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Abstract
The southernmost population of Eurasian water vole (Arvicola amphibius) inhabited Lake Hula in the upper Jordan Valley 
until the lake was drained in the 1950s. Considering the continuous conservation and restoration initiatives in the Hula Valley, 
we set out to verify the extinction of the Hula water vole population using trap surveys, field sign surveys, and owl pellets’ 
content. Having confirmed its recent extirpation, we used museum and archaeological specimens to study the morphologi-
cal and genetic similarity of the extirpated Hula water voles to both modern conspecifics in Eurasia and to local Pleistocene 
specimens. Our results suggest that the Hula population represented an admixture of extinct local Pleistocene and extant, 
probably European, ancestors. The recent anthropogenic extirpation of this unique population could justify its reintroduction.  
Species distribution modelling, however, suggests future deterioration of habitat suitability over the coming decades. This 
calls for careful consideration of how sustainable a reintroduction would be.

Keywords  Water vole · Arvicola · Paleobiology · Geometric morphometrics · Ancient DNA · Species distribution 
modelling

Introduction

Lake Hula, in northeastern Israel, was drained in the 1950s, 
severely damaging local plant and animal communities 
(Hambright and Zohary 1999) (Fig. 1) and driving the prob-
able extirpation of the southernmost water vole (Arvicola 
amphibius s.l.) population (Mendelsshon and Yom-Tov 
1999). The recent, human-caused, extirpation suggests the 
possibility of restoring water voles to the Hula Valley as 
part of the ongoing re-flooding and conservation efforts in 
the region (Hambright and Zohary 1998; Tsipris and Meron 
1998; Cohen-Shacham et al. 2011).

Water voles (Arvicola spp.) are widely distributed, from 
Britain to the Lena River, and from Scandinavia to the Mid-
dle East (Lawton and Woodroffe 1991; Batsaikhan et al. 
2021). Arvicola includes three species: A. sapidus in Iberia 
and France, A. amphibius in much of northwestern Eurasian 
(Brace et al. 2016), and A. persicus in Iran (Mahmoudi et al. 
2020). Genetic studies suggest allopatric population diversi-
fication in Glacial Maximum refugia and consequent spread 
and recolonisation during interglacials (Centeno‐cuadros 
and Delibes 2009; Brace et al. 2016). Water voles have both 
fossorial and semi-aquatic forms, which differ in body size 
and molar shape (Piras et al. 2012), but do not match phylo-
genetic structure (Brace et al. 2016).

The earliest known Arvicola specimens in the Southern 
Levant date to the early Pleistocene of Ubeidiya in the Jor-
dan Valley (Tchernov 1975). The earliest Hula Valley fossils 
are from ~ 65 kya in Nahal Mahanayim Outlet. These have 
been ascribed to a new species, Arvicola nahalensis, based 
on the first lower molar (m1) anteconid morphology (Maul 
et al. 2021). Maul et al. (2021) suggested that the recent Hula 
water voles, known from the owl pellets collected in the 1940s 
by Dor (Mendelsshon and Yom-Tov 1999), were similar in 
their enamel thickness to final Pleistocene and early Holocene 
specimens from Eynan (ca. 14 kya, Hula Valley) and Netiv 
Hagdud (ca. 11 kya, near Jericho), and that they were probably 
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Fig. 1   The study region (yellow rectangle) against the current southern part of A. amphibius range (top). The Hula Lake in 1942 and today (bot-
tom; Map courtesy of Uri Roll, habitat definitions follow Renan et al. 2017)
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part of, or closely related to, the extant Iranian lineage, A. per-
sicus. This contradicts the traditional assignment of the recent 
Hula water voles to A. amphibius (Mendelsshon and Yom-Tov 
1999), although the Iranian population has only been elevated 
to the species level in 2020 (Mahmoudi et al. 2020). Maul 
et al. (2021) suggested that, during the late Pleistocene, the 
endemic A. nahalensis was replaced by A. persicus, which 
persisted in the Jordan Valley until recently. By the twentieth 
century CE, southern Levant Arvicola were restricted to the 
northernmost part of the Jordan Valley in the Hula region. The 
1950s drainage of the lake and the adjacent swamp are thought 
to have driven this last population to extinction (Mendelsshon 
and Yom-Tov 1999; Meiri et al. 2019).

The water voles of Lake Hula are known from 21 crania 
found in owl pellets recovered during the 1940s from Yesud 
Hamaala on the western bank of the Hula, where Menahem 
Dor had also spotted water vole droppings and field marks (Dor 
1947). Recent pellets of several owl species from the Galilee did 
not yield Arvicola remains (Comay et al. 2022). Some doubts, 
however, remain due to a report on a water vole south of the Sea 
of Galilee (32.649N 35.562E) in 1995, and another potential 
sighting at Tel Dan (33.249N, 35.651E) (Horvitz 2015).

We therefore aimed

1.	 To test whether water voles really went extinct in Israel. 
This was accomplished by trap and sign surveys along 
water courses in the Hula and Dan Nature reserves, and 
studying rodent remains from owl pellets.

2.	 To assess which extant water vole population is most 
similar to the extinct Hula voles using genetic and mor-
phometric tools.

3.	 To evaluate current and future habitat suitability of the 
Hula region to water voles using species distribution 
modelling.

Assessing the present condition of the Hula water vole 
population, comparing it to existing populations, and 

evaluating the regional suitability, can inform decisions 
regarding the potential reintroduction of this rodent to Israel.

Materials and methods

Sign and trap surveys

During March 2018, we carried out a field sign survey in 
the Dan and Hula Nature Reserves. We surveyed stretches 
of lake shore that were adjacent to water at least 25 cm deep, 
had > 70% vegetation coverage, and had a non-composite 
soil profile that is raised at least 20 cm above the lake level. 
The sign survey focused on scats, holes, eating platforms, 
tracks, and nests. Arvicola-specific traps were purchased 
from Wildcare Nationwide Ecology Supplies (UK) and 
deployed in the surveyed regions during the 2nd–6th (Tel 
Dan) and 9th–12th (Hula) of June 2018, in regions where the 
pre-drainage outlines of the water bodies remained relatively 
unaltered. We used peanut butter snacks as a lure. Twenty-
five traps were laid each night (Fig. 2).

Owl pellet recovery

Owl pellet contents are important means for reconstruct-
ing regional micro-faunal sequences (Dodson and Wexlar 
1979; Kusmer 1990). Owls were effective ‘collectors’ of 
water voles in the Hula (Dor 1947). We thus attempted to 
recover owl pellets that span the time between the drain-
age (1951–1957) and the present. We examined a standing 
building from the ruins of the village of Tulayl (33.110N, 
35.595E WGS84), on the banks of the Hula Lake, which was 
abandoned in the 1948 war (Supplement 1, Fig. S1-1). The 
roofed building was used by nocturnal raptors, and microfau-
nal remains and nesting materials were concentrated below 
the window and door lintels. We opened five 1 × 1 m excava-
tion squares below window/door arches and excavated the 

Fig. 2   Location of trap deploy-
ment in the Hula (left) and Dan 
(right) nature reserves. Map 
courtesy of Uri Roll
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20–25 cm of deposits overlying the floor (Fig. S1-2). These 
deposits cannot be dated accurately, but their horizontal 
stratification (Fig. S1-3, Table S1-1) suggests gradual accu-
mulation over decades. The sediments were sieved through 
1-mm aperture mesh, and the rodent remains collected 
and identified to taxon based on craniodental morphology 
(Table S1-3).

Ancient DNA

DNA extraction

One mandible, collected in the 1940s from Yesod Hamaala, 
Upper Galilee, was used for genetic analysis. DNA was 
extracted in a dedicated ancient DNA laboratory that is 
physically isolated from post-PCR laboratory. We followed 
the protocol described in Dabney et al. (2013).

Library preparation

The DNA extract and negative controls were converted into 
genomic libraries following a modified single-tube BEST 
library protocol (Carøe et al. 2018): 32 µl DNA sample was 
mixed with 8 µl of a master mix consisting of 0.4 µl T4 DNA 
polymerase (NEB, cat#M0203S, 3 U/µl), 1 µl T4 Polynucleo-
tide Kinase (NEB, cat#M0201S, 10 U/µl), 4 µl 10 × T4 DNA 
Ligase Reaction Buffer (NEB), and 0.4 µl dNTP (25 mM). The 
end-repair reaction was incubated for 30 min at 20 °C followed 
by 30 min at 65 °C. For adapter-ligation, 2 µl of blunt-end 
adapter BEDC3 (20 µM) was added to the same reaction tube 
and mixed by pipetting, followed by 8 µl of master mix con-
sisting of 6 µl PEG 4000 (Sigma-Aldrich, 50%), 1 µl T4 DNA 
Ligase Reaction Buffer (10 ×), and 1 µl T4 DNA ligase (NEB, 
cat#M0202S, 400 U/µl). The ligation reaction was incubated 
for 30 min at 20 °C followed by 10 min at 65 °C. The fill-in 
step was performed by adding 10 µl of master mix consisting 
of 0.8 µl dNTP (25 mM), 2 µl Isothermal Amplification Buffer 
(10 ×) (NEB), 5.6 µl molecular biology grade water, and 1.6 µl 
Bst 2.0 Warmstart polymerase (NEB, cat#M0538S, 8 U/µl). 
The fill-in reaction was incubated at 65 °C for 15 min, fol-
lowed by 15 min at 80 °C. Following library preparation, the 
reactions were purified with a MinElute column following the 
manufacturer’s instructions and eluted twice in 18 µl EB after 
12 min incubation time at 42 °C.

Quantitative PCR

Quantitative PCR (qPCR) was performed on purified librar-
ies, using 2 µl template of a 10 × dilution of the libraries and 
a 5 µl of Power SYBR Green PCR master mix 2 × (Applied 
Biosystems), 0.2 µM forward and reverse primer IS7 and 
IS8 (Meyer and Kircher 2010), and 2.6 µl molecular biology 
grade water to a final reaction volume of 10 µl. qPCR was 

performed on StepOnePlus Real-Time PCR System instru-
ment (Applied Biosystems). Cycling conditions included the 
following: 95 °C for 10 min, followed by 40 cycles of 95 °C 
for 15 s, and 60 °C for 60 s.

Indexing, PCR amplification, and sequencing

The two libraries were indexed and amplified for sequenc-
ing, using conventional full-length P7 and P5 Illumina prim-
ers with indexes (Carøe et al. 2018). PCR was performed in 
25 µl reactions using 4 µl template, 2.5 µl 10 × AmpliTaq Gold 
buffer, 2.5 µl 25 mM MgCl2, 1 µl 1 µg/µl Rabit Serum Albu-
min (RSA), 0.2 µl 25 mM dNTP, 0.5 µl 10 µM forward and 
reverse indexed primers (specific for each sample), 0.3 µl 5 U/
µl AmpliTaq Gold polymerase and 4.5 µl molecular biology 
grade water to final volume of 25 µl. Libraries were amplified 
in the Applied Biosystems ProFlex PCR System using the fol-
lowing conditions: 95 °C for 10 min, followed by 20 cycles of 
95 °C for 30 s, 60 °C for 60 s, and 72 °C for 45 min, followed 
by 5 min at 72 °C. Quantification and size estimation was per-
formed with an Agilent 4200 TapeStation system. Sequencing 
was performed on an Illumina NextSeq™ 500 system for 75 
cycles in single read mode.

Data processing

Raw reads were processed using AdapterRemoval (Schubert 
et al. 2016), trimming the adapters and low-quality bases, 
and discarding reads shorter than 30 bp. Reads were mapped 
against water vole mitogenome from GenBank MT381921 
using BWA (Li and Durbin 2009) with BWA-backtrack loga-
rithm and disabled seed. Reads mapping to the reference 
were sorted and duplicates removed using Picard (http://​
broad​insti​tute.​github.​io/​picard), then realign to minimise 
the number of mismatches around the indels using GATK 
(https://​gatk.​broad​insti​tute.​org/​hc/​en-​us). MapDamage2.0 
(Jónsson et al. 2013) was used to analyse the damage pat-
tern in the fragments. We annotated the mitogenome using 
MITOS2 (beta version) (Donath et al. 2019), followed by 
manual validation of the coding regions using the NCBI 
ORF Finder (http://​www.​ncbi.​nlm.​nih.​gov/​proje​cts/​gorf/).

Phylogenetic analyses

We first built a dataset with complete mitogenomes of the  
Arvicolinae based on the published data in Abramson et al. 
(2021). The dataset included 27 complete voles and lemming 
mitogenomes and two water voles mitogenomes from Den-
mark (from GenBank, Accession numbers: MN12283 and 
MN122828). We used the concatenated alignment of 13 genes 
using MAFFT version 7.222 (Katoh et al. 2002). There are 
only three published complete mitogenomes of water voles. We 
therefore assembled a second dataset of cytochrome b (CYTB) 

http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
https://gatk.broadinstitute.org/hc/en-us
http://www.ncbi.nlm.nih.gov/projects/gorf/
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gene sequences using published data from Chevret et al. (2020). 
This dataset includes four A. amphibius lineages, Arvicola 
sapidus, and A. persicus. The total dataset included 268 indi-
viduals and 911 bp with common vole (Microtus arvalis), 
bank vole (Myodes glareolus), Père David’s vole (Eothenomys 
melanogast), and Zaisan mole (Ellobius tancrei) as outgroups 
(Table S2-1; Chevret et al. 2020).

For both datasets, phylogenetic trees were reconstructed 
using maximum likelihood (ML) and Bayesian inference 
(BI). We ran ML and BI analyses with W-IQ-TREE (Tri-
finopoulos et al. 2016) and MrBayes v3.2 (Ronquist et al. 
2012), respectively. The analyses were run according to 
the results of PartitionFinder (Lanfear et al. 2017), using 
W-IQ-TREE (Trifinopoulos et al. 2016). Robustness of the 
nodes was estimated with 1000 ultrafast bootstrap replicates 
(Hoang et al. 2018) and posterior probability with MrBayes. 
Markov chain Monte Carlo analyses were run independently 
for 3,000,000 generations with sampling every 100 genera-
tions, discarding the first 10% as burn-in. For the complete 
mitogenomes dataset, the analysis was carried out with 
genes partition only, while for the CYTB dataset, the analy-
sis was carried out with codon partition. Trees were visu-
alised and edited in FigTree v1.4.4 (Rambaut 2012). DNA 
sequences were deposited in GenBank (BankIt2793521 Seq1 
PP291566).

Geometric morphometrics

We ran geometric morphometric analysis on 102 lower first 
molars to determine the similarity of the extirpated Hula water 
voles to recent Eurasian populations and to local archaeologi-
cal specimens from Eynan (~ 14 kya) (Valla et al. 2017) and 
Nahal Mahanayim Outlet (NMO, ~ 65 kya) (Kalbe et al. 2015; 
Maul et al. 2021). Teeth were photographed at the Natural 
History Museum, London, the Steinhardt Museum of Natural 
History (Tel Aviv University), and the Natural History Collec-
tions of the Hebrew University (Table S3-1). The full database 
including landmark files and the script used in the geometric 
morphometric analysis are deposited in https://​doi.​org/https://​
doi.​org/​10.​5281/​zenodo.​81891​64.

Specimens were ascribed to a southern European group 
(EuS; N = 11 from Macedonia, Italy, and Kosovo), a north 
European group (EuN; N = 50, UK, Estonia, Finland, France, 
Germany, Switzerland, and Russia), a central Asian group 
(AsiaC; N = 13 from Iran, Kazakhstan, and Turkey), and 
a local group (Nahal Mahanayim Outlet (IL-MP; N = 11), 
Eynan (IL = Epi; N = 4), and recent Hula (IL-Mod; N = 14)), 
based on the specimens geographic origins.

All teeth were photographed by AOP using a Nikon D7500 
camera with a Nikkor 40-mm DX micro lens. The photographs 
were taken perpendicular to the occlusal plane. Digitisation fol-
lowed the protocol of Piras et al. (2012) for water vole m1, 
using TPSdig2 (Rohlf 2017). Procrustes transformation of the 

landmarks and semi-sliding landmarks (geomorph::gpagen) 
was followed by principal components analysis (geomorph::gm.
prcomp) and canonical variates analysis (CVA, Morpho::CVA 
with jackknife cross-validation) of the first ten principal com-
ponents. Shape disparity between groups was calculated based 
on Procrustes distances (geomorph::morphol.disparity). Data 
analysis was carried out on R 4.2.1 using the libraries ‘geo-
morph’ (Adams and Otárola-Castillo 2013; Collyer and Adams 
2018; Adams et al. 2022) and ‘Morpho’ (Schlager 2017). Data 
visualisation also used ‘ggplot2’ (Wickham et al. 2016) and 
‘ggsci’ (Xiao 2018).

Species distribution modelling

Environmental data and study area

Climate data for current and future climatic scenarios 
were obtained from CHELSA (https://​chelsa-​clima​te.​org/, 
accessed May 2023) at a 1-km (30 arc-sec) resolution for the 
period 1981–2010. We selected three global future climate 
models from CMIP6 (GFDL-ESM4, PSL-CM6A-LR, and 
MRI-ESM2-0) for the periods 2041–2070 and 2071–2100, 
under two shared socioeconomic pathways (ssp) scenarios 
(ssp126 and ssp585) which represent two contrasting scenar-
ios of future greenhouse gas emissions, with ssp126 assum-
ing a rapid and sustained reduction in emissions and ssp585 
assuming a continued increase in emissions throughout the 
twenty-first century. We downloaded data for 19 bioclimatic 
variables, plus the mean monthly climate moisture index 
(CMI), the growing degree days heat sum above 0 °C (gdd0), 
the mean monthly near-surface relative humidity (hurs), 
the net primary productivity (NPP), and the mean monthly 
potential evapotranspiration (PET).

We also generated four topographic variables, elevation, 
aspect, slope, and roughness from a 1-km resolution from 
NASA Shuttle Radar Topography Mission (SRTM) Version 
3.0 (SRTM Plus) digital elevation model using the function 
terra::terrain in R (Wilson et al. 2007). We further used dis-
tance to water (DW) by calculating the distance to water bodies 
using the function rgeos::gDistance in R (Bivand 2018). The 
water bodies’ vectorial data, at 10-m resolution, were derived 
from World Data Bank 2 by smoothing and adjusting the river 
and lake outlines to fit a shaded relief generated. The study area 
was selected to encompass the current and historical geographi-
cal range of A. amphibius. Thus, all climatic, topographic, and 
environmental rasters were cropped to the extent 20°W to 
140°E longitude and 20°S to 70°N latitude. Raster resolution 
was downscaled to a 5-km grid.

Occurrence data

Occurrence data for A. amphibius were downloaded from iNat-
uralist (only dated ‘research-grade’ occurrences with coordinate 

https://doi.org/
https://doi.org/10.5281/zenodo.8189164
https://doi.org/10.5281/zenodo.8189164
https://chelsa-climate.org/
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uncertainty < 10,000 m, that were verified by ⪭ 2 users and 
backed by photographs). We also used the rgbif::occ_search 
function in R to obtain occurrence data from GBIF. The 
query was limited to 10,000 records and filtered to select only 
human observations (museum specimens were discarded) 
from the year 1800 to the present and with a coordinate uncer-
tainty < 10,000 m (Fig. S4-1). We cleaned the data (e.g. for 
coordinate uncertainty, taxonomic issues, country of origin) 
with the CoordinateCleaner::clean_coordinates function in R. 
The filtered and cleaned GBIF dataset included 9132 records. 
The GBIF database also contained some (but not all) of theiN-
aturalist data. We combined the datasets, removed duplicates, 
and adjusted the presence data to the climate raster resolution 
(so that there was only one presence point per pixel). The final 
dataset contained 1072 presences (Fig. S4-2).

Observations were heavily spatially clustered. Thus, we 
further generated pseudo-presence data from the IUCN Red 
List of Threatened Species distribution range which repre-
sents the current distribution of water voles. After adjusting 
the presence data to the climate raster resolution, the IUCN 
dataset contained 1129 pseudo-presences.

Absence data

We generated pseudo-absence data for the presence (iNat-GBIF) 
and pseudo-presence (IUCN) datasets. In the case of the iNat-
GBIF dataset, we drew 100-km buffers around each presence 
point and took a random sample of pseudo-absences outside of 
these buffers throughout the study area. We generated 10 differ-
ent sets of random pseudo-absences. For the IUCN dataset, the 
pseudo-absence points were taken outside of the polygon. The 
number of pseudo-absences equaled the number of presences 
and pseudo-presences, following Barbet-Massin et al. (2012), 
who recommended weighted presences and absences for tree-
classifier algorithms (see sections below).

Variable importance and selection

For each presence-absence dataset, we removed vari-
ables with Variance Inflation Factors (VIF) > 10 using the 
flexsdm::correct_colinvar function in R (Velazco et  al. 
2022). The remaining variables were put through the auto-
mated stepwise variable set reduction procedure following 
the Bayesian additive regression trees (BART) method pro-
vided in the embarcadero::var.step function (Carlson 2020). 
In this method, the least informative variable is eliminated 
across all model iterations (n = 200) with 20 trees. The 
models are rerun (also with iterations = 200) without the 
least informative variable, recording the root mean square 
error (RMSE). The previous steps are repeated until there 
are only three covariates left. The number of variables to 
be dropped is decided based on the model with the lowest 
average RMSE.

Variable importance was examined using the 
embarcadero::varimp.diag function in R, set up to 200 
iterations (Carlson 2020). We selected only the model runs 
with 20 trees (Chipman et al. 2010). Variable importance in 
BART results from counting the number of times a given 
variable is used by a tree split across the full posterior draw 
of trees (Cutler et al. 2007; Chipman et al. 2010; Carlson 
2020). This method weighs the relative importance of each 
variable across all decision trees and thus spreads variable 
contribution across all covariates. This approach guards 
against the elimination of variables that could be good pre-
dictors of the response and may be ecologically important 
(Cutler et al. 2007).

Model implementation and evaluation

We modelled the water vole potential geographic distribu-
tion running BART models with the default parameters as 
implemented in embarcadero::dbarts in R (Carlson 2020). 
BART models were run using 200 trees and 1000 back-
fitting Markov Chain Monte Carlo (MCMC) iterations, 
discarding 20% as burn-in. Maps with environmental suit-
ability projections were generated for each of the future cli-
matic projections and environmental suitability estimates 
were extracted at the Hula (35.599°N, 33.077°E) and Tel 
Dan (35.651°N, 33.248°E) nature reserves. In addition, a 
threshold that maximised the true skill statistic (TSS) was 
calculated for each BART model, which was then used to 
generate binary suitable/non-suitable maps.

Model performance was evaluated using a 5 k-fold cross-
validation approach and model performance metrics: the 
correct classification rate (CCR), sensitivity, specificity, 
precision, recall, kappa, the operating characteristic curve 
(AUC), and true skill statistics (TSS) (Allouche et al. 2006; 
Liu et al. 2009; Márcia Barbosa et al. 2013). To facilitate 
comparisons across metrics, AUC and TSS were scaled to 
the interval 0 to 1 (Barbosa 2015), with values closer to 
unity indicating optimal prediction performance and val-
ues < 0.5 indicating that the model performs no better than 
random chance. We generated partial dependence plots 
for each of the variables used in the models to show the 
response curves of individual variables in relation to habitat 
suitability estimations. The response curves depict the aver-
age for each posterior draw of sum-of-trees models and true 
Bayesian credible intervals (Carlson 2020).

Results

Sign survey, trap survey, and owl pellets

No scats, tracks, holes, feeding platform, or other field 
signs of water vole have been found in the field survey. All 
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the traps deployed were recovered empty except two traps 
deployed at Tel Dan which caught a stone marten (Martes 
foina) and an Eastern broad-toothed field mouse (Apodemus 
mystacinus), which were released unharmed at the point of 
capture. No water voles were trapped in either locality.

The excavation in a-Tulayl yielded an assemblage 
yielded ~ 150 rodent remains including 27 craniodental 
fragments (NISP). These were identified as Crocidura 
(N = 2), Microtus (N = 22), Rattus (N = 2), and (probably) 
Mus (N = 1) (Table S1-2). No Arvicola remains were found.

Ancient DNA

The specimen from Yesod Hamaala was well preserved, and the 
mitochondrial genome was sequenced to high coverage (> 50, 
Table S2-1). The substitution model which best fit the 13 mito-
chondrial genes was GTR + I + G, while for the CYTB gene alone 
the TPM24 + G + 1 model was the best fit. For both datasets, BI 
and ML analyses yielded similar topologies. The phylogenetic 
tree shows that the Hula specimen (labelled ‘MM1000_Israel’) 
occupies a basal split within the Arvicola (100% ML bootstrap 
support and 1.0 Bayesian posterior probabilities) (Fig. S2-1).

In the CYTB tree, the Hula specimen falls with the Arvi-
cola amphibious clade (99% ML bootstrap support and 1.0 
Bayesian posterior probabilities), and groups with Italian 
samples with high support (95% ML bootstrap support and 
0.91 Bayesian posterior probabilities) (Fig. 3; see supple-
mentary Fig. S2-2). Overall, tree topologies are consistent 
with the outcomes of other molecular studies on Arvicolinae 
and on Arvicola (Chevret et al. 2020; Abramson et al. 2021).

Geometric morphometrics

The effects of regional grouping, size, and their inter-
action, on m1 shape (executed on the Procrustes trans-
formed landmarks; Fig. 4a) are statistically significant 
(Table S3-2). The effect of group association (R2 = 0.24, 
P = 0.001) is by far the strongest (size, R2 = 0.01, 
P = 0.02; group/size interaction, R2 = 0.06, P = 0.04). 
Centroid size estimates (Fig. 4b) suggest that the recent 
Hula voles had a similar m1 size range as water voles 
from all other recent groups but were smaller, on average, 
and more variable in size than the Pleistocene specimens 
from the same region.

Shape PCA results (Fig. 4c) suggest that the main differ-
ence between specimens is the robusticity of the anterior cap 
and neck (see also Piras et al. 2012). When group structure 
is considered, the Pleistocene specimens from Hula have 
reduced anterior caps. Recent specimens (including Eurasian 
and Persian water voles) have a more robust anterior caps 
and necks. Most (77%, N = 10) recent Hula specimens have 
positive PC1 values, like their Pleistocene predecessors, but 
three (23%) show strong negative values indicating a robust 
anterior cap. Such bimodality is not apparent in any of the 
other groups.

CVA and the Procrustes distance were used to exam-
ine the difference between groups. The CVA (Fig. 5a, see 
Table S3-3 for classification statistics) clearly separates 
Middle Palaeolithic Hula water voles from the other, includ-
ing Hula Epipalaeolithic, groups. Cluster analysis based on 
Mahalanobis distance also places the terminal Pleistocene 

Fig. 3   A simplified Bayesian phylogeny of Arvicola water voles, 
with 268 individuals from Europe and Asia and based on a 911 bp of 
CYTB. Node support is presented by Bayesian posterior probabilities 

and bootstrap supports respectively. Based on the data from Chevret 
et al. (2020). For a full tree see Fig. S2-2
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and recent Hula water voles as separated from, but closer to, 
all other modern groups (Fig. 5b).

Procrustes distances (Fig. 5c, Table S3-2, Table S3-4) 
suggest close affinity between the late and terminal Pleisto-
cene Hula groups. The recent Hula voles take an intermedi-
ate position with the southern European group between the 
archaic and the Eurasian voles.

Species distribution modelling

The BART selection procedure resulted in ten variables. 
These are, in order of importance, temperature seasonality 
(bio4), net primary productivity (npp), mean daily maximum 
air temperature in the warmest month (bio5), precipitation 
seasonality (bio15), mean monthly precipitation amount of 
the coldest quarter (bio19), elevation, mean temperature of 
driest quarter (bio8), mean diurnal air temperature range 
(bio2), mean monthly precipitation amount of the warmest 
quarter (bio18), and slope (Fig. S4-3).

The partial dependence plots (Fig. S4-4, Figure S4-5) indi-
cate that water voles prefer productive habitats (NPP > 1000 g 
C m−2 year−1), low temperature and precipitation seasonality, 

Fig. 4   A Landmark and semi-sliding landmark configuration. B Cen-
troid size by group. C Shape PCA: colours denote groups and num-
bers inside circles are specimen index numbers (https://​doi.​org/​10.​
5281/​zenodo.​81891​64). Specimens EuS, southern European group; 
EuN, northern European group; AsiaC, central Asian group; IL-MP, 
Nahal Mahanayim Outlet; IL-Epi, Eynan; IL-Mod, recent Hula

◂

Fig. 5   A Visualisation of the 
first two canonical variate 
scores colour-coded by group. 
Numbers are specimen identifi-
cations (S3-2). B Mahalanobis 
distance between groups based 
on the CV scores. C Neighbour-
joining tree based on the inter-
group Procrustes distance

https://doi.org/10.5281/zenodo.8189164
https://doi.org/10.5281/zenodo.8189164
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maximum temperatures in the warmest month not surpass-
ing 30 °C, mean diurnal temperature range < 0.2 °C, eleva-
tion < 1200 m, fewer than 500-mm rain in summer, and 
300- and 700-mm rain in winter. The average AUC for the 
generated models was higher than 0.9 and the TSS was higher 
than 0.8, suggesting that the models performed adequately 
(Table S4-1, Fig. S4-6, Fig. S4-7). The mean environmental 
suitability estimates with BART for all future climate sce-
narios (Fig. 6) suggest low environmental suitability in the 
Hula and Dan nature reserves. None of the environmental 
suitability estimates were higher than the thresholds calcu-
lated for the models. Furthermore, there is a continuous trend 
towards less suitable habitats in the Levant in 2040, 2070, 
and 2100 as the projected range of the species shifts north, 

regardless of the presence-absence dataset, climatic model, 
or carbon emissions scenario used (Fig. 7).

Discussion

We find unequivocal support for the notion that the water 
vole went extinct from the Hula Valley. The traps cap-
tured no water voles, and there were neither field signs nor 
remains in owl pellets, despite historical evidence of their 
common occurrence in the 1940s. Furthermore, a search for  
Arvicoline DNA in the Environmental DNA database recov-
ered from Lake Hula (Perl et al. 2022) yielded negative 
results (Bina Perl, pers. comm.). Of 24 vertebrate species 

Fig. 6   Forecasted distribution of water vole suitable environments 
across Eurasia averaged for all climatic models and emission sce-
narios. The results obtained with the iNAT-GBIF occurrence dataset 

are shown in the left panels and the results obtained using the IUCN 
occurrence dataset are shown in the right panel
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sequences, only one has been identified as a rodent, and a 
BLAST result gave 100% conformance with a rat (Rattus sp. 
indet.). These results strongly support the widely acknowl-
edged assumption that the local water vole population is 
extirpated, most likely because of the drainage of the lake 
in the 1950s.

A single mtDNA sequence of a twentieth-century water 
vole from the Hula clusters with recent southern European 
sequences of A. amphibius. While we are certain of this spe-
cific result, the question remains how well it represents the 
population from which it is derived. M1 geometric morpho-
metrics suggests that shape variation is mainly in the anterior 
cap, which was suggested to relate to aquatic (gracile) and 
fossorial (derived, robust) ecomorphs (Piras et al. 2012). Most 
recent Hula specimens cluster with the Palaeolithic and Epi-
paleolithic period specimens from the same region, but a few 
have a robust morphology—a bimodal distribution of this trait 
not observed in other populations. Specimen centroid sizes 
of recent Hula voles are likewise more variable than archaic 
populations. This Holocene diversity in size and shape may 
reflect post-glacial demographic expansion and admixture.

Discriminatory canonical variates analysis suggests 
that the Middle Palaeolithic voles form a distinct cluster, 
in accordance with the observations of Maul et al. (2021). 
Both canonical variates analysis and Procrustes disparity 
suggest closer relations of later Pleistocene Hula water 
voles to modern Eurasian A. amphibius. The recent Hula 
vole shapes are similar to southern European populations 
mirroring the results obtained using aDNA.

The species distribution probabilities indicate that the Hula 
Valley currently represents the southernmost boundary of poten-
tially suitable water vole habitats in Asia. The Hula Valley popu-
lation of the twentieth century was located at the edges of the 
water vole distribution. Although it is possible that we may have 
overlooked certain environmental factors influencing water vole 
distribution, the modelling results consistently indicate future 
decline in favourable climatic conditions in the Levant region 
and across Eurasia. This decline is associated with increasing 
aridity and temperatures in the southern regions, leading to a 
northward restriction of their potential range. A reintroduction of 
water voles in the local conditions of the Hula Valley will likely 
face substantial challenges from climate change, necessitating 
meticulous conservation planning and management.

In conclusion, we verified the extirpation of the species 
from the study region, produced evidence that the closest 
extant population is the south European one, and determined 
that the environmental condition in the coming decades would 
pose serious challenges to water vole reintroduction. Future 
decisions regarding water vole restoration and conservation in 
the Hula region should take these findings into consideration.
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