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Abstract
Numerous protected areas (PAs) have been created worldwide to safeguard wildlife
and other natural resources from anthropogenic threats such as habitat destruction
and bushmeat hunting. However, conservation efforts in many tropical PAs are still
inadequate, revealing deﬁciencies in management effectiveness. It is therefore
important to quantify how different protection regimes impact wildlife within PAs.
We investigated the differences between forest mammal communities in two ecologically comparable PAs in the Udzungwa Mountains (Tanzania) with contrasting
management regimes. One is a well-protected national park with efﬁcient law
enforcement; the other has suffered decades of inadequate protection, mainly resulting in high levels of illegal hunting. Using camera-trapping data, we assessed the
target communities in terms of species richness, functional composition (i.e. proportions of trophic guilds) and species-speciﬁc occurrences, all while accounting
for imperfect detection. We found striking differences between the two mammal
communities: lower species richness, alteration in the trophic structure and reduced
occurrence probabilities for most species in the forest with high disturbance. The
difference in occurrence probability between the two PAs tended to be highest for
larger-bodied species. Our results show that strictly enforced legal protection is
required to maintain diverse mammal communities in tropical forests under ever-increasing anthropogenic threats. While PAs are the cornerstone of efforts to conserve tropical biodiversity, the future of biodiversity within them is closely tied to
the effectiveness of enforcement.

Introduction
Tropical rainforests are the richest terrestrial ecosystems on
the planet (Myers et al., 2000), harboring unparalleled diversity that provides important ecosystem services at local,
regional and global levels (Kremen et al., 2000). Mammals
are key components within tropical ecosystems, playing integral roles as consumers, dispersers of seeds and spores,
predators and prey (Ahumada et al., 2011). Changes in the
richness and structure of mammalian communities are therefore likely to have consequences for ecosystem stability
(Derhe et al., 2018). Mammals also tend to be charismatic
species and are thus important ﬂagships for conservation
efforts (Rondinini, Rodrigues & Boitani, 2011). Bushmeat
hunting is the most widespread form of resource extraction
in tropical forests (Fa, Peres & Meeuwig, 2002; Ripple
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et al., 2016), and represents one of the main anthropogenic
threats to wild mammals (Laurance et al., 2012; Tilman
et al., 2017). The global bushmeat hunting crisis is difﬁcult
to address because it is intimately tied to human development challenges such as food insecurity, emergent disease
risks and land-use change (Ripple et al., 2016). To face this
threat, numerous protected areas (PAs) have been created
worldwide to safeguard wildlife and other natural resources.
However, conservation efforts in most tropical PAs are still
inadequate, as management is not always effective (Laurance
et al., 2012; Tranquilli et al., 2014). With wildlife populations declining outside PAs, poaching pressure is also
increasing in many parks and reserves (Ripple et al., 2016),
hence the notion of ‘paper parks’, that is PAs that only exist
on paper, where ground conservation is minimal or non-existent (Bruner et al., 2001; Joppa, Loarie & Pimm, 2008). It is
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therefore critical to document and quantify how different
protection regimes of PAs impact wildlife communities to
develop effective conservation strategies.
Here, we investigate the differences between forest mammal communities in two ecologically comparable PAs with
contrasting management regimes in the Udzungwa Mountains of Tanzania: Mwanihana and Uzungwa Scarp forests.
The Udzungwa Mountains are of outstanding value for biological endemism and biodiversity conservation (Rovero
et al., 2014a). The main difference between the two PAs is
the degree to which management and protective measures
are enforced. The ﬁrst one, Mwanihana, is a well-protected
national park where active law enforcement is ensured and
disturbance is virtually absent (DeFries et al., 2010). In contrast, the other one, Uzungwa Scarp, has suffered decades of
inadequate protection, mainly resulting in much higher levels
of illegal hunting (Rovero et al., 2012). For example, Rovero
et al. (2010) showed an increase in disturbance in this
reserve of 19% in just 10 years (1998–2008), including
numerous snares for poaching, forest ﬁres, gunshots, and tree
harvesting. Notably, snare density in Uzungwa Scarp was
among the highest in African tropical forests (ToppJørgensen et al., 2009). Although logging and ﬁrewood collection may also partially affect mammal abundance (Rovero
et al., 2012), evidence suggests that the level of poaching is
the main difference between these PAs and the main threat
to wildlife (Topp-Jørgensen et al., 2009; Rovero et al.,
2010, 2012; Hegerl et al., 2015). The two target PAs share
several ecological and climatic characteristics, making them
an excellent model system to address our study objectives.
They have similar extent and altitudinal range of forest
cover, and remarkably comparable mean annual rainfall and
temperature range (Hegerl et al., 2015). This results in a
high degree of overlap in tree species composition (Lovett &
Wasser, 2008) and, until the last century, comparable mammal richness and diversity, with the exception of a few species with very limited range that do not occur in both PAs
(Dinesen et al., 2001).
We compared mammal communities using the same sampling design over the two study areas. We evaluated the target communities in terms of species richness, functional
composition (i.e. richness and proportions of trophic guilds)
and species-speciﬁc occurrence probabilities, which together
provide critical information for conservation. While species
richness represents the canonical, most direct and mainly
used measurement of biodiversity (Gotelli & Colwell, 2001),
functional composition (Petchey & Gaston, 2002), which
links diversity to ecological processes, has been shown to be
a good descriptor of ecosystem function, with growing applications in ecology and conservation science (Mouillot et al.,
2013; Derhe et al., 2016). In addition, as many threatened
mammal species remain poorly studied (Ripple et al., 2016),
species-speciﬁc metrics of occurrence are greatly valuable,
particularly if communities hold rare and endemic species.
We focused on terrestrial (i.e. predominantly ground-dwelling), medium- to large-bodied mammals that are relatively
easily detected by camera traps. We modeled the data using
a multi-species hierarchical occupancy approach (Dorazio
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et al., 2006), which allowed us to investigate the two communities while accounting for multiple sources of uncertainty
including imperfect detection (Zipkin et al., 2010; Rich
et al., 2016). Our analysis uses a recently proposed multi-region model that incorporates all species observed during
sampling, regardless of sample sizes, and allows for hypothesis testing on guild- and community-speciﬁc species richness
as well as estimation of species-speciﬁc occurrence probabilities (Tenan et al., 2017). Our objective was to compare the
target mammal communities in view of the different hunting
and protection levels. Furthermore, given that vulnerability
to disturbance may disproportionally impact larger-bodied
species (Cardillo et al., 2005; Ripple et al., 2016), we also
tested the correlation between average species-speciﬁc body
mass and differences in estimated average occurrence probability in the two PAs. We hypothesized that (1) species richness and species-speciﬁc occurrence probabilities are
inversely related to human disturbance, with large-bodied
species showing the strongest correlation; and (2) the functional composition of the mammal community is modiﬁed in
the disturbed forest in relation to the well-protected one as a
result of changes in richness of the trophic guilds most sensitive to disturbance.

Materials and methods
Study area
The highland forests of Tanzania are among the most important areas in the world for biodiversity conservation due to
the exceptional density of threatened and endemic species
(Rovero et al., 2014a). In particular, the Udzungwa Mountains are a stronghold for many rare species, including mammals (Rovero & De Luca, 2007), such as the recently
discovered endemic gray-faced sengi Rhynchocyon udzungwensis, the IUCN-endangered Abbott’s duiker Cephalophus
spadix, a large-bodied forest antelope which is endemic of
Tanzania and threatened by hunting and habitat loss (Bowkett et al., 2014), and the ground-dwelling, IUCN-endangered (and Udzungwa’s iconic monkey) Sanje mangabey
Cercocebus sanjei (Rovero et al., 2014a; IUCN 2016).
Mwanihana (177 km2) is a forest within the Udzungwa
Mountains National Park, while Uzungwa Scarp (200 km2)
is a nature reserve (Fig. 1). Both forests are east-facing
escarpment slopes, characterized by a unique continuous vegetation cover from lowland (300–800 m), sub-montane
deciduous forest (800–1400 m) to evergreen moist montane
forest (>1400 m; Lovett & Wasser, 2008). In both areas, the
forest at lower elevation zones was historically degraded and
hence has large portions of secondary, regenerating vegetation. The interior forest is comparatively undisturbed with
large chunks of pristine, closed-canopy moist forest, although
in Uzungwa Scarp these zones are generally more degraded
than Mwanihana (Rovero et al., 2014b). Shared ecological
and climatic characteristics are reported in Fig. 1. Active law
enforcement has taken place in Mwanihana since establishment of the area as a national park in 1992 (Rovero et al.,
2012). On the contrary, Uzungwa Scarp has not received
Animal Conservation 23 (2020) 171–181 ª 2019 The Zoological Society of London
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adequate protection over the same time period (Rovero
et al., 2010, 2012). Thus, anthropogenic disturbance in
Uzungwa Scarp is much higher, primarily from illegal hunting through snares, but also because of habitat destruction
and logging (Nielsen, 2006; Hegerl et al., 2015). In addition,
the anthropogenic pressure in Mwanihana comes from villages located only along the eastern side of the forest, with
the other sides bordering drier but protected habitats within
the national park. On the contrary, Uzungwa Scarp is an isolated forest completely surrounded by villages and hence
with no protected natural habitat buffering the reserve. As an
indication of poaching incidence, during the setting of camera traps in Uzungwa Scarp we found nearly 300 snares,
while only 50 were found in Mwanihana. Additionally,
Hegerl et al. (2015) reported a marked difference between
Mwanihana and Uzungwa Scarp both in the annual budget allocated for forest management, (USD c. 400 000 vs. 1000
respectively), and in the number of permanent staff units (78
vs. 1 respectively).

Data collection
We sampled both forests simultaneously during the dry season
2016 (July–November) according to a standardized protocol
for monitoring terrestrial vertebrates (TEAM Network, 2011).
We employed three arrays of 20 cameras in both forests for a
total of 60 sampling locations in each PA (Fig. 1). Cameras
were placed at a density of one camera per 2 km2. Locations
were selected to be representative of the habitat and elevation
gradient of each forest. Each camera was placed on a tree to
record a trail segment approximately 2–3 m away and was
deployed for 30–35 days. The area within the sensor ﬁeld of
the camera was cleared of ground vegetation for better visibility. In Mwanihana, data were collected through the Tropical
Ecology Assessment and Monitoring (TEAM) Network project (Rovero & Ahumada, 2017) by deploying Reconyx
HC500 camera traps (Reconyx Inc., Holmen, WI, USA). In
Uzungwa Scarp, two different camera trap types were used
according to availability and randomly placed across the sites:
(1) Reconyx HC500 and (2) Cuddeback Ambush IR ﬂash
camera traps (Ambush IR, Cuddeback, De Pere, Wisconsin,
USA). The realized sampling effort was 1922 (mean per camera 32.03) camera days in Mwanihana and 1816 (33.63) in
Uzungwa Scarp respectively.

Statistical analysis
Total number of detections of each species during the entire
sampling period were summarized in an array, Y, with elements yi,j,r, for the ith species, in site j of region r. We used
a sampling occasion of 5 days, which led to a median of 7
total sampling occasions Kj,r among different sites and
regions. Sampling at each point j with K > 1 sampling occasions over a short period (such that the community remained
closed for the duration of the survey) allowed us to formally
distinguish between species absence and non-detection.
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We analyzed the data using a multi-region community occupancy model (Tenan et al., 2017). We structured our model to
compare species richness and community composition of the
sampled mammal communities between the two regions
(Mwanihana and Uzungwa Scarp, r = 2) based on four trophic
guilds (g = 4), with the underlying model assumption that each
species i = 1,2, . . ., nr (where nr is the number of observed
species in each region) can be assigned to only one guild. Each
detected species was assigned to one of the following guilds
(diet data sourced from Wilman et al., 2014): (1) carnivore
(>50% of diet based on vertebrates), (2) herbivore (include
grazers, browsers, granivores and frugivores, with >50% plant
material), (3) insectivore (>50% invertebrates), (4) omnivore
(generally both plant and animal material; Robinson & Redford, 1986). Guild was thus known for all observed species but
not for unobserved ones. We augmented the detection and
guild data for both regions such that the total number of possible species in the community was M = 100, that is by M – nr
number of ‘all-zero’ encounter histories for each region, a proportion Ωr of which are the estimated unobserved species that
exist in the community but that were never detected (Dorazio
et al., 2006). We chose M so that it was much larger than the
total number of species in either communities and equal across
regions (Sutherland et al., 2016). The latent binary variable
xi,r ~ Bern(Ωr) denotes whether species i truly exists in community r (xi,r = 1) or not (xi,r = 0). For species that were
observed in a region, xi,r = 1. Variation across regions in
guild-speciﬁc richness is assumed to be a Poisson process
where Ng,r ~ Poiss(kg,r) and kg,r is the expected guild- and
region-speciﬁc richness. Following the model formulation of
Tenan et al. (2017), we marginalized over a binomial prior distribution (assuming M trials each having probability Ωr of
occurring) to estimate the total number of species in each community, Nr. We speciﬁed Ωr = (Σgkg,r)/M and assumed a guild
indicator variable gi,r ~ Cat(pr) that allowed the model to estimate guild membership for the augmented species, with
pr = (p1,r,.., pG,r) and pg,r = kg,r/Σgkg,r. Thus, pg,r represented
the derived probability that species i, in region r, belongs to
guild g.
We deﬁne species-, site- and region-speciﬁc occurrence,
zi,j,r, as a binary variable in which zi,j,r = 1 if species i is present
at camera trap site j in region r. The occurrence state is deﬁned
as the outcome of a Bernoulli process in which zi,j,r ~
Bern(wi,j,r*xi,r), where wi,j,r is the probability that species i
occurred at site j in region r. We model occurrence as a function of elevation (ELEV), which in turn is a proxy for habitat
type because elevation is the strongest driver of variation in forest composition over the study regions (Lovett & Wasser,
2008). We also included a square term on the effects of elevation (ELEV2) to account for potential mid-altitude peaks in
species-speciﬁc distributions. We assume that the logit transformation of the occurrence probability (Kery & Royle, 2008) is a
linear combination of a species- and region-speciﬁc effect (intercept), and species-speciﬁc quadratic effects of elevation as
follows:
logitðwi;j;r Þ ¼ a0i;r þ a1i;r  ELEVj;r þ a2i;r  ELEV2j;r

173

Protected area management and tropical mammals

V. Oberosler et al.

Figure 1 Map of the study area, Udzungwa Mountains of Tanzania. Camera traps locations in the two forests (Mwanihana and Uzungwa
Scarp) are shown as black dots. The geographic location of the study area in Tanzania is shown in the map on the upper right, and a summary of the main ecological factors of the two forests is also reported. [Colour figure can be viewed at wileyonlinelibrary.com]

Thus, the inverse-logit of a0i,r is the occurrence probability for species i in region r in sites with average elevation.
Occurrence is imperfectly observed, which confounds the
estimation of wi,j,r. We therefore specify the detection model
for the observational data, yi,j,r for species i at site j in
region r as yi,j,r ~ Bin(pi,j,r*zi,j,r, Kj,r), where p is the detection probability of species i at site j in region r, conditional
on species presence (z = 1), and Kj,r is the number of sampling occasions at site j in region r. We expected detection
probability pi,j,r to vary based on distance from j to the park/
reserve border (m, denoted BORDER). Our hypothesis was
that animals would be more elusive near the border because
of greater disturbance and, possibly, denser forest ﬂoor vegetation, both limiting detection by camera traps (Rovero et al.,
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2014b). In addition, we also incorporated a binary covariate
(0–1) corresponding to the camera type used at each j site in
region r (CAM_TYPE) to account for potential differences
in performance:
logitðpi;j;r Þ ¼ b0i;r þ b1i;r  BORDERj;r þ b2
 CAM TYPEj;r
We assume that the species-level parameters a0, a1, a2,
b0 and b1 are random effects, each governed by community-level hyper-parameters. For example, we assume that
a1i,r ~ N(la1,r, ra1,r), where la1,r is the mean community
intercept (across species) and ra1,r is the standard deviation
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(among species). To account for the fact that rare species
may be more difﬁcult to detect, we included a correlation
structure between occupancy and detection probability with
region-speciﬁc correlation parameters qr (Dorazio & Royle,
2005; see Appendix S1 in Tenan et al., 2017).
We ﬁt the model with a Bayesian formulation and Markov
chain Monte Carlo using JAGS (Plummer, 2003), called from
R (R Development Core Team 2016) through the package ‘jagsUI’ (Kellner, 2016). We ran three chains of length 150 000,
discarded the ﬁrst 15 000 iterations as burn-in, and thinned the
remaining chains by taking each 20th value. Continuous
covariates were derived using geo-processing tools available in
QGIS 2.18.0 (QGIS Development Team 2017), and standardized to have mean zero and unit variance. Elevation and distance from border were collinear, but this did not affect the
analysis since their effect was tested on different parameters.
We used uninformative priors (see Appendix S1) and veriﬁed
convergence through visual inspection of the chains and with
the Gelman-Rubin diagnostic (Brooks & Gelman, 1998). We
considered an effect signiﬁcant if the 95% Bayesian credible
interval (BCI) for the related posterior distribution did not
encompass zero. Finally, to test the relationship between species-speciﬁc body mass and related occurrence probability (w),
we calculated the Pearson’s coefﬁcient (r) in a post-hoc correlation analysis, using the posterior distributions of the speciesspeciﬁc differences in estimated w between the two areas as a
function of species-speciﬁc body mass (average values taken
from Smith et al., 2003). We then derived the 95% BCI for the
correlation coefﬁcient and the probability of a positive correlation, that is Pr(r > 0).

Results
The number of detected species was 25 in Mwanihana and
19 in Uzungwa Scarp (see Appendix S2). Species detected
in Uzungwa Scarp were a subset of the species detected in
Mwanihana, except for two, the greater cane rat Thryonomys
swinderianus and the blue duiker Philantomba monticola.
Thus, 17 species were shared by the two PAs. Estimated
species richness differed substantially between the two forests, with a median of 28 (mean 29.0, 95% BCI 25–39) in
Mwanihana and 21 (mean 21.8, 95% BCI 19–30) in
Uzungwa Scarp (Fig. 2). Insectivore richness was signiﬁcantly lower in Uzungwa Scarp compared to Mwanihana
(median 2 [95% BCI 2–4] as compared to 5 [95% BCI 5–9]
in Mwanihana), and also comprised a lower proportion of
the community (10%, vs. 20% in Mwanihana). Carnivores
showed a similar gap, with a median of 5 species (95% BCI
5–6, proportion of the community 20%) in Mwanihana and
only 3 (95% BCI 3–6, 16%) in Uzungwa Scarp. The estimated number of herbivore and omnivore species was similar between forests (herbivores: median 12 [95% BCI 11–18]
in Mwanihana and 11 [95% BCI 10–16] in Uzungwa Scarp;
omnivores: 4 [95% BCI 4–7] in Mwanihana and 4 [95%
BCI 4–7] in Uzungwa Scarp), while the proportions in the
community increased in Uzungwa Scarp, since the total
number of species decreased (Fig. 3). For species detected in
both forests, estimated occurrence probabilities were
Animal Conservation 23 (2020) 171–181 ª 2019 The Zoological Society of London
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generally signiﬁcantly lower in Uzungwa Scarp relative to
Mwanihana (Fig. 4). For example, estimated median occupancy for the Udzungwa-endemic and ﬂagship Sanje mangabey was 0.71 (95% BCI 0.58–0.81) in Mwanihana and 0.27
(95% BCI 0.16–0.40) in Uzungwa Scarp, and for the Tanzania-endemic and rare Abbott’s duiker was 0.52 (95% BCI
0.37–0.66) in Mwanihana and only 0.08 (95% BCI 0.03–
0.17) in Uzungwa Scarp. The opposite pattern, among species native to both regions, was found for only two species,
the giant pouched rat Cricetomys gambianus and the checkered sengi Rhynchocyon cirnei. We also found a positive
association between body mass and species-speciﬁc differences in average occurrence probabilities (Pearson’s coefﬁcient of r = 0.22 [95% BCI 0.11–0.33], with (Pr
(r > 0)) = 0.999; Fig. 5). At the species-speciﬁc level, the
effects of elevation (both linear and squared term) on w were
variable. We found no signiﬁcant effect of distance to PA
border on detection probability for any of the species, in
either forest. The use of different camera types had a signiﬁcant effect on species detectability, with greater detection
using the Ambush IR camera, which was used at some sites
in Uzungwa Scarp (see Appendix S3).

Discussion
Our analyses revealed clear differences between target mammal communities under contrasting protection regimes. In
line with our hypotheses, we found lower species richness
and reduced occurrence probabilities for most mammal species in the forest with high disturbance (Uzungwa Scarp),
with a tendency of greater decrease in occurrence probability
by the larger-bodied species. We also found that the composition of trophic guilds varied between the two PAs. The signiﬁcant loss of species in Uzungwa Scarp, as compared to
Mwanihana, is alarming given the outstanding biological
value of the area (Burgess et al., 2007; Rovero et al.,

Figure 2 Estimated mammalian species richness in Mwanihana
(MW) and Uzungwa Scarp (US) forests (mean, 50% BCI and 95%
BCI). Black dots are the number of observed species. Large-bodied
mammals that were extirpated from Uzungwa Scarp by the early
1970s are shown in the red box. Drawings by J. Kingdon reproduced with permission. [Colour figure can be viewed at wileyonline
library.com]
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Figure 3 Estimated number of mammal species for each functional guild (a) in Mwanihana (MW) and Uzungwa Scarp (US) forests respectively (mean, 50% BCI and 95% BCI), and their proportions (b) in each community (mean, 50% BCI and 95% BCI), also shown with pie
charts (c). [Colour figure can be viewed at wileyonlinelibrary.com]

2014a). Furthermore, such loss can have profound repercussions on tropical forest dynamics, including the composition,
structure, regeneration and carbon storage potential of vegetation (Kurten, 2013; Osuri et al., 2016). Our results conﬁrm
the absence of large-bodied mammals, including elephant
Loxodonta africana and leopard Panthera pardus in
Uzungwa Scarp, likely a result of intensive hunting for bushmeat trade since the 1970s (Rovero et al., 2012). This supports the notion that larger mammals face higher extinction
risk (Cardillo et al., 2005; Ripple et al., 2016). Much of the
conservation effort in the tropics is focused on extending the
area under ofﬁcial protection rather than on improving the
enforcement of existing reserves (Harrison, 2011, e.g. Brooks
et al., 2004; Joppa et al., 2008). Hunting is now the biggest
threat to biodiversity in many parts of the tropics (Harrison,
2011), yet many of the mammal species threatened by hunting remain poorly studied and are in great need of basic biological and ecological research, including abundance
estimations (Ripple et al., 2016). Studies on the consequences of defaunation have also consistently indicated that
the ecology of heavily hunted forests is severely disrupted
(Fa & Brown, 2009; Harrison, 2011). Worldwide, Africa is
considered one of the regions with the most species facing
this threat (Ripple et al., 2016). Tanzania is arguably mainland Africa’s most important nation for conservation, as the
country is losing habitat and natural resources rapidly (Caro
& Davenport, 2016).
We documented a decrease in insectivores and carnivores
in Uzungwa Scarp, the highly disturbed PA, as compared to
Mwanihana, the PA with higher levels of protection. Carnivores are experiencing massive declines in their populations
and geographic ranges globally (Ripple et al., 2014); our
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results for mammal insectivores match ﬁndings on birds, as
insectivorous birds have also shown a disproportionate sensitivity to disturbance (Gray et al., 2007). Global declines in
insect abundance could also have been affecting insectivores
(Sanchez-Bayo & Wyckhuys, 2019). The less pronounced
differences we found for herbivores and omnivores may mirror their greater resilience and/or reﬂect compensatory
dynamics within the community, with some species able to
ﬁll the ecological niche(s) of others (Wright, 2003). Medium-sized omnivores include many opportunistic species that
have the ability to use a wide array of habitats and
resources, thriving even after extensive human modiﬁcation
(Roemer, Gompper & Van Valkenburgh, 2009). However,
this result is somewhat surprising for herbivores, given that
they face unprecedented extinction rates at the global scale
(Ripple et al., 2015).
Our results at the species-speciﬁc level indicate that estimated occurrence probabilities were signiﬁcantly lower in
Uzungwa Scarp relative to Mwanihana for most species
detected in both PAs. These differences are of particular conservation concern for endemic species, or species with narrow ranges, such as the Abbott’s duiker and the Sanje
mangabey. Yet, we found decreased occurrence probabilities
in the disturbed forest even for generalist and widespread
species, suggesting that failure to enforce protection is associated with changes in the whole mammal community
(Robinson & Bennett, 2000). Occurrence estimates were
higher in Uzungwa scarp only for the giant pouched rat and
the checkered sengi, matching the results of a previous study
(Hegerl et al., 2015). However, this study lacked a standardized sampling design and temporal consistency in sampling
effort between forests. Furthermore, the community
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Figure 4 Species-specific mean occurrence and detection probabilities, in Mwanihana (MW) and Uzungwa Scarp (US) forests respectively,
for 14 forest-dwelling mammals that were detected in both areas (mean, 50% BCI and 95% BCI). Drawings by J. Kingdon reproduced with
permission. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 5 Species-specific differences in estimated occurrence
probabilities between Mwanihana (MW) and Uzungwa Scarp (US)
forests (MW – US; mean and 95% BCI), for species detected in at
least one forest, as a function of the log of average body mass
(kg). The elephant was considered an outlier and excluded from
this analysis. The estimated correlation coefficient, along with the
probability of a positive correlation (Pr(r > 0)) is reported.

composition analysis was based on raw detection rates. The
giant pouched rat seems to be relatively unaffected by the
level of human disturbance, potentially because this mediumsized omnivore is a generalist, adaptable species with a high
reproductive rate (Engeman et al., 2006). This can also be
the result of low predation and reduced interspeciﬁc competition from depleted populations of other species, or even an
effect of potential beneﬁts to habitat created by disturbance.
The much higher estimated occurrence probability for the
checkered sengi in Uzungwa Scarp as compared to Mwanihana may be related to reduced interspeciﬁc competition
with the endemic and narrow-ranged grey-faced sengi that is
found in Mwanihana but not in Uzungwa Scarp (Rovero
et al., 2013). Similar biogeographic reason explains the nondetection of the blue duiker in Mwanihana. Our results also
show marked differences in species-speciﬁc detection probabilities between forests, with a general trend of lower detection in Uzungwa Scarp as compared to Mwanihana. This
may be an effect of the correlation structure between occurrence and detection in the model, suggesting that abundance
for species may be lower in Uzungwa Scarp. However, it
may also reﬂect different behaviors, as individuals may
become more elusive with increasing disturbance (Rovero
et al., 2014b). To explore this result, we re-ran the model
without the correlation structure. We found that the differences in species-speciﬁc detection probabilities between forests were still marked and signiﬁcant, suggesting a
behavioral response due to higher levels of anthropogenic
disturbance in Uzungwa Scarp. Our results also provide evidence that hunting in Uzungwa Scarp is associated with a
decrease in larger-bodied species, consistent with other
research that has documented higher sensitivity of larger species to human disturbance (Cardillo et al., 2005).
Across the study area hunting mainly targets duikers and
other medium-sized forest mammals (Rovero et al., 2010;
Jones et al., 2019). These include the relatively common
Harvey’s duiker Cephalophus harveyi and the poorly known,
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endemic and IUCN-Endangered Abbott’s duiker (IUCN
2016). Indeed both species have striking and signiﬁcant differences in occurrence probability between Mwanihana and
Uzungwa Scarp. Yet, being non-selective, snares used for
hunting cause signiﬁcant by-catch mortality on a variety of
species (Lindsey et al., 2011). Moreover, as the larger ungulates and bushpigs have decreased in Uzungwa Scarp, snaring tends to target smaller species. Detrimental effects of
hunting on the abundance of arboreal primates, particularly
the colobines, have also been documented (Rovero et al.,
2015; Cavada et al., 2019).
The study design and analytical framework we used allowed
us to simultaneously assess species richness, functional composition and species-speciﬁc occurrence across two different communities. Based on our results, differences in mammal
communities strongly associate with the disproportionally
greater hunting pressure in Uzungwa Scarp than Mwanihana.
Logging and ﬁrewood collection may also affect mammal
diversity and abundance and eventually lead to local extinction
of some species through changes in the forest structure (Laurance et al., 2006; Arroyo-Rodrıguez & Dias, 2010; Rovero
et al., 2012). Nevertheless, in the disturbed forest, there is little
spatial overlap between such activities: logging and ﬁrewood
collection occur mainly toward the lower edge of the reserve
(Hegerl et al., 2015), whereas hunting occurs across the forest
and especially in the interior zones. Since we placed camera
traps evenly across both PAs, hunting is likely to be a more
signiﬁcant factor (Rovero et al., 2012).
The upgrading of Uzungwa Scarp from forest reserve to
nature reserve status in 2017 (the year right after our data
collection) is a valuable step toward more efﬁcient management, as it should bring boosted law enforcement to the PA.
Protection should especially target areas adjacent to settlements, where direct disturbance is higher, and include the
creation of buffer zones (Cavada et al., 2019). Restoration of
connectivity to reverse habitat isolation of Uzungwa Scarp
will also help to address the long-term conservation of mammal communities, with wildlife corridors that maintain viability of isolated populations while ensuring ecosystem
functionality (Rovero & Jones, 2012; Ruiz-Lopez et al.,
2016). Our study suggests that legal protection backed up by
on ground protection plays a determinant role in maintaining
diverse mammal communities in tropical forests. Protected
areas are the cornerstone of efforts to conserve tropical biodiversity and ﬁnal refuges for threatened species across the
globe, but the future of biodiversity within them is closely
tied to actual enforcement efﬁcacy. This, in turn, is linked to
adequate funding and capacity of PA management (Bruner
et al., 2001; Laurance et al., 2012; Tranquilli et al., 2014).
Robust assessments on the status of wildlife populations
remain fundamental to determine how effectively PAs are
performing (Naughton-Treves, Holland & Brandon, 2005)
and to design efﬁcient and long-term conservation plans.
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