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Abstract 
 
Hunting is one of the greatest threats to nonhuman primates worldwide. Despite 
Madagascar’s status as a primate mega-diversity country, a critical lack of 
information on the hunting of lemurs at the national scale persists. Here, we 
synthesize the current state of knowledge of the annual rates of household-level 
lemur hunting near ten protected areas, representing most ecoregions in Madagascar. 
We examine geographic and taxonomic variation in lemur hunting, including an 
analysis of hunting relative to species density, extinction risk, and intrinsic ecological 
characteristics of species. We found that lemurs are commonly hunted across 
Madagascar; the rural households in our study ate, on average, more than one lemur 
each year, or a median of 4.1% of the lemur species’ population size where densities 
are known. However, this pressure varied significantly across sites and species, 
reaching its highest levels in the northeastern rainforest region. While hunting levels 
are concerning for numerous threatened species, hunting pressure was driven 
primarily by species availability, and among ecological traits, small body size was 
related to increased hunting; however, conservation status showed no such 
relationship. This first national-level assessment of hunting, including one-third of 
Madagascar’s lemur species and more than a tenth of the world’s primates, identifies 
regional variation and lemur taxa at acute risk from hunting—important steps toward 
developing targeted strategies to conserve one of the world’s most threatened groups 
of vertebrates. 
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Introduction 

 
Hunting for subsistence or commercial markets is among the greatest threats to 
nonhuman primates worldwide (Estrada et al. 2017). Wild mammals have long been 
an essential component of global food security (Booth et al. 2021). Yet, as human 
populations grow, the demand for natural resources also increases; wild meat now 
comprises more than one-fifth of all meat eaten in many sub-Saharan African nations 
(Smith 2016). This increase in hunting has contributed to high extinction risk in nearly 
two-thirds of the world’s primate species (Estrada et al. 2017; IUCN 2020). The loss of 
primates also threatens to undermine forest regeneration processes, imperiling a wide 
variety of taxa, including humans (Effiom et al. 2013; Gardner et al. 2019; Peres et al. 
2016). In spite of these known stressors and impacts, we still lack information on the 
hunting of primates in many biodiversity hotspots. 

Madagascar is a primate mega-diversity country, and lemurs are one of the most 
threatened groups of vertebrates globally (Schwitzer et al. 2014). In Madagascar, 
hunting, along with habitat loss and climate change, are the main drivers of extinction 
risk for lemurs (IUCN 2020; Schwitzer et al. 2013). It is therefore crucial to obtain 
current, quantitative assessments of the putative risks to lemur populations, especially 
due to their disproportionate contribution to global primate diversity (Estrada et al. 
2018) and to ecosystem functioning in Madagascar (Ganzhorn et al. 1999; 
Razafindratsima et al. 2018; Razafindratsima and Dunham 2014). 

Relative to mainland Africa and South America (e.g., Duporge et al. 2020; Kumpel 
et al. 2010; Martins and Shackleton 2019; Stafford et al. 2017; van Velden et al. 2018), 
comprehensive assessment of hunting risk for lemurs across Madagascar has been 
limited. Evidence has begun to accumulate in the last decade that hunting, primarily for 
household-level subsistence, occurs at many locations throughout the island and that 
lemur species across the taxonomic range are targeted by hunters (Golden et al. 2022). 
Poverty, food insecurity, and malnutrition are important drivers of lemur hunting in 
Madagascar (Borgerson et al. 2016, 2019a; Merson et al. 2019; Reuter et al. 2016), 
and, where documented, hunting is unlikely to be sustainable (Borgerson et al. 2019a; 
Brook et al. 2019; Golden et al. 2019; Razafimanahaka et al. 2012). The historical 
depth of hunting pressure is also evidenced by cut marks on bones from both extinct 
and extant lemur genera dating from more than 2000 years ago (Perez et al. 2005). 
Lemurs may have been hunted for far longer, as recent finds reveal cut marks on 
elephant bird remains from 10,500 years ago (the earliest evidence of human presence 
in Madagascar) (Hansford et al. 2018). Hunting likely contributed to collapsing 
populations and the extinction of much of Madagascar’s megafauna, including giant 
lemurs, by roughly 1000 years ago (Godfrey et al. 2019). 

An understanding of which risk factors drive lemur hunting, including geography, 
conservation status, density, and the intrinsic characteristics of individual species, may 
aid the targeting of effective conservation strategies in Madagascar. Hunting pressure 
may contribute to the small or declining population size of many lemur species, key 
criteria for assessing extinction risk (IUCN 2020). In this case, species in more 
threatened categories (e.g., IUCN categories CR and EN) may have higher offtake 
levels. Alternatively, low-risk species may presumably be more abundant and therefore 
more frequent targets for hunters (Chaves et al. 2020; Dunn and Smith 2011; Fa et al. 
2005; Martin et al. 2013; Sirén and Wilke 2016). 



 

 

 
 
Intrinsic ecological traits of lemur species may also influence hunters’ likelihood of 

encountering or preferring particular prey. Larger species may be both more conspicuous 
and more desirable, given the meat provided per unit effort (Isaac and Cowlishaw 2004; 
Jerozolimski and Peres 2003; Ripple et al. 2016; Stafford et al. 2017). Diet may also 
contribute to variation in hunting pressure. For example, larger daily and home ranges in 
many frugivores and omnivores may increase their encounter rates relative to folivores 
(Carbone et al. 2005; Milton and May 1976). Hunters in Madagascar target frugivores 
when they can predict their location at seasonally fruiting trees (Borgerson 2016); 
presumably it would be more difficult to predict where to target certain folivorous species. 
Furthermore, hunters may avoid folivores or prefer frugivores due to taste preferences 
(Koster et al. 2010). Lastly, activity patterns may be linked to variation in hunting risk, for 
example, when day-active species are more commonly seen and targeted by hunters. 
Indeed, hunting and other forms of anthropogenic disturbance are driving diurnal mam- 
mals worldwide to adopt more nocturnal habits (Gaynor et al. 2018). However, both the 
prevalence of passive hunting methods, such as snare trapping, and the knowledge of 
sleeping sites may leave nocturnal species equally susceptible. 

Despite the growing body of evidence for hunting over space and time, there persists 
a lack of assessment of the hunting of lemurs at the national scale in Madagascar. There 
has been a concentration of quantitative research in the northeast (Borgerson 2015; 
Brook et al. 2019; Golden 2009), which may result in biased interpretations of which 
areas and species are especially prone to hunting risk. We aim to help fill the 
comparative, national-level knowledge gap for Madagascar’s endemic primates by 
consolidating data on lemur-hunting levels across Madagascar and testing lemur 
species characteristics that may predict hunting pressure. 

Here, we synthesize the current state of knowledge of the global levels of hunting risk 
for one-third of all lemur species (IUCN 2020). Specifically, we compare geographic 
variation in lemur hunting pressure among ten protected areas, and variation in annual 
offtake levels per household, both absolute and relative to species density, for 42 lemurs 
at the species and family levels, and describe the severity of hunting levels in terms of 
estimated offtake as a percentage of local population size. Further, we model how 
hunting levels relate to overall extinction risk and intrinsic ecological characteristics 
of species, including adult body mass, primary diet, and activity pattern; for a subset of 
sites, we also assess the effects of these predictors on offtake levels accounting for lemur 
species availability (i.e., density). This preliminary national assessment of lemur hunting 
builds on the growing body of site-based investigation into wildlife hunting in 
Madagascar, and may help to target lemur conservation strategies by identifying the 
taxa and regions at greatest risk from unsustainable hunting. 

 
 
Methods 

 
Study Sites and Species 

 
We examined the hunting of lemurs surrounding ten protected areas in Madagascar 
(2009–2019; Fig. 1, Table I). These sites are broadly distributed and encompass a 
substantial amount of the cultural, climatic, ecological, and biological diversity for 
which Madagascar is well known (Goodman et al. 2018), and that can affect hunting 



 

 

 

 
Fig. 1 Study sites and estimated hunting pressure (total number of individuals per year) by lemur family 
across ten protected areas in Madagascar (2009-2019). 

 
behavior. We analyzed hunting data on 42 lemur species from all five families 
(Table II, Electronic Supplementary Material [ESM] Table SI). These species include 
all those present in our study sites. In the northeast of Madagascar, we investigated 



 

 

 
 
 
 
 
 
 

Table I Size, forest cover, human population characteristics, and number of lemur species surveyed for the ten protected area study sites (2009-2019) 
 

Protected area Area (km2) Area <10 km PAa (km2) Forest (%) Forest <10 km PA (%) Human population 
density (individuals 
per km2) <10 km PA 

Human population 
size <10 km PA 

Households 
<10 km PA 

Lemur species 
surveyed 

Ankarafantsika 1365.13 2332.18 72 14 108.51 253,064 57,515 7 
Betampona 22.40 504.87 99 31 81.92 41,357 10,604 10 
Kianjavato 246.67 957.04 26 26 60.12 57,533 15,140 9 
Kirindy Mitea 1562.21 2266.54 71 36 12.25 27,755 4869 5 
Lac Alaotra 424.77 1707.62 44 12 166.35 284,057 74,752 6 
Makira 3721.79 6000.36 99 22 51.04 306,230 65,155 12 
Mananara-Nord 241.56 1072.89 94 25 78.77 84,516 19,208 8 
Mantadia 154.56 889.14 99 29 31.16 27,702 6296 12 
Masoala 2115.30 2553.42 99 26 56.65 144,650 32,144 10 
Menabe Antimena 1895.33 1632.77 53 52 115.44 188,488 42,838 9 

a PA = protected area. All areas are terrestrial and exclude marine regions within the PA. 
 
 



 

 

hunting of 18 species of lemur within three protected areas, the Masoala National Park, 
Makira Natural Park, and Mananara–Nord National Park, whose lowland and medium 
moist evergreen forests, littoral forests, mangroves, and high and low littoral thickets 
provide ecosystem services for local Malagasy of the primarily Betsimisaraka and 
Tsimihety ethnolinguistic groups. In the northwest, we collected data at Ankarafantsika 
National Park, which is home to dry deciduous and riparian forests as well as wooded 
grasslands, which provide for eight species of lemur and the Sakalava and Betsileo 
people. In central Madagascar, we assessed hunting of 16 lemur species within three 
protected areas, Lac Alaotra Protected Area, Betampona Strict Nature Reserve, and 
Mantadia National Park, in ecosystems characterized by lowland and medium moist 
evergreen forest, freshwater marshes, and wetlands, and home to the Betsimisaraka and 
Sihanaka people. In the southeast, we included the forests of Kianjavato (partly within 
the COFAV protected area) and, in the southwest, Kirindy Mitea National Park and the 
Menabe Antimena Protected Area. Kianjavato is characterized by lowland moist 
evergreen forests that provide for the Antaimbahoaka people and nine species of lemur. 
Kirindy Mitea National Park and the Menabe Antimena Protected Area are composed 
of dry deciduous forest, dry spiny thicket, littoral thicket, and mangroves which provide 
for nine species of lemur and the Sakalava–Masikoro and Sakalava–Vezo people. All 
sites also contained regional minority sociolinguistic ethnic groups and significant 
regions of agricultural and residential lands, as well as secondary grasslands, forests, 
and thickets (Goodman et al. 2018). 

Rainfall, temperature, and seasons vary greatly across the sites. While the northeast 
might experience >3000 mm of precipitation a year (with 0 months of dryness, rainfall 
peaking in May–October) and a mean temperature range of 11–30°C (peaking in 
December–February), the southwest might instead receive <700 mm of rain (with 7 
dry months and rainfall peaking in September–November) and a mean temperature 
range of 13–32°C (instead peaking in November–April) (Rakotondrafara et al. 2018). 

For each of the 42 lemur species present at our study sites, we obtained data on 
conservation status (IUCN 2020) and ecological traits (adult body mass, diet, and 
activity pattern) from published sources (Mittermeier et al. 2010; Razafindratsima et al. 
2018; Rowe and Myers 2016) (ESM Table SI). In a few cases, we were unable to 
ascertain the mouse lemur species (genus Microcebus) present. We adopted a conser- 
vative approach in terms of conservation status, using only data from the lower risk 
species that might be present at the site. This resulted in including values for 
M. lehilahytsara at Makira Natural Park and Masoala National Park (Poelstra et al. 
2020) and M. murinus at Ankarafantsika National Park (Reuter et al. 2020). In two 
instances, the conservation status has not yet been evaluated (the newly described 
Microcebus jonahi at Mananara–Nord National Park (Schüßler et al. 2020), and the 
unknown Microcebus sp. at Lac Alaotra); we therefore excluded these taxa from 
analyses. 

 
Household Surveys 

 
Between 2009 and 2019, we conducted surveys of hunting in Malagasy by a native or 
fluent speaker of the regional dialect. We interviewed either the male or female heads 
of 4275 households in 172 communities to gather information on social, demographic, 
and behavioral characteristics of rural households (including lemur hunting and 



 

 

consumption). Because Madagascar’s seasonality affects hunting practices (Borgerson 
2016; Golden et al. 2019), all surveys of hunting included recalls of the total number of 
each species of lemur they had caught during the prior year (Table II). This method has 
been shown to provide more accurate estimates of annual hunting rates than extrapo- 
lated recalls of the prior month because of the high seasonality, relatively low catch 
rates, and high saliency of lemurs from the hunters’ perspective (Golden et al. 2013). 
We surveyed all households in small communities; in communities with >50 house- 
holds, we either surveyed all households, or randomly selected study households using 
a grid system in each village, and either using a zig-zag method to bisect all quadrants, 

 
Table II Estimated total number of individuals from 42 lemur species hunted per year (2009-2019) in ten 
protected areas and peripheral zones in Madagascar. Mean number of lemurs eaten per household per yeara are 
shown in parentheses 

 

 
a Modified from Golden et al. 2022; original data collected by CDG, CB, SEJ, BJRR, BNR, SDM, KETT, 
PRNT, and SMH. 
b Lemur illustrations copyright © 2018 by Joel Borgerson, all rights reserved. 
c Borgerson et al. 2019b; 419 households sampled. 
d Golden et al. 2014a; 1155 households sampled. 
e Golden et al. 2022; 287 households sampled. 
f Borgerson et al. 2019a; 387 households sampled. 
g Golden et al. 2014b; 298 households sampled. 
h Borgerson et al. 2018a; 485 households sampled. 
i Merson et al. 2019; 362 households sampled. 
j Borgerson et al. 2018b; 336 households sampled. 
k Thompson unpubl.data; 89 households sampled. 
l Merson et al. 2019; 456 households sampled. 



 

 

selecting every second household, or by assigning a number to each household in each 
grid, and selecting a subset of households in all quadrants using a random number 
array. 

 
Hunting Levels 

 
We included two hunting measures for each lemur species: 1) mean number of 
individuals hunted per household per year and 2) total number of individuals per 
protected area per year. To estimate the latter, we multiplied the mean number of each 
lemur species eaten per household by the total number of households living within 
10 km of the protected area (the maximum distance focal hunters walked from 
communities during a single day). To calculate the total number of households living 
within 10 km of each protected area, we used 1 km2 gridded high-resolution satellite 
images of roofs from WorldPop (Lloyd 2016; Lloyd et al. 2017). For simplicity, we 
refer to the protected area and its associated 10 km periphery zone by the protected area 
name. We divided population size by the mean number of people per household within 
each region (Borgerson et al. 2018a,b, 2019a,b, unpubl. data; Golden et al. 2014b, 
2019) to determine the total number of households surrounding each protected area. To 
estimate population density, we 'moved' households inside the protected area into the 
10 km periphery, to ensure that we included these households in our analysis. We 
calculated the area of each protected area and its peripheral zone using shapefiles and 
data provided by Direction du Système des Aires Protégées (2017 and employed in 
Goodman et al. 2018), The World Database on Protected Areas (UNEP-WCMC and 
IUCN 2020), and Global Forest Watch (2019). To visualize geographic variation in 
hunting pressure, we used a Natural Jenks (Breaks) classification algorithm, standard- 
ized into five categories, to compare the total number of lemurs eaten within each lemur 
family within a 10 km radius of each protected area (ArcGIS 10.8.1). 

 
Lemur Density and Population Size 

 
To understand how lemur availability affects hunting pressure, we used distance 
sampling methods (Buckland et al. 1993; Buckland 2001), analyzed using Rdistance 
(McDonald et al. 2019), to assess the density of lemur species in northeastern Mada- 
gascar from 2012 to 2019 (Masoala National Park [CB, BNR, CDG], Makira Natural 
Park [CDG], and surrounding communities) and in Kianjavato from 2015 to 2016 
(PRNT, SMH, SEJ). We calculated the densities of all lemur species that exceeded a 
minimum of 30 observations. The exception was Prolemur simus at Kianjavato (N = 
14), which we included to provide information for all lemur species reported to be 
hunted at this site; however, the density estimate for this species should be treated with 
caution. We established a total of 213.5 km of transects (using a GPS): 176 km in 
Masoala, 20 km in Makira, and 17.5 km in Kianjavato. In Masoala, we sampled 34 
transects (each 2 km in length) within forests adjacent to 17 communities. We walked 
each transect a minimum of 20 times per year, from 2012 until 2019. Two additional 
transects (total of 140 km in length, each walked twice in 2016) extended from the 
western border of the Masoala National Park through the interior, and ended at the 
eastern border, through the park’s northern and southern regions. In Makira, we 
sampled 20 transects (each 1 km in length) within forests adjacent to 11 communities, 



 

 

from 2012 until 2014. In Kianjavato, we sampled 35 diurnal transects and 22 nocturnal 
transects (each 0.5 km in length) in five forest fragments. We walked each transect 16– 
45 times during the day and 5–12 times at night in 2015 and 2016. We walked transect 
lines at a maximum rate of 1–1.5 km per hour. Each time we saw a lemur, we recorded 
the group size/composition, height (m), sighting angle, and the perpendicular distance 
(m) of the animal (or the center of the group of animals) from the transect line. To 
estimate the total population size of each species at each of the three sites, we summed 
the products of the species density and forest cover within the protected area and within 
the 10 km peripheral zones. We used this information to evaluate the severity of 
hunting pressure, to which, given uncertainty owing to estimation and extrapolation 
for both human and lemur population sizes, we report ordinal categories of concern 
based on the estimated percentage of the total population caught each year (Low = < 
1%, Medium = 1 < 10%, High = 10 < 20%, Very High = ≥20%). 

Statistical Analyses 
 
We used linear mixed-effects models (LMMs) to determine relationships between 
annual offtake (mean number of lemurs hunted per household per year), offtake 
relative to density (annual offtake divided by the density of that species per km2), 
and four predictor variables: conservation status (IUCN category), mean adult body 
mass, primary diet, and activity pattern. We had data to calculate offtake relative to 
density for a subset of the original sites, which led to a reduction in sample size for 
this model (to 22). While Critically Endangered, Endangered, Vulnerable, and Least 
Concern species were all present in the annual offtake analysis, there were no species 
categorized as Least Concern in the sites where we calculated offtake relative to 
density. We treated diet as a binary variable (folivory vs. other primary diets), where 
folivory included diets primarily comprised of both leaves and bamboo. Activity 
pattern was also binary (nocturnal vs. day-active), with diurnal and cathemeral 
species included in the day-active category because of their activity overlap with 
mainly diurnal hunters. To reduce variance and to ensure that assumptions of a linear 
model were met, we log10 transformed adult body mass, annual offtake, and annual 
offtake relative to species density. We assessed multicollinearity among predictor 
variables using variance inflation factor (VIF, values >5) and tolerance limit (values 
approximating 0) (Kutner et al. 2004); neither metric indicated a high correlation 
among predictors. For both models, we used site as a random factor in the mixed 
models to assume different baseline values (i.e., different intercepts) for the response 
variable at each location (Zuur et al. 2009). We derived the parameter estimate using 
the restricted maximum likelihood estimates (REML) and used a log ratio test to 
determine significance of the top models. We used the MuMIn package (Barton 
2020) for model selection. We used the Akaike information criterion (AICc) for 
model development and ΔAIC (the change in AIC values relative to the best AIC 
model) for selecting optimal models, with a cutoff of Δ6 to include all models within 
the 95% confidence set (Harrison et al. 2018). We used the lmer function in the lme4 
package (Bates et al. 2015) to fit LMMs. We report the top candidate model and 
models with ΔAICc <6 from the top model (Burnham and Anderson 2002). 
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Results 

 
Lemur hunting occurred in or near all protected areas surveyed (Table II). Across Mada- 
gascar, members of each household ate a mean of 1.10 ± SD 1.11 (median = 0.62) lemurs 
during the year prior to the survey (Table II), or a median 4.1% of lemur species’ population 
sizes where densities are known (Table III). Hunting pressure, however, varied greatly 
among both species and protected areas (Tables II and III, Fig. 1). 

 
Geographic Variation in Hunting Pressure 

 
Of the ten sites, lemur hunting was lowest near the Lac Alaotra Protected Area, where 
people ate only one of five species of lemur (0.03 lemurs per household per year), and 
highest near the Makira Natural Park, where people consumed 11 of 12 species during the 
prior year (3.23 lemurs per household per year), and all species are eaten (Golden et al. 
2014a). Total hunting pressure was highest near the protected areas of northeastern Mada- 
gascar, where a total of 20,000 to more than 200,000 lemurs may be eaten each year; total 
hunting pressure was also high near the Menabe Antimena Protected Area of southwestern 
Madagascar, where more than 50,000 lemurs may be eaten each year (Table II). Assuming 
an even distribution of hunting pressure per 1 km2 of protected area and settled area within 
10 km: >20 lemurs were eaten per 1 km2 of land area at Betampona Strict Nature Reserve, 
Makira Natural Park, and Mananara–Nord National Park; 15–20 at Menabe Antimena 
Protected Area; 4–5 at Masoala National Park and Kianjavato; 2–3 at Ankarafantsika 
National Park, Kirindy–Mitea National Park, and Mantadia National Park; and 1–2 at Lac 
Alaotra Protected Area. 

 
Taxonomic Variation in Hunting Pressure 

 
The two most commonly eaten species of lemur were the Vulnerable Eulemur albifrons and 
Cheirogaleus major. Households consumed a mean of 0.31 ± SD 0.22 E. albifrons and 0.31 ± 
SD 0.30 C. major each year, for an extrapolated total of 49,466 E. albifrons and 46,398 C. 



 

 

Table III Lemur densities and hunting pressure concern near three protected areas in Madagascar 
 

 
a Lemur illustration copyright © 2017 by Joel Borgerson, all rights reserved. 
b IUCN status: CR = Critically Endangered; EN = Endangered, VU = Vulnerable. 
c Defined categorically using the estimated percentage of the total population within the protected area and 
peripheral zone caught during the prior year: Low = < 1%, Medium = 1 < 10%, High = 10 < 20%, Very High= 
≥20%. 
d Inside protected area; within peripheral zone. 
e Density calculated with N = 14 sightings (for all others, N > 30). 

 
major eaten across all sites. The most commonly eaten Critically Endangered species of lemur 
were Varecia variegata, Propithecus verreauxi, and Indri indri (with an extrapolated total of 
9364, 7789, and 7240 eaten per year, respectively, across sites) (Table II). People rarely ate 
lemurs of the genus Phaner across sites (<0.01 ± SD < 0.01 eaten per household per year). 

Across all five extant families of lemurs (Cheirogaleidae, Daubentoniidae, 
Indriidae, Lemuridae, and Lepilemuridae), people ate cheirogaleids (especially 
Cheirogaleus) most frequently and in the greatest numbers (with a mean of 
0.17 ± SD 0.31 eaten per household, or an extrapolated total of more than 
125,000 cheirogaleids per year across the study sites) and people ate the 
monotypic Daubentoniidae least often (with a mean of 0.03 ± SD 0.07 eaten 
per household per year across sites) (Fig. 1). However, family-level pressure 
varied across the protected areas, with cheirogaleids eaten in greater number 
across all sites except the Masoala National Park, Ankarafantsika National Park, 
and Lac Alaotra Protected Area where lemurids were eaten most often (espe- 
cially species within the genera Eulemur, Hapalemur, and Varecia) (Fig. 1). 

 
Pressure as a Percentage of Population Size 

 
We estimated the percentage of the lemur population size caught during the prior year at 
three sites where we had sufficient data to calculate most lemur densities (Kianjavato, 



 

 

Makira Natural Park, and Masoala National Park) (Table III). While people caught a median 
4.1% of each lemur’s population size during the prior year, pressure varied greatly among 
both species and sites. Relative to population size, the most heavily targeted families of 
lemur were indriids and lemurids, with >10% of their population hunted annually. Among 
all Critically Endangered and Endangered species, the hunting levels of Indri indri, 
Prolemur simus, Varecia rubra, and Microcebus jollyae were highest relative to their 
population size. 

 
Assessing Predictors of Annual Offtake and Offtake Relative to Species Diversity 

 
The log ratio test indicated that the top candidate model for annual offtake was non- 
significant (χ(1, 86) = 3.038, P = 0.081; Table V) and included only adult body mass as a 
predictor (with higher levels of hunting of smaller species; Fig. 2b). The second 
candidate model was the intercept-only model (i.e., included no fixed factors) 
(Table IV). The top model that included adult body mass (AICc = −208.4, Wi = 
0.502) was 1.1 times more likely to be the best explanation for variation in per 
household lemur hunting in Madagascar compared to the next best model (AICc = 

 
Table IV Summary of model averaged estimates of fixed effects from LMMs on annual lemur offtake and 
offtake relative to species density (log10) in Madagascar (2009-2019) 

 

Parameters Estimate SE 95% CI P 

Annual Offtake (log10) 
Intercept 

 
 

0.111 

 
 

0.060 

 
−0.01 to 0.23 

 
 

0.063 
IUCN status: Critically Endangered Reference    

IUCN status: Endangered 0.013 0.024 −0.03 to 0.06 0.590 
IUCN status: Vulnerable 0.022 0.018 −0.01 to 0.06 0.203 
IUCN status: Least Concern 0.056 0.044 −0.03 to 0.14 0.203 
Adult body mass (log10) −0.027 0.016 −0.06 to 0.00 0.086 
Diet: Folivore Reference    

Diet: Nonfolivore 0.004 0.015 −0.03 to 0.03 0.799 
Activity pattern: Day-active Reference    
Activity pattern: Nocturnal −0.010 0.018 −0.05 to 0.03 0.576 

Offtake Relative to Density (log10) 
Intercept 

 

0.411 

 

0.333 
 

−0.24 to 1.06 

 

0.217 
IUCN status: Critically Endangered Reference    

IUCN status: Endangered 0.109 0.142 −0.17 to 0.39 0.444 
IUCN status: Vulnerable 0.111 0.090 −0.07 to 0.29 0.218 
Adult body mass (log10) −0.073 0.085 −0.24 to 0.09 0.392 
Diet: Folivore Reference    

Diet: Nonfolivore −0.088 0.072 −0.23 to 0.05 0.222 
Activity pattern: Day-active Reference    

Activity pattern: Nocturnal −0.169 0.099 −0.36 to 0.02 0.089 

CI confidence interval, SE standard error. 
Site identification was included as a random effect in the model. 



 

 

Table V Top candidate models for response variables annual offtake (log10) per household and offtake relative 
to density 

 

Model AICc ΔAICc Wi Parameters (direction of effect) Significancea 

Annual Offtake      

1 −208.4 0.00 0.502 Log adult body mass (−) χ(1,86)= 3.038, P =0.081 
2 −208.2 0.20 0.455 Intercept-only χ(6,86)= 12.510, P =0.051 
Offtake Relative to Density 

1 −8.00 0.00 0.879 Intercept-only χ(5,22) =5.574, P =0.350 
2 −2.00 5.99 0.044 Activity pattern (−) χ(1,22)= 3.517, P =0.061 

AICc Akaike’s information criterion (correction for small sample sizes), ΔAICc change in AIC values relative 
to the best AIC model, Wi Akaike weights. 
We included site identification as a random effect in the model. 
a We conducted significance tests for the top candidate models using the likelihood ratio test. 

 
−208.2, Wi = 0.455; Table IV). Primary diet, activity pattern, and IUCN threat category 
were not included in any of the top candidate models. 

The top model for offtake relative to species density was the intercept-only model. 
Although it was not significant (χ(5, 22) = 5.574, P = 0.350; Table V), the top model 
(AICc = −8.00, Wi = 0.879) was 20 times more likely to be the best explanation for 
variation in lemurs caught per household relative to species density compared to the 
next best model (AICc = −2.00, Wi = 0.044; Table V). The second-best optimal model 
included only activity pattern as a predictor, where night-time activity had a non- 
significant negative effect on lemur offtake relative to density ( χ(1, 22) = 3.517, P = 
0.061; Table V). 

 

Fig. 2 Predicted probabilities for annual offtake per household (log10) for lemur species at ten study sites and four 
predictor variables: conservation status (IUCN category), mean adult body mass (log10), primary diet, and activity 
pattern (2009-2019). Error bars show 95% CI and shaded gray area in adult body mass (log10) shows 95% CI. 



 

 

 

 
Fig. 3 Predicted probabilities for offtake relative to species density per household (log10) for lemur species at each 
study site and four predictor variables: conservation status (IUCN category), mean adult body mass, primary diet, and 
activity pattern (2009-2019). Error bars show 95% CI and shaded gray area in adult body mass (log10) shows 95% CI. 

 

Discussion 
 
Our findings suggest that lemur hunting is common across Madagascar. Households 
near the protected areas we surveyed eat, on average, one lemur each year. Such rural 
subsistence consumption in Madagascar scales up to significant pressure at the site and 
national levels. However, this pressure varied significantly across sites and species. 

People ate 2000 to over 200,000 lemurs during the prior year near each of the ten 
protected areas we studied. In terms of geographic variation, the focus of previous research 
on lemur hunting in northeastern Madagascar (e.g., Borgerson 2015, 2016; Borgerson et al. 
2019a; Brook et al. 2019; Golden 2009; Golden et al. 2011, 2014a) does not appear to have 
biased interpretations of which areas and species are especially prone to hunting risk, and 
instead reflects the region’s higher comparative hunting pressure. The northeast contains the 
country’s largest protected area (Makira Natural Park), largest national park (Masoala 
National Park), and largest remaining contiguous forests in Madagascar (Goodman et al. 
2018). The region is also more rural than much of Madagascar, with the lowest connectivity 
(i.e., highest travel time to the nearest urban center) within the country (Rice et al. 2020), 
while still sustaining moderate population densities. Thus, high hunting levels in this region 
may reflect a larger, comparatively intact ecosystem which is, at least in the short term, more 
capable of sustaining both people and lemurs. This would be consistent with the high levels 
of species diversity in the lemur hunting within this region as well; people ate 94.4% of 18 
lemur species during the prior year near northeastern protected areas, compared to only 
69.0% of 32 lemur species present elsewhere. However, the severity of hunting remains 
high for many of the lemur species within these protected areas (e.g., Eulemur albifrons). 
Crucially, our data set lacks sites from the far south of Madagascar, a region where food 
insecurity is especially acute (Noromiarilanto et al. 2016). 



 

 

Among lemur families, hunters targeted daubentoniids least often and caught 
cheirogaleids and lemurids in the greatest quantities, while indriids and lemurids were 
the most heavily targeted relative to their population size. However, there was signif- 
icant variation in hunting pressure within each lemur family. For example, 
Cheirogaleidae contained some of the most and least commonly eaten lemur species 
in Madagascar; while people ate Cheirogaleus major often, they almost never ate 
Phaner species across sites. Of Critically Endangered species, current hunting pressure 
on Indri indri, Prolemur simus, and Propithecus verrauxi is especially concerning, with 
a high proportion of their population hunted annually across protected areas where 
densities are known. Such hunting potentially exacerbates other major threats to these 
species, such as habitat loss and fragmentation (IUCN 2020; Schwitzer et al. 2013)—a 
devastating combination for species highly sensitive to environmental disturbance and/ 
or with slow life histories (Baden et al. 2019; Richard et al. 2002). 

Understanding what lemur characteristics drive hunting can help conservation 
authorities and managers target species most threatened by heavy hunting pressure 
and infer which species may be hunted most heavily in regions for which we have no 
data. While studies have found that many hunters preferentially target larger primates 
(Isaac and Cowlishaw 2004; Ripple et al. 2016; Stafford et al. 2017), we found that 
lemurs with smaller body sizes were more likely to be caught and eaten across 
Madagascar. However, it is likely that hunters did not prefer small body size itself, 
but rather that smaller lemurs were more abundant within the landscape: once we 
controlled for species density, body size no longer significantly contributed to the 
model. This finding is consistent with other studies which have found that smaller, 
more abundant species are far more likely to be hunted than larger, rare species 
(Chaves et al. 2020; Martin et al. 2013; Sirén and Wilkie 2016). Such species may be 
found in or near agricultural settlements allowing for opportunistic capture, thus 
reducing the effort required to actively or passively trap the animal (Smith 2005). 
Therefore, higher availability of small species can increase their desirability even if 
larger more 'optimal' returns on their investment exist in the area (Chaves et al. 2020). 
Most hunting occurred adjacent to the more species-rich protected areas, a pattern that 
increases hunters’ chances of catching more abundant species, as seen in other 
countries (Bachmann et al. 2020). In contrast to body size, activity pattern emerged 
as a marginally significant predictor of hunting pressure when controlling for species 
abundance. Specifically, day-active (diurnal and cathemeral) species had higher 
relative offtake levels. This finding may again highlight the importance of opportun- 
ism, with increased likelihood of encountering or detecting lemurs that are moving or 
feeding when hunters are also active. 

While hunting levels appear to be most strongly linked to a species’ current 
abundance in the environment, we lack sufficient longitudinal data to test whether past 
hunting might have already pushed species into higher extinction risk categories. 
Higher hunting pressure on some species in the past may have reduced their availability 
and thus current levels of annual offtake are low. This could mask a preference, for 
instance, for larger prey species. In the most serious cases, such hunting may have 
already resulted in local or global extinctions. The disappearance of many large-bodied 
lemur species during the Holocene might be an especially salient example. Hunters 
targeted these species (Perez et al. 2005), and it is likely that hunting pressure preceded 
habitat loss as the primary threat (Godfrey and Irwin 2007). It is clear that body size 



 

 

once affected extinction risk in Madagascar, as no lemur species larger than 10 kg 
persist today (Godfrey et al. 2019). 

Although hunters commonly targeted some particularly threatened taxa, such as 
Critically Endangered Indri, Prolemur, and Varecia, we found no evidence that 
extinction risk predicted hunting levels. This contrasts with evidence in other countries, 
where hunters can prize rarity and disproportionately target threatened species (Hall 
et al. 2008). The much greater prevalence of subsistence over market-based hunting in 
Madagascar, driven by poverty and immediate family or community needs (Borgerson 
et al. 2016, 2019a; Golden et al. 2014a, 2019; Jenkins et al. 2011; Merson et al. 2019), 
may explain the lack of effect of conservation status. There was relatively low variability 
in IUCN threat categories; indeed, >95% of lemurs are classed in as Critically Endangered, 
Endangered, or Vulnerable (IUCN 2020) and we had no Least Concern species in our 
sample comparing offtake relative to density. This underscores the risk that high hunting 
pressure poses for virtually all lemur species. Similarly, neither diet nor activity pattern 
predicted higher annual offtake, and activity pattern contributed modestly to offtake 
relative to species density. These findings suggest that the opportunistic and passive 
trapping methods commonly used in rural Madagascar may discriminate less among 
species which differ in these traits (Borgerson 2016; Golden 2009). Future research might 
focus on social, economic, and cultural aspects of hunting communities across Madagas- 
car as potential drivers of variation in relative hunting pressure among lemur species that 
we observed in a subset of protected areas. 

Our broad-scale geographic and species-level coverage of lemur hunting pressure 
underscore regions and taxa of special concern, and we identify important gaps that 
should be addressed in order to develop comprehensive conservation strategies that 
account for hunting. In particular, we highlight the need for current density estimates of 
lemur species across Madagascar, additional research in Madagascar’s far south, and a 
better understanding of the role of hunter preference in hunting pressure. Information 
on the density of lemur species is especially crucial. Hunting relatively few individuals 
can have devastating effects on especially rare taxa (Estrada et al. 2017; Hall et al. 
2008; Ripple et al. 2016). For many lemur species, we continue to lack the current 
density estimates which are essential for both understanding the effects of hunting on 
lemur populations and for evaluating the conservation status of these lemur species. 
Because data on the densities of lemur species within many protected areas are 
currently lacking, we were only able to assess whether lemurs are being caught at high 
or low rates relative to their local availability at three of the ten sites. Efforts to collect 
data on both hunting and densities of lemur species are urgently needed to inform both 
conservation statuses, as well as to target and measure the effects of strategies which 
aim to reduce hunting pressure. Such combined studies of the annual rates of hunting, 
and how this hunting affects local lemur densities, are especially needed within 
southern Madagascar, where a gap in the hunting literature within Madagascar remains. 
Our study includes two southern sites (Kianjavato in southeastern Madagascar and 
Kirindy Mitea in south-central western Madagascar), which may not be representative 
of larger southern protected areas, such as Andohahela, Tsimanampesotse, or 
Ranomafana National Parks. Furthermore, direct knowledge of hunters’ prey prefer- 
ences and their variation across Madagascar are needed. Culture and perceived attri- 
butes can have the most significant effect on hunters’ selection of target species 
(Chaves et al. 2020; de Araujo Lima Constantino et al. 2021; van Vliet 2018; van 



 

 

Vliet and Mbazza 2011). Diets in Madagascar are especially deficient in fat (Golden 
et al. 2019), and many heavily targeted species are known for their significant seasonal 
deposits of fat; the two most frequently hunted species (Eulemur albifrons and 
Cheirogaleus major) are targeted when at their fattest (Borgerson 2016). Understand- 
ing such causes for lemur choice can aid in targeting interventions appropriately, such 
as increasing the availability and affordability of sustainable alternative foods including 
poultry and insects. 

This investigation suggests that lemur hunting is ubiquitous but varies markedly by 
region and taxonomic group. Hunting is overall highest in the northeast, and in the diverse 
Cheirogaleidae and Lemuridae families. However, given their relatively low population 
densities, current hunting pressure may have the most severe consequences for indriids 
and lemurids. Abundant lemurs are eaten most often, while the ecological traits we 
measured appear to have little influence on which species are targeted more frequently. 
This first national-scale study of lemur hunting is an important step toward developing 
targeted strategies to conserve one of the world’s most threatened groups of vertebrates. 
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