo.2006.03.020
https://doi.org/10.1080/10635150490522304
https://doi.org/10.1080/10635150490522304
https://doi.org/10.1111/jzs.12071
https://doi.org/10.1086/284880
https://doi.org/10.1086/284880
http://www.r-project.org
http://Tree.Bio.Ed.Ac.Uk/Software/Tracer/
http://beast.community/tracer
http://beast.community/tracer
https://doi.org/10.1111/j.2041-210X.2011.00169.x


     |  13SANDS et al.

Ronquist, F., Teslenko, M., der, van Mark, P., Ayres, D. L., Darling, A., 
Höhna, S., … Huelsenbeck, J. P. (2012). MrBayes 3.2: Efficient 
Bayesian phylogenetic inference and model choice across a large 
model space. Systematic Biology, 61(3), 539–542. https​://doi.
org/10.1093/sysbi​o/sys029

Roveri, M., Flecker, R., Krijgsman, W., Lofi, J., Lugli, S., Manzi, V., … Stoica, 
M. (2014). The Messinian Salinity Crisis: Past and future of a great 
challenge for marine sciences. Marine Geology, 352, 25–58. https​://
doi.org/10.1016/j.margeo.2014.02.002

Schildgen, T. F., Cosentino, D., Caruso, A., Buchwaldt, R., Yıldırım, C., 
Bowring, S. A., … Strecker, M. R. (2012). Surface expression of eastern 
Mediterranean slab dynamics: Neogene topographic and structural evo‐
lution of the southwest margin of the Central Anatolian Plateau, Turkey. 
Tectonics, 31(2), TC2005. https​://doi.org/10.1029/2011t​c003021

Schmitt, T. (2007). Molecular biogeography of Europe: Pleistocene cy‐
cles and postglacial trends. Frontiers in Zoology, 4(1), 11. https​://doi.
org/10.1186/1742-9994-4-11

Schrader, H.‐J. (1978). 41. Quaternary through Neogene history of 
the Black Sea, deduced from the paleoecology of diatoms, silico‐
flagellates, ebridians, and chrysomonads. In D. A. Rossand & Y. P. 
Neprochnov (Eds.), Initial reports of the deep sea drilling project (pp. 
789–901). Washington: U.S. Government Printing Office.

Schwarz, G. (1978). Estimating the dimension of a model. The Annals of 
Statistics, 6(2), 461–464. https​://doi.org/10.1214/aos/11763​44136​

Stebbins, G. L. (1974). Flowering plants: Evolution above the species level. 
Cambridge, MA: The Belknap Press of Harvard University.

Stelbrink, B., Shirokaya, A. A., Föller, K., Wilke, T., & Albrecht, C. (2016). 
Origin and diversification of Lake Ohrid's endemic acroloxid limpets: 
The role of geography and ecology. BMC Evolutionary Biology, 16(1), 
273. https​://doi.org/10.1186/s12862-016-0826-6

Stenseth, N. C. (1984). The Tropics: Cradle or museum? Oikos, 43(3), 417. 
https​://doi.org/10.2307/3544168

Stewart, J. R., Lister, A. M., Barnes, I., & Dalén, L. (2010). Refugia revisited: 
Individualistic responses of species in space and time. Proceedings 
Biological Sciences, 277(1682), 661–671. https​://doi.org/10.1098/
rspb.2009.1272

Stoica, M., Krijgsman, W., Fortuin, A., & Gliozzi, E. (2016). Paratethyan 
ostracods in the Spanish Lago‐Mare: More evidence for interba‐
sinal exchange at high Mediterranean sea level. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 441, 854–870. https​://doi.
org/10.1016/j.palaeo.2015.10.034

Stöver, B. C., & Müller, K. F. (2010). TreeGraph 2: Combining and vi‐
sualizing evidence from different phylogenetic analyses. BMC 
Bioinformatics, 11(1), 7. https​://doi.org/10.1186/1471-2105-11-7

Swofford, D. L. (2002). Phylogenetic analysis using parsimony PAUP* 4.0 
beta version disclaimer and user agreement. Sunderland, MA: Sinauer 
Associates. https​://doi.org/10.1.1458.68667​

van Baak, C. G. C., Radionova, E. P., Golovina, L. A., Raffi, I., Kuiper, K. 
F., Vasiliev, I., & Krijgsman, W. (2015). Messinian events in the Black 
Sea. Terra Nova, 27(6), 433–441. https​://doi.org/10.1111/ter.12177​

Verleye, T. J., Mertens, K. N., Louwye, S., & Arz, H. W. (2009). Holocene 
salinity changes in the southwestern Black Sea: A reconstruction 
based on dinoflagellate cysts. Palynology, 33(1), 77–100. https​://doi.
org/10.2113/gspal​ynol.33.1.77

Weiss, S., & Ferrand, N. (Eds.). (2007). Phylogeography of Southern 
European Refugia. Dordrecht, Netherlands: Springer Netherlands. 
https​://doi.org/10.1007/1-4020-4904-8

Wesselingh, F. P., & Alçiçek, H. (2010). A new cardiid bivalve from 
the Pliocene Baklan Basin (Turkey) and the origin of modern 
Ponto‐Caspian taxa. Palaeontology, 53(4), 711–719. https​://doi.
org/10.1111/j.1475-4983.2010.00958.x

Wesselingh, F. P., Alçiçek, H., & Magyar, I. (2008). A Late Miocene 
Paratethyan mollusc fauna from the Denizli Basin (southwestern 
Anatolia, Turkey) and its regional palaeobiogeographic implications. 

Geobios, 41(6), 861–879. https​://doi.org/10.1016/J.GEOBI​
OS.2008.07.003

Westaway, R., Guillou, H., Yurtmen, S., Demir, T., Scaillet, S., & 
Rowbotham, G. (2005). Constraints on the timing and regional 
conditions at the start of the present phase of crustal extension in 
western Turkey, from observations in and around the Denizli re‐
gion. Geodinamica Acta, 18(3–4), 209–238. https​://doi.org/10.3166/
ga.18.209-238

Wilke, T., Albrecht, C., Anistratenko, V. V., Sahin, S. K., & Yildirim, M. 
Z. (2007). Testing biogeographical hypotheses in space and time: 
Faunal relationships of the putative ancient Lake Egirdir in Asia 
Minor. Journal of Biogeography, 34(10), 1807–1821. https​://doi.
org/10.1111/j.1365-2699.2007.01727.x

Wilke, T., Schultheiß, R., & Albrecht, C. (2009). As time goes by: A 
simple fool's guide to molecular clock approaches in inverte‐
brates. American Malacological Bulletin, 27, 25–45. https​://doi.
org/10.4003/006.027.0203

Xia, X. (2013). DAMBE5: A comprehensive software package for Data 
Analysis in Molecular Biology and Evolution. Molecular Biology and 
Evolution, 30(7), 1720–1728. https​://doi.org/10.1093/molbe​v/
mst064

Xia, X., & Xie, Z. (2001). DAMBE: Software package for Data Analysis in 
Molecular Biology and Evolution. Journal of Heredity, 92(4), 371–373. 
https​://doi.org/10.1093/jhere​d/92.4.371

Xia, X., Xie, Z., Salemi, M., Chen, L., & Wang, Y. (2003). An index 
of substitution saturation and its application. Molecular 
Phylogenetics and Evolution, 26(1), 1–7. https​://doi.org/10.1016/
S1055-7903(02)00326-3

Yavuz, N., Culha, G., Demirer, Ş. S., & Aydın, A. (2017). Pollen, ostracod 
and stable isotope records of palaeoenvironment and climate: Upper 
Miocene and Pliocene of the Çankırı Basin (Central Anatolia, Turkey). 
Palaeogeography, Palaeoclimatology, Palaeoecology, 467, 149–165. 
https​://doi.org/10.1016/j.palaeo.2016.04.023

BIOSKE TCH

A.F.S. is PhD student at Justus Liebig University, Giessen with 
an interest in the roles satellite regions play as sources or sinks 
of biodiversity to the Pontocaspian region. The team of authors 
has a strong research focus in biogeography, phylogenetics and 
geology. All authors contributed to the general framework of the 
article: A.F.S., C.A., S.S. and T.W. performed fieldwork and col‐
lected samples; A.F.S. and S.V.S. generated the data; A.F.S., B.S. 
and T.A.N. performed the analyses; S.L. and T.A.N. provided pal‐
aeoenvironmental and geological context; A.F.S., T.W. and C.A. 
led the writing.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article. 

How to cite this article: Sands AF, Sereda SV, Stelbrink B, 
et al. Contributions of biogeographical functions to species 
accumulation may change over time in refugial regions. J 
Biogeogr. 2019;00:1–13. https​://doi.org/10.1111/jbi.13590​

https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1016/j.margeo.2014.02.002
https://doi.org/10.1016/j.margeo.2014.02.002
https://doi.org/10.1029/2011tc003021
https://doi.org/10.1186/1742-9994-4-11
https://doi.org/10.1186/1742-9994-4-11
https://doi.org/10.1214/aos/1176344136
https://doi.org/10.1186/s12862-016-0826-6
https://doi.org/10.2307/3544168
https://doi.org/10.1098/rspb.2009.1272
https://doi.org/10.1098/rspb.2009.1272
https://doi.org/10.1016/j.palaeo.2015.10.034
https://doi.org/10.1016/j.palaeo.2015.10.034
https://doi.org/10.1186/1471-2105-11-7
https://doi.org/10.1.1458.68667
https://doi.org/10.1111/ter.12177
https://doi.org/10.2113/gspalynol.33.1.77
https://doi.org/10.2113/gspalynol.33.1.77
https://doi.org/10.1007/1-4020-4904-8
https://doi.org/10.1111/j.1475-4983.2010.00958.x
https://doi.org/10.1111/j.1475-4983.2010.00958.x
https://doi.org/10.1016/J.GEOBIOS.2008.07.003
https://doi.org/10.1016/J.GEOBIOS.2008.07.003
https://doi.org/10.3166/ga.18.209-238
https://doi.org/10.3166/ga.18.209-238
https://doi.org/10.1111/j.1365-2699.2007.01727.x
https://doi.org/10.1111/j.1365-2699.2007.01727.x
https://doi.org/10.4003/006.027.0203
https://doi.org/10.4003/006.027.0203
https://doi.org/10.1093/molbev/mst064
https://doi.org/10.1093/molbev/mst064
https://doi.org/10.1093/jhered/92.4.371
https://doi.org/10.1016/S1055-7903(02)00326-3
https://doi.org/10.1016/S1055-7903(02)00326-3
https://doi.org/10.1016/j.palaeo.2016.04.023
https://doi.org/10.1111/jbi.13590

