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Ecological and anthropogenic effects on the 
genomic diversity of lemurs in Madagascar
 

Ecological variation and anthropogenic landscape modification have had 
key roles in the diversification and extinction of mammals in Madagascar. 
Lemurs represent a radiation with more than 100 species, constituting 
roughly one-fifth of the primate order. Almost all species of lemurs are 
threatened with extinction, but little is known about their genetic diversity 
and demographic history. Here, we analyse high-coverage genome-wide 
resequencing data from 162 unique individuals comprising 50 species of 
Lemuriformes, including multiple individuals from most species. Genomic 
diversity varies widely across the infraorder and yet is broadly consistent 
among individuals within species. We show widespread introgression 
in multiple genera and generally high levels of genomic diversity likely 
resulting from allele sharing that occurred during periods of connectivity 
and fragmentation during climatic shifts. We find distinct patterns of 
demographic history in lemurs across the ecogeographic regions of 
Madagascar within the last million years. Within the past 2,000 years, lemurs 
underwent major declines in effective population size that corresponded 
to the timing of human population expansion in Madagascar. In multiple 
regions of the island, we identified chronological trajectories of inbreeding 
that are consistent across genera and species, suggesting localized effects 
of human activity. Our results show how the extraordinary diversity of these 
long-neglected, endangered primates has been influenced by ecological and 
anthropogenic factors.

Despite its relatively small geographic area, Madagascar harbours an 
extraordinarily high level of biodiversity that evolved in the context 
of profound environmental heterogeneity1,2. The central highlands 
of Madagascar divide the island into western dry forest and eastern 
humid forest biomes, which are subdivided by multiple rivers into 
areas of endemism that often reflect the geographic ranges of distinct 
species1,3–5. The interaction of this environmental heterogeneity with 
periodic climatic fluctuations and the expansion and contraction of for-
ested habitats along watersheds and altitudinal gradients is believed to 
have had an essential role in the formation of Madagascar’s rich species 
diversity1,3. The effect of this ecogeographic patterning on speciation 
has been explored in a wide range of organisms1,2,4–9, including many of 
the 103 recognized species of lemurs (infraorder Lemuriformes). The 

adaptive radiation of Lemuriformes in Madagascar followed their split 
with other strepsirrhine primates (~50 Ma)10 and one or two overwater 
crossings from mainland Africa11,12. As such, the Lemuriformes provide 
an ideal system to examine the impacts of ecologically heterogeneous 
island biogeography on the population genomics of an expansive adap-
tive radiation of mammals.

In spite of this extraordinary species diversity, there has been no 
large-scale effort to resequence genomes of multiple individuals from 
a large number of Lemuriformes species to high coverage. Given the 
paucity of high-coverage genome-wide resequencing data, the effect of 
Madagascar’s ecological heterogeneity on primate genomic diversity, 
interspecific allele sharing and demographic history remains largely 
unexplored at a system-wide level. The small number of population 
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low median heterozygosity relative to the other members of the clade 
(het × bp−1 = 0.0006)16,21. Individual heterozygosity values tend to clus-
ter in discrete ranges relative to their congeneric species (Supplemen-
tary Table 1 and Extended Data Figs. 1 and 2). We observed a clear break 
in heterozygosity among Eulemur species, segregating the northern 
and central members of the fulvus group from the non-fulvus group 
(Extended Data Figs. 2 and 3). Individuals within the fulvus group have 
among the highest levels of heterozygosity among the Lemuriformes, 
in contrast to their counterparts, who are among the least genomically 
diverse lemurs. To estimate relative levels of recent inbreeding and 
population bottlenecks, we identified runs of homozygosity (ROHs) in 
each individual using BCFtools22. We observed a wide range of values 
for the autozygous proportion of the genome (FROH) (Fig. 1b). In general, 
genera displayed an inverse relationship between heterozygosity per 
base pair and FROH (for example, Lepilemur, Hapalemur, Microcebus, 
Daubentonia). Compared to other members of the Lemuriformes, 
Daubentonia has a substantially elevated and highly variable callable 
fraction of its genome in ROHs (≥1 Mb) relative to the number of ROHs 
(Fig. 1c), suggesting a bottlenecked, consanguineous population23.

Patterns of introgression among the Lemuriformes
To examine patterns of allele sharing (introgression) within strepsir-
rhine genera, we first generated a phylogenetic tree of the Lemuri-
formes using the complete sequences of 3,072 ultraconserved elements 
(UCEs) from each individual in our dataset using the PHYLUCE24 pipe-
line (Fig. 2). Given the substantial evolutionary depth of the Lemuri-
formes radiation and the large scale of our dataset, UCEs allowed for a 
computationally tractable phylogenetic reconstruction from full rese-
quencing data. The internal nodes of our species tree are well resolved 
with strong branch support (local posterior probability, ≥0.95), with 
the exception of the node placing Eulemur coronatus outside the clade 
containing Eulemur mongoz and the Eulemur fulvus species complex 
(local posterior probability, 0.79). All species resolved as monophyletic 
clades in the UCE tree. We used treePL25 to estimate species divergence 
dates using a version of this tree based upon single individuals with a 
penalized maximum likelihood approach (Extended Data Fig. 4). We 
observed frequent speciation events occurring from the Early Pliocene 
through the Middle Pleistocene in all multi-species genera with the 
exception of Cheirogaleus.

To validate our UCE phylogenetic tree and resolve the place-
ment of individuals within Eulemur, we also generated intrageneric 
species trees from 5,000 randomly chosen 10 kb windows for each 
Lemuriformes family (excluding the single species in Daubentoni-
idae) (Extended Data Figs. 5–8). Our window trees produced identical 
topologies to that of our UCE tree with strong branch support (local 
posterior probability, ≥0.95), with the exception of E. coronatus being 
placed outside the clade containing Eulemur macaco and Eulemur 
flavifrons (local posterior probability, 0.68). Additionally, we identi-
fied five samples that were probably mislabeled at some point during 
their curation (Supplementary Table 3 and Supplementary Text). In 
each case, the node supporting the species clade has strong support 
(local posterior probability, ≥0.95), but a single individual does not 
cluster with the other individuals in its designated species (Supple-
mentary Text).

To assess the levels of excess sharing of derived alleles among spe-
cies within each genus of non-anthropoid primate (limited to those gen-
era with at least three species in our dataset), we used whole-genome 
resequencing data to generate f4-ratios and f-branch statistics (fb) with 
Dsuite26. The f4-ratios were above 1%, 3% and 5% in 65, 24 and 15 out of 
260 species triads, respectively (false discovery rate (FDR)-corrected 
P < 0.01, Z-score ≥ 2), indicating that pervasive allele sharing among 
species has been commonplace across non-human primates through-
out Madagascar (Fig. 3a and Supplementary Tables 4 and 5). To account 
for the correlated structure of f4-ratios that may have occurred during 
ancestral gene flow events, we generated matrices of fb statistics, which 

genomic studies conducted on the Lemuriformes have led to impor-
tant insights into individual clades13–17 or broad patterns of diversity in 
relation to other primates when sequencing single individuals per spe-
cies10. These studies have revealed that some species of lemurs appear 
to have notably high levels of genomic diversity10,13. Likewise, analyses 
of demographic history and historical effective population sizes have 
indicated a general pattern of declining populations that fluctuated 
during the Pleistocene10,13,15–17. However, substantial uncertainty sur-
rounds the underlying causes of the extreme variation in genomic 
diversity across the Lemuriformes. It remains unclear whether the eco-
logical variation in Madagascar has exerted a consistent influence on 
the genomic diversity and demographic history of the Lemuriformes.

Likewise, uncertainty remains about the timing and effect of late 
Holocene human activity on declining lemur populations18–20. Debate 
remains about when humans first arrived in Madagascar, but evidence 
points to a wide-scale human population expansion and landscape 
modification in the last 1,000 years2,18–20. The timing and extent of 
human impacts on the extinctions of several large-bodied species of 
subfossil lemurs and declining populations of extant lemurs remain 
uncertain and could be elucidated with population genomic data. 
Given the overwhelming threat of extinction for most Lemuriformes, 
there is an urgent need to leverage newly abundant sequence data for 
a robust understanding of the history of environmental and anthropo-
genic effects that have influenced the genomic diversity and survival 
of these species.

Here, we present the results of a large-scale high-coverage rese-
quencing effort examining the genomic diversity and demographic 
history of the Lemuriformes in Madagascar. We demonstrate a pattern 
of widespread interspecific allele sharing and high levels of heterozy-
gosity in many species that probably resulted from periodic population 
fragmentation and connectivity during climatic shifts. Additionally, we 
demonstrate regionally consistent patterns of demographic history 
among non-human primates throughout Madagascar that are consist-
ent with both ecological variation and recent anthropogenic effects. 
Furthermore, these data substantially increase the number of publicly 
available high-coverage resequenced genomes for an understudied 
primate radiation under severe threat of extinction.

Results
Resequencing of the Lemuriformes
Our dataset comprises high-coverage resequenced whole genomes 
from half of all recognized Lemuriformes species, which encompasses 
nearly one-fifth of all primate species. We sequenced 166 samples, 
of which 162 were unique individuals from 50 out of 103 species of 
Lemuriformes. Of these unique resequenced genomes, data from 85 
individuals are unpublished and newly sequenced and 77 were down-
loaded from publicly available sources (Supplementary Table 1), more 
than doubling the number of high-coverage resequenced genomes of 
Lemuriformes. Of these 50 species, five have not been sequenced to 
high coverage until now. Our sample represents all five families, 13 out 
of 15 genera and every species in the Lemuridae. We obtained more 
than one individual from 32 species and at least five individuals from 
16 species (Supplementary Table 2). Among these samples, 121 (74%) 
are confirmed to be wild-born, 38 (23%) are of unknown origin and only 
3 (2%) are known to be captive-born. Newly generated libraries were 
sequenced to a target mean depth of ~30× with PCR-free libraries using 
Illumina NovaSeq 6000 technology.

Genome-wide heterozygosity in the Lemuriformes
We observed high median values with wide ranges of variation in 
genome-wide heterozygosity per individual (het × bp−1) (median, 
0.0029, min., 0.0005, max., 0.0078) (Figs. 1a and 2). Among genera, 
the highest median heterozygosities were observed in Indri (0.0060), 
Microcebus (0.0049) and Hapalemur (0.0035). We confirm the place-
ment of the aye-aye, Daubentonia madagascariensis, as an outlier with 
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assign gene flow to both external and internal branches in a phylogeny 
(Fig. 3b). The fb values are largely consistent with f4-ratios, with the 
highest observed allele sharing between members of Hapalemur, Eul-
emur, Lepilemur and Propithecus (Table 1), particularly those species 
inhabiting multiple ecogeographic regions or distribution zones. In 
accordance with our dated phylogeny, these periods of introgression 
would have been likely to occur during the Pleistocene following spe-
cies divergences that occurred during the Early Pliocene through the 
Middle Pleistocene.

Ecogeographic influence on genomic diversity and 
demographic history
Most lemur species occupy non-overlapping distribution zones 
(as previously defined in refs. 27,28 and ref. 4) within genera that 
are composed of one or more adjacent centres of endemism within 
larger ecogeographic regions (Fig. 4a,b). We observed a significant 
effect of ecogeographic region membership (wet forest, dry forest or 
both) on per base-pair heterozygosity (phylogenetic ANOVA, F = 6.07, 
P = 0.0101). The heterozygosity of species that inhabit both forest types 
was significantly higher than those that inhabit only the wet forest or 

dry forest (post hoc phylogenetic t-tests, P = 0.0012 and P = 0.0424, 
respectively). We also observed a significant effect on heterozygosity 
based on species inhabiting different biogeographic lemur distribution 
areas: phylogenetic ANOVA (F = 5.00, P = 0.0186). Although our analysis 
of these areas was limited to those for which we had data from five or 
more species (northern east, southern east, north, Sambirano and 
multiple areas), post hoc phylogenetic t-tests only identified signifi-
cantly higher levels of median heterozygosity when comparing those 
taxa occupying multiple endemic areas to those in the southern east 
(P = 0.0010) and the Sambirano (P = 0.0117).

To assess the role of Madagascar’s ecological variation on the 
Pleistocene demographic history of lemurs, we reconstructed effec-
tive population sizes (Ne) through time using SMC++29 and categorized 
the resulting demographic history plots according to the presence 
of each species in wet forests, dry forests or both biomes (Fig. 4a,b 
and Supplementary Table 1). To minimize the effect of incomplete 
sampling distributions and major variation in life histories on the 
overlay of demographic history plots, we only included genera from 
larger-bodied species that are broadly distributed across Madagascar, 
for which we have high-coverage resequencing data from all or nearly 
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Fig. 1 | Genomic diversity of the Lemuriformes. a, Heterozygosity calculated  
at the base-pair level from the callable genome per individual. b, Proportion of 
the callable genome in ROHs that are at least 500 kb in length per individual.  
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all species (Eulemur, Hapalemur, Propithecus). Distinct patterns of 
changing demographic history are visible in each ecogeographic cat-
egory (Fig. 4c). Demographic history plots from species occupying 
the dry-forest biome overlap tightly and their Ne begins to collapse at 
roughly 100 ka. By contrast, species inhabiting the wet-forest biome 
do not display a consistent pattern throughout the last million years. 
Species inhabiting both wet-forest and dry-forest biomes also exhibit 
a consistent pattern of demographic history, which, while having 

declined from its highest level at 1 Ma, has remained relatively stable 
for the past 100 ka.

Anthropogenic population declines across Madagascar
To assess population declines in lemurs during the period of human 
arrival and population expansion across Madagascar, we recon-
structed recent demographic histories using GONE30. GONE gener-
ates Ne estimates for 200 generations before present using patterns 
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units of coalescence distance, and dotted lines extending from tree tips are 
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the tree corresponds to the heterozygosity of the corresponding individual, 

ranging from 0.00036 to 0.006658 het × bp−1. The outlier value of M. mittermeieri 
(0.007754 het x bp−1) is coloured independently to retain the colour scale. 
Individuals without values are outgroup reference assemblies from which 
heterozygosity values were not calculated.
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of linkage disequilibrium from unphased genomes. Given that our 
sample sizes are near the minimum required for GONE as well as the 
uncertainty of accurate generation times, we sought to test whether 
the general timing of population shifts is consistent with known 
anthropogenic activity in Madagascar rather than to obtain precise 

measures of Ne. For each of the four species with data sufficient 
to run GONE (Methods), we observed clear declines in Ne coincid-
ing with the expansion of anthropogenic activity in Madagascar 
(Fig. 5a). Substantial effective population declines appear to have 
occurred within the last 1,000 years for Lepilemur ankaranensis, 
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all genera and corresponds to the fb value for a given pairing. Grey boxes 
represent comparisons that cannot be made by Dsuite as a result of the tree 
topology structure.
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Propithecus coquereli and E. flavifrons and the past 1,400 years for  
D. madagascariensis.

Secondly, we used the number and length of ROHs identified 
in each species to calculate FROH values in 100-year bins and plotted 
time-specific FROH values for the past 2,000 years. These chronological 
ROH (chronROH) plots depict fluctuating levels of inbreeding in recent 
generations scaled to years before present using species generation 
times. For cross-validation of this method, we generated chronROH 
plots for all single and adjacent pairs of endemic areas inhabited by 
at least two lemur species. There is a clear effect of species distribu-
tion range on the FROH values in the past 2,000 years (Fig. 5b): in three 
regions, two examined species have parallel FROH trajectories and con-
sistently overlapping or very similar FROH values (regions 1, 6, and 10 & 
11); in three regions, two or more species have partially overlapping 
FROH values and/or parallel trajectories (regions 1 & 12, 2 and 10); and 
in two regions, the FROH values and trajectories of two species diverge 
(regions 2 & 3 and 9). Furthermore, in six regions, we observe an inflec-
tion point in the FROH trajectories at roughly 1,000–1,200 years before 
present (regions 1, 2 & 3, 9, 10, 1 & 12). This time period corresponds to 
a shift in human hunting practices away from dwindling populations of 
now-extinct large-bodied lemurs (and other megafauna) to the medium- 
bodied and smaller-bodied lemurs that remain extant today31–33.

Discussion
We analysed 162 high-coverage resequenced genomes from the Lemu-
riformes. Our results suggest that (1) levels of genomic diversity are 
consistent within and widely variable among Lemuriformes species;  
(2) frequent interspecific hybridization, possibly resulting from envi-
ronmental heterogeneity, is leading to high levels of heterozygosity in 
some species of lemurs; (3) the long-term demographic history of mul-
tiple radiations of lemurs has been shaped by ecological factors; and 
(4) lemurs have undergone major declines in Ne in the last 2,000 years, 
during which time inbreeding patterns have been shaped by anthro-
pogenic forces in their local environments.

Our multiple-individual dataset provides robust evidence that 
the Lemuriformes generally have elevated levels of genomic diversity 
relative to that observed in other primates10. Furthermore, the range of 
genomic diversity within multiple species-rich genera of Lemuriformes 

(Eulemur, Microcebus and Propithecus) is comparable to or larger than 
that reported across the entire Lorisiformes infraorder10. We suggest 
that these high levels of genomic diversity are at least in part a conse-
quence of historical biogeographic effects that have facilitated recur-
rent interspecific gene flow across the infraorder. Within Madagascar, 
periodic expansion and contraction of forests and watersheds during 
climatic shifts have resulted in a history of fluctuating habitat connec-
tivity and isolation, resulting in discrete areas of endemism1,3. Previ-
ous research has demonstrated that speciation patterns within many 
lemuriform genera are broadly consistent with this retreat–dispersal 
watershed model1,4,9. Our results indicate that these same underlying 
ecological processes in Madagascar likely influenced the genomic 
diversity of lemurs. We suggest that the extreme geographic heteroge-
neity of Madagascar, coupled with the high density of species in close 
geographic proximity, facilitated interspecific allele sharing through 
recurrent interspecific hybridization that occurred when formerly 
fragmented habitats were reconnected across Madagascar during 
climatic shifts. In agreement with other recently dated phylogenetic 
trees10,34, the divergence dates we estimated revealed frequent specia-
tion events in many genera of Lemuriformes between the Early Pliocene 
and Middle Pleistocene (Extended Data Fig. 4). Divergences within this 
time range were particularly common among species within Eulemur, 
Hapaplemur, Propithecus and Lepilemur, for which we observed the 
strongest signals of allele sharing (Fig. 3 and Extended Data Fig. 4). 
Given that these speciation events would have pre-dated much of the 
Pleistocene climatic oscillations in Madagascar, there would have 
been sufficient time for introgression to have occurred among these 
species during periods of forest connectivity in the Pleistocene. How-
ever, we do caution interpretation of the results from Lepilemur; given 
that we were unable to obtain samples from most species, the signals 
and timing of introgression within this genus need additional inves-
tigation. Furthermore, we observed a significant positive effect on 
genetic diversity among species occupying multiple ecogeographic 
regions and/or distribution zones, and the results of our introgres-
sion analysis indicate that a disproportionate number of the lemurs 
with the highest values of interspecific excess allele sharing—E. fulvus, 
Eulemur rufifrons, Hapalemur griseus and Hapalemur occidentalis—
also occupy multiple ecogeographic regions or distribution zones 
(Figs. 3 and 4 and Table 1). It is possible that the centrally distributed 
species, especially those with cross-island populations, are hybridizing 
with multiple species on the edges of their distributions, transferring 
variants across Madagascar through a pot-stirring effect. Accordingly, 
within the E. fulvus group, Hapalemur and Propithecus, in particular, 
there appears to be a higher level of genomic diversity in the central 
(and to a lesser extent some northern) species to the exclusion of the 
southern members (Eulemur collaris, Eulemur cinereiceps, Hapalemur 
meridionalis, Hapalemur aureus, Propithecus verreauxi). Substantial 
levels of introgression are also evident in some species of Lepilemur 
and Propithecus, which typically occupy microhabitats and contiguous 
habitats, respectively. In these cases, hybridization appears to be occur-
ring between neighbouring species on opposite sides of rivers; how-
ever, as we do not have resequencing data from all members of these 
genera, the introgression patterns are more challenging to discern. 
Although we did observe some weaker signals of allele sharing between 
species with non-adjacent distributions, we caution that they could be 
the result of correlated allele frequencies that result from a stronger 
signal of introgression in related taxa. Alternatively, some species did 
formerly occupy broader ranges in the past35, and gene flow occurring 
between multiple species in a stepping-stone process could also explain 
a weaker but still valid signal of introgression between non-adjacent 
taxa. Nonetheless, our results suggest that allele sharing during periods 
of population reconnection has been integral in maintaining genomic 
diversity in lemurs. Given the widespread deforestation and habitat 
fragmentation across Madagascar, the loss of contact or hybrid zones 
raises additional conservation concerns.

Table 1 | Highest values of interspecific excess allele  
sharing among Lemuriformes species as measured fb values 
from Dsuite26

Branch 1 Branch 2 fb Z-score

H. alaotrensis H. griseus 0.185 36.1

E. fulvus E. rufifrons 0.123 10.1

L. ankaranensis (L. mittermeieri, L. dorsalis) 0.121 37.0

H. occidentalis H. alaotrensis 0.092 57.6

E. fulvus E. albifrons 0.087 13.1

L. septentrionalis (L. mittermeieri, L. dorsalis) 0.078 36.1

E. albifrons E. rufifrons 0.067 16.1

P. coronatus P. coquereli 0.064 40.1

P. verrreauxi P. coquereli 0.056 41.6

H. occidentalis H. griseus 0.035 25.8

E. sanfordi E. fulvus 0.032 13.2

C. sibreei (C. medius, C. medius sp.) 0.030 53.9

The significance of the f4 values was tested with a block-jackknifed procedure to produce 
Z-scores and FDR-adjusted P values. Pairs of species within parentheses represent allele sharing 
between the species in the first column and the ancestral branch leading to the descendent 
taxa (relative to its sister branch). In each case, FDR-corrected P values are below the minimum 
reported value of 1 × 10−19. fb values for all comparisons are available in Supplementary Table 5. 
Bold taxa inhabit multiple ecogeographic regions or distribution zones.
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We also recommend further work to identify not only patterns of 
admixture in the Lemuriformes but also the effect of introgression on 
their phylogeny. Both our UCE and 10 kb window tree topologies are 
largely consistent with the results of primate species trees derived 
from single-individual genome-scale data10,34 and have high levels 

of branch support at almost all nodes. However, many published 
molecular phylogenies of the Lemuriformes (including ours) display 
topological differences with each other, in some cases with high 
branch support9,10,34,36. We note that different regions of the genome 
can have different histories, and complete topological consistency is 
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1 Ma to 10 ka as reconstructed by SMC++ depicting demographic histories of 
Eulemur, Hapalemur and Propithecus grouped by the presence of each species in 
dry forest, wet forest or both. During the last 100 ka, dry-forest (dry-deciduous 
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adapted with permission from ref. 71, OUP. Panel b, right, adapted with 
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not always expected37. Furthermore, this lack of topological consist-
ency could result from the use of different combinations of loci that 
yield different gene trees as a result of interspecific allele sharing. 
Nonconformity among multiple trees is particularly notable in the 
genus Eulemur, which exhibits multiple hybrid zones and is unlikely 
to fit a strictly tree-like phylogenetic model38,39. Additionally, we 
cautiously acknowledge the phylogenetic position of Microcebus 
ravelobensis in our tree. This individual was sequenced at a substan-
tially lower genomic depth of coverage (~5×) than other samples in 
our dataset, which could have influenced its placement relative to that 

observed in other phylogenies34. We also draw attention to the need 
for future studies using high-coverage genome-wide resequencing 
data from multiple specimens collected with known geographical 
provenance. Recent refinement of the taxonomy of the Lemuriformes 
has resulted in the splitting of many species, and this must be taken 
into account when working with biobanked samples that may have 
been collected before taxonomic subdivision. Broader geographic 
sampling will be essential to fully reveal the complex relationship 
between interspecific gene flow and phylogenetic history in the 
Lemuriformes.
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Fig. 5 | Declining effective population sizes in lemurs and regional patterns 
of inbreeding across Madagascar during the last 2,000 years. a, Historical 
Ne in the last 2,000 years (up to 200 generations) from four lemur species 
reconstructed using GONE30 and the Malagasy human population Ne (from ref. 73).  
The variable time ranges of Ne plots result from the species generation times 
used to calculate time before present. The orange dotted line at 300 years before 
present indicates the rapid acceleration of anthropogenic deforestation in 
Madagascar. The blue dotted line at 1 ka corresponds to the beginning of human 

expansion and the change in lemur hunting patterns following the extinction 
of large-bodied subfossil species31. b, chronROH plots of the proportion of 
the callable genome per species in ROH between 300 and 2,000 years before 
present (BP) across endemic areas in Madagascar. In seven of nine endemic area 
groupings, where multiple species of lemurs are distributed, the recent temporal 
patterning of FROH either directly overlaps or follows a consistent pattern.  
An inflection point for inbreeding levels is visible at ~1 ka across multiple species 
and regions. Map of endemic areas adapted from previous publications3,71.
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We observed a clear ecological influence on Ne in multiple lemur 
genera throughout the last million years (Fig. 4c). This effect is most 
striking in the dry-forest biome, where all ten species demonstrate 
a tightly connected pattern of collapsing Ne around 100 ka. The 
dry-forest pattern is distinct from the more stable pattern observed in 
multiple-biome species and the lack of continuity among the wet-forest 
species. Although we acknowledge the potential effects of linked selec-
tion on SMC models40 and the possibility that current distributions 
do not necessarily reflect historic ranges, the demographic patterns 
are nonetheless consistent. Recent studies have demonstrated that 
primates living in seasonal and dry forests must overcome strong 
ecological challenges to survive hotter and drier conditions41–44 and, 
in some cases, have adapted to these environments43. We suggest 
that the harsher conditions in the dry-forest biomes have allowed for 
less ecological flexibility among the resident primates and exacted 
similar population stresses throughout the Pleistocene. By contrast, 
the wet-forest biomes are probably a less challenging environment, 
allowing for other local effects to have had greater influence on the 
lemurs’ demographic history.

We identified a pattern of declining lemur Ne that corresponds 
with explosive human population growth and landscape modifica-
tion in Madagascar during the last ~1,000 years32,45. This relationship 
is demonstrated by the striking chronological inversion of Ne between 
the four lemur species suitable for analysis with GONE and the Malagasy 
human population (Fig. 5a). We also observed a frequent inflection 
point of ~1,000 years before present in the trajectories of inbreeding 
levels in our chronROH plots (Fig. 5b), suggesting that previously stable 
lemur populations were disrupted by the expansion of cattle grazing 
and deforestation during the last 1,000 years32,45. Furthermore, the tem-
poral pattern of cut-marked lemur bones in the archaeological record 
indicates that this time period coincides with a shift in hunting patterns 
toward extant lemurs following the collapse of megafauna populations, 
including the now-extinct larger-bodied subfossil lemurs18,31,32,46. Given 
the low number of samples we used to run GONE, the absolute Ne values 
should be treated with caution, although the trajectories and general 
timing of population-size shifts are consistent with archaeological and 
botanical evidence of human activity in Madagascar. Furthermore, we 
used an extremely cautious approach that only reconstructed demo-
graphic history for those species with the highest number of samples 
that did not display obvious artefacts.

We have provided direct genomic evidence that primates in local-
ized geographic regions have undergone consistent patterns of demo-
graphic history. Our chronROH plotting approach revealed distinct 
patterns of population demographic history across multiple genera 
of lemurs throughout areas of sympatric distribution. The striking 
consistency of chronological FROH slopes and values in many distribu-
tion areas suggests that anthropogenic and natural disturbances may 
variably affect population sizes of lemurs across Madagascar, but uni-
formly within localities. Given the large variety of FROH trajectories and 
values in our dataset, it would seem implausible that both phylogeneti-
cally distinct taxa (Lemur catta and Microcebus griseorufus (region 6); 
Lepilemur dorsalis and Mirza zaza (regions 10 & 11) and closely related 
species (Propithecus perrieri and Propithecus tattersalli (regions 1 & 
12); Lepilemur mittermeieri and Lepilemur sahamalazensis (region 10)) 
would have parallel slopes and nearly overlapping levels of FROH, were 
it not for the shared impact of their local environments and internal 
anthropogenic effects throughout time. Although several studies 
have used large bins of ROH length (for example, 1–5 Mb) to generate 
rough estimates of time-specific FROH values23,47–51, the present study 
uses this approach to assess relatively fine-scale changes in inbreeding 
levels across time. Our goal was to use FROH inbreeding levels as a proxy 
for time-specific population declines that have resulted from human 
activity (hunting and deforestation) during the last ~2,000 years of 
human population expansion in Madagascar. Given that individual spe-
cies from different genera of lemurs inhabit the same discrete regions 

of the island, we were able to use this natural patterning not only as a 
way to control for phylogenetic effects but also to cross-validate our 
chronROH plot approach.

Conclusions
We generated the most complete set of high-coverage resequenced 
genomes of the Lemuriformes to date, which includes 162 unique 
individuals from 50 species. Our results reveal consistent levels and 
broad ranges of genomic diversity in these primates. We identified a 
widespread pattern of introgression in most genera of lemurs. Levels 
of allele sharing are particularly high in species with multiple popula-
tions in multiple ecogeographic regions, which probably indicates 
that patterns of connectivity and fragmentation allow some spe-
cies to share alleles during climatic shifts. We have also identified a 
shared pattern of demographic history in the different ecogeographic 
regions of Madagascar. Species occupying the dry-forest biome have 
undergone more uniform population declines than those lemurs in 
the wet forest and those inhabiting both wet and dry forests. During 
the last ~1,000 years, lemurs appear to have undergone rapid and 
intense declines in Ne that correspond to the expansion of human 
activity in Madagascar and the transition from the hunting of recently 
extinct large-bodied subfossil lemurs. Furthermore, recent historical 
inbreeding levels in lemurs are consistent across genera in discrete 
areas of endemism throughout Madagascar. We observed clear over-
lapping and parallel inbreeding trajectories across time in most areas 
of endemism. These results advance our understanding of how the 
genomic diversity and demographic history of the Lemuriformes have 
been influenced by ecological and anthropogenic factors. Further-
more, it is also possible that the recent dramatic population declines 
many species have experienced in the last few decades are not fully 
reflected in our data. We strongly encourage the development of 
resequencing projects that target broader panels of geolocalized 
individuals from multiple populations to circumvent the limitations 
that we encountered.

Methods
Sample collection
Samples of frozen tissue, blood and cell lines were obtained from previ-
ously collected specimens stored at The Duke Lemur Center, German 
Primate Center, The Barcelona Zoo, Penn State University, National 
Museums Scotland, The University of Toulouse and the European 
Association of Zoos and Aquaria (EAZA) Biobank. Detailed sample 
data are available in Supplementary Table 1. In accordance with the 
Convention on International Trade in Endangered Species of Wild 
Fauna and Flora (CITES) regulations, no sample was moved from out-
side its primary storage jurisdiction. Preparation and sequencing 
of samples from European collections occurred at UPF or CNAG in 
Barcelona, and the processing of samples from collections in the USA 
was performed at the Baylor College of Medicine (Houston, Texas). 
DNA extraction and library preparation methods are described in 
detail elsewhere10. In brief, DNA was extracted from tissue samples 
and prepared for sequencing with PCR-free libraries using the KAPA 
HyperPrep kit (Roche). All sequencing data were generated with the 
Illumina NovaSeq platform to produce 2 × 150 bp reads with a target 
depth of coverage of 30×. Additional short reads from 31 individual 
lemurs were downloaded from the NCBI Sequence Read Archive (Sup-
plementary Table 1).

Variant calling and filtration
All sequenced individuals were mapped to the highest quality anno-
tated reference genome assembly of the nearest phylogenetic relative 
(Supplementary Table 1), including L. catta52, P. coquereli13, Microcebus 
murinus53 and D. madagascariensis54. Reference quality metrics are pre-
sented in Supplementary Table 6. Although some species are mapped 
to distant reference assemblies, estimates of genomic diversity and 
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heterozygosity are either not significantly or negligibly affected by the 
choice of and distance to these reference assemblies10.

Reads were trimmed of adaptors using cutadapt (v.3.4) and 
mapped with BWA (v.0.7.15) mem55. Multiple sequencing libraries were 
merged into single BAM files with SAMtools (v.1.9)56 merge and read 
group information was added with the Picard Toolkit (v.2.8.2). Refer-
ence assemblies were split into 30 Mb windows and variants were called 
using the GATK (v.4.1.7.0)57 unified haplotype caller, following the GATK 
‘best practices’ pipeline with the ERC BP_RESOLUTION option. Each 
sample was genotyped individually using the GATK haplotype caller. 
Joint genotyping approaches can be more accurate than individual 
genotyping when the number of individuals per species and sequenced 
depths of coverage are similar. However, because we sequenced a vari-
able number of individuals per species (1–12 individuals) with uneven 
depths of coverage between newly sequenced genomes (~30 ×) and 
those publicly available on NCBI (~5× to ~30×), we concluded that joint 
genotyping could have introduced artefacts when making comparisons 
between species.

Variant call format (VCF) filtration followed a protocol imple-
mented in a previous work10. First, we calculated the depth of coverage 
at each genomic position using mosdepth58 and generated the modal 
coverage for each sequenced individual across its genome, assign-
ing minimum and maximum coverage values to one-third and twice 
the modal values, respectively. Subsequently, we concatenated each 
30 mb gVCF and removed uncalled (./.) and homozygous reference 
positions (0/0) using BCFtools (v.1.9)56. We then removed low-quality 
single-nucleotide polymorphisms (SNPs) and insertions and deletions 
(indels) using the following exclusive filters:

bcftools filter --threads 1 -e \"TYPE!='snp' | 
(GT='het' & FMT/AD[*:*] < $MIN_HET_AD) | AC > 2 | 
FMT/DP <= $MIN_COV | FMT/DP >= $MAX_COV | QD < 2 | 
FS >60 | MQ < 40 | SOR > 3 | ReadPosRankSum < -8.0 
| MQRankSum < -12.5 
bcftools filter--threads 1 -e \"TYPE!='indel' | 
(GT='het' & FMT/AD[*:*] < 3) | FMT/DP <= $min_
coverage | FMT/DP >= $max_coverage | QD < 2 | FS > 
200 | MQ < 40 | SOR > 3 | ReadPosRankSum < -20.0

To generate individual callability maps, we excluded uncalled posi-
tions and those with aberrant depth values or low-quality genotypes.

bcftools filter -e \"(GT='./.') | (GT='het' & FMT/
AD[*:*] < $MIN_HET_AD) | FMT/DP <= $MIN_COV | FMT/
DP >= $MAX_COV | FMT/GQ <= 30

We also generated a secondary allele balance filter by intersect-
ing the callability filters with a bed file of all heterozygous positions 
with allele balances of >0.75 and <0.25. With these parameters, we 
generated two sets of VCFs. First, we produced filtered SNP and 
indel VCFs for each sequenced individual, with its accompanying 
callability masks. Secondly, we generated merged SNP VCFs com-
posed of each individual mapped to a given reference assembly. In 
the latter case, the order of operations varied slightly to allow for 
the variable individual sequencing depths across our dataset. Ini-
tially, each 30 Mb gVCF window was merged across corresponding 
individuals with BCFtools and only SNP positions across all samples 
were retained. Each window was then split by individual and filtered 
as above. We then re-merged each VCF window across individuals, 
concatenated them and removed any remaining invariant posi-
tions. Combined callability masks (for example, species-level or 
genus-level) were generated at the level of interest by intersecting 
individual callability masks with BEDTools (v2.29.0)59 intersect and 
further filtered to exclude scaffolds that were non-autosomal or less 
than 1 Mb in length.

Relatedness
For each species, we identified potentially related individuals using 
NgsRelate60 (v.2.0). All members of each species were selected from 
their corresponding joint VCFs and filtered to keep only variable posi-
tions with no more than 20% missing data, using VCFtools61, and piped 
into NgsRelate:

vcftools--gzvcf $VCF--keep 
$sampledir/${genus}_${sp}.all.txt--max-missing 
0.8--maf 0.000001--recode--recode-INFO-all--stdout 
| ngsRelate -h-T GT

The degree of relatedness among individuals was determined 
using the theta kinship coefficient62. We classified individuals with 
theta values of 0.5, 0.25 and 0.125 as identical, first-degree and 
second-degree, respectively. We removed identical individuals from all 
further analyses and those classified as first-degree or second-degree 
relatives from further population-level analyses (Supplementary 
Table 7). NgsRelate requires at least three individuals to identify relat-
edness coefficients within populations. For species represented by 
only two individuals, both were retained for downstream analyses and 
treated with caution.

Heterozygosity
We calculated genome-wide heterozygosity by identifying the levels 
of nucleotide diversity across the genome. For each individual, we 
calculated the total number of heterozygous single-nucleotide variant 
positions that passed filtration parameters and divided this sum by the 
total number of callable nucleotide positions in the individual’s genome 
using custom perl scripts. Median heterozygosity was calculated for 
each species, and differences between superfamilies were tested for 
significance with Wilcoxon rank sum tests in R (v.4.2.2). We identified 
long ROHs in our samples, using a hidden Markov model classification 
programme in BCFtools and a constant recombination rate per base 
of 1 Mb per 1 cM. For optimal results, BCFtools recommends includ-
ing population-specific allele frequencies from >20 individuals and 
a genetic map to model recombination hotspots. Given the unique 
composition of our dataset (many species, variable and limited num-
bers of individuals, mapping to non-specific reference assemblies and 
so on) it was not feasible to meet these strict guidelines. Nonetheless, 
BCFtools can still produce accurate results by calculating allele fre-
quencies on the fly and in the absence of a genetic map, by using the 
default parameters as follows:

bcftools roh -G30--AF-dflt 0.4 -R $individual_
callablity_mask $vcf

From each output file, we selected ROHs of at least 500 kb in length 
with quality scores of ≥70.

Phylogenetic tree construction
We used the PHYLUCE24 (v.1.2.1) UCE phylogenomics pipeline to 
identify the UCE sequences in our dataset. First, we downloaded the 
sequences of ~5,000 UCEs from a previous publication63, which we 
aligned to our four Lemurifromes reference assemblies and a broad 
panel of outgroups, including 19 non-Lemuriformes primates, Galeop-
terus variegatus, Tupaia belangeri, Oryctolagus cuniculus and Mus 
musculus. For the alignments that passed default filtration parameters, 
the assembly-specific sequences plus 500 bp flanking regions were 
extracted. For each individual in our dataset, we overlaid indel and 
SNP variants onto the UCE sequence from the corresponding assembly 
and removed non-callable regions with BCFtools56. Subsequently, for 
each individual, any UCE that did not match the alignment according 
to default parameters in PHYLUCE was removed from the individual 
dataset. We then selected all UCEs that were present in at least 75% 
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respective distribution shapefiles and plotted in R (v.4.2.2) with a 
shared colour scale for heterozygosity. Ecoregion categories followed 
those of ref. 70, with the exception that the arid dry-deciduous forest 
and sub-arid spiny forest zones were both categorized as dry forest. As 
above, lemur species distributions were categorized into previously 
defined discrete centres of endemism1,3,27,71 (Supplementary Table 1).

Significant differences in heterozygosity between ecoregions and 
centres of endemism were tested with phylogenetic ANOVAs and post 
hoc phylogenetic t-tests with Holm–Bonferroni-adjusted P values in 
phytools (v.1.5-1)72. In each case, species median heterozygosity values 
were square-root transformed to normalize the skewed distribution. 
We removed two species in our dataset that were extreme heterozygo-
sity outliers (D. madagascariensis and Microcebus mittermeieri) and one 
species (M. ravelobensis) that had low coverage. Phylogenetic ANOVA 
and t-tests of different mean heterozygosity levels between ecoregions 
included all other species. For the tests of comparing distinct centres 
of endemism3,71, we used a slightly coarser classification4, which cor-
responds to the eight main centres where lemurs are distributed. To 
limit the statistical bias of small sample sizes, we restricted our tests 
to compare those regions that are inhabited by at least five species: 
northern east, southern east, north, Sambirano and multiple areas. 
Using the finer-grained classification depicted in Fig. 5b, these regions 
correspond to areas 2, 3–5, 1 & 12, 10 & 11 and multiple areas as previ-
ously defined3,4,71.

Given our focus on recent changes in demographic history, we 
used SMC++29 to reconstruct the Ne throughout the Pleistocene. 
Although MSC-based demographic history reconstructions can 
provide higher accuracy in recent years with larger sample sizes, we 
used SMC++ to take advantage of multiple samples where possible 
(Supplementary Table 1). For each species, we used SMC++ vcf2msc 
to convert our joint filtered VCFs to SMC format for each autosomal 
scaffold longer than 1 Mb, while iterating over each distinguished 
lineage in our VCFs. We then estimated demographic histories using 
SMC++ estimate with per genus mutation rates from ref. 10. SMC++ 
output files for each species were merged in R and categorized by spe-
cies distribution (dry forest, wet forest or both). Ecogeographically 
categorized demographic history data was then overlaid and plotted 
with log transformation.

Holocene population declines and inbreeding levels
We used GONE30 to estimate changes in the Ne of lemurs during the most 
recent 200 generations. In contrast to MSC-based approaches, GONE 
uses patterns of linkage disequilibrium to identify historical changes 
in Ne. GONE generates per-generation Ne values from the distribution 
of linkage disequilibrium levels between sampled SNP pairs across the 
genome. As such, it only requires SNP data as input, without the need 
for phased genomes, mutation rates or chromosome-level genome 
contiguity. Although GONE is optimally suited for large sample sizes, 
it can reliably reconstruct demographic history from fewer than ten 
individuals30. We converted our filtered masked VCFs to PLINK format 
using BCFtools and VCFtools61 and used a custom script to convert 
non-standard chromosome or scaffold names. Given that GONE is not 
optimized for a very large number of variants, we randomly subset VCFs 
with more than five million variants before converting them to GONE 
format. We undertook several steps to account for the small sample 
sizes in our dataset. For each species with at least five individuals, we 
conducted three independent runs of GONE, using randomly generated 
SNP sets (50,000 SNPs per autosomal scaffold of ≥1 Mb) to confirm 
the absence of any major deviations in demographic history, then 
selected the median Ne value for each temporal bin. Given that GONE 
can be sensitive to migration and population structure, we removed 
individuals that were clear PCA outliers, reduced the default maximum 
recombination value to 0.01 and excluded any species with deviations 
from Hardy–Weinberg equilibrium of ≥0.03 or the presence of known 
artefacts (rapid increase and decrease of Ne). The time before present 

of samples for downstream analysis. Multiple sequence alignments 
(MSAs) were constructed for each UCE using MAFFT64 and internally 
trimmed with GBLOCKS65. Within each MSA, we used Treeshrink66 to 
remove individuals that introduced extremely long (possibly arte-
factual) branches. Phylogenetic trees for each UCE were generated 
from the resulting MSAs with IQ-TREE 2 (ref. 67) using 1,000 ultrafast 
bootstrap replicates. Ultimately, we constructed a species tree from the 
individual UCE trees using ASTRAL68. We generated divergence dates 
for each species in our phylogenetic tree using a penalized maximum 
likelihood approach with treePL25. We selected the single individual 
from each species with the highest sequencing depth and concatenated 
all UCEs with 100% coverage across samples (and outgroups) using 
PHYLUCE. We concatenated these 646 UCEs and then used IQ-TREE 2 
to identify the most probable mutation model (TVM + F + R7). Branch 
lengths were then estimated with IQ-TREE 2 as follows:

iqtree2 -s concatenated_UCE_alignment.phylip 
-te astral_species_tree.tree -pre branch_length_
estimates -nt 4 -m TVM+F+R7

We augmented the topologically similar dated UCE tree from ref. 
10 (with which we shared resequencing data and methodology) with 
the additional species in our dataset using treePL. Given the paucity of 
Lemuriformes in the fossil record, there are no available fossil calibra-
tions within the infraorder (excluding the potential Chiromyiformes 
Plesopithecus and Propotto from mainland Africa12). As a result, we used 
the high-confidence divergence dates from the primate-wide MCMC-
tree analysis in ref. 10 as calibration points for treePL (Supplementary 
Table 8). Following the treePL priming and cross-validation steps, we 
set the following parameters for the divergence dating analysis: opt = 3, 
optad = 2, optcvad = 2, smooth = 0.0001.

Additionally, in an effort to resolve ambiguous nodes within the 
Lemuriformes, we constructed species trees for each family using 
the sequences of 5,000 random genomic windows of 10 kb length. 
For each reference assembly, we generated 10,000 non-overlapping 
10 kb windows using BEDTools makewindow. Nucleotide sequences 
for each window were generated as above by overlaying indel and SNP 
variants onto the reference sequence using BCFtools. For each refer-
ence assembly (and all species mapping to it), windows were ranked 
globally according to the average number of missing positions, and 
the 5,000 most complete windows were selected for phylogenetic 
analysis. As above, MSAs were generated with MAFFT, phylogenetic 
trees were inferred with IQ-TREE 2 and species trees were reconstructed 
with ASTRAL.

Interspecific allele sharing
We used Dsuite26 to identify patterns of allele sharing between Lemu-
riformes species. Tests were run on all genera represented by at least 
four species in our dataset, including Eulemur, Propithecus, Hapalemur, 
Microcebus, Lepilemur, Cheirogaleus and Avahi. First, we generated 
filtered VCFs for each genus by using BCFtools and VCFtools with calla-
bility filters intersected for each genus. We excluded coding regions, 
scaffolds that were non-autosomal or less than 1 Mb in length and 
positions that were non-variable or had missing data. Subsequently, we 
calculated f4-ratio statistics for all species trios within the phylogenetic 
tree of each genera using the Dsuite Dtrios command. We specified the 
species tree structure generated from our UCE or (where applicable) 
genomic window trees. To facilitate the interpretation of correlated 
f4-ratios, we calculated fb statistics using the Dsuite Fbranch command. 
Heatmaps of the resulting fb matrices were constructed with dtools.py.

Ecogeographic–genetic associations
We downloaded species distribution polygons from the IUCN Red List 
of Threatened Species69 and the ecoregions of Madagascar from ref. 
70. Heterozygosity values for each species were merged with their 
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for each generation was calculated with species generation times 
reported in ref. 10.

We used the length and number of ROH segments to calculate the 
changing levels of inbreeding for the past 2,000 years in Madagas-
car. We first calculated the age of each ROH segment in generations 
using the following equation: generation = 100 / (2 × ROH length)51. 
Each generation value was converted to an estimate of the number 
of years before present by multiplying it by the generation time of 
the corresponding species. Each ROH segment was then assigned to 
100-year bins for the last 2,000 years. Subsequently, we calculated 
the average FROH value across each ROH segment in each bin for each 
species. We plotted binned ROH times against the time-specific FROH 
values to generate stairway plots of inbreeding (chronROH plots) for 
the last 2,000 years. We observed a sharp drop in the signal for time 
bins corresponding to the first 300 years before present and removed 
them from subsequent analyses. Based on IUCN species range distri-
bution data, we classified each species as belonging to one or more 
areas of endemism3,4,27,71. To identify whether consistent patterns 
of historical inbreeding occurred across Madagascar, we overlaid 
chronROH plots for each distribution range that is occupied by two 
or more lemur species.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All newly generated sequencing data are deposited in the European 
Nucleotide Archive (PRJEB77609) and NCBI (PRJNA1156176). Addi-
tional accession numbers for previously published sequencing data 
to allow for a minimum dataset for reproducibility are available in 
Supplementary Table 1.

Code availability
Custom scripts are available at https://github.com/nomascus/ 
Lemur_PopGen_NEE.
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Extended Data Fig. 1 | Individual heterozygosity levels per genus. 
Heterozygosity calculated on the base-pair level per genus. Each point represents 
a unique individual (biological replicate), and boxplots are displayed for genera 
with at least three samples. The box corresponds to the interquartile range (IQR), 

the horizontal line is the median value, and the length of whiskers extends up to 
1.5 times the IQR. The number of individuals per genus (n) is listed in parentheses 
following the taxonomic group on the X-axis.
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Extended Data Fig. 2 | Individual heterozygosity levels per species. 
Heterozygosity calculated on the base-pair level per species organized  
by family: Top) Lemuridae, Middle) Indriidae, Bottom Left) Cheirogaleidae, 
Bottom Right) Lepilemuridae. Each point represents a unique individual 
(biological replicate), and boxplots are displayed for species with at least three 

samples. The box corresponds to the interquartile range (IQR), the horizontal 
line is the median value, and the length of whiskers extends up to 1.5 times the 
IQR. The number of individuals per species (n) is listed in parentheses following 
the taxonomic group on the X-axis.
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Extended Data Fig. 3 | Principal components analysis of all Eulemur individuals. PCA of Eulemur genus depicting fulvus and non-fulvus groups. Members of the 
Eulemur fulvus group are enclosed in the oval.
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Extended Data Fig. 4 | Dated UCE phylogenetic tree of the Lemuriformes. Dates since split with sister taxon are listed as branch lengths in millions of years. Local 
posterior probability of all nodes is 1, with the exception of the node placing E. coronatus outside the clade containing E. mongoz and the E. fulvus species complex 
(local PP = 0.79).
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Extended Data Fig. 5 | Phylogenetic tree of the Lepilemuridae. 5000 10 kb window ASTRAL species tree for the Lepilemuridae. Branch node labels are ASTRAL local 
posterior probabilities.
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Extended Data Fig. 6 | Phylogenetic tree of the Cheirogaleidae. 5000 10 kb window ASTRAL species tree for the Cheirogaleidae. Branch node labels are ASTRAL local 
posterior probabilities.
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Extended Data Fig. 7 | Phylogenetic tree of the Lemuridae. 5000 10 kb window ASTRAL species tree for the Lemuridae. Branch node labels are ASTRAL local  
posterior probabilities.
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Extended Data Fig. 8 | Phylogenetic tree of the Indriidae. 5000 10 kb window ASTRAL species tree for the Indriidae. Branch node labels are ASTRAL local  
posterior probabilities.
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