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Significance

 Within tropical archipelagos, such 
as the Wallacea biodiversity 
hotspot, larger islands 
experience greater resource 
exploitation compared to smaller 
ones, highlighting the potential of 
smaller islands as refuges for 
conservation. To investigate the 
genetic health of populations on 
small islands, we used genomic, 
occurrence, and environmental 
data from a system of replicated 
populations of anoa and 
babirusa across islands of varying 
sizes. In contrast to larger islands 
like Sulawesi, our results 
demonstrate that smaller 
offshore islands not only provide 
higher-quality habitats but also 
support populations that have 
efficiently purged harmful 
mutations. Thus, despite their 
known vulnerability over 
geological time-frames, small-
island populations can provide 
long-term insurance against 
human-driven extinction and 
conservation efforts should 
prioritize habitat management 
over translocations.
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EVOLUTION
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Island populations of large vertebrates have experienced higher extinction rates than 
mainland populations over long timescales due to demographic stochasticity, genetic 
drift, and inbreeding. While being more susceptible to extinction and as such potentially 
targeted for conservation interventions such as genetic rescue, small-island popula-
tions can experience relatively less anthropogenic habitat degradation than those on 
larger islands. Here, we determine the consequences and conservation implications of 
long-term isolation and recent human activities on genetic diversity of island popula-
tions of two forest-dependent mammals endemic to the Wallacea archipelago: the anoa 
(Bubalus spp.) and babirusa (Babyrousa spp.). Using genomic analyses and habitat 
suitability models, we show that, compared to closely related species, populations on 
mainland Sulawesi exhibit low heterozygosity, high inbreeding, a high proportion of 
deleterious alleles, and experience a high rate of anthropogenic disturbance. In contrast, 
populations on smaller islands occupy higher-quality habitats, possess fewer delete-
rious mutations despite exhibiting lower heterozygosity and higher inbreeding. Site 
frequency spectra indicate that these patterns reflect stronger, long-term purging in 
smaller-island populations. Our results thus suggest that conservation efforts should 
focus on protecting small-island high-quality habitats and avoiding translocations from 
mainland populations. This study highlights the crucial role of small offshore islands 
for the long-term survival of Wallacea’s iconic and indigenous mammals in the face of 
development on the mainland.

conservation | genetic rescue | genetic load | inbreeding | habitat suitability modeling

 Throughout the Quaternary period, island populations of large vertebrates experienced 
higher rates of extinction than their mainland counterparts ( 1 ). This pattern can be attrib-
uted to demographic stochasticity, as well as the strong effects of genetic drift that operate 
in small populations of slow-reproducing species, and the associated negative consequences 
for fitness and adaptability ( 2 ,  3 ).

 In the past century, these long-term threats to island populations have been further 
compounded by human activities such as urbanization, the introduction of invasive species, 
land conversion for agriculture, mining, and hunting ( 4 ). These anthropogenic pressures 
often vary across islands, with smaller and more isolated populations typically facing less 
intense exploitation compared to larger, more accessible ones ( 5 ,  6 ). Consequently, while 
populations on small islands may be more prone to extinction over geological timescales, 
they can be less affected by habitat degradation.

 Genetic rescue, typically involving the translocation of individuals from larger to smaller 
populations, can be an effective strategy for increasing diversity in genetically depauperate 
populations ( 7 ,  8 ). Translocating unrelated individuals introduces novel alleles, which can 
mask the expression of deleterious recessive alleles and alleviate inbreeding depression in 
the recipient population. In addition, a small subset of these alleles may enhance the 
recipient population’s potential to adapt to changing environments, provided that newly 
introduced variation confers a substantial selective advantage, and the effective population 
size is sufficiently large for selection to operate and counteract the effects of genetic drift ( 9 ).

 Although genetic rescue has yielded notable successes, a recent empirical study ( 10 ) 
and simulations ( 11 ) suggest that it can also lead to the introduction of harmful alleles 
in small populations. This can negatively impact the survival of historically small pop-
ulations, which have undergone long-term purging and as a result often carry an overall 
lower number of deleterious alleles than large populations ( 12 ). In fact, simulations 
suggest that historically small populations are likely to face a lower risk of short-term D
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extinction following a bottleneck compared to larger popula-
tions (attributable to lower number of harmful alleles), but a 
higher risk of long-term extinction due to their limited adaptive 
potential (attributable to reduced genetic diversity) in the face 
of environmental change ( 12 ,  13 ). This highlights the need for 
careful genetic management, especially in historically small pop-
ulations in which natural selection has likely eliminated many 
harmful alleles, but which still face fitness challenges due to 
inbreeding and lower adaptive potential due to low genetic 
diversity ( 12   – 14 ).

 The archipelago of Wallacea in Indonesia provides a natural 
laboratory to investigate the combined effects of long-term isola-
tion and recent human activity on island population genetic struc-
ture and viability. Due to its long geological history of isolation, 
Wallacea is a global hotspot for endemism. In recent years, it has 
emerged as a frontier region for development in Indonesia, and 
its ecosystems and unique species face increasing pressures from 
deforestation and mineral extraction ( 5 ,  6 ,  15 ). To date, human 
activities have been concentrated in the more accessible lowland 
areas on Sulawesi, whereas some smaller offshore islands have 
remained less disturbed ( 5 ).

 Here, we determine the consequences and conservation impli-
cations of long-term isolation and recent human activities on 
the genomic diversity of island populations of two forest- 
dependent mammals, the anoa Bubalus  spp. and babirusa 
(Babyrousa  spp.) ( Fig. 1 A  and B  , respectively). Both taxa are 
endemic to Wallacea and are broadly codistributed on islands of 
different sizes across the archipelago. Previous work suggests they 
underwent range expansions approximately 2 Mya ( 16 ), how-
ever, current populations are highly fragmented following several 
decades of population declines and local extinctions due to hab-
itat loss and hunting.        

 As endangered and endemic mammals, the anoa and babirusa 
are the focus of ex situ breeding programs and viewed as potential 
candidates for conservation programs aimed at increasing the size 
and genetic diversity of wild populations. Here, we use a combi-
nation of population genomic analyses and habitat suitability 
models, to evaluate the persistence of populations on islands of 
different sizes and in varying habitat quality to investigate the 
stability of small populations. Our findings underscore the critical 
role of small offshore islands in ensuring the long-term survival 
of Wallacea’s iconic mammals amid ongoing land-use changes on 
the Sulawesi mainland. 

Results and Discussion

 We generated short-read sequence data from samples of anoa  
(n = 67) and babirusa (n = 46) collected from across their respec-
tive ranges in Wallacea. To determine broad population genetic 
structure, we mapped short reads of each taxon to a reference 
genome of a conspecific, or, in the case of the anoa, the water 
buffalo (Bubalus bubalis ) to maximize coverage (SI Appendix, 
Fig. S1  and Dataset S1 ). We performed principal components 
( Fig. 1 C  and D  ), phylogenetic, and admixture analyses 
(SI Appendix, Fig. S2 ) with 1,053,534 unlinked SNPs for anoa, 
and 1,011,533 unlinked SNPs for babirusa (thinned for compu-
tational efficiency, see SI Appendix ). These analyses revealed con-
cordant patterns of population structure across both taxa ( Fig. 1 
﻿C  and D  ), in which three distinct lineages were identified corre-
sponding to individuals from North Sulawesi, Southeast Sulawesi, 
and the small offshore islands of Buton (anoa) or Togean (bab-
irusa). This population structure, which broadly supports previous 
findings based on mitochondrial and microsatellite data ( 16 ), was 
then used to define populations in subsequent analyses. 

Populations on Smaller Islands Are Less Genetically Diverse 
than on Mainland Sulawesi. To determine the consequences 
of long-term isolation, we quantified levels of genetic diversity 
in populations on Sulawesi and smaller nearby islands (Buton 
and Togean). To do so, we computed genome-wide Watterson’s 
θ, an unbiased estimator of heterozygosity in a single diploid 
individual under the infinite sites model (18), using ROHan 
(19). We found that θ on the small islands of Togean (babirusa: 
mean = 0.29 × 10−3, SE = 0.02 × 10−3) and Buton (anoa: mean 
= 0.58 × 10−3, SE = 0.02 × 10−3) was ~twofold to ~sixfold lower 
than in populations from mainland Sulawesi (babirusa: mean = 
1.85 × 10−3, SE = 0.1 × 10−3; anoa: mean = 1.33 × 10−3, SE = 
0.1 × 10−3), indicating that small-island populations possess less 
genetic diversity than populations on the larger island of Sulawesi 
(Fig. 2A). On Sulawesi, however, we found that babirusa from the 
Southeast Sulawesi possessed lower θ (mean = 1.17 × 10−3, SE = 
0.04 × 10−3) compared to those found on the Northern peninsula 
(mean = 2.17 × 10−3, SE = 0.06 × 10−3).

 We then tested whether anoa and babirusa populations are 
characterized by more variable levels of genetic diversity compared 
to related species that do not occur on islands of varying size. To 
address this, we compared levels of genetic variability (Watterson’s 
﻿θ ) and inbreeding (ROHs greater than 1 Mbp) among anoa and 
babirusa populations to those observed in 19 closely related taxa 
(52 individuals in total), including highly endangered species such 
as the pygmy hog (Porcula salvianus ), the Javan warty pig (Sus 
verrucosus ), and banteng (Bos javanicus ). Levels of genetic diversity 
(Watterson’s θ ) were on average lower in anoa than in other bovid 
species ( Fig. 2A  ). The same was observed in babirusa, which aside 
from the North Sulawesi population, possessed lower levels of 
genetic diversity than most other suids. Lower levels of genetic 
diversity in the Wallacean endemics is likely the result of smaller 
effective population sizes resulting from their island habitats and/
or recent bottleneck(s).

 To assess whether populations showed signs of recent bottle-
necks, we analyzed runs of homozygosity (ROHs) using ROHan 
( 19 ) and reconstructed demographic histories using GONE ( 20 ) 
(SI Appendix ). Consistent with genome-wide patterns of genetic 
diversity, ROH were shorter and less abundant in Northern 
Sulawesi babirusa and in Northern and Southeastern Sulawesi 
anoa ( Fig. 2B   and SI Appendix, Fig. S3 ), indicative of lower levels 
of inbreeding compared to other populations. Demographic 
reconstructions based on linkage disequilibrium (SI Appendix, 
Fig. S4 ) supported these findings indicating that Northern 
Sulawesi babirusa (Ne ~ 10,000) and anoa from both the North 
(Ne ~ 20,000) and Southeast (Ne ~ 5,000) regions of Sulawesi 
have maintained substantial population sizes, remaining stable for 
at least 200 generations.

 Small populations from the small offshore islands of Buton and 
Togean showed different demographic histories than populations 
from the larger island of Sulawesi for both anoa and babirusa. 
Anoa from Buton possessed longer ROHs than those from main-
land Sulawesi ( Fig. 2C   and SI Appendix, Fig. S3 ), and demo-
graphic reconstruction indicated that they formed part of a stable, 
yet substantially smaller population (Ne ~200 to 400) than main-
land anoa (SI Appendix, Fig. S4 ). Similarly, babirusa from the 
island of Togean possessed longer ROHs than those from 
Northern Sulawesi ( Fig. 2C  ). Demographic reconstruction sug-
gested that Togean babirusa underwent a strong population bot-
tleneck ~50 to 100 generations ago (SI Appendix, Fig. S4 ). The 
inferred magnitude and the timing of this bottleneck, however, 
were strongly affected by the choice of parameters used for the 
GONE analysis (SI Appendix, Fig. S4 ) and the results are incon-
sistent with the fact that, as for Buton anoa, they possess similar D
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levels of genetic diversity within and outside ROHs ( Fig. 2A  ), 
which is indicative of a stable population. Combined with this 
evidence, we suggest that the population bottleneck identified by 

GONE could be an artifact of the low sample size of the Togean 
babirusa genome with over 5× depth of coverage (n = 5) compared 
to Buton anoa (n = 17).
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Fig. 1.   Population structure and habitat suitability. (A) Photographs of anoa (Top, © Chester Zoo) and (B) babirusa (Bottom, photo credit: S.L. Mitchell). (C) Principal 
component analysis based on SNPs from genomes (>5×) for anoa (Middle, 53 individuals; 1,053,534 SNPs) and (D) babirusa (Right, 37 individuals; 1,011,533 SNPs), 
(E) Zones of endemism (Right) based on Frantz et al. (16). (F) Locations of samples for anoa (Left), (G) babirusa (Right) colored based on population structure 
(SI Appendix, Fig. S2), (H) Sulawesi and offshore islands, showing the 2018 forest cover [Global Forest Change repository, v1.6, Hansen et al. (17), processed in 
Voigt et al. (5)] in green used to constrain the ensemble distribution models of habitat suitability for (I) anoa (Middle) and (J) babirusa (Right) categorized by the 
habitat suitability score quantile (class one = least suitable habitat, class five = most suitable habitat.
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 Southeast Sulawesi babirusa possessed more ROHs and had a 
larger portion of their genome in ROH than any other population 
of babirusa and any other suid species ( Fig. 2B  ). Interestingly, 
despite this high level of inbreeding, Southeast Sulawesi babirusa 
possessed average levels of genetic diversity when compared to 
other suid species ( Fig. 2A  ). Their level of genetic diversity, how-
ever, was significantly higher when excluding ROHs (P  < 0.001; 
 Fig. 2B  ). The significant change in genetic diversity when exclud-
ing ROHs suggests that babirusa living in Southeast Sulawesi were 
part of a historically large population that underwent a recent 
bottleneck. Demographic reconstruction, based on 11 of the 
genomes with depth of coverage greater than 5×, indicated that 
Southeastern babirusa formed part of a small population (Ne ~ 
200 to 400) which underwent a 5 to 10-fold population bottle-
neck ~100 to 150 generations ago (SI Appendix, Fig. S4 ).  

Impact of Anthropogenic Disturbances on Demography. To 
address whether the dramatic bottleneck in Southeast Sulawesi 
babirusa is consistent with a recent decrease of suitable habitat 
in the area, we constructed an ensemble species distribution 
model (21) based on bioclimatic variables and forest cover (5, 
17) (SI  Appendix, Table  S1). Our models reveal a substantial 

difference in habitat suitability on mainland Sulawesi, with 
the northern region displaying approximately 3.8 times more 
suitable habitat for anoa and 1.4 times more for babirusa than 
the Southeast Peninsula (SI Appendix, Table  S2). This trend is 
consistent with recent deforestation rates (between 2000 and 
2017), which were higher in Southeast Sulawesi compared to the 
North (22), suggesting that deforestation has led to the reduced 
habitat availability detected by our models. These data, combined 
with previously reported high rates of poaching (23), suggest that 
the recent population bottleneck in babirusa in Southeast Sulawesi 
has been driven by relatively recent anthropogenic disturbances, 
rather than longer-term evolutionary processes.

 Our data, however, indicate that the Southeastern anoa popu-
lation did not experience a bottleneck, suggesting that anthropo-
genic disturbances had a lesser impact on this species compared 
to babirusa. Spatial analyses revealed that deforestation is more 
prevalent in lowland areas, evidenced by the substantially higher 
mean altitude of forested areas (505 m) in the Southeastern pen-
insula relative to deforested areas (95 m). This altitudinal differ-
ence may account for the observed discrepancy between anoa and 
babirusa, potentially reflecting a greater tolerance of anoa for 
higher-altitude forest habitats.

A

B

C

Fig. 2.   Population-level genetic diversity and ROHs. (A) Genome-wide Watterson’s θ computed across the whole genome (triangle) and excluding ROH (square) in 
anoa, babirusa, and their respective close relatives, i.e., Bovidae for anoa and Suidae for babirusa. (B) Sum of size of ROH segments across the genome (NROH) 
and proportion of ROH across the genome (FROH) (C) distribution of ROH segment length.
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 In contrast to the mainland, smaller offshore island of Togean 
(babirusa) and Buton (anoa) possessed proportionally more suit-
able habitat (i.e., top 20% of all suitable habitat; see SI Appendix, 
﻿Supplementary Text﻿ ; 1.5-fold more highly suitable area for anoa 
and ~1.6 for babirusa relative to North Sulawesi;  Fig. 1D   and 
﻿SI Appendix, Table S2 ). In addition, Buton and Togean have a 
higher percentage of land (14% and 45% respectively) within 
protected areas (IUCN category I-V), compared to North (14%) 
and Southeast (6%) Sulawesi. When relating the distribution of 
suitable habitat to different land use classes, we found, for both 
species, a considerable overlap with areas that have protected status 
(SI Appendix, Fig. S5 ). This highlights the effectiveness of the pro-
tected area network for conserving habitat for Wallacea’s endemic 
mammals. Combined with our genomic results, this indicates that 
Buton anoa, also potentially Togean babirusa, form part of a his-
torically small, yet stable population that inhabits a highly suitable 
and already protected habitat ( Fig. 1D   and SI Appendix, Fig. S5 
and Table S2 ).  

More Deleterious Alleles Segregate on Sulawesi than on Small 
Islands. Recent studies of several large-bodied mammals indicate 
that small populations with long histories of isolation [e.g., 
Channel Island foxes (24), Iberian lynx (25), Bengal tigers (26), 
and mammoths (27)] show evidence of accumulation of mildly 
deleterious alleles, while naturally purging strongly deleterious 
recessive variants. To evaluate how small-island populations of anoa 
and babirusa purge deleterious alleles compared to their mainland 
populations, we computed genetic load in individual genomes, 
using three conservation scores: SIFT, PhyloP, and phastCons 
(SI Appendix). To allow cross-species comparisons, we estimated 
genetic load for loci that show one-to-one orthology between 

the pig and cow genomes (SI Appendix). We first computed a 
load score by summing conservation scores, weighted by genotype 
probability for derived alleles found at homozygous states across the 
genome (SI Appendix, Supplementary Methods). This homozygous 
load represents the minimum impact of deleterious alleles on 
fitness (i.e., assumes that all deleterious alleles are recessive). We 
also computed the heterozygous load by summing the scores of 
derived alleles found at heterozygous states and the total load by 
summing the impact of alleles found at both homozygous and 
heterozygous states (total load) across the genome. The total load 
represents the maximum impact of deleterious alleles on fitness 
(i.e., assumes that all deleterious alleles are dominant).

 Total, heterozygous, and homozygous load were significantly 
lower in anoa than in babirusa (P  < 0.001; see SI Appendix ) ( Fig. 3 
﻿A  and B   and SI Appendix, Fig. S6 and Table S3 ). Mean total load, 
and heterozygous load, calculated for all individuals from the same 
population, were also significantly higher in large populations found 
on mainland Sulawesi than in smaller island populations such as 
Togean (babirusa) and Buton (anoa;  Fig. 3C   and SI Appendix, 
Fig. S6 and Table S3 ). This result indicates that deleterious alleles, 
found at heterozygous states, are more abundant in larger, mainland, 
populations than in smaller, island populations.        

 Mean homozygous load, however, was significantly higher in 
small-island populations than in larger island populations 
( Fig. 3D  ). Altogether, these results indicate that large populations 
possess more deleterious recessive alleles overall, most of which 
are found in heterozygous state and therefore hidden from selec-
tion. Thus, although large populations possess more deleterious 
alleles, the overall fitness impact of deleterious alleles is likely to 
be higher in smaller island populations which possess more 
 deleterious alleles in homozygous state.  
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Fig. 3.   Genetic load in babirusa, anoa, and closely related species. (A) Total load computed in individual genomes using SIFT scores for alleles found at both 
heterozygous and homozygous states in anoa, babirusa, and their close relatives. (B) Homozygous load computed in individual genomes using SIFT scores for 
alleles found at homozygous states in anoa, babirusa, and their close relatives. (C) Interisland comparison of total load and (D) homozygous load within the 
populations of anoa and babirusa.D
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Small-Island Populations Efficiently Purge Deleterious Alleles. 
The difference between the total and homozygous load observed 
in small and large populations could be due to either lower levels 
of heterozygosity or the lower efficiency of purifying selection in 
small populations (Fig. 2B). To assess the efficiency of purifying 
selection across different populations, we first built unfolded site 
frequency spectra (SFS) using ANGSD (28), based on alleles that 
have been assigned different impact ratings by the Variant Effect 
Predictor (29), i.e., low, modifier, moderate, and high (Fig. 4 and 
SI Appendix). Comparing SFS provides the opportunity to assess 
the impact of purifying selection on the full frequency range of 
deleterious alleles in a population, not just those in heterozygous 
and homozygous states.

 We found that SFS showed an excess of low-frequency delete-
rious alleles in mainland populations that have not experienced 
bottleneck(s), such as populations of anoa in Southeast Sulawesi 
( Fig. 4B  ) and of both taxa in North Sulawesi ( Fig. 4 A  and D  ). 
This pattern is consistent with the effect of purging reducing the 
frequency of deleterious alleles ( 24     – 27 ). The persistence of dele-
terious alleles at low frequency in these large, highly heterozygous, 
populations is likely due to their recessive nature, which means 
they are less likely to be exposed to selection than in smaller, less 
heterozygous, populations.

 In contrast, we found fewer deleterious alleles at low frequency 
in the recently bottlenecked Southeast Sulawesi babirusa, com-
pared to in the North Sulawesi population. This is likely due to a 
weaker effect of purging and stronger drift in Southeast Sulawesi 
babirusa than in the North Sulawesi. Both small-island popula-
tions, however, possessed many fixed deleterious alleles, but had 
fewer deleterious alleles at low frequency than in large populations 
and in the recently bottlenecked Southeast babirusa population. 
The high degree of fixed deleterious alleles is likely to be the result 
of strong genetic drift in small populations. Reduced heterozygo-
sity in these island populations likely explains the near absence of 

low-frequency deleterious alleles, a result of long-term purging 
where recessive alleles are exposed to selection. This is in contrast 
with large populations, in which deleterious alleles persist at low 
frequency despite purging.

 To quantitatively compare the shape of the SFS across four 
impact ratings, we used a composite likelihood (CL) approach 
adapted from Nielsen et al. ( 30 ). Large differences in CL values 
across impact ratings point to contrasting shapes of the SFS. As 
the low-impact alleles are less likely to be affected by selection 
compared to the other three impact ratings (modifier, moderate, 
high), we used the SNPs in this rating as the expected SFS. For 
each impact rating, we obtained 1,000 CL values across bootstrap 
replicates (SI Appendix, Supplementary Methods﻿ ), which were nor-
malized using the mean of the bootstrap value of the low impact 
CL. In large island populations, normalized CL distributions 
(across bootstrap replicates) of the three higher impact ratings 
were centered around one ( Fig. 4 A , B , D , and E  ). This indicates 
that the SFS of the higher impact ratings were not quantitatively 
different from that of the SFS built using low-impact ratings. In 
contrast, in small-island populations, the mean CL across the three 
higher impact ratings was higher than one, indicating that the 
shape of the SFS of the higher impact alleles is quantitatively dif-
ferent from the shape of the SFS built using low impact alleles 
( Fig. 4 C  and D  ).

 The observed differences in the shape of the SFS across different 
impact ratings in the small-island populations suggest that, 
although their population size is smaller than their mainland coun-
terparts, purging is having a stronger distorting effect on the SFS 
of more impactful alleles. This is likely the result of recessive del-
eterious alleles that are more likely to be exposed to selection in a 
less heterozygous population. Over time, this will lead to a reduc-
tion in frequency for the most deleterious alleles in small popula-
tions, consistent with our total load scores ( Fig. 3A  ) and a previous 
simulation study ( 11 ).   
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Conclusions

 Our analyses show that anoa and babirusa populations on small 
islands have remained sufficiently stable to efficiently purge delete-
rious alleles. These populations also occupy high-quality habitats, 
often within protected areas (e.g., 45% of the Togean islands are 
protected as a national park). Small-island ecosystems may thus 
offer a long-term solution to preserve these species. In contrast, we 
show that some populations on the larger island of Sulawesi, such 
as in the Southeast, occupy lower quality habitat due to a higher 
degree of anthropogenic disturbance and show signs of strong bot-
tlenecks and weaker purifying selection. These findings imply that 
recent anthropogenic disturbances on larger islands may be reshap-
ing the extinction dynamics during the Quaternary, a period during 
which populations on smaller islands have been generally presumed 
to be more vulnerable. Our results suggest a possible reversal of this 
trend, linked to greater human impact which could make large 
island populations more susceptible to extinction than their smaller 
island counterparts.

 The introduction of individuals from the mainland could be a 
solution to increase genetic diversity on small islands with high 
habitat quality and low anthropogenic pressures. Our genomic 
data, however, indicate that individuals from mainland popula-
tions possess more deleterious alleles, which, if translocated to 
smaller, less heterozygous, island populations could result in fitness 
decline and increased risk of extinction ( 11 ). We therefore suggest 
that, unless the census population size of babirusa and anoa drops 
dramatically on smaller islands, conservation efforts should focus 
on maintaining forest habitat, without the need for a possibly 
counterproductive, and logistically challenging, translocation pro-
gram. Translocations, however, could become useful in the future 
and for other species; for example, in the event that populations 
drop dramatically, or if fixed deleterious alleles—which are more 
frequent in smaller island populations ( Fig. 4 )—start impacting 
fitness ( 31 ). Altogether, our study demonstrates the benefit of 
combining genomic information with species distribution mod-
eling to help predict future anthropogenic threats and inform 
species conservation planning for island systems.  

Materials and Methods

Samples used for this study were obtained from a previous study (16) and totaled 
67 anoa (29 from North Sulawesi, 15 from Southeast Sulawesi, and 23 from Buton) 
and 46 babirusa (24 from North Sulawesi, 14 from Southeast Sulawesi, and 8 
from Togean). For details of the samples, see SI Appendix. DNA was extracted from 
hair follicles or skeletal remains using DNeasy Blood and Tissue kits (Qiagen) with 
the final extract eluted in 100 μL of TE buffer. Double-indexed standard illumina 
libraries were built by Novogene (in 2020) or Macrogen (in 2021) (Dataset S1). 
Libraries were pooled equimolarly and sequenced on an Illumina Novaseq S4 
platform (150 bp PE). To compare with other taxa that are closely related, we down-
loaded 25 genomes from European Nucleotide Archive (ENA) and 26 genomes 
from Sequence Read Archive comprising 8 species of Suidae and 10 species 
of Bovidae (Dataset S2) that were also sequenced using Illumina (150 bp PE). 
Each paired-end fastq files sample was trimmed with AdapterRemoval (32) and 
aligned to the using the BWA MEM (33) to a closely related reference genome, 
i.e., water buffalo and babirusa, and distantly related reference genome, i.e., cow 
and pig, for anoa and babirusa, respectively, constructing each to a set of close 
relative alignment and distant relative alignment (SI Appendix, Supplementary 
Text). Other than the population structure and genetic load analyses that use the 
distant relative alignment to get gene annotation information, all downstream 
analyses were conducted using the close relative alignment. Only genomes with 
mean reads depth of at least 5× were analyzed. Habitat suitability models were 
generated using anoa and babirusa occurrence data and environmental covari-
ates (SI Appendix, Supplementary Text). Ensemble distribution models (21) were 

generated and analyzed in R (34) and QGIS (35). Further details for computational 
analyses used in this study are provided in SI Appendix.

Data, Materials, and Software Availability. All sequences used in this study 
are stored in ENA as BioProject PRJEB50394 (36). All codes used for analyses 
in this paper is openly available in GitHub (https://github.com/sagitaninta/
Wallacea) (37). All other data are included in the article and/or SI Appendix.

ACKNOWLEDGMENTS. This research was jointly funded by the Natural 
Environment Research Council (NERC) and Ministry of Research, Technology 
and Higher Education of the Republic of Indonesia (Kementrian Riset, 
Teknologi, dan Pendidikan Tinggi - Ristekdikti) through the Newton Wallacea 
joint research programme (grant number NE/S007067/1; Ristekdikti Grant No: 
NKB-1799/UN2.R3.1/HKP.05.00/2019 “Biodiversity, Environmental Change, 
and Land-use Policy in Sulawesi and Maluku”). We thank the Indonesian 
Ministry of Environment and Forestry (Kementrian Lingkungan Hidup dan 
Kehutanan - KLHK), Sulawesi’s Provincial Forestry Departments (Badan 
Konservasi Sumber Daya Alam - BKSDA), and Indonesia’s National Research 
and Innovation Agency (Badan Riset dan Inovasi Nasional - BRIN, formerly 
Lembaga Ilmu Pengetahuan Indonesia - LIPI) for granting research and export 
permits. This work is a continuation of research under the permit from Ministry 
of Forestry no 188/Kpts-IV/2001 and 2918/Kpts-IV/2002, now extended under 
permit no. SK.18/KSDAE/SET-3/KSA-2/I/2024. This research was supported by 
computational and data resources provided by the Leibniz Supercomputing 
Centre (LRZ; www.lrz.de) including the BioHPC High Performance Computing 
(HPC) funded by the German Research Foundation (grant INST 86/2050-1 
FUGG). We thank Athena Syarifa for her support during the start of the project, 
and Gabriel Renaud for assistance in ROH analysis. S.G.A. was supported by 
Queen Mary University of London (QMUL) and the Global Challenges Research 
Fund (GCRF). R.D. was supported by the Humboldt Foundation and received 
funding from the European Union’s Horizon 2020 research and innovation pro-
gramme under the Marie Skłodowska-Curie grant agreement No 101062809. 
N.J.D., M.V., and M.J.S. were supported by a Leverhulme Research Leadership 
Grant awarded to M.J.S. S.B., S.J.R., and L.F. were supported by NERC’s 
Newton Fund. J.B. was supported by University of Edinburgh, Rufford Grant, 
and Stichting Dierentuin Helpen Grant. P.H.A.G. acknowledges the structural 
support of the Flemish government.

Author affiliations: aSchool of Biological and Behavioural Sciences, Queen Mary University 
of London, London E1 4NS, United Kingdom; bPalaeogenomics Group, Faculty of Veterinary 
Medicine, Ludwig-Maximilians-Universität, Munich 80539, Germany; cDurrell Institute 
of Conservation and Ecology, University of Kent, Canterbury CT2 7NR, United Kingdom; 
dDepartment of Tropical Biology, Faculty of Biology, Universitas Gadjah Mada, Sleman, 
Special Region of Yogyakarta 55281, Indonesia; eDepartment of Biology, Faculty of 
Mathematics and Natural Sciences, Universitas Indonesia, Depok 16424, Indonesia; fFaculty 
of Mathematics and Natural Sciences, Research Center for Climate Change, Universitas 
Indonesia, Depok 16424, Indonesia; gThe Palaeogenomics and Bio-Archaeology Research 
Network, School of Archaeology, University of Oxford, Oxford OX1 3TG, United Kingdom; 
hAntwerp Zoo Centre for Research and Conservation, Royal Zoological Society of Antwerp, 
Antwerp 2018, Belgium; iRoyal (Dick) School of Veterinary Studies, University of Edinburgh, 
Midlothian EH25 9RG, United Kingdom; jDivision of Anatomy Histology and Embryology, 
School of Veterinary Medicine and Biomedical Sciences, Institut Pertanian Bogor (IPB) 
University, Bogor 16680, Indonesia; kDepartment of Forest Resources Conservation, Faculty 
of Forestry and Environment, Institut Pertanian Bogor (IPB) University, Bogor 16680, 
Indonesia; lDepartment of Animal Science, Food and Nutrition, Università Cattolica del 
Sacro Cuore, Piacenza 29122, Italy; mDurham Evolution and Ancient DNA, Department of 
Archaeology, University of Durham, Durham DH1 3LE, United Kingdom; nResearch Centre 
for Biosystematics and Evolution, National Research and Innovation Agency (Badan Riset 
dan Inovasi Nasional), Cibinong 16911, Indonesia; oInternational Union for Conservation of 
Nature and Natural Resources, Species Survival Commission (IUCN SSC) Asian Wild Cattle 
Specialist Group, Chester CH2 1LH, United Kingdom; and pDepartment of Earth Sciences, 
Natural History Museum, London SW7 5BD, United Kingdom

Author contributions: S.G.A., R.D., S.B., S.J.R., and L.F. designed research; S.G.A., R.D., 
N.J.D., D.S.P., N.A., N.L.W., J.S., M.F., G.L., P.H.A.G., A.M., K.M., W.E.P., A.H.M., J.L.W., R.B., 
D.S., G.S., J.B., D.J.I.S., M.V., S.B., S.J.R., and L.F. performed research; A.C., M.F., D.G., D.S., 
M.V., and M.J.S. contributed new reagents/analytic tools; S.G.A., R.D., A.C., N.J.D., and L.F. 
analyzed data; S.G.A., R.D., D.S.P., N.A., N.L.W., J.S, M.J.S., S.B., S.J.R., and L.F. performed 
project management and administration; G.L., P.H.A.G., A.M., and J.B. curated the sample 
and maintained sample metadata; K.M. and W.E.P. performed the lab work; A.M., J.L.W., 
D.S., and J.B. provided sample collection and curation; D.S.P., N.A., N.L.W., J.S., G.L., 
P.H.A.G., A.M., J.L.W., and G.S. edited the manuscript; J.S., M.J.S., S.B., S.J.R., and L.F. 
acquired funding; and S.G.A., R.D., A.C., N.J.D., M.F., K.M., M.J.S., S.B., S.J.R., and L.F. wrote 
the paper.

The authors declare no competing interest.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

K
E

N
T

; T
E

M
PL

E
M

A
N

 L
IB

R
A

R
Y

 o
n 

Ju
ly

 1
, 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

12
9.

12
.6

0.
98

.

http://www.pnas.org/lookup/doi/10.1073/pnas.2422690122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422690122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422690122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422690122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422690122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422690122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422690122#supplementary-materials
https://www.ebi.ac.uk/ena/browser/view/PRJEB50394
https://github.com/sagitaninta/Wallacea
https://github.com/sagitaninta/Wallacea
http://www.pnas.org/lookup/doi/10.1073/pnas.2422690122#supplementary-materials
https://www.lrz.de


8 of 8   https://doi.org/10.1073/pnas.2422690122� pnas.org

1.	 R. Rozzi et al., Dwarfism and gigantism drive human-mediated extinctions on islands. Science 379, 
1054–1059 (2023).

2.	 M. Lynch, J. Conery, R. Burger, Mutation accumulation and the extinction of small populations. Am. 
Nat. 146, 489–518 (1995).

3.	 J. Romiguier et al., Comparative population genomics in animals uncovers the determinants of 
genetic diversity. Nature 515, 261–263 (2014).

4.	 J. C. Russell, C. Kueffer, Island biodiversity in the anthropocene. Annu. Rev. Environ. Resour. 44, 31–60  
(2019).

5.	 M. Voigt et al., Emerging threats from deforestation and forest fragmentation in the Wallacea centre 
of endemism. Environ. Res. Lett. 16, 094048 (2021).

6.	 M. J. Struebig et al., Safeguarding imperiled biodiversity and evolutionary processes in the 
Wallacea Center of Endemism. Bioscience 72, 1118–1130 (2022).

7.	 R. Frankham, Genetic rescue of small inbred populations: Meta-analysis reveals large and 
consistent benefits of gene flow. Mol. Ecol. 24, 2610–2618 (2015).

8.	 P. A. Scott, L. J. Allison, K. J. Field, R. C. Averill-Murray, H. B. Shaffer, Individual 
heterozygosity predicts translocation success in threatened desert tortoises. Science 370, 
1086–1089 (2020).

9.	 D. A. Bell et al., The exciting potential and remaining uncertainties of genetic rescue. Trends Ecol. 
Evol. 34, 1070–1079 (2019).

10.	 P. W. Hedrick, J. A. Robinson, R. O. Peterson, J. A. Vucetich, Genetics and extinction and the example 
of Isle Royale wolves. Anim. Conserv. 22, 302–309 (2019).

11.	 C. C. Kyriazis, R. K. Wayne, K. E. Lohmueller, Strongly deleterious mutations are a primary 
determinant of extinction risk due to inbreeding depression. Evol. Lett. 5, 33–47 (2021).

12.	 S. Mathur, J. M. Tomeček, L. A. Tarango-Arámbula, R. M. Perez, J. A. DeWoody, An evolutionary 
perspective on genetic load in small, isolated populations as informed by whole genome 
resequencing and forward-time simulations. Evolution 77, 690–704 (2023).

13.	 G. Femerling et al., Genetic load and adaptive potential of a recovered avian species that narrowly 
avoided extinction. Mol. Biol. Evol. 40, msad256 (2023).

14.	 K. Ralls, P. Sunnucks, R. C. Lacy, R. Frankham, Genetic rescue: A critique of the evidence supports 
maximizing genetic diversity rather than minimizing the introduction of putatively harmful genetic 
variation. Biol. Conserv. 251, 108784 (2020).

15.	 ESDM One Map, Exploring Energy and Mineral Resources of Indonesia. https://geoportal.esdm.
go.id/minerba/. Accessed 6 February 2024.

16.	 L. A. F. Frantz et al., Synchronous diversification of Sulawesi’s iconic artiodactyls driven by recent 
geological events. Proc. Biol. Sci. 285, 20172566 (2018).

17.	 M. C. Hansen et al., High-resolution global maps of 21st-century forest cover change. Science 342, 
850–853 (2013).

18.	 G. A. Watterson, On the number of segregating sites in genetical models without recombination. 
Theor. Popul. Biol. 7, 256–276 (1975).

19.	 G. Renaud, K. Hanghøj, T. S. Korneliussen, E. Willerslev, L. Orlando, Joint estimates of heterozygosity 
and runs of homozygosity for modern and ancient samples. Genetics 212, 587–614 (2019).

20.	 E. Santiago et al., Recent demographic history inferred by high-resolution analysis of linkage 
disequilibrium. Mol. Biol. Evol. 37, 3642–3653 (2020).

21.	 S. Schmitt, R. Pouteau, D. Justeau, F. De Boissieu, P. Birnbaum, Ssdm: An R package to predict 
distribution of species richness and composition based on stacked species distribution models. 
Methods Ecol. Evol. 8, 1795–1803 (2017).

22.	 J. Supriatna et al., Deforestation on the Indonesian island of Sulawesi and the loss of primate 
habitat. Glob. Ecol. Conserv. 24, e01205 (2020).

23.	 I. S. Rejeki, “Wildlife conservation strategy: An assessment of wildlife hunting activities in Sulawesi,” 
Doctoral dissertation, IPB, Bogor Agricultural University, Bogor (2018).

24.	 J. A. Robinson, C. Brown, B. Y. Kim, K. E. Lohmueller, R. K. Wayne, Purging of strongly deleterious 
mutations explains long-term persistence and absence of inbreeding depression in island foxes. 
Curr. Biol. 28, 3487–3494 (2018).

25.	 D. Kleinman-Ruiz et al., Purging of deleterious burden in the endangered Iberian lynx. Proc. Natl. 
Acad. Sci. U.S.A. 119, e2110614119 (2022).

26.	 A. Khan et al., Genomic evidence for inbreeding depression and purging of deleterious genetic 
variation in Indian tigers. Proc. Natl. Acad. Sci. U.S.A. 118, e2023018118 (2021).

27.	 M. Dehasque et al., Temporal dynamics of woolly mammoth genome erosion prior to extinction. 
Cell 187, 3531–3540.e13 (2024).

28.	 T. S. Korneliussen, A. Albrechtsen, R. Nielsen, ANGSD: Analysis of next generation sequencing data. 
BMC Bioinform. 15, 1–13 (2014).

29.	 W. McLaren et al., The ensembl variant effect predictor. Genome Biol. 17, 1–14 (2016).
30.	 R. Nielsen et al., Genomic scans for selective sweeps using SNP data. Genome Res. 15, 1566–1575 (2005).
31.	 N. Dussex, H. E. Morales, C. Grossen, L. Dalén, C. van Oosterhout, Purging and accumulation of 

genetic load in conservation. Trends Ecol. Evol. 38, 961–969 (2023).
32.	 M. Schubert, S. Lindgreen, L. Orlando, AdapterRemoval v2: Rapid adapter trimming, identification, 

and read merging. BMC Res. Notes 9, 1–7 (2016).
33.	 H. Li, Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv 

[Preprint] (2013). https://doi.org/10.48550/arXiv.1303.3997 (Accessed 29 December 2019).
34.	 R Core Team, R: A Language and Environment for Statistical Computing (R Foundation for Statistical 

Computing, Vienna, Austria, 2024). https://www.r-project.org/. Accessed 1 June 2024.
35.	 QGIS.org, QGIS Geographic Information System (QGIS Association, 2021). http://www.qgis.org. 

Accessed 1 June 2021.
36.	 Queen Mary University of London, “Whole genomes of Wallacean ungulates (Anoa and Babirusa)”. 

ENA. https://www.ebi.ac.uk/ena/browser/view/PRJEB50394. Deposited 25 January 2025.
37.	 S. G. Aninta, R. Drinkwater, A. Carmagnini, Scripts from “The importance of small-island populations 

for the long-term survival of endangered large-bodied insular mammals.” GitHub. https://github.
com/sagitaninta/Wallacea. Deposited 1 October 2024.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

K
E

N
T

; T
E

M
PL

E
M

A
N

 L
IB

R
A

R
Y

 o
n 

Ju
ly

 1
, 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

12
9.

12
.6

0.
98

.

https://geoportal.esdm.go.id/minerba/
https://geoportal.esdm.go.id/minerba/
https://doi.org/10.48550/arXiv.1303.3997
https://www.r-project.org/
http://www.qgis.org
https://www.ebi.ac.uk/ena/browser/view/PRJEB50394
https://github.com/sagitaninta/Wallacea
https://github.com/sagitaninta/Wallacea

