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ABSTRACT
Aim: Climate change has a strong impact on species ranges and the genetic structure of populations, yet conclusions are often 
subject to large uncertainties when both are analysed independently. Here, we develop a novel framework to directly integrate 
population genetics and dynamic species distribution modelling to reduce such uncertainties when reconstructing the post-
glacial history of black pepper.
Location: Western Ghats, India.
Methods: Genetic data of 243 individuals from 14 populations of wild Piper nigrum were derived from six chloroplast and five 
nuclear DNA simple sequence repeats (SSRs). Dynamic species distribution models (DSDMs) were applied since the Last Glacial 
Maximum (LGM, 21,000 years BP) based on paleo-climatic suitability at a high resolution (1 km, 100 years) and evaluated for a 
wide range of estimated migration rates and climate niches of the species. Population genetics and DSDMs were finally combined 
in a genetically informed DSDM, in which the estimated model parameters were optimised by maximising the correlation be-
tween the genetic diversity of the populations and their simulated colonisation history since the LGM.
Results: We observed higher gene diversity, haplotype richness, and allelic richness at lower latitudes, and two major phyloge-
ographic groups belonging to the southern and central Western Ghats. Demographic inference from chloroplast SSRs estimated 
the split of these groups around the LGM. DSDMs showed a high uncertainty in parameter estimates, which were clearly re-
duced for the genetically informed DSDM. With this model, the correlation between genetic diversity and colonisation time was 
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stronger than the correlation with latitude, and the simulation showed a northward expansion from low-latitude refugia and a 
recent fragmentation of the species range.
Main Conclusions: Our integrative approach reduces uncertainty in DSDMs and facilitates the interpretation of the population 
genetic structure. This added value is not given when population genetics and species distribution modelling are applied inde-
pendently and merely compared.

1   |   Introduction

Quaternary climatic oscillation has reshaped species ranges and 
changed their genetic structure by altering, disconnecting, and re-
connecting populations through time (Magri et al. 2006; Maiorano 
et  al.  2013; Yannic et  al.  2014; Flantua et  al.  2019; Kirschner 
et al. 2022). Although many species are showing migration lags 
(Svenning and Skov 2004) and might not be able to track the rapid 
pace of current climate change (Corlett and Westcott 2013; Wang 
et al. 2023), for most species, a high uncertainty exists about how 
fast they can migrate or adapt to shifts in environmental condi-
tions (Bellard et al. 2012; Meek et al. 2023; Rubenstein et al. 2023). 
To overcome such uncertainties, integrating population genetics 
and species distribution modelling can help to better understand 
the climatic impact on the past distributions of species and their 
current genetic diversity (McGaughran 2015; Tsuda et al. 2015). 
However, most studies compare the independent results from 
both fields (Smith et al. 2022; Kirschner et al. 2023), while only 
a limited number of studies have benefitted from the direct inte-
gration of population genetics and species distribution modelling 
(e.g., Espíndola et al. 2012; Brown et al. 2016; Yannic et al. 2020). 
The methodology of such integrative studies remains an active 
area of research (Gotelli and Stanton-Geddes 2015; Franklin 2023; 
Hernández et al. 2024), especially to inform how past climatic os-
cillation has influenced both species distributions and population 
genetic structuring, which has great potential to improve biodiver-
sity conservation.

Inferences based on population genetics and species distribution 
modelling have both strengths and weaknesses in hindcasting 
past species distributions (Quinzin et al. 2017; Yannic et al. 2020). 
Regarding Quaternary climate change, population genetics has 
been shown to reveal the demographic history of populations (e.g., 
Boria and Blois 2023), the extent and timing of hybridisation (e.g., 
Tsuda et al. 2016, 2017), and lineages indicating a common history 
(e.g., Luna et al. 2023). At the same time, population genetic in-
ferences are obscured by identifiability issues. For example, long-
distance colonisation from a single refuge versus expansion from 
multiple refugia can lead to similar genetic structures, and recent 
bottlenecks or human activities may blur preexisting structures 
(Petit et al. 1997; Castilla et al. 2024).

A comparison with independently applied species distribution 
models (SDMs) can partly overcome such limitations (Tsuda 
et al. 2015; Leugger et al. 2022; Chiocchio et al. 2021). However, 
only a few studies have confirmed a positive correlation between 
SDM predictions and genetic diversity (Lee-Yaw et al. 2022). Static 
or correlative SDMs, also known as environmental niche models 
or habitat suitability models (Guisan et al. 2017), assume that the 
distribution of a species is in equilibrium with its environment. 
These models do not directly consider underlying processes like 
dispersal or population dynamics, nor do they explicitly model the 

dynamics of species ranges. Since these processes and dynamics 
often result in a disequilibrium between the species distribution 
and habitat suitability, which violates the model assumption of 
static SDMs and leads to biased predictions, it has been advo-
cated to increasingly use dynamic, process-explicit models instead 
(Sandel et al. 2025). Different implementations of dynamic species 
distribution models (hereafter referred to as DSDMs) exist with 
a wide range of model complexity—from simple cellular autom-
ata and direct simulations of migration as a high-level dynamic 
to individual-based approaches considering basic processes like 
demography or dispersal (e.g., Engler and Guisan  2009; Nobis 
and Normand 2014; Bocedi et al. 2014, 2021; Shipley et al. 2022; 
Dobson et al. 2023). Most DSDMs do however also have disadvan-
tages, because they are computationally expensive, the parameter 
estimates are not available for a given species, or these estimates 
come with a high uncertainty, which can hardly be evaluated in 
parameter space for more complex models. In addition, reliable 
model testing requires independent data, such as macro-fossils, 
pollen records, or population genetic data, and as with static SDMs 
such validations of DSDMs are often lacking and can affect con-
clusions for phylogeography and biodiversity conservation (Uribe-
Rivera et  al.  2023). The combined analysis of climate change 
impacts on both intra-specific genetic diversity and the dynamics 
of species distributions, therefore, has great potential in refining 
our understanding of distribution dynamics, demography and 
population structuring (Yannic et al. 2020; Leugger et al. 2022). 
With the recent development of paleoclimate data since the Last 
Glacial Maximum (LGM, 21,000 years before present (BP)) at a 
high spatio-temporal resolution (Karger et al. 2023), simulations 
of past species distributions can now be carried out more easily.

Here, we jointly examined the current genetic structure and 
the distribution dynamics of wild populations of the important 
spice crop black pepper (Piper nigrum L., Piperaceae) over the 
past 21,000 years. Piper nigrum is an endemic woody climber 
that has a tight association with the tropical evergreen forests 
of the Western Ghats, India. So far, no phylogeographic stud-
ies from this region have jointly used population genetics and 
DSDMs to infer the past demography and distributions of a 
species, although the global biodiversity hotspot in the Western 
Ghats and the regions nearby are known to have undergone dra-
matic changes during the Quaternary period (Prasad et al. 2009; 
Morley 2000). During the LGM, the sea level retracted by 120 m 
from the present level, exposing the continental shelf as vast 
open land surface on the southern coast with the presence of 
evergreen vegetation, including Piperaceae (Prabhu et al. 2004; 
Farooqui et al. 2014). It has been suggested that both the rela-
tively humid mountain valleys and coastal areas on the west-
ern side of the Western Ghats could have served as refugia 
for wet-zone species during the not only colder but also drier 
LGM (Prasad et al. 2009; Farooqui et al. 2014; Bose et al. 2016). 
Phylogeographic analyses have documented, however, multiple 
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yet contrasting response patterns to Quaternary climate change 
in the Western Ghats (see Robin et al. 2010; Bose et al. 2016; Nair 
et al. 2019; Chaitanya et al. 2025), and it is yet to be understood 
how much of these variations stems from differences in species' 
ecology or history, or from the different methods used.

The overall goal of our study, therefore, was to investigate the 
influence of climate change since the LGM on the distribution, 
genetic diversity, and phylogeographic patterns of P. nigrum, and 
to directly integrate the genetic diversity in the dynamic model-
ling of its past distribution. Specifically, our study had three major 
goals: (1) Infer the likely position of glacial refugia. We test the 
hypothesis that populations on the southern Western Ghats ex-
hibit higher intraspecific genetic diversity under suitable climate 
since the LGM, supporting a long-term refugium in this region. 
(2) Identify the most likely migration routes since the LGM. Here 
we hypothesise that DSDMs and genetic data will indicate that 
the Western Ghats' coastal lowlands acted as an important mi-
gration route for P. nigrum. (3) Finally, develop a genetically in-
formed DSDM by directly integrating population genetic diversity 
in the DSDM approach. For this integration, we assume a reduced 
uncertainty in the estimated model parameters and thus a more 
robust reconstruction of past distribution dynamics and more reli-
able conclusions on the impacts of past climate change.

2   |   Methods

For this study, we first investigated the population genetic struc-
ture and phylogenetic groups of P. nigrum from the maternally 
inherited chloroplast and bi-parentally inherited nuclear simple 
sequence repeats (SSR) and estimated the demographic history 
using approximate Bayesian computation. We then developed 

different scenarios of the past distribution dynamics with dif-
ferent estimates of the climatic niche and the migration ability 
of the species using paleoclimate and a simple DSDM. In a final 
step, we directly integrated population genetics and the DSDM 
simulations by optimising the relationship between genetic di-
versity and the simulated colonisation history of the populations 
studied. Figure 1 shows an overview of this genetically informed 
DSDM approach.

2.1   |   Study Area and Study Species

The Western Ghats escarpment is one of the world's eight most 
important hotspots of terrestrial biodiversity (Myers et al. 2000), 
and a global priority area for ecosystem restoration (Strassburg 
et  al.  2020). Running along the western coast of Peninsular 
India (~1600 km in latitudinal extent), it is also densely popu-
lated by humans (> 300 persons/km2, Cincotta et al. 2000; also 
see Das et al. 2006). Mountain peaks of the Western Ghats rise 
from north to south, providing strong environmental gradients, 
with the highest peak in the southern Western Ghats (Anamudi, 
2695 m a.s.l.). The Western Ghats is separated by a geologically 
old (pre-Cambrian) 40-km-wide geographical gap known as the 
Palakkad gap (or Palghat gap) (Figures 2 and 3a). As one of the 
world's greatest escarpments (Rao and Kumar 2022), the western 
slopes receive high rainfall, providing enough habitat heteroge-
neity for lineages to radiate rapidly (Vijayakumar et al. 2016; Sen 
et al. 2019; Gopal et al. 2023, and references therein) leading to 
an extraordinarily rich biodiversity.

The wild populations of P. nigrum are distributed between 
latitudes of 8° N and 15° N in the Western Ghats (Figures  2 
and 3a) and, unlike cultivated varieties, are mostly dioecious 

FIGURE 1    |    Overview of the study design, datasets and methods used for the genetically-informed dynamic species distribution model for black 
pepper (Piper nigrum).
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(Ravindran  2003; Sen and Rengaian  2022) and diverged from 
its sister species during the Miocene within the Western Ghats 
(Sen et al. 2019). The species is tetraploid (2n = 4x = 52), with the 
potential to propagate clonally (Ravindran  2003; Davis  2017). 
The peak flowering time coincides with the southwest monsoon 
season, and the flowers are mostly water pollinated, with in-
stances of apomixis. The seeds are recalcitrant and dispersed by 
birds. Observations of cultivated individuals suggest that they 
attain reproductive maturity from 4 to 5 years after planting 
(Ravindran 2003), while the germination patterns in the species' 
natural habitats remain less explored.

2.2   |   Field and Laboratory Methods

Leaf samples of 243 wild P. nigrum individuals were collected be-
tween 2012 and 2015 from 14 locations covering the entire natural 
range (~900 km; Table 1). All samples were wetted for taxonomic 
ambiguities before analysis. Leaf samples were dried, and ge-
nomic DNA was extracted using the DNeasy Plant Kit (Qiagen, 
Hilden, Germany). Ten universal chloroplast SSR (cpSSR) loci 
were screened (Weising and Gardner 1999), and two additional 
sets of cpSSRs were developed from the chloroplast genome se-
quence of Piper cenocladum C. DC. (genbank accession number: 
NC_008457.1). In addition, the nine published nuclear SSR (nSSR) 
loci developed for P. nigrum (Menezes et al. 2009) were genotyped 
(see Appendix S1, Table S1.1, for the details of sampling, primer 
sequences and the polymerase chain reaction (PCR) conditions 
and Appendix S2, Figure S2.1, for the leave-one-out test).

2.3   |   Chloroplast Genetic Diversity and Structure

We used GenAlEx v6 (Peakall and Smouse  2006) to estimate 
the genetic diversity statistics gene diversity (h) and haplo-
type frequencies of cpSSRs. We employed GenoDive v3.0 
(Meirmans  2020) to calculate haplotype richness (HR, El-
Mousadik and Petit 1996) using the rarefaction method based on 
a minimum sample size of 3 genes. The haplotype frequencies 
were plotted on the study area map using QGIS v3.6.0-Noosa. 
Pearson correlations of gene diversity and haplotype richness 
with latitude were calculated in R v4.4.1 (R Core Team 2024). 
To test for the phylogeographic signal, the population genetic 
differentiation statistics GST (assuming an infinite allele model), 
RST (considering the number of repeat differences and assum-
ing a stepwise mutation model), and NST (population subdivision 
based on phylogenetically ordered alleles) were measured and 
compared in the software Permut & cpSSR (Pons and Petit 1996).

Spatial analysis of molecular variance (SAMOVA; Dupanloup 
et  al.  2002) was performed to infer population structure at 
the haploid cpSSR loci. A Neighbour-Net (NN; Bryant and 
Moulton  2004), implemented in SPLITSTREE4 (Huson and 
Bryant  2006), was employed to reconstruct phylogenetic rela-
tionships between cpSSR haplotypes using a pairwise uncor-
rected p-distance among samples. NN analysis was performed 
on two separate datasets: (a) including all the individuals of wild 
P. nigrum, the cultivars, and three wild species (P. attenuatum 
Buch.-Ham.ex Miq., P. hymenophyllum Miq. and P. wightii Miq.) 
(Appendix S2, Figure S2.2) and (b) with only the wild popula-
tions of P. nigrum. In addition, a neighbour-joining phylogenetic 
tree of the haplotypes was reconstructed based on the (δμ)2 dis-
tance (Goldstein et  al.  1995) in the program POPULATIONS 
v1.2.31 (Langella  1999). The resulting tree was plotted on a 
map of the study area using the software GenGIS2 (Parks 
et al. 2013). Further, F 'ST (Meirmans and Hedrick 2011), among 
the groups, and among populations within groups was evalu-
ated by analysis of molecular variance (AMOVA) in GenoDive 
v3.0 (Meirmans 2020).

2.4   |   Nuclear Genetic Diversity and Structure

Genetic diversity indices (gene diversity h and allelic rich-
ness Ar) from nSSRs were calculated using GenoDive 
(Meirmans  2020), which can accept polyploid data. We ap-
plied the rarefaction method based on a minimum sample 
size of 28 genes. Population differentiation statistics, such as 
FST and the standardised values of F'ST (Hedrick 2005), were 
calculated and implemented using GenoDive after correcting 
for unknown dosage of alleles. The latitudinal relationships 
of h and Ar were assessed using Pearson correlations in R. 
A Mantel test was performed to estimate the isolation by dis-
tance (IBD) (Wright 1943; Rousset 1997), between geographic 
distance and pairwise population differentiation (FST/(1-FST)) 
among populations, and its significance was determined using 
999 permutations. The geographic distances were calculated 
using the R package geosphere (Hijmans  2019). METAPOP2 
(López-Cortegano et al. 2019) was used to measure the rela-
tive contribution of each sampled population to the total al-
lelic diversity (AT) and its within sub-population and among 
sub-populations differentiations by treating a tetraploid 

FIGURE 2    |    Map of Peninsular India with thinned presences (N = 79) 
of Piper nigrum and the pseudo-absences (N = 7500) used for ESM cal-
ibration. The green area was land 21,000 years before present (BP) and 
is now covered by the sea. The solid rectangle represents the extent of 
the dynamic species distribution modelling (KISSMig). The rectangle 
with the dashed line is the extent used for the calculation of the suitable 
versus colonised area and for the presentation of KISSMig results. All 
KISSMig simulations are based on data with Albers Equal Area projec-
tion as specified with further details in Appendix S3, Figure S3.1.
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genotype as two diploid genotypes (see Tsuda et al. 2017 and 
Appendix S4). Here AS is the mean number of alleles occur-
ring in each population, DA is the mean number of alleles in 
one population but absent in other populations, and AT is the 
sum of AS and DA. To account for uneven sample sizes among 
populations, we applied rarefaction during the analysis.

The genetic structure of populations was estimated using 
the Bayesian clustering algorithm in STRUCTURE v2.3.4 
(Pritchard et al. 2000; Falush et al. 2007; Hubisz et al. 2009) 
on the complete dataset of all individuals (N = 243) and set-
ting ploidy = 4. The genetic relationships among the clustered 
populations were evaluated using a neighbour-joining phylo-
genetic tree of the clusters in STRUCTURE (see Appendix S2 
for the details).

2.5   |   Demographic History

Demographic analysis was performed based on the genetic clus-
ters identified by SAMOVA using cpSSR loci only (see Section 3). 
To infer the demographic history of the wild populations of P. 

nigrum, six plausible scenarios were evaluated using approx-
imate Bayesian computation (ABC) implemented in DIYABC 
v2.1 (Cornuet et  al.  2008, 2014). In scenario 1, the southern 
group (Pop1) effective population size N1 was ancestral to the 
central group (Pop2) with an effective population size N2, and it 
derived from Pop1 at a historical time t1 (N1 ≥ N2). In scenario 
2, we considered an unknown ancestral population size (Na; 
Na > N1) from where Pop1 and Pop2 split at time t1. In scenario 
3, we considered that Pop1 and Pop2 diverged from an ancestral 
population Nb (here Nb < N1). Scenario 4 assumes Pop2 as an-
cestral and Pop1 diverged from Pop2 (N2 ≥ N1) at the historical 
time. Scenario 5 had Pop1 and Pop2 diverging at time t2 from an 
unknown population Nc (Nc > N2). In scenario 6, Pop1 and Pop2 
diverged at time t2 from an unknown population Nd (Nd < N2) 
(see Appendix  S2, Figures  S2.3–S2.5 and Tables  S2.1–S2.4 for 
the details). We observed high genetic differentiation (F 'ST) 
values among the haplotypes between Pop1 and Pop2 (see 
Section 3). Hence, our proposed models do not assume migra-
tion between genetic clusters. Since the number of polymorphic 
nuclear markers in this study was low, we refrained from a sep-
arate demographic analysis and restricted our discussion to the 
cpSSR dataset.

FIGURE 3    |    (a) Map of the distribution of sampling locations and the frequency of 37 chloroplast haplotypes across 14 populations of wild P. ni-
grum in the Western Ghats (area in dark grey). The size of each pie diagram corresponds to the sample size of a population. (b) Neighbour-net diagram 
showing the relationship between different haplotypes. Hexagons represent the haplotypes found in the southern Western Ghats, and circles indicate 
haplotypes from the central Western Ghats, that is, north of the Palakkad gap. Triangles indicate haplotypes shared between the central and south-
ern Western Ghats. Haplotype 23 is shared between the Periyar (P2), Coorg (P6) and Sirsi (P11) populations, and H31 between the Ponmudi (P1) and 
Coorg (P6) populations (see also Appendix S4).
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2.6   |   Simulation of Post-Glacial Distribution 
Dynamics

A raster-based DSDM, KISSMig (Nobis and Normand  2014), 
was applied to simulate distribution dynamics of P. nigrum on 
top of binary paleoclimate suitability maps. KISSMig is a simple 
DSDM that starts from an initial species distribution and sim-
ulates extinction and colonisation events at the level of neigh-
bouring raster cells on top of a time series of suitability maps. 
Paleoclimate data were derived from CHELSA-TraCE21k 
(Karger et  al.  2021, 2023), which provides monthly climatol-
ogies and 19 bioclimatic variables for the last 21,000 years at 
a spatial resolution of 30 arcsec and in 100-year timesteps. 
CHELSA-TraCE21k bioclimatic variables were projected to 
Albers Equal Area (Appendix S3, Figure S3.1) by bilinear in-
terpolation and with a spatial resolution of 1 km. An ensemble 
of small models (ESM; Breiner et al. 2015) was then built, with 
Maxent as the modelling technique, calibrated for 79 species 
presences covering the entire native range of P. nigrum along 
with 7500 pseudo-absences in their 250-km neighbourhood 
(Figure  2 and Figure  S3.1). Presences were derived from an 
initial set of 97 coordinates (Table S3.1), after setting the mini-
mum distance among the presences and between the presences 
and pseudo-absences to 2 km. Because paleoclimate data varied 
considerably over the last centuries (Figure S3.2), and species 
do not track climate change instantly, the ESM was calibrated 
for the average bioclimate between 1500 and 1990 (the last 
five CHELSA-TraCE21k layers) using five temperature- and 

precipitation-related predictors with low bivariate correlations 
(|r| < 0.7, Dormann et al. 2013; Figure S3.3): mean daily mini-
mum air temperature of the coldest month (bio6), mean daily 
mean air temperature of the warmest quarter (bio10), annual 
precipitation (bio12), mean monthly precipitation of the driest 
quarter (bio17), and mean monthly precipitation of the warmest 
quarter (bio18). The calibrated ESM was used to predict a time 
series of 210 paleoclimate suitability maps since the LGM.

Past distribution dynamics were simulated by running 
KISSMig on top of these suitability maps after binarisation 
into climatically suitable and unsuitable raster cells. All cells 
that were climatically suitable in one of the first five suitabil-
ity maps since LGM defined the initial distribution, and the 
stack of the remaining 205 layers was then used to simulate 
the distribution dynamics starting from this origin until today. 
Although the binarisation threshold can easily be optimised 
using the current presence–pseudo-absence data, it may not 
be the optimal threshold for simulations of the past due to the 
potential disequilibrium between the current species distribu-
tion and the environment. In addition, the migration ability 
of P. nigrum was unknown a priori. Various KISSMig simu-
lations were therefore carried out with 21 different suitability 
thresholds (i.e., for a range of 0.2 and steps size 0.01 around 
the optimised threshold based on true skill statistic, TSS; val-
ues are specified in Results) and varying migration ability 
(i.e., KISSMig iteration numbers from 1 to 10, which corre-
sponds to a maximum migration distance from 1 to 10 km per 

TABLE 1    |    Genetic summary statistics calculated for chloroplast and nuclear simple sequence repeats (cpSSRs and nSSRs) for the wild populations 
of Piper nigrum.

Population Sample size Latitude (°N) Longitude (°E)

Genetic diversity

cpSSR nSSR

h HR h Ar

P1, Ponmudi 18 (10) 8.926 77.166 0.933 6.25 0.663 3.925

P2, Periyar 22 (4) 9.696 77.273 0.833 2.667 0.701 3.656

P3, Poyamkutty 10 (5) 10.160 76.776 0.982 9.308 0.742 4.755

P4, Vazachal 32 (11) 10.509 76.889 1.000 5.000 0.726 3.832

P5, Pookodu 10 (4) 11.542 76.027 0.833 2.667 0.762 4.039

P6, Coorg 14 (5) 12.035 75.924 0.900 3.571 0.712 3.866

P7, Bisle 24 (10) 12.663 75.615 0.844 4.167 0.735 4.642

P8, Gundiya 20 (5) 12.825 75.575 0.700 2.273 0.682 4.048

P9, Agumbe 18 (7) 13.502 75.090 0.905 4.455 0.652 3.881

P10, Kollur 7 (3) 13.875 74.817 1.000 3.000 0.649 3.834

P11, Sirsi 22 (15) 14.436 75.034 0.362 1.519 0.624 3.157

P12, Yana 9 (8) 14.569 74.558 0.714 2.667 0.622 3.319

P13, Kalemanji 11 (6) 14.712 74.819 0.733 2.571 0.555 2.525

P14, Anshi 26 (10) 14.911 74.636 0.733 2.941 0.692 4.455

Total 243 (103) Mean 0.819 3.789 0.679 3.852

Note: Values inside the parentheses in the sample size column represent the number of samples genotyped for cpSSRs. For chloroplasts, genetic diversity within the 
population was measured based on cpSSR haplotypes. Ar is allelic richness after correcting for unknown dosage, and h is the gene diversity and HR is the haplotype 
richness. Mean values were estimated from 103 and 243 samples for cpSSRs and nSSRs, respectively. The populations P1 to P14 are ordered by increasing latitude.
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100-year timestep). The simulated final species distribution 
for all 210 combinations of different suitability thresholds and 
migration abilities was evaluated using TSS and the current 
presence–pseudo-absence data.

2.7   |   Integrating Population Genetics Into 
Simulations of Species Distribution Dynamics

In addition to the simulated distribution dynamics, the num-
ber of years each raster cell was colonised after the LGM 
(based on the KISSMig output ‘number of occurrences’), here-
after called ‘cumulative colonisation time’, was recorded and 
mapped for each combination of suitability threshold and mi-
gration ability. Although we need to consider the effect of ad-
mixture and secondary contact, it can be assumed that genetic 
diversity, particularly allelic richness, is generally higher in 
the refugial areas where the populations have been present for 
a long time than in newly colonised areas (Comps et al. 2001; 
Petit et al. 2003; Hoban et al. 2010). Therefore, for all 210 sim-
ulations with varying suitability thresholds and migration 
rates, the relationships between the cumulative colonisation 
time and the genetic diversity estimates (h and HR for cpSSRs 
and h and Ar for nSSRs, respectively) were evaluated using 
Spearman correlations, and the maximum correlation was 
identified for each of the four genetic diversity estimates as 
well as their average correlation. All KISSMig-related simu-
lations and visualisations were performed in R v4.4.1 (R Core 
Team  2024) using the package kissmig v1.0–5 (Nobis  2024) 
and the R packages listed in the Appendix S3.

3   |   Results

3.1   |   Genetic Diversity and Population Structure 
From cpSSRs

Out of the 12 screened cpSSRs, six (ccmp2, ccmp3, ccmp5, 
ccmp6, cptri, cptet) showed consistent PCR amplification. A 
total of 37 haplotypes were detected across all the loci among 
the wild populations (Figure  3; Appendix  S4, Table  S4.1). 
Significant phylogeographic structuring was detected with 
the cpSSR where NST (population subdivision based on phy-
logenetically ordered alleles) and RST (assuming a stepwise 
mutation model) values were significantly higher than GST 
(assuming an infinite allele model; NST = 0.349 > GST = 0.142, 
p < 0.05; RST = 0.313 > GST = 0.142, p < 0.05). Furthermore, we 
observed a significant decreasing trend toward northern lat-
itudes among haplotype richness (HR) and gene diversity (h) 
(p < 0.05, Figure S4.1). We observed higher gene diversity and 
haplotype richness among the southern populations. FST and 
F 'ST values among populations were 0.304 (p < 0.005) and 
0.436, respectively, showing a significant moderate genetic 
differentiation. A significant relationship between gene diver-
sity and haplotype richness was observed for cpSSRs (r = 0.63, 
p < 0.05; Figure S4.2a).

SAMOVA recovered three genetic clusters displaying the high-
est FCT values, indicating the greatest differentiation among 
groups. The FCT values rose steadily from K = 6 onwards, reach-
ing stationarity (Figure S4.3). At K = 3 (FCT = 0.253), one cluster 

mostly belongs to the south of the Palakkad gap, a second to the 
north of the Palakkad gap, and a third widespread cluster found 
across the range (referred to as south, north and widespread 
cluster; Figure S4.4) respectively. At K = 4 onwards, single popu-
lations were forming groups (loss of between-population cluster-
ing), violating the assumption of SAMOVA. Hence, we interpret 
our results based on K = 2 (FCT = 0.342), as it has clear biologi-
cal explanations (as suggested by Meirmans 2015). F'ST values 
between haplotypes of the two groups identified by SAMOVA 
were 0.97, indicating high differentiation due to the almost non-
sharing of haplotypes between the groups. These two clusters 
belong to southern (8° N–12° N) and the central Western Ghats 
(12° N–16° N) respectively. The phylogeny of haplotypes based 
on the (��)2 distance (Goldstein et  al.  1995) identified similar 
genetic clustering, as identified by SAMOVA (Figure  4a and 
Figure S4.4).

3.2   |   Genetic Diversity and Population Structure 
From nSSRs

Out of the nine microsatellites, five showed consistent ampli-
fication and polymorphisms and were selected for the genetic 
analysis (i.e., PN A5, PN D10, PN E3, PN G11 and PN F1). The 
population differentiation statistics FST and F'ST were 0.098 
and 0.325, respectively. Allelic richness (Ar) and gene diver-
sity (h) from five nSSRs were lower in the northern latitudes 
(Figure S4.1), where gene diversity showed a significant nega-
tive correlation with latitude (r = −0.58, p < 0.05). Results of the 
Mantel test suggest a significant range-wide IBD among wild 
populations of P. nigrum (r = 0.67, p < 0.01). Ar and h from nSSRs 
also showed a positive correlation among the study populations 
(r = 0.82, p < 0.01, Figure S4.2b). The results from AMOVA re-
vealed that most of the genetic differentiation (72.1%) was found 
within populations. The population Bisle (P7) contributed most 
to the total allelic diversity (AT = 2.698), followed by Anshi (P14; 
AT = 1.898) while the northern population Kalemanji (P13) con-
tributed the least (AT = −3.171). Bisle also had the largest AS 
values (1.441) while the subpopulation Kalemanji showed the 
lowest AS (−1.977) (Figure S4.5).

In the STRUCTURE analysis, the probability of the data LnP(D) 
peaked at K = 2 based on Evanno et al. (2005). At K = 2, two dis-
tinct genetic clusters were observed: one major cluster in the 
southern Western Ghats and the other in the central Western 
Ghats. At K = 3, from the central Western Ghats northwards, 
populations formed a different genetic group, with some admix-
ture among central populations. At K = 4, a new cluster emerged 
north and south of the Palakkad gap. From K = 5 to K = 7, these 
groupings become clearer, and the central Western Ghat pop-
ulations emerged as a different genetic group (Figure 5). From 
K = 8 onwards, we observed complex multimodalities, and the 
assignment of individuals to clusters was inconsistent.

3.3   |   Demographic History

In DIYABC, the highest posterior probability was for sce-
nario 6 and the value (0.484, 95% CI: 0.473–0.495) which was 
much higher than for the second-best performing scenario 
3 (0.350, 95% CI: 0.339–0.361), and its 95% CI did not overlap 
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8 of 16 Diversity and Distributions, 2025

FIGURE 4    |    Population structure and demographic history from cpSSRs. (a) The neighbour joining phylogenetic tree of the haplotypes based on 
the (δμ)2 distance (Goldstein et al. 1995) superimposed on a map of the study area. Branches were coloured following the results of SAMOVA K = 2. (b) 
six demographic scenarios tested in this study in DIYABC v2.1.0. The time scale here is measured in number of generations; the effective population 
size of Pop1 = N1, Pop2 = N2, Na–Nd represents an unknown ancestral population with varying effective population sizes.

FIGURE 5    |    Genetic structure and a neighbour-joining tree of inferred clusters for 14 populations of wild Piper nigrum from the Western Ghats. 
(a–f) Pie diagrams of nuclear genetic clusters from K = 2 to K = 7 on a map of the Western Ghats. (g) neighbour-joining phylogenetic tree of seven in-
ferred clusters from the STRUCTURE analysis.
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with those of the other scenarios (Table  S2.4). For scenario 6, 
the median values of effective population size of N1 (southern 
populations), N2 (central populations) and Nd (unknown ances-
tral populations) were 21,400 (95% CI: 11,100–29,500), 14,300 
(95% CI: 7170–19,700), 3660 (95% CI: 205–9420) (Table  S2.4). 
The median values of the mean mutation rate per generation 
of SSRs under the GSM and SNI models were estimated to be 
5.95 × 10−5 (95% CI: 2.36 × 10−5–9.80 × 10−5), 2.03 × 10−1 (95% 
CI: 1.09 × 10−1–2.95 × 10−1), respectively. The PCA of DIYABC 
showed that the observed dataset (yellow) was in the centre of 
the posterior predictive distribution (Figure  S2.3), suggesting 
that the observed data is generally close to the simulated data 
and thus scenario 6 fits the observed data well. Scenario 6 sug-
gests a small ancestral population size for the central Western 
Ghats from which the populations of southern Western Ghats di-
verged around LGM (Figure 4b). The median value of the gener-
ation time indicating the split between the southern and central 
populations (t1) was 4790 generations ago (95% CI: 1580–9500). 
Assuming a generation time of 4 years for P. nigrum, the diver-
gence time of these populations corresponded to 19,160 years BP, 
or 14,370 years BP and 23,950 years BP if we assumed generation 
times of 3 and 5 years, respectively (Ravindran 2003; personal 
observations SS).

3.4   |   Simulation of Post-Glacial Distribution 
Dynamics (Without Genetics)

The calibrated ESM showed for the current species distribution 
three isolated patches of suitable area—one south and two north 
of the Palakkad gap. The model performed well, with an area 
under the curve (AUC) of 0.944, sensitivity of 0.937, and specific-
ity of 0.833. The optimised TSS of the ESM (TSSESM) was 0.769, 
with a corresponding suitability threshold of 0.25. Since the 
optimised threshold value for the final DSDM was higher (see 
next chapter), KISSMig simulations with 21 threshold values be-
tween 0.20 and 0.40 and a step size of 0.01 were evaluated. For 
the final distribution of these simulations, the highest TSS value 
was 0.772, with a suitability threshold of 0.26 and an iteration 
number of three (Figure 6a). These TSS values generally varied 
only slightly but showed a sudden decline toward high suitabil-
ity thresholds or low iteration numbers. Figure 6b indicates that, 
for such parameter combinations, not all populations were col-
onised during the simulation because the suitability threshold 
was too high, or the assumed migration ability of the species 
was too low.

3.5   |   Integrating Population Genetics in 
the Simulation of Distribution Dynamics

The average Spearman correlation between the four genetic 
diversity estimates and the cumulative colonisation time var-
ied among the different parameter combinations (Figure  6b). 
They showed a clear pattern, with the highest average correla-
tions for suitability thresholds between 0.29 and 0.31 and the 
migration ability corresponding to iteration numbers of four or 
five. The highest correlation for a single genetic diversity mea-
sure was found for nuclear gene diversity (rs = 0.780, p < 0.001; 
Appendix S4, Figure S4.6). For comparison, the Spearman cor-
relation of nuclear gene diversity with latitude was only −0.631 

(p < 0.05). We chose, therefore, the corresponding suitability 
threshold (th = 0.29) and iteration number (it = 4) as the opti-
mised values for the genetically informed DSDM. This simu-
lation also indicated a clear relationship (R2 = 0.55) in a linear 
regression of nuclear gene diversity against log-scale cumulative 
colonisation time, with high values of both cumulative coloni-
sation time and nuclear gene diversity in the southern Western 
Ghats (Figure 7a).

For the genetically informed DSDM, the change in colonised 
area since the LGM often lagged significantly behind the climat-
ically suitable area—especially since sudden climatic changes 
and climate fluctuations since 15,000 years BP (Figures 7b–d). 
For comparison, the corresponding map of the cumulative col-
onisation time for the best-performing simulation without ge-
netic information, that is, based on the optimised TSS (th = 0.26, 
it = 3), suggests—due to the lower threshold value—a persist-
ing refugial area in the north, which is not present in the ge-
netically informed DSDM, and therefore not supported by it 
(Appendix S4, Figure S4.7).

4   |   Discussion

A joint inference of population genetics and our novel geneti-
cally informed DSDM located the LGM refugial area of Piper 
nigrum with high confidence. Besides, our study provides in-
dications for possible migration routes of Piper nigrum within 
the Western Ghats hotspot in the past. These results jointly offer 
unique insights into how biodiversity in this area might have 
been (re)structured in response to past climatic oscillations. By 
inferring the past dynamics of Piper nigrum, a climbing species 
that colonises tropical evergreen forests, our results contribute 
to understanding how tropical forests might have responded to 
past climatic oscillations. Below we discuss the major findings 
and limitations of our results from the Western Ghats and the 
novel modelling approach, and their implications for biodiver-
sity conservation.

4.1   |   LGM Refugia and Migration Routes

The projected distribution of the genetically informed DSDM 
around LGM suggests that P. nigrum was more widely spread 
than today and that suitable climatic conditions prevailed 
through the LGM to the Holocene throughout the western 
coast of Peninsular India. The simulations revealed an overall 
reduction in suitable area until c. 15,000 BP and the absence 
of the species in the northern part of its extant distribution 
during that time. The climatically suitable area increased af-
terwards rapidly, due to a transition to more humid climate 
conditions (Tiwari et al. 2011). Because of the indicated bot-
tleneck until c. 15,000 BP, suitable areas north of the extant 
distribution probably were not colonised rapidly, due to mi-
gration constraints.

In support of this simulation, the genetic structure of both the 
chloroplast and nuclear genome revealed two clusters in the 
southern and central Western Ghats. A similar pattern was pre-
viously observed in at least two other taxa, in the tree Dysoxylum 
malabaricum by Bodare et  al.  (2013) and in the flying lizard 

 14724642, 2025, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ddi.70070, W

iley O
nline L

ibrary on [03/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 of 16 Diversity and Distributions, 2025

Draco dussumieri (Chaitanya et al. 2025); both studies attribute 
this pattern to rainfall regimes and adaptation to local climate. 
With the nSSRs clusters in our study, the Palakkad gap did not 
appear as a strong barrier in the past, and the admixture-like 
pattern of nuclear genetic clusters is an indicator of a histori-
cal connection between the two sides of the Palakkad gap. The 
within-group structure of P. nigrum from K = 4 to K = 7 indi-
cates, however, limited gene flow below and above the Palakkad 
gap in recent times.

The chloroplast haplotypes H23 and H31 shared among Sirsi 
(P11), Coorg (P6) and Periyar (P2) populations and between 
Ponmudi (P1) and Coorg (P6) populations, respectively, support 
a possible genetic exchange through the lowlands (Appendix S4, 
Figure S4.8) which is also indicated by the genetically informed 
DSDM. Macro-remains of coastal moist forest elements recov-
ered from the western slopes of the Western Ghats (Farooqui 
et  al.  2010, 2014) likewise confirm a lowland connection be-
tween the two sides of the Palakkad gap. Such forests along the 

coast might have favoured species dispersal across the Western 
Ghats. In addition, the phylogenetically distinct haplotypes in 
the central Western Ghats suggest adaptation or re-expansion 
to new habitats, meaning that the populations of this area might 
have experienced the highest impact of climate change since the 
LGM, compared with the southern Western Ghats populations 
under a more widespread suitable climate. Although refugial 
areas in the north of the present species distribution lacked sup-
port from the cpSSRs and nSSRs, and the genetically informed 
DSDM, their existence is possible, but they might not have been 
effective refugia for the modern genetic structure.

Until c. 15,000 BP, our results support that P. nigrum has col-
onised in a rather dry climate the exposed land area during the 
period of low sea level. Still, the wetter conditions afterward 
might have opened new colonisation opportunities increasingly 
limited by the rising sea level. It is reasonable to assume that 
these dynamics were followed by a clear fragmentation of the 
species' range over the last c. 5000 years.

FIGURE 6    |    Optimisation matrices of KISSMig simulations with different combinations of iteration number per 100-year step (it, columns) and 
the suitability threshold (th, rows). The performance measures are: (a) true skill statistic of the simulated present-day distributions based on the 
current presence–pseudo-absence data, and (b) the average Spearman correlation between the four genetic diversity measures and the cumulative 
colonisation time at the locations of the 14 investigated populations. The four genetic diversity measures are nuclear genet diversity represented by 
simple sequence repeats (nSSRs), nuclear allelic richness, chloroplast gene diversity represented by simple sequence repeats (cpSSRs), and chloroplast 
haplotype richness. The numbers in italics on a grey background in matrix (b) show the number of populations that were not accessible for the given 
parameter values during the simulations. No correlations were calculated for these parameter settings. The colour gradient from blue to red corre-
sponds to increasing TSS values and correlation strength respectively.
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4.2   |   Dynamic Species Distribution Modelling 
Informed by Population Genetics

In our DSDM framework, we evaluated different thresh-
old values of climate suitability, which can be interpreted as 
testing different widths of the species' climatic niche—with 
higher threshold values describing a narrower niche. Along 
with the variation in the KISSMig iteration number, our simu-
lations considered two fundamental species characteristics re-
lated to distribution dynamics: the width of the climate niche 
and the migration ability of the species. Solely based on the 
current presence–pseudo-absence data, the KISSMig simu-
lations showed a high level of uncertainty for the optimised 

combination of the estimated niche width and migration abil-
ity. In contrast, the genetically informed approach revealed a 
pronounced and shifted correlation optimum and therefore 
provides stronger support for the selected simulation. These 
results differ from the rather narrow estimate of the migration 
ability without a genetically informed optimisation in Nobis 
and Normand  (2014), which was facilitated by the missing 
range filling of the analysed tree species. With the predicted 
shrinking distribution of P. nigrum over the last millennia, 
however, it is hardly possible to estimate a more reliable mi-
gration rate based solely on the present species distribution. 
Improved estimates are nevertheless possible when genetic 
diversity is considered, as they also reflect past dynamics, 

FIGURE 7    |    (a) Relationship between simulated cumulative colonisation time (log scale) of the genetically informed DSDM (suitability thresh-
old = 0.29, iteration number = 4) and nuclear gene diversity (heterozygosity) among the 14 populations of P. nigrum. The solid line represents linear 
regression, and the shaded grey indicates its 95% confidence intervals. (b) Colonised area versus the climatically suitable area for the genetically in-
formed DSDM. Area for each 100-year timestep, with lines calculated as the running average over 500 years. The numbers in the circles in (b) corre-
spond to the four maps in (c), in which the colonised area is shown in yellow, climatically suitable but uncolonised area in green, and the blue colours 
distinguish between land and sea. (d) The final map shows the cumulative colonisation time of all timesteps. The grey lines represent the Western 
Ghats and the present coastline for comparison.
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12 of 16 Diversity and Distributions, 2025

including range expansions. This clearly demonstrates the 
ability of the genetically informed DSDM to reduce uncer-
tainty in the estimated model parameters and to generate a 
more reliable reconstruction of the past distribution dynam-
ics. It also opens an interesting research avenue for population 
geneticists and macroecologists to generate and test hypothe-
ses on patterns of genetic diversity and species distributions 
across space and time.

Independent from the optimisation of the genetically informed 
DSDM, there exists additional support for the chosen simu-
lation. Although we need to be aware of several sources of 
uncertainty in the ABC inferences including divergence time 
(Tsuda et  al.  2015), the estimated divergence time between 
the two genetically distinct groups of the southern and cen-
tral Western Ghats falls between 14,370 and 23,950 years BP, 
which matches the start of the northward expansion from a 
small distribution area around 15,000 BP in our simulation. In 
addition, the KISSMig iteration number of the genetically in-
formed DSDM (it = 4) corresponds to an ecologically meaning-
ful migration rate of 4,000 m per 100-year timestep. Assuming 
an average generation time of 4 years, this translates to an av-
erage dispersal distance of 160 m/generation (or 120 and 200 m 
if we assume five-year and three-year generation times, re-
spectively). Although we are not aware of a study on P. nigrum 
dispersal distances, these values fit well with distances of seed 
dispersal by birds reported for other plant species (Weir and 
Corlett 2007; Rehm et al. 2019). Furthermore, the migration 
rate of P. nigrum, as an understory, clonally propagated spe-
cies, is most likely affected not only by the generation time 
and dispersal, but also by the expansion rate of the tropical 
forest habitat. Finally, we notice that pollen is most likely not 
a major vector for nuclear DNA, as P. nigrum is mostly self-
pollinated with instances of apomixis.

4.3   |   Conservation Implications

In the context of current global change, unveiling genetic diver-
sity hotspots and species distribution history, along with eval-
uations of a species' climate niche and migration ability, offers 
new insights for future conservation (see Keppel et  al.  2015). 
From our genetic analysis, we identified two northern popula-
tions (Bisle (P7) and Anshi (P14)) of Piper nigrum from relatively 
undisturbed, protected habitats as reservoirs of genetic diver-
sity. Although southern populations contributed less to overall 
nuclear diversity, they exhibited higher gene diversity and al-
lelic richness at chloroplast loci, likely due to lower dispersal. 
Several morphological variants were observed within these 
populations (personal observation by TD and SS), underscoring 
their value for enhancing trait diversity in both ex situ collec-
tions and in situ conservation. Parts of the LGM refugial areas, 
indicated in our study by high genetic diversity and long colo-
nisation time, fall near the existing network of protected areas 
(see Appendix S5). In these areas, we propose collecting seeds 
for seed bank and live specimens to preserve the genetic diver-
sity of this important crop species. Despite regional variation in 
genetic patterns, we recommend establishing in situ conserva-
tion strategies to safeguard these genetic resources, because the 
species is known to be threatened due to habitat fragmentation 
from land-use changes, climate change, along with additional 

threats from pest infestations (Sen et  al.  2016; Prathapan and 
Viraktamath 2008; Ravindran 2003).

4.4   |   Limitations

The genetically informed DSDM developed in this study is novel 
and has not been tested with other species so far, although the ap-
proach can be integrated into genetic and macroecological studies 
of any taxon of interest. We are also not aware of the performance 
of this approach for species that show more complex distribution 
dynamics, such as large-scale hybridisation or secondary con-
tact zones. The unclear correlation of cpSSR gene diversity with 
DSDM simulations may result from such secondary contact and 
lineage mixing during post-LGM colonisation, as shown by Petit 
et al. (2003). Such cases would require further investigations and 
could provide opportunities for improvements to the approach. 
Finally, our DSDMs predicted, outside of the study area, climati-
cally suitable habitats also for Sri Lanka. These habitats were not 
connected to suitable areas in our simulations, but this could be 
investigated further in the future (see Metschina et al. 2025).

5   |   Conclusions

Overall, our study demonstrates how the integration of paleo-
climate modelling, dynamic species distribution modelling, and 
population genetics can provide better insights for understanding 
population genetic and phylogeographic patterns, identify areas 
of high genetic diversity, and provide novel biogeographic expla-
nations for the climate-related dynamics of biodiversity. We iden-
tified multiple effective refugial areas within the Western Ghats', 
where the coastal lowlands once acted as an important migration 
route for evergreen species such as P. nigrum. Although we em-
ployed gene diversity, haplotype richness, and allelic richness as 
genetic diversity indices in our genetically informed DSDM, the 
approach developed here should also be applicable to other genetic 
diversity measures, such as nucleotide diversity, FST, or effective 
population size obtained from population genomic data.
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