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Abstract. The study investigates the impact of landscape features on the dispersal patterns of the vulnerable Yellow-spotted 
Mountain Newt, Neurergus derjugini. By integrating population genetics and geospatial data, the research aims to identify 
potential movement corridors among populations. The mitochondrial DNA marker NADH Dehydrogenase Subunit 2, 
along with genetic subdivision (θST) and least-cost path (LCP) analyses, is utilized based on data collected from six frag-
mented highland streams and spring ponds, representing the southern range of the species’ distribution area in the Zagros 
mountains of Iran. The study explores five dispersal routes: straight line, stepping stone, least cost slope, stream likelihood, 
and a combination of least cost slope and stream likelihood. Genetic and LCP analyses reveal evidence of potential disper-
sal facilitated by aquatic corridors in the least-cost slope. The findings have crucial implications for informing conserva-
tion priorities for N. derjugini, offering valuable estimates of the species’ potential dispersal activity in response to climate 
change and ongoing habitat destruction linked to human activities.

Key words. Landscape features, habitat fragmentation, dispersal routes, population genetics, GIS, conservation priorities.

Introduction

Heterogeneous landscapes, characterized by diverse habi-
tats and fragmented territories, pose significant challeng-
es for species dispersal, population genetics, and genetic 
structure (Garrido‐Garduño et al. 2016, Jensen et al. 
2019, Brunke et al. 2020). This is especially true for spe-
cies that exhibit continuous interaction with their envi-
ronments, such as small vertebrates, where the spatial 
distribution of landscape features profoundly influences 
their movement across these landscapes (Cushman et al. 
2006, Turner et al. 2015). Consequently, the considera-
tion of landscape heterogeneity and the precise arrange-
ment of features on a landscape provides crucial insights 
into our understanding of gene flow and population struc-
ture (Lozier et al. 2013, van Strien 2017, Balkenhol et 
al. 2019).

Amphibians, with their intricate life cycles and limited 
dispersal abilities, are highly sensitive to changes in their 
environment (Cayuela et al. 2020). Habitat fragmenta-
tion, a growing threat in diverse landscapes, poses signifi-
cant challenges for amphibian populations by disconnect-
ing breeding sites and impeding gene flow (Joly et al. 2003, 
Cushman 2006, Tan et al. 2023). This can lead to reduced 
genetic diversity and increased vulnerability to inbreeding 

depression, compounding the challenges faced by small, 
isolated populations (Wilk et al. 2020, Nolan et al. 2023). 
Climate change further exacerbates these threats, poten-
tially leading to habitat loss and changes in moisture distri-
bution, adding another layer of complexity to amphibian 
conservation efforts (Beranek et al. 2022, Inman, Esque 
& Nussear 2023, Nolan et al. 2023).

This study focuses on the Yellow-spotted Mountain 
Newt (Neurergus derjugini), a vulnerable amphibian en-
demic to the high-altitude streams of the Zagros moun-
tains in western Iran and northeastern Iraq (Yousefi et al. 
2023). These mountains present a unique ecological set-
ting with diverse microclimates, ranging from warm and 
humid valleys to cold and dry higher altitudes (Heydari-
Guran & Ghasidian 2024). Neurergus derjugini thrives 
in this mosaic of habitats, primarily residing in first-order 
streams, springs, and pools within an altitudinal range of 
772 to 2100 m a.s.l. (Afroosheh et al. 2016, IUCN 2023). 
However, despite the ecological significance of the Zagros 
mountains, this region faces considerable threats from de-
forestation, water pollution, overexploitation, and habi-
tat fragmentation (Henareh Khalyani & Mayer 2013). 
These challenges are further amplified by climate change, 
leading to the drying up of streams and potentially isolat-
ing N. derjugini populations (IUCN 2023).
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Understanding N. derjugini’s movement patterns and 
how they navigate these fragmented landscapes is cru-
cial for its conservation. While genetic investigations re-
veal significant differentiation among populations despite 
low within-population diversity, indicating restricted gene 
flow (Afroosheh et al. 2019, Salehi et al. 2019), direct-
ly observing their movements across the rugged terrain 
is impractical. This is where our innovative approach us-
ing least-cost path (LCP) analysis comes in. By combining 
LCP with population genetic data, we can virtually recre-
ate the most likely pathways N. derjugini takes between 
breeding streams, considering factors like topography, 
distance, and habitat suitability. This powerful tool helps 
us shed light on the complex interplay between isolation 
and connectivity that shapes N. derjugini’s genetic diver-
sity. This newfound understanding will guide our conser-
vation efforts, allowing us to identify critical corridors for 
maintaining gene flow and ensuring the long-term surviv-
al of these unique and imperiled populations in the face of 
ongoing threats.

In this study, our main goal was to explore the genetic 
diversity and relationships of N. derjugini within its south-
ern range by utilizing mitochondrial DNA markers. This 
served as the foundation for our landscape genetic ap-
proach, wherein we quantified dispersal costs using the ge-
netic subdivision metric (θST) and examined various land-
scape variables to uncover environmental impacts on gene 

flow. Additionally, we conducted a comparison of models, 
including stepping stone, least-cost slope, stream likeli-
hood, and a combined model, against the conventional iso-
lation-by-distance model. This analysis aimed to pinpoint 
the most accurate representation of genetic divergence fac-
tors in N. derjugini.

Materials and methods
Species distribution data and sampling sites

Geographic coordinates and occurrence records for N. der­
jugini were sourced from Salehi et al., (2019) and carefully 
cross-verified for spatial accuracy using field-collected GPS 
data were available (Fig. 1). Coordinates were originally re-
corded in degrees and minutes and converted to decimal 
degrees for consistency in spatial analyses. Discrepancies 
greater than ±100 meters – based on comparisons between 
published records and ground-truthed GPS points – were 
corrected or excluded to ensure locational precision. Dis-
persal modeling focused on six focal populations in the 
southern portion of the species’ range: Kavat (34°52’ N, 
46°30’ E), Ghoore-ye Ghaleh (34°52’ N, 46°29’ E), Gholani 
(34°54’ N, 46°27’ E), Dorisan (35°01’ N, 46°23’ E), Darreh-
e Najjar (35°05’ N, 46°18’ E), and Lashgar Gah (35°00’ N, 
46°08’ E). The study area was delineated using a minimum 
convex polygon (MCP) surrounding these six sites, serv-

Figure 1. Modeled dispersal routes and geographic context for the vulnerable Yellow-Spotted Mountain Newt (Neurergus derjugini) 
within its southern range in in the Zagros mountains of western Iran. Panels A–E illustrate five alternative dispersal models among 
six focal populations: (A) straight-line (Euclidean) routes; (B) routes following areas of high stream likelihood, derived from flow ac-
cumulation analysis; (C) routes minimizing slope; (D) routes combining slope and stream likelihood with equal weighting to represent 
landscape resistance; and (E) stepping-stone routes linking known aquatic features such as springs, streams, and seasonal pools. All 
maps (A–E) are north-oriented and based on spatial data from a 30 m resolution digital elevation model (SRTM). The inset map (right 
panel) provides regional context, showing the full known distribution range of N. derjugini across western Iran and eastern Iraq, with 
key focal populations marked (red circles).
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ing as the spatial extent for all connectivity and dispersal 
modeling analyses.

Dispersal models

To evaluate potential dispersal pathways for N. derjugini, 
five models were constructed following the framework 
of Spear et al. 2005: (1) straight-line (Euclidean) dis-
tance, (2)  stepping-stone routes via intermediate aquat-
ic habitats, (3) least-slope paths favoring flatter terrain, 
(4) stream-likelihood routes favoring likely watercourses, 
and (5) combined least-slope and stream-likelihood paths 
with equal weighting.

Straight-line distances between the centroids of each 
population were calculated using the Point Distance tool in 
ArcGIS v.10.3.1 and served as the null model for isolation-
by-distance. For the stepping-stone model, potential in-
termediate aquatic habitats – specifically streams, springs, 
and small pools – were identified as stepping-stone features 
based on field observations. Stepping-stone and Euclidean 
pathways were then manually digitized as polylines using 
the Editor tool in ArcGIS by connecting each population 
to the nearest intermediate aquatic features. The Measure 
Tool was used solely to confirm segment lengths, not to 
digitize the routes. Final path lengths were calculated using 
the Calculate Geometry function. 

The least-slope and stream-likelihood models were gen-
erated using cost surface rasters derived from slope and hy-
drological probability, respectively. The combined model 
was built by averaging these two rasters to account for both 
topographic and hydrological preferences. Least-cost paths 
under each model were calculated using the Cost Distance 
and Cost Path tools in ArcGIS.

Digital elevation model and  
cost surface construction

To generate topographic and hydrological variables for re-
sistance surface modeling, we used the Shuttle Radar To-
pography Mission (SRTM) 1 Arc-Second Global Digital El-
evation Model (~ 30 m spatial resolution), obtained from 
the United States Geological Survey (USGS Earth Explorer, 
https://earthexplorer.usgs.gov/). 

A slope raster was derived from the DEM using the 
Slope tool in ArcGIS and expressed in degrees. To esti-
mate stream likelihood, we applied standard hydrological 
modeling techniques: the Flow Direction and Flow Accu-
mulation tools were used to delineate surface water path-
ways. The resulting flow accumulation raster was used as 
a proxy for the likelihood of surface water presence, with 
higher accumulation values indicating greater stream like-
lihood.

To construct a resistance surface, each pixel in the land-
scape (originating from the ~ 30 m DEM grid) was as-
signed a movement cost based on two environmental vari-
ables: (1) slope (in degrees) and (2) the inverse of stream 

likelihood (1 / flow accumulation + ε, where ε is a small 
constant to avoid division by zero). Both rasters were nor-
malized to a 0–1 scale using min–max scaling to ensure 
comparability of values. The two normalized rasters were 
then linearly combined with equal weighting to produce 
a composite cost surface, following methods from Spear 
et al. 2005, Emel & Storfer 2015, Vaissi & Sharifi 2021.

This composite raster represented the resistance surface, 
where lower values indicated more favorable conditions for 
movement (e.g., flatter terrain and proximity to probable 
watercourses). Least-cost distances between all population 
pairs were computed using the Cost Distance and Cost 
Path tools in ArcGIS, based on this resistance surface.

Genetic data and differentiation

Mitochondrial DNA sequences of the NADH dehydroge-
nase subunit 2 (ND2) gene for N. derjugini were retrieved 
from GenBank (accession numbers MK035716–MK035719; 
Salehi et al. 2019). These sequences corresponded to indi-
viduals sampled from the six focal populations used in the 
landscape connectivity analysis. Sequences were aligned 
using MUSCLE in MEGA X (KUMAR et al. 2018), and ge-
netic differentiation among populations was quantified by 
calculating pairwise θST values in Arlequin v.3.0 (Excoffi-
er et al. 2005). These θST values served as the response ma-
trix in subsequent analyses to assess the degree to which 
landscape resistance explains genetic structure (Vaissi & 
Sharifi 2021).

Connectivity and statistical analyses

To evaluate the relationship between landscape structure 
and genetic differentiation, we compared pairwise θST val-
ues to geographic distances derived from five alternative 
dispersal models. For each model, pairwise cost distances 
between populations were extracted and assembled into 
distance matrices using ArcGIS.

We then performed partial Mantel tests in Arlequin 
with 10,000 permutations to test for correlations between 
genetic differentiation (θST) and the cost distances from 
each model, while controlling for simple geographic dis-
tance (Euclidean) as a covariate. This allowed us to isolate 
the effect of landscape resistance independent of isolation-
by-distance.

To further evaluate model performance, we used linear 
regression models in R v.4.1.0 to relate θST values to cost 
distances under each dispersal scenario. Model selection 
was based on three criteria: the coefficient of determina-
tion (r²), the Akaike Information Criterion, corrected for 
small sample sizes (AICc) and the Bayesian Information 
Criterion (BIC). Lower AICc and BIC values and higher 
r² values were interpreted as evidence of better model fit. 
These model comparisons were conducted using the lme4, 
MuMIn, and usdm packages in R (Emel & Storfer 2015, 
Vaissi & Sharifi 2021).
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Results

Figure 1 presents the full distribution range of N. derjugi­
ni across western Iran and eastern Iraq, along with five 
modeled dispersal routes among six focal populations in 
the southern portion of the species’ range: (1) straight-
line route (Fig. 1A), (2) stream likelihood route (Fig. 1B), 
(3) least slope route (Fig. 1C), (4) combined least slope and 
stream likelihood route (Fig. 1D), and (5) stepping-stone 
route (Fig. 1E).

Pairwise partial Mantel tests revealed statistically sig-
nificant positive correlations between mitochondrial ND2 
genetic distances and all five dispersal models (Table 1), 
with correlation coefficients (r) ranging from 0.54 to 0.65 
(all p < 0.05). The strongest correlation was observed for 
the stepping-stone model (r = 0.65, p = 0.017), followed 
closely by the stream likelihood (r = 0.64, p = 0.014), least 
slope (r = 0.60, p = 0.018), and the combined least slope/
stream likelihood model (r = 0.59, p = 0.018). The straight-
line model showed the weakest correlation (r = 0.54, p = 
0.020), as expected from its role as a null model.

Despite having a slightly lower correlation coefficient, 
the combined least slope/stream likelihood model was 
identified as the best-supported model based on model 
comparison criteria. It exhibited the lowest AICc (-1.09) 
and BIC (-26.26) scores, and explained the highest pro-
portion of genetic variance (r² = 0.45). In contrast, the 
straight-line model performed the worst overall, with the 
highest AICc and BIC scores and the lowest explained vari-
ance (r² = 0.29).

Discussion

The landscape genetic approach employed in this study 
provides valuable insights into the dispersal patterns and 
genetic connectivity of the vulnerable Yellow-spotted 
Mountain Newt (N. derjugini) within its southern range of 
distribution in the Zagros mountains of western Iran. The 
investigation of potential dispersal pathways, considering 
various landscape features, enhances our understanding of 
the species’ response to habitat fragmentation and aids in 
formulating effective conservation strategies. The results 
paint a clear picture of a landscape that profoundly influ-
ences the movement and genetic structure of N. derjugini. 
The significant positive correlation between genetic dis-
tances and various dispersal routes highlights the non-ran-
dom nature of their movements. Unlike a simplistic isola-
tion-by-distance model, our findings reveal a nuanced re-
lationship between distance and gene flow, governed by the 
intricate choreography of environmental factors.

Landscape genetics, particularly least-cost path analy-
sis, has been employed in numerous studies to investigate 
dispersal pathways based on the minimum cost (Spear et 
al. 2005, Wang et al. 2009, Emel & Storfer 2015, Vaissi & 
Sharifi 2021, Gutierrez-Rodriguez et al. 2023, Reyne et 
al. 2023). They explored the genetic landscape and disper-
sal pathways in amphibians. In alignment with this meth-

odology, our study focused on the examination of various 
dispersal routes in amphibians, encompassing straight-line 
trajectories, stream likelihood routes, least slope routes, a 
combined model integrating least slopes and stream likeli-
hood, and stepping-stone routes. The correlation observed 
between genetic distances and different dispersal routes 
underscores the intricate relationship between landscape 
features and genetic connectivity within amphibian popu-
lations. This integrated approach provides valuable insights 
into the factors shaping gene flow and population struc-
ture, contributing to a more holistic understanding of am-
phibian ecology and conservation.

Among the various dispersal routes considered, the 
combination of the “least slope/stream likelihood” mod-
el emerged as the champion, showcasing the lowest AICc 
and BIC values. This implies that N. derjugini prioritizes 
pathways that combine gentle slopes with the proximity 
of water bodies. This preference is readily understandable, 
considering their amphibious nature and the energetics of 
navigating rugged terrain. Steep inclines present a formi-
dable obstacle, while streams offer convenient travel cor-
ridors and vital resources for survival and reproduction. 
The significance of water bodies as facilitators of gene flow 
aligns with numerous studies on amphibians. Rivers and 
streams serve as not only highways for movement but also 
vital lifelines for these moisture-dependent creatures. Our 
findings further reiterate the critical role of maintaining 
and restoring waterways within N. derjugini’s habitat, en-
suring unimpeded dispersal and healthy gene flow among 
populations.

Beyond topographical considerations, the study also 
emphasized the importance of habitat connectivity. The 
stepping-stone model, which assumes movement between 
connected aquatic habitats, resonated with the observed 
genetic patterns (Loehle 2007). This underscores the vul-
nerability of N. derjugini to habitat fragmentation, a grow-
ing threat driven by anthropogenic activities. The poten-
tial isolation of populations due to habitat loss reinforces 
the urgent need for conservation efforts that prioritize the 
preservation and restoration of interconnected corridors 

Table 1. Partial mantel test (based on the ND2 gene) for deter-
mining the best model (based on AICc, BIC, and r²) to iden-
tify the movement route within the southern range of the vul-
nerable Yellow-spotted Mountain Newt (Neurergus derjugini). 
Notes: p-value: the statistical significance of the partial corre-
lation coefficient for each variable. r: partial correlation coeffi-
cient for each variable. r²: total variance explained by the model. 
AICc: Akaike Information Criterion corrected for small sample 
sizes. BIC: Bayesian Information Criterion.

Route p-value r r² AICc BIC

Straight-line 0.020 0.54 0.29 -0.47 -25.64
Stream likelihood 0.014 0.64 0.41 -0.32 -24.84
Least slope/stream likelihood 0.018 0.59 0.45 -1.09 -26.26
Stepping stone 0.017 0.65 0.43 -0.48 -25.65
Least slope 0.018 0.60 0.37 -0.85 -26.02



31

Titel

throughout the species’ range. The inclusion of least-cost 
path analysis proved instrumental in revealing the hid-
den pathways traversed by N. derjugini. This approach sur-
passes traditional distance-based models by accounting for 
landscape heterogeneity, providing a more accurate picture 
of how the species navigates the complexities of the Zagros 
mountains. This knowledge is invaluable for conservation 
planning, allowing us to identify crucial corridors that can 
be prioritized for protection and restoration.

This research moves beyond conventional genetic anal-
yses and makes a significant contribution to the field of 
amphibian conservation. By employing landscape genetics 
and highlighting the influence of environmental factors on 
gene flow, we provide a roadmap for evidence-based con-
servation strategies for N. derjugini. Moreover, these find-
ings can potentially be applied to other amphibian species 
facing similar challenges, paving the way for more effec-
tive conservation interventions on a global scale. In con-
clusion, our investigation reveals a deep connection be-
tween landscape features, dispersal routes, and the genetic 
destiny of the Yellow-spotted Mountain Newt. This knowl-
edge equips us with the tools to formulate targeted con-
servation measures that address the specific needs of this 
vulnerable species, ensuring its long-term survival within 
the ever-changing environment of the Zagros mountains. 
By protecting critical corridors, restoring fragmented habi-
tats, and safeguarding vital water resources, we can secure 
a future where these unique amphibians continue to thrive 
for generations to come.

Acknowledgements

This research was funded by the Iran National Science Founda-
tion (INSF) (No. 95840118).

References

Afroosheh, M., V. Akmali, S. Esmaili & M. Sharifi (2016): 
Distribution and abundance of the endangered yellow spotted 
mountain newt Neurergus microspilotus (Caudata: Salaman-
dridae) in western Iran. – Herpetological Conservation and 
Biology, 11: 52–60.

Afroosheh, M., D. Rödder, P. Mikulicek, V. Akmali, S. Vais-
si, J. Fleck, W. Schneider & M. Sharifi (2019): Mitochon-
drial DNA variation and Quaternary range dynamics in the 
endangered Yellow Spotted Mountain Newt, Neurergus der­
jugini (Caudata, Salamandridae). – Journal of Zoological Sys-
tematics and Evolutionary Research, 57, 580–590.

Balkenhol, N., R. Y. Dudaniec, K. V. Krutovsky, J. S. John-
son, D. M. Cairns, G. Segelbacher, K. A. Selkoe, S. von 
der Heyden, I. J. Wang & O. Selmoni (2019): Landscape 
genomics: understanding relationships between environmen-
tal heterogeneity and genomic characteristics of populations. 
– Population Genomics: Concepts, Approaches and Applica-
tions, 261–322.

Beranek, C. T., S. Sanders, J. Clulow & M. Mahony (2022): 
Factors influencing persistence of a threatened amphibian in 
restored wetlands despite severe population decline during 

climate change driven weather extremes. – Biodiversity and 
Conservation, 31: 1267–1287.

Brunke, J., I.-R. M. Russo, P. Orozco-terWengel, E. Zimmer-
mann, M. W. Bruford, B. Goossens & U. Radespiel (2020): 
Dispersal and genetic structure in a tropical small mammal, 
the Bornean tree shrew (Tupaia longipes), in a fragmented 
landscape along the Kinabatangan River, Sabah, Malaysia. – 
BMC Medical Genetics, 21: 1–13.

Cayuela, H., A. Valenzuela-Sánchez, L. Teulier, Í. Mar-
tínez-Solano, J.-P. Léna, J. Merilä, E. Muths, R. Shine, L. 
Quay & M. Denoël (2020): Determinants and consequences 
of dispersal in vertebrates with complex life cycles: a review of 
pond-breeding amphibians. – The Quarterly Review of Biol-
ogy, 95: 1–36.

Cushman, S. A. (2006): Effects of habitat loss and fragmentation 
on amphibians: a review and prospectus. – Biological Conser-
vation, 128: 231–240.

Cushman, S. A., K. S. McKelvey, J. Hayden & M. K. Schwartz 
(2006): Gene flow in complex landscapes: testing multiple hy-
potheses with causal modeling. – The American Naturalist, 
168: 486–499.

Emel, S. L. & A. Storfer (2015). Landscape genetics and genet-
ic structure of the southern torrent salamander, Rhyacotriton 
variegatus. – Conservation Genetics, 16: 209–221.

Excoffier, L., G. Laval & S. Schneider (2005): Arlequin (ver-
sion 3.0): an integrated software package for population ge-
netics data analysis. – Evolutionary Bioinformatics, 1: 47–50.

Garrido‐Garduño, T., O. Téllez‐Valdés, S. Manel & E. 
Vázquez‐Domínguez (2016): Role of habitat heterogeneity 
and landscape connectivity in shaping gene flow and spatial 
population structure of a dominant rodent species in a tropi-
cal dry forest. – Journal of Zoolog, 298: 293–302.

Gutierrez-Rodriguez, J., J. Gonçalves, E. Civantos, B. 
Maia-Carvalho, C. Caballero-Diaz, H. Gonçalves & 
I. Martinez-Solano (2023): The role of habitat features in 
patterns of population connectivity of two Mediterranean 
amphibians in arid landscapes of central Iberia. – Landscape 
Ecology, 38: 99–116.

Henareh Khalyani, A. & A. Mayer (2013): Spatial and temporal 
deforestation dynamics of Zagros forests (Iran) from 1972 to 
2009. – Landscape and Urban Planning, 117: 1–12.

Heydari-Guran, S. & E. Ghasidian (2024): Ecological Land-
scape Structure and Game Management Strategy among the 
Upper Palaeolithic Societies of Southern Zagros Mountains. 
– Environmental Archaeology, 29: 192-213.

Inman, R. D., T. C. Esque & K. E. Nussear (2023): Dispersal 
limitations increase vulnerability under climate change for 
reptiles and amphibians in the southwestern United States. – 
Journal of Wildlife Management, 87: e22317.

IUCN. (2023): Neurergus derjugini. – The IUCN Red List of Threat-
ened Species 2023: e.T88373273A50759480. https://dx.doi.
org/10.2305/IUCN.UK.2023-1.RLTS.T88373273A50759480.en, 
accessed 03 January 2024. 

Jensen, A. M., N. P. O’Neil, A. N. Iwaniuk & T. M. Burg (2019): 
Landscape effects on the contemporary genetic structure of 
Ruffed Grouse (Bonasa umbellus) populations. – Ecology and 
Evolution, 9: 5572–5592.

Joly, P., C. Morand & A. Cohas (2003): Habitat fragmentation and 
amphibian conservation: building a tool for assessing landscape 
matrix connectivity. – Comptes Rendus Biologies, 326: 132–139.



32

Author

Kumar, S., G. Stecher, M. Li, C. Knyaz & K. Tamura (2018): 
MEGA X: molecular evolutionary genetics analysis across 
computing platforms. – Molecular Biology and Evolution, 
35(6): 1547–1549.

Loehle, C. (2007): Effect of ephemeral stepping stones on meta-
populations on fragmented landscapes. – Ecological Com-
plexity, 4: 42–47.

Lozier, J. D., J. P. Strange & J. B. Koch (2013): Landscape het-
erogeneity predicts gene flow in a widespread polymorphic 
bumble bee, Bombus bifarius (Hymenoptera: Apidae). – Con-
servation Genetics, 14: 1099–1110.

Nolan, N., M. W. Hayward, K. Klop-Toker, M. Mahony, F. 
Lemckert & A. Callen (2023): Complex Organisms Must 
Deal with Complex Threats: How Does Amphibian Conserva-
tion Deal with Biphasic Life Cycles? – Animals, 13: 1634.

Reyne, M. I., K. Dicks, J. Flanagan, P. Nolan, J. P. Twining, 
A. Aubry, M. Emmerson, F. Marnell, S. Helyar & N. Reid 
(2023): Landscape genetics identifies barriers to Natterjack 
toad metapopulation dispersal. – Conservation Genetics, 24: 
375–390.

Salehi, T., V. Akmali & M. Sharifi (2019): Population genet-
ic structure of the endangered yellow spotted mountain newt 
(Neurergus derjugini: Amphibia, Caudata) inferred from mito-
chondrial DNA sequences. – Journal of Herpetology, 29.

Spear, S. F., C. R. Peterson, M. D. Matocq & A. Storfer 
(2005): Landscape genetics of the blotched tiger salamander 
(Ambystoma tigrinum melanostictum). Molecular Ecology, 14: 
2553–2564.

van Strien, M. J. (2017): Consequences of population topolo-
gy for studying gene flow using link‐based landscape genetic 
methods. – Molecular Ecology, 7: 5070–5081.

Tan, W. C., A. Herrel & D. Rödder (2023): A global analysis 
of habitat fragmentation research in reptiles and amphibians: 
what have we done so far? – Biodiversity and Conservation, 
32: 439–468.

Turner, M. G., R. H. Gardner (2015): Organisms and landscape 
pattern. – pp. 229–285 in: Turner, M. G. & R. H. Gardner 
(eds): Landscape Ecology in Theory and Practice. – Springer 
New York, NY

Vaissi, S. & M. Sharifi (2021): The least-cost path analysis of 
landscape genetics identifies two dispersal routes for the vul-
nerable Kaisers’s mountain newt (Caudata: Salamandridae). – 
Journal of Zoological Systematics and Evolutionary Research, 
59: 1491–1502.

Wang, I. J., W. K. Savage & H. Bradley Shaffer (2009): Land-
scape genetics and least‐cost path analysis reveal unexpected 
dispersal routes in the California tiger salamander (Ambysto­
ma californiense). – Molecular Ecology, 18: 1365–1374.

Wilk, A. J., K. C. Donlon & W. E. Peterman (2020): Effects of 
habitat fragment size and isolation on the density and genetics 
of urban red-backed salamanders (Plethodon cinereus). – Ur-
ban Ecosystems, 23: 761–773.

Yousefi, M., A. Mahmoudi, S. Vaissi & A. Kafash (2023): Di-
versity, diversification and distribution of Iranian vertebrates: 
the legacy of mountains uplifting, past climatic oscillations, 
sea level fluctuations and geographical barriers. – Biodiversity 
and Conservation, 32: 7–36.


