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Abstract
1.	 The loss and degradation of forests and other ecosystems worldwide threaten 

both global biodiversity and the livelihoods of people who use natural resources. 
Understanding how natural resource use impacts landscape provisioning services 
for both people and wildlife is thus critical for designing comprehensive resource 
management strategies.

2.	 We used data from community focus groups, botanical plots and an inven-
tory of plant species consumed by the Critically Endangered red-ruffed lemur 
(Varecia rubra) to assess the availability of key provisioning services for people 
and endemic wildlife on the Masoala Peninsula, a rainforest transformation land-
scape, in northeastern Madagascar (Masoala National Park and 13 surrounding 
communities).

3.	 We constructed Poisson regression mixed models to evaluate the impact of com-
munity factors (i.e. community population size, plot distance to community) and 
changes over time on the count and species richness of timber trees, medicinal 
plants and red-ruffed lemur food trees within botanical plots.
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1  |  INTRODUC TION

It is estimated that one-third of the global population depends 
on forests and forest products for at least part of their liveli-
hoods (FAO & UNEP, 2020). Considering energy needs alone, an 
estimated 880 million people collect firewood or produce char-
coal (FAO,  2017) from forests and other tree-based systems 
worldwide (Chazdon et  al.,  2016). These landscapes provide ad-
ditional provisioning ecosystem services by containing essen-
tial products like medicinal plants, fodder for livestock, food for 
human consumption and materials for housing (Razafindratsima 
et  al.,  2021). The United Nations deems guaranteed and univer-
sal access to land and natural resources an important target for 
poverty eradication (Goal 1.4; UN, 2015). In a global study of for-
est product users, however, 90% of villages surveyed reported a 
decrease in the availability of forest resources compared to the 
prior 5 years (Hermans-Neumann et al., 2016), with respondents 
attributing this loss largely to local resource collection and loss 
of the resource base itself (e.g. through forest clearing; Hermans-
Neumann et al., 2016). As research demonstrates that many non-
cultivated resource harvest practices are unsustainable (de Mello 
et al., 2020), understanding the relative extent of natural resource 
degradation is urgent (Sunderlin et al., 2005).

Ecosystem modifications like agricultural expansion and ur-
banization (Salafsky et al., 2008) threaten the availability of forest 
and other natural resources, as well as the livelihoods that depend 
upon them (Levers et  al.,  2021; Oldekop et  al.,  2020; Sunderlin 
et  al.,  2005), resulting in dynamic, ‘transformation landscapes’ 
(Drescher et al., 2016). For such landscapes in flux, it is especially 
important to understand where and how the availability of natural 
resources varies (Pritchard et al., 2019). People who use local natu-
ral resources often affect the spatial availability of those resources 
in several, predictable ways (Albers & Robinson,  2013). Users 

typically first degrade resources that are easier to access (Horn 
et al., 2018; López-Feldman & Wilen, 2008), including those found 
in areas that are closer to settlements (Ahrends et al., 2010; Brown 
et al., 2011; López-Feldman & Wilen, 2008) or have fewer restric-
tions on resource extraction (e.g. unprotected areas; Mohammed 
& Inoue,  2017; Sahoo & Davidar,  2013). Resources may also be 
less available in regions with higher human populations (Sahoo & 
Davidar, 2013). When targeted common-pool (i.e. open-access) re-
sources are not sustainably managed and are extracted faster than 
they can be naturally replenished, they are also likely to decline in 
abundance over time (Gibson et al., 2000; McKean, 2000).

Importantly, natural resource use is not a ‘one-size-fits-all’ prac-
tice that equally affects all resources (Albers & Robinson, 2013; 
Pilkington et  al.,  2020). Instead, different species or resource 
qualities (Brown et  al.,  2011) may be preferentially selected ac-
cording to their intended purpose. Extraction of forest resources 
can thus result in predictable, purpose-driven ‘waves of degra-
dation’ over time. In an example from Tanzania, the geographic 
area over which charcoal and timber products were harvested was 
shown to increase with the economic value of each item (Ahrends 
et al., 2010). Knowing how such resource pools differ according to 
their purpose and how that leads their availability to vary across 
space and time is important for guiding management recommen-
dations that support the long-term preservation of provisioning 
ecosystem services (perspectives on and reviews of ecosystem 
services management: Bennett et al., 2015; Costanza et al., 2017; 
Kremen, 2005).

In the Global South, regions that are subject to the most sub-
stantial changes in landscape composition—and often reductions in 
natural resource availability—are also those that contain a dispro-
portionately high percentage of the world's biodiversity (Barrett 
et  al.,  2011; Newbold et  al.,  2015). Frequent interdependence on 
natural resources between human populations and endemic wildlife 

Handling Editor: Patricia Carignano Torres
4.	 Over three-quarters of all plant species could be used for at least one purpose by 

local communities (n = 238 species). Of the 59 V. rubra food tree species, only 15% 
had no reported human use.

5.	 Timber and ruffed lemur food tree availability declined both with community pop-
ulation size and time and were predicted to be lower outside of Masoala National 
Park. In contrast, medicinal plant availability was not strongly predicted by any 
tested factors. Provisioning service availability also differed strongly across sites, 
suggesting that additional, untested proxies of human pressure likely also have an 
effect.

6.	 Our results highlight the importance of evaluating natural resource availability 
from a community-based perspective and by resource purpose to inform forest 
landscape restoration efforts that can support both people and wildlife.

K E Y W O R D S
lemur, Madagascar, Masoala Peninsula, medicinal plants, natural resource use, non-timber 
forest products (NTFPs), timber, Varecia rubra
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    |  3KLING et al.

can result in major biodiversity conservation challenges (Ceballos 
et  al.,  2020) and the potential for human–wildlife conflict (Barrett 
et al., 2011; Hamann et al., 2018). Yet, while the subsistence use of 
timber and non-timber forest products is commonly framed as of 
pressing concern for biodiversity conservation (e.g. Holmes, 2007; 
Kremen et al., 1999), we continue to lack a quantitative understand-
ing of whether, and in what ways, plant use within forest habitats 
affects provisioning services for threatened wildlife. Targeting re-
search to provide this context is thus essential for making informed 
resource management recommendations that serve intertwined 
natural and human systems in threatened biodiversity hotspots (An 
& López-Carr, 2012; MacDougall et al., 2013; Ostrom, 2007; Paige 
et al., 2017; Pritchard et al., 2019).

Madagascar is one such global biodiversity hotspot and is sub-
ject to extensive landscape change (Ralimanana et al., 2022). The 
island nation lost an estimated 53% of its total forest cover over 
six decades (from 1953 to 2017), leaving heavily fragmented for-
ests vulnerable to both edge effects and increased human access 
(Vieilledent et  al.,  2018a, 2018b). These landscape changes are 
known to limit Madagascar's ecosystem services for both wildlife 
(e.g. decline in habitat quality: Llopis et  al.,  2021; loss of forest 
specialist species: Martin et al., 2022) and the local human com-
munities that rely upon them (e.g. loss of utilitarian plant traits: 
Brown et  al.,  2013; storm hazard mitigation: Dave et  al.,  2017; 
water availability and shelter: Fritz-Vietta,  2016; soil erosion: 
Rakotoson et al., 2007), in addition to impacting the global eco-
system services Madagascar's forests provide (e.g. decline in car-
bon storage: Llopis et al., 2021; Soazafy et al., 2021). Provisioning 
ecosystem services in Madagascar are particularly important, as 
many Malagasy rely on natural resources, from widespread con-
sumption of endemic wildlife (Borgerson et al., 2022) to the use 
of non-cultivated plants for a variety of subsistence purposes 
(e.g. Borgerson, Johnson, et al., 2018; Borgerson, Randrianasolo, 
et al., 2019; Borgerson, Vonona, et al., 2018; Fedele et al., 2011; 
Moore et  al.,  2022; Raveloaritiana et  al.,  2023; Razafindraibe 
et al., 2013; Reuter et al., 2018).

Here we quantified the effects of the complex use of forest re-
sources by humans on those of a threatened endemic species near 
Madagascar's largest national park and UNESCO World Heritage 
Site, the Masoala National Park. Specifically, we examined how the 
availability of provisioning services for both local populations and 
endemic wildlife is directly shaped by purpose-driven, geospatial and 
temporal patterns of resource extraction. We used these relation-
ships to examine, for both conservation and public policy, whether 
plant-based natural resources decline in relation to (1) community 
factors (i.e. increasing population size and decreasing distance to 
settlements), (2) time, (3) spatial policies across a landscape (i.e. pro-
tected area status) and (4) the purpose of each resource. Finally, we 
examined how the use of each resource affects the food availability 
of a Critically Endangered species endemic to the region, the red-
ruffed lemur (Varecia rubra: Borgerson et al., 2020). As lemurs are 
the most threatened group of mammals worldwide (IUCN,  2022), 
characterizing the potential for conflict between human and lemur 

populations over limited, shared resources is of critical conservation 
concern.

2  |  METHODS

2.1  |  Study area

Our study took place on the Masoala Peninsula (Figure 1), a region 
in northeastern Madagascar home to Masoala National Park. A 
UNESCO World Heritage site and one of the last remaining areas 
in Madagascar with lowland coastal rainforest (Holmes,  2007), 
the Masoala National Park and its surrounding region are home 
to 11 species of lemur, including the Critically Endangered red-
ruffed lemur (V. rubra: Borgerson et al., 2020), as well as the sec-
ond highest number of threatened endemic tree species across 
Madagascar's protected areas (Beech et  al.,  2021). A rainforest 
transformation landscape, the peninsula is subject to extensive 
land use and land cover changes driven by shifting cultivation 
practices, including subsistence agriculture and cash crop produc-
tion (e.g. vanilla and cloves; Andriatsitohaina et  al.,  2020; Llopis 
et  al.,  2019). A total population of 144,650 people, the majority 
of whom belong to the Betsimisaraka ethnic group, live in perma-
nent villages within 10 km of Masoala National Park (Borgerson 
et al., 2022).

Our study examines the impact of natural resource use on the 
landscapes surrounding 13 of the region's villages. Villages are lo-
cated outside of Masoala National Park's boundaries, with some 
lying along the coast. The precise location of any of these commu-
nities is reserved to protect their anonymity. In 2015, 9810 people 
resided in the study communities, with a median community pop-
ulation of 160 people (interquartile range (IQR): 200 people). As in 
the rest of the region, people in the study communities are primarily 
subsistence agriculturalists, engaging in rice and other crop cultiva-
tion as well as cash crop production, local commerce, fishing and 
livestock rearing (Borgerson et al., 2016; Kremen et al., 1999).

On the Masoala Peninsula, the illegal extraction of precious 
hardwoods (e.g. Rosewood: Dalbergia spp.) for international mar-
kets is well known (Allnutt et al., 2013; Randriamalala & Liu, 2010), 
but local people in the region also use non-cultivated plants for a 
variety of purposes. These range from consumption for medicinal 
uses (Golden et al., 2012) and food (albeit at low documented levels; 
Borgerson, Razafindrapaoly, et al., 2019), use in the production of al-
cohol (Borgerson et al., 2016) and use in the construction and repair 
of housing and numerous other household products (Holmes, 2007). 
We focus our analyses on two illustrative examples of important re-
gional provisioning services—that of timber and of medicinal plants—
to explore resources that are extracted differently and targeted 
with varying specificity. Trees used for timber are commonly fully 
extracted, whereas medicinal plants often may be accessed by users 
multiple times (e.g. by taking plant parts like leaves; McKean, 2000). 
Medicinal plants are also targeted at a higher frequency and with 
greater specificity than timber trees, as only certain plant parts of 
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4  |    KLING et al.

specific species are used for any one ethno-pharmaceutical purpose 
(Golden et al., 2012).

2.2  |  Red-ruffed lemur (V. rubra)

The red-ruffed lemur (V. rubra) is an excellent model with which to 
examine human–wildlife resource conflict in Madagascar. This rela-
tively large-bodied lemur species is highly sensitive to both habitat 
disturbance (Borgerson,  2015a; Morelli et  al.,  2020) and habitat 
loss (Eppley et al., 2020) and has a predominantly frugivorous, and 
thus resource-restricted diet (Vasey,  2000; but see Martinez & 
Razafindratsima,  2014). V. rubra is also largely restricted to the 
Masoala Peninsula; in Masoala National Park alone, it is projected 
habitat suitability for the species may decline by as much as 75% in 
the next 30 years (with deforestation and impacts of climate change; 
SI: Morelli et al., 2020). Populations are further threatened in the re-
gion by extensive hunting for local consumption (Borgerson, 2015a, 
2015b). However, understanding threats to V. rubra is important, 
not only for conserving the species itself. Lemurs are critical seed 
dispersers (Albert-Daviaud et  al.,  2018), and ruffed lemurs are in 
particular important propagators of large-seeded plants (Varecia 
variegata: Manjaribe et  al.,  2013; V. rubra: Razafindratsima & 
Martinez,  2012). The loss of V. rubra would thus yield significant 
changes in the regional pool of available plant resources for human 
and wildlife populations alike. Determining what plant species con-
sumed by V. rubra are also extracted by local human populations—
and for what resource purposes—will help to better target natural 
resource management and policy recommendations to support both 
humans and lemurs.

2.3  |  Data collection

We used data from 155 botanical plots (Table  1), two community 
focus groups and 34 months of behavioural observation of V. rubra 
to assess the availability of wild plant provisioning services across 
study communities and in Masoala National Park. As our research 
focuses on how plant resources are used by local communities, we 
collected all data on plant identity using vernacular names. For read-
ability, however, we refer to all plant ethnonyms hereafter as ‘spe-
cies’. For a full list of plant ethnonyms and any known associated 
scientific names, refer to Appendix S1.

2.3.1  |  Botanical plots

To evaluate the availability and diversity of plant species across the 
study region, we used data obtained from 155 botanical plots (n = 130 
community plots with 10 plots per site sampled; n = 25 protected 
area plots; Table 1). We collected data in each plot using the meth-
ods established by IFRI (2008), whereby data are collected for small 
(DBH < 2.5 cm), medium (2.5 ≤ DBH < 10 cm) and large (DBH ≥ 10 cm) 
plants in three concentric circles centred on each plot point. We 
sampled all small plants within a 1-m radius of the plot's centre, all 
medium plants within a 3-m radius and all large plants within a 10-m 
radius. Two perpendicular transects and 10 botanical plots were es-
tablished in each study village in 2015 (hereafter ‘community plots’; 
n = 130 community plots). Plots were also repeatedly sampled in five 
of these villages for a total of 5 years (2015, 2017, 2019, 2020 and 
2021). In this longitudinal dataset, 50 plots were sampled, for a total 
of 250 plot surveys. These five villages had a mean population of 

F I G U R E  1  Map of the study region, the Masoala Peninsula, northeastern Madagascar. (a) Inset in panel (b): Location of study region in 
Madagascar as indicated by grey box; (b) Forest cover in 2017 (Vieilledent et al., 2018b) and boundaries of Masoala National Park (solid line; 
marine boundaries of the park not shown). Residents within the buffer zone (dashed line) are permitted the limited collection of some non-
cultivated plants for subsistence purposes (excluding timber); (c) Population density in 2015 (WorldPop, 2017). The locations of communities 
included in the study not shown to protect their anonymity.
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    |  5KLING et al.

156.00 ± SD 83.57 people in 2015 and grew in population through 
2021, with a mean growth rate of 23.86 ± 19.36% across this time 
period. We additionally sampled 25 botanical plots along two paral-
lel, cross-peninsular transects in the Masoala National Park in 2016. 
These transects each spanned from the park's western boundaries 
to the eastern coast.

Community plots were spaced 500 m apart and were located 0.5, 
1.0, 1.5, 2.0 and 2.5 km from each village's edge. As such, botan-
ical plots occurred across a variety of land cover types, including 
grassy plains, herbaceous fallow and woody fallow. Botanical plots 
did not occur in fields growing crops at the time data were collected, 
so that none of the plants sampled, including medicinal plants, were 
cultivated by local people. As protected area plots bisected the park, 
they were located both at park boundaries and within its core; as 
such, plots were predominantly located in old-growth forest, but 
herbaceous and woody fallow also occurred. While protected area 
plots were each spaced 5 km apart, we calculated the straight-line 
distance from protected area plots to the nearest village using QGIS 
3.30.1, even if the nearest settlement was not one of the 13 sam-
pled (communities visually identified from satellite imagery of the 
Masoala Peninsula in 2014: Google Earth Pro 7.3.6, 2023). Protected 
area plots were located a mean 10.4 ± SD 5.7 km from a village 
(Table 1).

2.3.2  |  Focus groups

To obtain information about how local communities in the study re-
gion use wild plants, we conducted two focus groups of adult com-
munity members in October and December 2021 (see Appendix S2 
for the focus group questionnaire). Focus groups, led by local team 
members in the Betsimisaraka dialect, were held in two villages, one 
located on the coast and the other further inland, to capture a wider 
breadth of potential plants used (N = 24 participants; n = 12 per com-
munity, equal split between men and women in both groups; N = 64 

total hours of discussion; n = 43 h for the coastal community and 
n = 21 h for the inland community). For every plant that had been 
identified across the botanical surveys and for additional plants 
named by the focus groups, we asked participants whether the spe-
cies was used for any of the following purposes: (1) Construction (for 
housing and/or other purposes); (2) medicine; (3) food; (4) alcohol 
production; (5) cordage; (6) weaving; (7) fodder for livestock; and/or 
(8) ‘other’ purposes. While we asked what species might be used for 
firewood, fuelwood is collected as deadwood in the study communi-
ties (as it is elsewhere in Madagascar: Račevska et al., 2022) and is 
thus not considered in our analyses.

We asked subsequent questions about medicinal plants and 
those used in construction. For construction species, we asked 
whether the wood, bark, leaves and/or other plant parts were used 
and whether the species was used for building or repairing hous-
ing, fences, furniture, boats and/or other purposes. For medicinal 
plants, we asked what each species was used for, what plant parts 
were consumed and/or used, whether the species treated and/or 
prevented conditions and how frequently the species was used (i.e. 
‘often’ or ‘rarely’). We combined all the data from both focus groups 
to create a comprehensive dataset of wild plant uses. If information 
for a plant species varied between focus groups (e.g. a species was 
used for medicine in one community but not the other), we com-
bined all listed uses for our analyses. Within both focus groups, we 
confirmed that our final list of plant species contained no repeat spe-
cies; we consolidated information for any species that were referred 
to by multiple names.

2.3.3  |  Red-ruffed lemur food inventory

Finally, to evaluate whether human use of wild plant resources fur-
ther conflicted with V. rubra resource needs, we identified what 
plant species in our dataset were known to be consumed by red-
ruffed lemur in Masoala National Park. Using 34 months (March 

TA B L E  1  Characteristics of botanical plots sampled 2015–2021 on the Masoala Peninsula, Madagascar.

Plot type Location n plots Additional characteristics

Plots sampled in 2015–2016 Distance to nearest community Population size

Outside protected area 
(‘community plots’)

13 villages on Masoala 
Peninsula

130 (n = 10 per 
village)

Plots along transects from each 
focal community placed 0.5, 
1.0, 1.5, 2.0 and 2.5 km from 
settlement edge

(n = 26 per distance category)

40–4000 people (median: 160)

Protected area Masoala National Park 25 1.5–18 km (median: 11 km) 0 people

Plots sampled to evaluate change over time

Multi-year 5 villagesa N = 50 plots (n = 10 
per village) 
sampled 5× 
each

Time: Plots sampled in 2015, 2017, 2019, 2020 and 2021

Note: A total of 155 plots were sampled between 2015 and 2016 across study communities and in Masoala National Park. We sampled a subset of 
plots outside of the protected area annually for 5 years (2015, 2017, 2019, 2020 and 2021).
aA subset of the plots, in five communities of the 13 villages sampled in 2015, were sampled to evaluate change over time.

 25758314, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1002/pan3.10591 by Suny Stony B

rook U
niversity, W

iley O
nline L

ibrary on [05/03/2024]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6  |    KLING et al.

2018–November 2020) of observational data collected as part of 
a long-term behavioural ecology study, we classified a species as 
food (hereafter referred to as ‘Ruffed Lemur Food Tree’ species) if 
we had observed V. rubra eat its fruit, leaves, flowers and/or other 
plant parts at least once during the study period (examples of plant 
species identification and data collection protocol, respectively, in 
Martinez & Razafindratsima, 2014; Vasey, 2004).

2.4  |  Data analysis

We performed all analyses using the R statistical environment 
(R Core Team,  2023). To characterize the provisioning services of 
the plant community studied, we calculated the number and pro-
portion of species reported in our focus groups to be used by local 
human communities, as well as those consumed by V. rubra. We 
then focused our analyses on the quantity and species richness 
of plant species used for two key human purposes—construction 
and medicine—as well as for ruffed lemur food tree species. We 
restricted analyses of plants used for construction only to large 
trees (DBH ≥ 10 cm) used by local communities for wood (hereafter 
‘Timber’ species), as smaller individuals would not be targeted by re-
source users. Medicinal plant analyses included all plants, regardless 
of size. Ruffed lemur food tree analyses also focused only on the 
large plant class, as V. rubra are forest-obligate, arboreal species that 
occur predominantly in large trees (Borgerson, 2015a; Vasey, 2000). 
We calculated the count and species richness of plants per plot for 
timber species, medicinal plants and ruffed lemur food trees using 
the ‘BiodiversityR’ package (Kindt & Coe, 2005; count: n individual 
plants per plot; richness: n species per plot).

We used the following variables as measures of human pres-
sure on sampled botanical plots in order to test the following re-
lated assumptions about the availability of timber, medicinal plants 
and ruffed lemur food trees across landscapes in the study region: 
Community population size, with plots sampled near larger human 
populations assumed to be associated with greater use of natural 
resources; distance from community, with resources closer to popula-
tion centres assumed to be more likely to be extracted; and time. For 
time, as the resources being measured were not actively being culti-
vated (i.e. replenished) by local people, we assumed plant availability 
would decline year-to-year. Finally, we evaluated protected area sta-
tus as a distinct grouping in our analysis of population, whereby land 
within the protected area of Masoala National Park (i.e. with a pop-
ulation of 0 people) is assumed to be less subject to human pressure.

We constructed a series of Poisson regressions with mixed ef-
fects (‘glmmTMB’ package; Brooks et al., 2017), wherein timber, me-
dicinal plant and lemur food tree count and species richness were set 
as the response variables of interest. As botanical plots were only 
resampled over time in a subset of communities—and not in Masoala 
National Park—we assessed the effects of population, distance and 
protected area status using the plots sampled in 2015 and 2016 
only (community plots: N = 13 sites; n = 10 plots per site; protected 
area plots: N = 2 sites; n = 12 and 13 plots per site) and evaluated the 

longitudinal dataset separately (N = 5 sites; n = 10 plots per site, each 
sampled over 5 years between 2015 and 2021). We used a model 
selection process to determine the best-performing model (i.e. can-
didate model with the lowest corrected Akaike information criterion, 
AICc; Burnham & Anderson, 2004) for each response variable from 
models that included a combination of population size, distance to 
community and an interaction between population and distance as 
fixed effects (i.e. all nested within the global model: Plot Metric ~ Pop
ulation + Distance + Population × Distance + (1| Site: Plot ID)). We did 
not employ a model selection process to evaluate change over time. 
Rather, we modelled time (years 0, 2, 4, 5 and 6 for plots sampled in 
2015, 2017, 2019, 2020 and 2021, respectively) alongside the same 
fixed effects as that of the best-performing general model for each 
response variable. We included a random intercept of plot ID nested 
within site ID for the 2015–2016 dataset analyses and a random in-
tercept and slope for time that nested plot ID within site ID for the 
longitudinal dataset (the analysis of medicinal plant count over time 
could not include time as a random effect, as this model was unable 
to converge). We log-transformed both population and distance to 
community for all models to reduce the differences between these 
predictor values, due to both their skew and being sampled on dif-
ferent scales. We include model specifications for each analysis in 
Table  S1. Finally, we did not consider a negative binomial model 
structure, as visualization of the data did not suggest overinflation.

We visually assessed each model's fit against our data to describe 
the differences between protected area and community plots, but 
we emphasize caution in how these results may be interpreted. In our 
data, protected area status and population were perfectly correlated 
(i.e. all population sizes within the national park are inherently ‘0 peo-
ple’), and most protected area plots were farther from villages than 
community plots, both presenting statistical challenges. However, 
we chose not to subset our data to avoid Simpson's paradox (Kievit 
et  al.,  2013; Simpson,  1951), a statistical phenomenon whereby 
making inferences over data subsets can lead to inaccurate interpre-
tations. As such, we discuss the differences in protected area and 
non-protected area plots only over the ranges for which data have 
been collected for each category (i.e. for protected area plots, we 
evaluate the effects of distance 1.5–18 km from the nearest commu-
nity; for non-protected area plots, we evaluate the distance effects 
between 0.5 and 2.5 km). For analyses using the 2015–2016 plot 
dataset, we report the marginal effects of distance on plot metrics at 
the following representative population values: 0 (all protected area 
plots) in comparison to 50, 250 and 2000 people, again only over ap-
propriate distance measures. We also report the marginal effects of 
population at 1.5 km, where distance values for protected area- and 
non-protected area plots overlap. All our models were at least e3.71 
times more likely than the null model (i.e. 7.42 ≤ ∆AICc ≤ 315.62; see 
Table S1 for model likelihood values and weights). We additionally 
report marginal and conditional R2

GLMM values for each model via 
the ‘MuMIn’ package (Barton, 2022), which uses methods proposed 
by Johnson  (2014) that can accommodate both random intercepts 
and slopes in mixed models. Variable significance was established 
at p < 0.05. To visualize model-predicted values of count and species 

 25758314, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1002/pan3.10591 by Suny Stony B

rook U
niversity, W

iley O
nline L

ibrary on [05/03/2024]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  7KLING et al.

richness for the community factors and time analyses, we used the 
‘ggeffects’ package (Lüdecke, 2018). We used the ‘venneuler’ pack-
age (Wilkinson, 2022) to construct an Euler diagram that best shows 
the interrelationships between provisioning services in the study's 
plant assemblage.

2.4.1  |  Ethical note

Institutional Animal Care and Use (Protocol No. 18-012: San Diego 
Zoo Wildlife Alliance) and Human Subjects Institutional Review 
boards (Protocols No. 2010-0595: University of Massachusetts 
Amherst; No. 15-2230: Harvard T. H. Chan School of Public Health; 
No. 18-19-1349: Montclair State University) approved all research. 
We obtained all necessary in-country permissions for this research 
through the Republic of Madagascar and Madagascar National 
Parks, specifically from the Madagascar Direction Générale de 
l'Environnement et des Forêts and Madagascar Direction de la Gestion 
des Ressources Naturelles Renouvelables et des Ecosystèmes (Permits 
No. 325/14, 105/17, 85/18, 202/18, 117/19, 17/20, 36/21). We 
also received verbal informed consent from all participants and 
each local administrator. Consent was verbal to further protect 
participant identities.

3  |  RESULTS

3.1  |  Regional non-cultivated plant assemblage and 
provisioning services

Focus groups and the red-ruffed lemur (V. rubra) food inventory pro-
vided information on the provisioning services of 408 locally occur-
ring plants, 270 of which (66.2%) are reported to be used by local 
communities for at least one purpose. Information on the full assem-
blage of plant species and their provisioning services may be found 
in Appendix S1.

3.1.1  |  Provisioning services for local communities

The assemblage of plants in the 2015–2016 botanical plots contained 
a total of 308 plant species. Of these, three-quarters (77.3%; n = 238 
plant species) provided at least one provisioning service for people in 
local communities (Figure 2). One-third of all plant species (32.5%) could 
be used by local communities for timber (n = 100 species; Figure S1). 
Seventy-two species, nearly one quarter of all plant species (23.4%), 
were reportedly used as medicinal plants, while 57 species could be 
eaten as food (18.5% of assemblage; Figure S1). Relatively few species 

F I G U R E  2  Assemblage of non-cultivated plant species occurring in botanical plots by provisioning service on the Masoala Peninsula 
of Madagascar (2015–2016). Circle diameter is proportional to the number of species per category (e.g. 100 species used for timber). The 
overlap between categories is proportional to the number of shared species (e.g. 46 species used for both timber and as red-ruffed lemur 
foods). Provisioning services per plant species as reported by focus groups in two local communities (N = 2 focus groups). Ruffed lemur food 
trees observed to have been consumed (i.e. species' flowers, fruit and/or leaves eaten) by red-ruffed lemurs (Varecia rubra) during 34 months 
of behavioural observation from March 2018 to November 2020 in Masoala National Park (MNP), northeastern Madagascar. Botanical 
surveys conducted within Masoala National Park and in 13 surrounding communities in northeastern Madagascar from 2015 to 2016 
(N = 155 plots). N = 238 species total in assemblage with one or more provisioning services. For a full list of plants and their services, see 
Appendix S1.
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8  |    KLING et al.

could be used as fodder for livestock, as cordage, in alcohol production 
or for weaving (n = 21, 12, 11 and 6 species, respectively; Figure S1). 
Beyond the categories listed, 26 species were also used for ‘other’ 
purposes (10.9% of all utilitarian species; Figure S1), which included 
using plant products for agricultural trellises, waterproof sealants, pest 
management and hunting and cultural ceremonies among other uses 
(see Appendix S1 for all uses). While many human-use species were 
single-purpose (44.1%), substantial overlap did occur between species 
(Figure 2) used for both food and medicine (n = 21 species), food and 
timber (n = 14 species) and fodder and medicine (n = 8 species). Within 
medicinal plants and species used in construction or repair specifically, 
the number of species and types of plant parts used varied widely de-
pending on their intended purpose (Table 2). Two-thirds of reported 
medicinal plants could be used to treat conditions (n = 47 medicinal 
plant species), with the remaining used to prevent unwanted health 
issues. Finally, most medicinal plant species (56.3%) were reported as 
being taken ‘often’ and another one-third (33.8%) ‘rarely’. We did not 
have data for the remaining species. These results highlight the hetero-
geneity of our study's plant assemblage.

Provisioning services were not exclusively found either inside or 
outside of the national park (Figure S1). The majority of timber spe-
cies (n = 78 species; 78.0%) could be found in both Masoala National 
Park and near local communities (Figure S1). Most medicinal plant and 
food species were not exclusively documented in the protected area; 
rather, over two-fifths of both medicinal plant and food species were 
only found outside of the national park (44.4% and 42.1%, respectively; 
Figure S1). The plurality of plant species used as fodder and cordage 
and those used in alcohol production were also only found outside of 
the protected area (n = 13, 5 and 7 species, respectively; Figure S1).

3.1.2  |  Resources shared by red-ruffed lemurs and 
local communities

Fifty-nine tree species in the assemblage were known red-ruffed 
lemur food tree species (Figure S1). As shown in Figure 2, the major-
ity of species consumed by V. rubra (84.7%) could be used by local 
communities, but nine ruffed lemur food tree species had no re-
ported human use (15.3% of all ruffed lemur food tree species; see 
Appendix S1 for all ruffed lemur food tree species). Forty-six ruffed 
lemur food tree species, the majority of lemur resources in the 2015–
2016 plant survey assemblage (78.0%), could be used for timber spe-
cifically (Figure 2). Additionally, ruffed lemur food tree species could 
be used for medicine (n = 5 species), as well as consumed as food by 
local people (n = 10 species; three species in common with medicinal 
plants; Figure  2). Ruffed lemur food trees were not predominantly 
restricted to either the Masoala National Park or near local com-
munities but could be found in both plot types (89.8% of species; 
Figure  S1). Thus, as with human provisioning services, lemur food 
resources were found both within and outside of the national park.

3.2  |  Factors affecting timber and medicinal plant 
availability

All measures of timber and medicinal plant availability declined 
with community population size and were predicted to be higher 
in Masoala National Park than outside of the park boundaries. All 
but medicinal plant abundance (i.e. count) also declined with time. 
Contrary to expectations, medicinal plant count increased with 

TA B L E  2  Characteristics of species used in construction and repair and as medicinal plants, as reported by focus groups on the Masoala 
Peninsula, Madagascar.

Plant provisioning service N species Plant parts useda (n species) Plant purpose (n species)

Construction and repair 156 Wood (133)
Bark (11)
Leaves (9)
Other (2)

Housing (134)

Wall Materials (115)
Roofing Materials (21)
Flooring Materials (106)

Other (94)

Boats (66)
Fencing (60)
Furniture (52)
Other (44)

Medicinal plants 72 Leaves (29)
Pith (23)
Bark (6)
Stem (4)
Roots (3)
Sap (3)
Fruit (2)
Heart (2)

Medicine usage

As a treatment (47)
As a prophylactic (24)

Frequency of useb

Often (40)
Rarely (24)

Note: Included species were those documented in botanical plot surveys of the Masoala Peninsula conducted in 2015–2016. For a full list of plants 
and services, see Appendix S1.
aThe following plant parts were not reportedly used as medicine: Flowers/Nectar, Seeds.
bNo data were provided on frequency of use for eight species.
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    |  9KLING et al.

closer proximity to communities. However, all models for medici-
nal plants had low goodness-of-fit, suggesting the availability of 
these plants cannot be explained well by the factors tested. The 
full set of plots (2015–2016, N = 155 plots) had a median 5 trees 
eligible for timber per plot, with an interquartile range (IQR) of 
10 trees (total range: 0–26 trees per plot). Plots had a median 4 
(IQR: 8) timber species (total range: 0–20 species/plot). Nearly a 
third (30.3%) of plots had no trees that could be used as timber, 
though 89.4% of these plots had no large trees at all. Medicinal 
plants occurred in higher abundance (median (IQR): 7 (11) plants 
per plot; range: 0–80 plants per plot), yet plots contained only 
nine species maximum (median (IQR): 3 (2) medicinal plant species 
per plot). A lower proportion of plots also contained no medicinal 
plants (11.0%), but only two-fifths of these (41.2%) contained no 
plants. Both timber and medicinal plant abundance were skewed 
towards a few species (Figure  S2; for abundance of all species: 
Appendix S1). Eleven timber species comprised half of all timber 
trees in the plots, with Mandravokina (Anthostema madagascarien-
sis), Tavolo (Cryptocarya spp.) and Rara (Brochoneura chapelieri) as 
the top three most common taxa (12.0%, 5.9% and 5.6% of indi-
viduals, respectively; Figure S2). Only four medicinal plant species 
comprised 50% of medicinal plants found in the plots (Figure S2): 
Lingoza (Aframomum angustifolium; 18.4% of medicinal plants), 
Trotrobato (Clidemia hirta; 12.0%), Asina (Dracaena elliptica and D. 
reflexa; 7.5%) and Tegny (Imperata cylindrica; 7.2%).

Comparing total plot count at the community level at the start 
and end of our study (2015 and 2021; see Figures S3 and S4 for plot-
level changes over time), timber count declined by a median 13.0% 
per site (range: 0.0%–77.6% loss of timber trees per site); likewise, 
timber and medicinal plant species richness declined by a median 
38.5% and 15.8% per site, respectively (range of timber species rich-
ness loss: 4.2%–54.3% loss of timber species per site; range medici-
nal plant species richness loss: 10.0%–29.4% loss of medicinal plant 
species per year). In contrast, medicinal plant count increased by a 
median 23.3% per site over the study period (range: −33.3%–101.7% 
change in medicinal plant count per site).

Timber provisioning services (i.e. count and species richness 
of timber trees per plot) significantly varied according to the pop-
ulation size of the nearest community (Figure 3a,b) and exhibited 
changes over time (Figure 4a,b; between 2015 and 2021), meet-
ing our expectations of landscapes subject to human pressure. 
Significant interactions between the population of a plot's nearest 
community and its distance to human settlements additionally re-
vealed an interplay between the effects of distance and protected 
area status for both timber measures (Table  3; count: z = 2.22, 
p = 0.03; species richness: z = 2.23, p = 0.03; N = 13 sites with 
n = 10 plots per site near communities and n = 25 plots in Masoala 
National Park). Timber count and species richness were predicted 
to increase with increasing distance from plots outside of the pro-
tected area (Table  S2 for marginal effects of distance at repre-
sentative population values), but this relationship did not hold for 
plots within Masoala National Park (Figure 3a,b; see Table S3 for 
median (IQR) timber metrics per plot by protected area status). 

Indeed, population did not have a significant marginal effect at 
1.5 km from the nearest community for either timber count or spe-
cies richness, where both protected area and non-protected area 
plots were located (Table S4), though population had a significant 
negative effect on both metrics overall (Table 3; count: z = −2.63, 
p = 0.009; species richness: z = −2.66, p = 0.008). Taken together, 
these results suggest that, once plots are far enough away from a 
community, protected area status itself may not have an additive 
effect on plant abundance; future research is needed to evaluate 
this further, as our data could not explore this effect in-depth. 
Finally, while timber provisioning services significantly declined 
near communities over time (Table 4; count: z = −4.17, p < 0.001; 
species richness: z = −4.27, p < 0.001; model estimates for pop-
ulation and distance in Table  S5), this relationship was primarily 
driven by declines in just two of the five communities sampled (vil-
lages ‘A’ and ‘B’; see Figures S3a and S4a; Table S6 for marginal ef-
fects of time per site). These communities are both located on the 
Masoala Peninsula's coast, while all others are inland (i.e. sites ‘C’, 
‘D’ and ‘E’), indicating that more than population size could have 
been used to explain between-site differences (e.g. geographic or 
infrastructural differences between coastal and inland communi-
ties). Marginal R2

GLMM values for all timber models ranged between 
0.28 and 0.38, suggesting the effects of population and distance 
explain a moderate proportion of variation found across plot tim-
ber metrics (Table S1). Conditional R2

GLMM values demonstrated a 
high goodness-of-fit across all timber models (range: 0.91–0.97; 
Table  S1), underscoring again the importance of site-specific ef-
fects on measures of plant availability.

Medicinal plant provisioning services, in contrast to timber, did 
not wholly meet our expectations of how plant assemblages respond 
to human pressures. As expected and as shown in Figure 3c,d, both 
medicinal plant metrics (i.e. count and species richness) significantly 
declined with the population size of the nearest community (Table 3; 
count: z = −3.28, p = 0.001; species richness: z = −5.92, p < 0.001) and 
were always predicted to be higher in Masoala National Park than 
in non-protected areas (see Table S3 for summary statistics of me-
dicinal plant metrics in and outside of the national park; Table  S2 
for marginal effects of distance by population on medicinal plant 
count). Medicinal plant species richness also significantly declined 
over time (between 2015 and 2021; Figure 4d; Table 4; z = −3.38, 
p < 0.001). Contrary to expectations, medicinal plant count increased 
with proximity to human settlements (i.e. declined with distance; 
Figure 3c; z = −3.11, p = 0.002), the only plant metric examined that 
was significantly directly affected by distance in any direction (the 
best-performing model for medicinal plant species richness did not 
include distance as a fixed effect; Table 3). Furthermore, medicinal 
plant count did not significantly decline over time (Figure 4c; z = 0.72, 
p = 0.47) in any of the communities sampled (Table S6; Figure S3b). 
In contrast to model goodness-of-fit for timber availability, marginal 
R2

GLMM for medicinal plant models suggest our tested factors—dis-
tance, population and time—explained very little of the variation in 
medicinal plant availability in our data (i.e. marginal R2

GLMM range 
from 0.03 to 0.18; Table S1). Interestingly, site-specific differences 
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10  |    KLING et al.

had a stronger effect on medicinal plant count than on species rich-
ness (conditional R2

GLMM for count: 0.91 and 0.94 for models of 
population and distance and change over time, respectively; species 
richness: 0.18 and 0.36; Table S1). Future research is needed to iden-
tify factors impacting medicinal plant availability, though our results 
also demonstrate how proxies of human pressure on plant assem-
blages may vary by provisioning service.

3.3  |  Factors affecting availability of red-ruffed 
lemur food trees

Community population and time also affected the availability of red-
ruffed lemur food trees, with both abundance and species richness 
likewise predicted to be higher in the protected area. A median 3 
(IQR: 5) ruffed lemur food trees occurred per plot (range: 0–21 trees 
per plot), with plots having between 0 and 15 ruffed lemur food tree 

species each (median (IQR): 2 (4) species per plot). Like timber trees, 
ruffed lemur food trees were absent in roughly a third (33.6%) of 
plots, 80.8% of which were empty of all large trees. Ruffed lemur 
food tree abundance was also skewed towards a small number of 
species, with eight species (Tavolo: Cryptocarya spp.; Rotro: Eugenia 
emirnensis, Morella spathulata, Psidium cattlenium, Syzigium danguy-
anum; Ravinala: Ravenala madagascariensis; Asimbe: Dracaena xi-
phophylla; Haramibe: Canarium madagascariensis; Asina: Draecana 
elliptica, D. reflexa; Sodipaso: Streblus sp.; and Vongo: Garcinia punc-
tata, G. verrucose, Mammea bongo, M. perrieri) comprising half of all 
ruffed lemur food trees within the plots (Figure  S2; Appendix  S1 
for abundance of all species). Of the three most common species 
(Figure S2), Tavolo (Cryptocarya spp.) was the most abundant (10.9% 
of individuals), followed by Rotro (Eugenia emirnensis, Morella spathu-
lata, Psidium cattlenium, Syzigium danguyanum; 9.5%) and Ravinala 
(Ravenala madagascariensis; 9.3%). Food provisioning services for 
ruffed lemurs also declined over the study period, with a median 

F I G U R E  3  Plant count and species richness of timber, medicinal plants and ruffed lemur food trees per plot by distance to and population 
size of the nearest community on the Masoala Peninsula, Madagascar. Lines and line type represent model-predicted values of plot metrics 
at representative population sizes and in the protected area of Masoala National Park (i.e. communities of 50, 250 and 2000 people, and 
protected areas with ‘0 people’, respectively) from best-performing Poisson regressions for each response metric. Bands represent the 
standard error of the mean (SEM) for predicted values. Predictions for protected area and non-protected area plots only made for the range 
of distance values over which data were collected within each category (protected area plots: 1.5–18 km from the nearest community; 
non-protected area: 0.5–2.5 km). Data points indicate individual plot values, where colour represents the population of the plot's nearest 
community (while population was modelled as a continuous variable, values here have been binned for readability). Plant count determined 
for all trees with a DBH ≥10 cm for timber and ruffed lemur food trees and for all plants, regardless of size, for medicinal plants. Botanical 
surveys conducted in 2015 in 13 communities surrounding Masoala National Park, northeastern Madagascar (n = 10 plots per community) 
and in 2016 in Masoala National Park (n = 25 plots). Refer to Table 3 for statistical results. Table S2 provides the marginal effects of distance 
at depicted representative population values, and Table S4 provides the marginal effects of population at 1.5 km, the distance at which 
both protected and non-protected area plots occurred. Plots (a-f) show actual and model-predicted values of the following metrics, by log-
transformed distance to the nearest community: (a) Timber Count, (b) Timber Species Richness, (c) Medicinal Plant Count, (d) Medicinal Plant 
Species Richness, (e) Ruffed Lemur Food Tree Count, and (f) Ruffed Lemur Food Tree Species Richness.
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    |  11KLING et al.

17.0% loss of lemur food trees per site from 2015 to 2021 (range: 
8.6%–75.7% loss per site) and a median 51.5% loss of lemur food tree 
species per site (range: 5.6%–55.9% loss per site).

Factors affecting the availability of ruffed lemur food resources 
mirrored those impacting timber provisioning services. Both ruffed 
lemur food tree count and species richness declined with the pop-
ulation size of the nearest community (Table  3; count: z = −2.61, 
p = 0.009; species richness: z = −2.66, p = 0.008) and decreased over 
time (Table 4; count: z = −4.26, p < 0.001; species richness: z = −4.23, 
p < 0.001). Likewise, a significant interaction between population 
and distance for both metrics (Table 3) led to predicted ruffed lemur 
provisioning services being higher in Masoala National Park than 
near communities (Figure 3e,f; see Table S3 for median (IQR) ruffed 
lemur tree plot metrics according to protected area status). As with 
timber availability, however, the marginal effects of population on 
plots 1.5 km from the nearest village were not significant for either 
ruffed lemur food tree count or species richness (Table S4), suggest-
ing again that protected area status alone may not have a significant 

effect on tree availability. Models showed that sites ‘A’ and ‘B’ had 
sharper declines in lemur food tree counts and species richness over 
time than did other communities sampled (Figures S3c and S4c), but 
these differences were not as great as those between ‘A’ and ‘B’ and 
other communities for timber availability (Table S6). The proxies of 
human pressure that we evaluated explained a moderate amount of 
the variance across lemur food tree availability in our data (marginal 
R2

GLMM range across lemur food tree models: 0.30–0.36; Table S1), 
while site-specific differences provided strong model goodness-of-
fit (conditional R2

GLMM range: 0.79–0.94; Table S1).

4  |  DISCUSSION

People in local communities on the Masoala Peninsula in 
Madagascar access a wide variety of non-cultivated plant species, 
using over three-quarters of all non-cultivated plants identified in 
our study. Local people use the widest variety of these plant species 

F I G U R E  4  Plant count and species richness of timber, medicinal plant and ruffed lemur food trees per plot over time and by sampled 
site on the Masoala Peninsula, Madagascar (2015–2021). Lines and line types represent model-predicted values for plant count or species 
richness per year by site sampled (communities ‘a’ through ‘e’), with bands indicating the standard error of the mean (SEM). Data points 
indicate the mean plot count or species richness (± SE) per year for each plant type, grouped by site. Plant count and species richness 
determined for all trees with a DBH ≥10 cm for timber and ruffed lemur food trees and for all plants, regardless of size, for medicinal plants. 
Botanical surveys conducted in 2015, 2017, 2019, 2020 and 2021 in five communities surrounding Masoala National Park, northeastern 
Madagascar (N = 250 botanical plot surveys; 50 botanical plots; 10 plots per community, each sampled once per year indicated). Community 
identifiers are not provided to preserve their anonymity. Refer to Table 4 and Table S5 for statistical results. See Figures S3 and S4 for data 
points and model-predicted values for each sampled botanical plot and Table S6 for marginal effects of time by sampled site. Plots (a-f) show 
actual (SE) and model-predicted mean plot value per sampled site of the following metrics, by year: (a) Timber Count, (b) Timber Species 
Richness, (c) Medicinal Plant Count, (d) Medicinal Plant Species Richness, (e) Ruffed Lemur Food Tree Count, and (f) Ruffed Lemur Food Tree 
Species Richness.
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for construction, as well as for food and medicinal purposes. Wild 
plant resources are also used as fodder for livestock, cordage, al-
cohol production and weaving among other uses. Our study found 
that a minority of human-used plant species, across all categories of 
provisioning services surveyed, were found exclusively in Masoala 
National Park, where Critically Endangered endemic wildlife like the 
red-ruffed lemur (V. rubra; Borgerson et al., 2020) are most abun-
dant. The availabilities of food resources for V. rubra and timber for 
local human populations largely follow patterns expected for plant 
communities subject to human pressure. We found weak to no sup-
port, however, for medicinal plant availability being impacted by our 
tested measures.

Most food tree species used by V. rubra are also used by local 
people. The majority of V. rubra tree species may also be extracted as 
timber, as is true in southeastern Madagascar for the collared brown 
lemur (Eulemur collaris; Račevska et al., 2022). Both cases constitute 
a human–wildlife conflict, as timber trees are fully removed when 
used. The availability (i.e. abundance and species richness) of both 
timber and ruffed lemur food trees in our study was lower near 
larger communities and decreased in all communities over time. 
Both were also more abundant and diverse in the Masoala National 
Park, where national policies restrict the use of natural resources. 
The wide diversity of timber species used by people, however, sug-
gests two directions for management: (1) That communities may be 
able to adapt if specific timber species were to be locally extirpated; 
and (2) that the extraction of non-lemur-food trees could be encour-
aged over those containing resources eaten by V. rubra. Preserving 
Tavolo (Cryptocarya spp.), for example, the most commonly oc-
curring ruffed lemur food resource in our sample, would support 
an important food base. Cryptocarya fruit was also identified as a 

preferred food for V. variegata, a closely related ruffed lemur spe-
cies in eastern Madagascar (Balko, 1998; SI: Beeby & Baden, 2021), 
suggesting the broad potential for such recommendations. Such pol-
icy recommendations, however, lack important, actionable context 
without knowing how the relative importance of timber species is 
driven by consumer choices (as in Lavialle et  al.,  2015)—and how 
these choices might vary across different construction and repair 
purposes (e.g. by accessibility, affordability, durability and aesthetic 
values). Only subsets of timber species, after all, are used for any one 
construction purpose (e.g. for roofing vs. flooring materials in house 
construction). As timber extraction for construction represents the 
highest threat to Madagascar's endemic trees (Beech et al., 2021), 
identifying alternative timber sources and/or non-timber construc-
tion materials is critical.

Both medicinal plant abundance (i.e. count) and species richness 
declined with community population size and were predicted to be 
higher in Masoala National Park. The medicinal plant count did not 
significantly decrease over time and even increased for plots closer 
to human settlements, contrary to expectations. However, these 
results received very weak support in our models, strongly sug-
gesting that factors beyond distance, population, time or protected 
area status affect the availability of this provisioning service. In the 
region, medicinal plant resources are typically not collected by re-
moving (i.e. killing) the entire plant, so that plant abundance and 
richness may not be impacted by human use as much as timber is; 
indeed, our results suggest that local people may even be managing 
or promoting the availability of useful medicinal plants, so that their 
prevalence would increase with human proxies. While our botanical 
plots were not ‘pristine’ at the start of this study, higher availability 
over time and closer to human settlements may also be indicative of 

TA B L E  4  Model results for counts and species richness of timber, medicinal plants and lemur food trees in botanical plots as predicted by 
time (i.e. years since 2015) on the Masoala Peninsula, Madagascar (2015–2021).

Category Model

Time

Estimate ± SE z p-value

Timber

Count Time + Pop × Dist + (1 + Time|Site: Plot ID) −0.19 ± 0.05 −4.17 <0.001***

Species richness Pop × Dist + Time + (1 + Time|Site: Plot ID) −0.18 ± 0.04 −4.27 <0.001***

Medicinal plants

Count Time + Pop + Dist + (1 + Time|Site: Plot ID) 0.02 ± 0.03 0.72 0.47

Species richnessa Time + Pop + (1|Site: Plot ID) −0.06 ± 0.02 −3.38 <0.001***

Lemur food trees

Count Time + Pop × Dist + (1 + Time|Site: Plot ID) −0.17 ± 0.04 −4.26 <0.001***

Species richness Time + Pop × Dist + (1 + Time|Site: Plot ID) −0.17 ± 0.04 −4.23 <0.001***

Note: The model structure (all Poisson regressions with mixed effects) for each analysis is provided. Each model includes the fixed effects from the 
best-performing model structure of analyses of population and distance alone (i.e. population, distance and/or an interaction between population 
and distance) for each plot metric. Estimates ± SE, Wald test statistics (i.e. z) and p-values for time for each model are included. Analyses where time 
had a significant effect on each response variable are indicated in bold. The size of plants sampled for timber and medicinal plant metrics differed. 
All trees with a DBH ≥10 cm were sampled for timber, whereas medicinal plant metrics were determined for all plants. N = 5 sites; n = 10 plots per site 
sampled once each in 2015, 2017, 2019, 2020 and 2021. See Table S5 for full model results of analyses using this longitudinal dataset.
aThe medicinal plant species richness analysis was the only one for which a random slope for time was not included.
***p < 0.001.
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14  |    KLING et al.

an increase in successional and/or introduced plants associated with 
human disturbance, as has been documented in human landscapes 
elsewhere in Madagascar (Raveloaritiana et al., 2021). We know lit-
tle about whether different types of plant species on the Masoala 
Peninsula—endemic, native, introduced and ‘invasive’—provide 
meaningfully different services to local communities (see Lavialle 
et al., 2015; Raveloaritiana et al., 2023). In a study in southeastern 
Madagascar, as an example, however, introduced Eucalyptus species 
were perceived to be of lower quality for construction purposes 
than native plants (Račevska et al., 2022). Ultimately, the decline of 
timber provisioning services overall and the high number of medic-
inal plants accessed by local communities point to the considerable 
need for non-cultivated plants for these purposes. Each is not easily 
or affordably substituted with other products. Timber, especially, 
runs the risk of being unsustainably harvested.

To address pressures on natural resources in a way that supports 
the needs of resource users, the priorities of proposed reforestation 
efforts must be clearly defined and both social and ecological out-
comes considered (Mansourian et al., 2017). In our study region, as 
elsewhere, different plant species would be recommended for dif-
ferent objectives (see Appendix S1 for information on plant species 
and provisioning services) and even at different stages of succession 
(Konersmann et  al.,  2021). Projects aimed at promoting multi-use 
landscapes would (1) ensure that resources are available for any re-
source use cases prioritized by stakeholders that target only a few 
species (e.g. focus groups reported few species used for weaving 
and cordage in our study) and (2) not overlook the roles played by 
plant species that support multiple provisioning services (e.g. in our 
sample, Ravenala madagascariensis and Brochoneura chapelieri). In 
contrast, reforestation efforts primarily intended to improve con-
nectivity for wildlife—and thus to restrict extraction of resources in 
particular zones—would need to ensure that local communities have 
access to key resources elsewhere (Manjaribe et al., 2013).

As the provisioning services of natural resources can vastly 
differ across land cover types (Cocks et  al.,  2008)—and can even 
increase with human disturbance (Pritchard et  al.,  2019)—we must 
continue to develop methods of understanding the degradation of 
landscape provisioning services in a way that is meaningful to the 
needs of local residents (Pritchard et  al.,  2019). Thus, it is essen-
tial that ethnobotanical studies examine provisioning services and 
resource extraction practices from the perspectives of a diversity 
of local stakeholders (e.g. in Madagascar, that of children: Porcher 
et  al.,  2022; women: Razafindraibe et  al.,  2013). Efforts aimed at 
the sustainable management of such resources for both human and 
biodiversity concerns will not be successful without local voices—
and land rights (Rakotonarivo et  al.,  2023)—at the fore (Löfqvist 
et al., 2022).

4.1  |  Study limitations and future directions

A number of study limitations warrant caution in the interpretation 
of our results and also point to avenues for future research. First, 

focus groups were only conducted in two of our study communi-
ties, with a relatively small number of participants each. We were 
additionally not able to evaluate the importance of individual lemur 
food tree species to V. rubra diets, as we gave equal weight to all 
species consumed. Though we documented the decline of provision-
ing services over time, we were also unable to assess whether the 
harvest of non-cultivated plants is sustainable in the study region. 
As people across Madagascar may travel far distances to access 
particular resources (e.g. > 1 h walk to access firewood, timber and 
honey in Ankarafantsika: Borgerson, Randrianasolo, et al., 2019), our 
study would have further benefitted from examining non-protected 
area plots located farther than 2.5 km from population centres. This 
limitation also prevented us from being able to explore the effects 
of protected area status in-depth, though we recommend further 
research to test the implications of our study's findings (that, as plots 
outside of protected areas are located near increasingly small human 
populations or at increasingly far distances from human settlements, 
plant availability metrics are expected to converge at values seen 
within protected areas). Further considering population size, how-
ever, we especially caution the attribution of population size alone 
as driving the decline in natural resources, as this metric can be fre-
quently confounded with other, context-specific factors (Hughes 
et  al.,  2023). For our study, village age and its distance to forest 
frontiers may be confounding factors, in addition to historic relo-
cations and relationships associated with the creation of the park 
(Ormsby & Kaplin, 2005). Species abundance and richness can also 
vary broadly across land cover types, particularly within transforma-
tion landscapes (Drescher et al., 2016; Osen et al., 2021), something 
our analyses did not account for. Indeed, our results showed coastal 
plant assemblages declining more sharply over time than those near 
communities further inland, warranting further explanation. The 
proportion of variation explained by our models' random effects 
(i.e. by ‘site;’ as evidenced by the difference between models' mar-
ginal and conditional R2

GLMM values) underscores the importance 
of considering site-specific drivers of plant use and/or distribution, 
whether they be human and/or landscape factors. Future work that 
evaluates natural resource use within a landscape's context, assesses 
resource availability alongside the sustainability of current extrac-
tion rates and incorporates wider participation of local users (e.g. in 
focus groups explicitly accounting for diversity in age, sex, livelihood 
strategies and socioeconomic status of participants) is vital for bet-
ter understanding the complex drivers and consequences of the use 
of non-cultivated plants.

5  |  CONCLUSION

Our findings demonstrate that the decline of provisioning services for 
human populations, like timber and medicinal plants, can also signal a 
loss of resources for endemic wildlife. Indeed, the availability and di-
versity of red-ruffed lemur food trees decreased over the years of this 
study. While lemurs are sensitive to a range of anthropogenic activi-
ties (de Almeida-Rocha et al., 2017; Eppley et al., 2020; Torres-Romero 
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    |  15KLING et al.

et al., 2023), the potential for resource competition with human popu-
lations can be minimized. As critical seed dispersers on Madagascar 
(Albert-Daviaud et al., 2018), lemurs have an important role to play in 
‘becom[ing] part of their own conservation’ (Konersmann et al., 2021, 
p. 1525). Indeed, with research on lemur food resources document-
ing nearly 600 plant genera consumed by lemurs to date (Eppley 
et al., 2022; Steffens, 2020), lemurs likely stand to benefit from res-
toration efforts designed to support ecosystem services for human 
populations (Konersmann et al., 2021). For forest landscape restora-
tion efforts (Mansourian et al., 2017) and other such projects focused 
on plant provisioning services, particularly in rainforest transforma-
tion landscapes, we recommend the following general considerations: 
(1) To determine what resources are targeted for multiple provision-
ing services; (2) to identify which provisioning services are most con-
strained by available plants; and (3) to shift consumption of vulnerable 
resources to alternatives, where possible. This understanding of avail-
able provisioning services, as we have shown, allows stakeholders 
to take informed actions that safeguard or even improve both local 
human and wildlife resource bases.
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