ABSTRACT

STARR, STEVEN DEWAYNE. Anthropause Impacts and Fosa Abundance in Madagascar
(Under the direction of Dr. Lisa Paciulli and Dr. Roland Kays).

Madagascar is a biodiverse island with estimated endemism rates between 75% and 100%.
Located off the southeast coast of Africa, it is consistently one of the poorest countries in the
world, and the unique wildlife here face intense pressures commonly associated with developing
nations. These include destruction of key habitats for farmland and bushmeat hunting as a means
of survival. At the same time, Madagascar’s extraordinary floral and faunal diversity makes it a
major destination for ecotourism, which provides important economic support but also places
additional pressure on the wildlife that tourists come to see. The onset of COVID-19 caused a
rapid 93% reduction in tourists—from 387,000 at its peak in 2019 down to 32,000 in 2021—
creating an “anthropause.” Once restrictions were lifted, visitation quickly rebounded toward
pre-pandemic levels, an “anthropulse.” This sharp decline followed by a rapid influx of visitors
allowed us to investigate how these shifts in human pressure affect wildlife in Andasibe by
combining camera-trap data from pre-COVID surveys (2017, 2019), anthropause surveys (2020,
2021), and an anthropulse survey (2023). Using generalized linear mixed models to estimate
changes in detection rates and multi-season occupancy models to evaluate shifts in site use, we
found substantial increases in animal activity during the anthropause followed by declines as
tourism increased again. Although occupancy estimates were highly uncertain, these results
show that reductions in human presence can rapidly alter wildlife behavior and highlight the
potential value of managing tourism to avoid peak wildlife activity periods.

Madagascar is also home to an endemic family of carnivores (Eupleridae), with the fosa
(Cryptoprocta ferox) being the largest and most wide-ranging. Despite the fosa’s critical role as

an apex predator, it remains one of the most understudied carnivores globally. Our goal was to



identify the drivers of fosa abundance at an island-wide scale. We combined 16 years of camera-
trap data from 12 protected areas across Madagascar and modeled fosa detections using
generalized linear mixed-effects models. Our findings highlight the importance of forest cover as
a mitigating factor against increasing anthropogenic pressures and the complex nature of fosa-
dog interactions. Human population density emerged as the strongest negative predictor of fosa
detections, while fosa detections showed context-dependent patterns across dog—habitat
gradients. Overall, the combined presence of dogs and humans created the most substantial
pressure on fosa across the landscape. This study represents the first broad-scale analysis of fosa

ecology and provides a foundation for targeted conservation efforts.
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CHAPTER 1
Anthropauses and Anthropulses: Investigating the Impacts of COVID-19 on Animal
Activity and Occupancy in Andasibe Madagascar
ABSTRACT:

As the human population continues to grow, anthropogenic pressures increasingly permeate
natural ecosystems, making it difficult to disentangle human influence from natural processes.
The COVID-19 pandemic created a rare natural experiment: a global anthropause during which
human travel declined by an estimated 73% worldwide and by 98% in Madagascar. This was
followed by a rapid anthropulse as tourism rebounded to, and in some cases exceeded, pre-
pandemic levels. We investigated how these shifts affected wildlife in Andasibe, Madagascar by
combining camera-trap data from pre-COVID surveys (2017, 2019), anthropause surveys (2020,
2021), and an anthropulse survey (2023). Using generalized linear mixed models to estimate
changes in detection rates and multi-season occupancy models to evaluate shifts in site use, we
found substantial increases in animal activity during the anthropause—often two- to four-fold
higher than pre-COVID levels—followed by a decline as tourism increased again. However, our
occupancy models yielded highly uncertain estimates, leaving little room for inference. These
results demonstrate that reductions in human presence can rapidly alter wildlife behavior, and

they highlight the potential value of managing tourism to avoid peak wildlife activity periods.

Introduction

The global biodiversity crisis continues to unfold as humans expand the extent and intensity of
our activities on the planet (Dirzo et al. 2014). This negative influence on other species is a result
not only in the direct action of humans (e.g. disturbance, hunting, introduction of exotic species),
but also in the infrastructure associated with human development (e.g. roads, buildings).
Research has focused on aspects of these pressures including how noise pollution (Shannon et al.
2016), light pollution (Longcore and Rich 2004), human presence (Nickel et al. 2020), and the global
introduction of dogs (Doherty ef al. 2017), impact wildlife. However, the expansion of humans
and their infrastructure across the planet has resulted in anthropogenic pressures that are so

pervasive that it is difficult to study wildlife in the absence of human influence, and it is now



difficult to disentangle the effects of human presence vs human footprint. A unique opportunity
to study disentangled systems came through changes in human activity, but not infrastructure,

associated with the COVID-19 pandemic.

In response to the emergence of the COVID-19 virus and the global pandemic that followed,
many countries implemented lockdown measures that led to greatly reduced travel, both
domestically (Hotle and Mumbower 2021) and internationally (UNWTO World Tourism Barometer
and Statistical Annex, May 2021 2021). The reduction in human activity during this period has been
referred to as the “anthropause” (Rutz et al. 2020) and created a natural experiment to separate the
effects on wildlife of humans from their infrastructure. Some areas experienced a 10-fold
decrease in human activity (Burton et al. 2024). Globally, tourism and travel experienced an
unprecedented reduction. 2020 went down as the worst year on record for international tourism,
dropping by a staggering 73%. There were about 1 billion fewer travelers in 2020 as compared to
2019 (World Tourism Organization (UNWTO) 2021). Surprisingly, tourism seems to have returned
to normal as quickly as it fell. In the first 9 months of 2024, 1.1 billion international tourist
arrivals were recorded, some locations reported returning to or exceeding pre-pandemic numbers
as early as 2023. These 1.1 billion travelers serve as a benchmark that represents 98% of the pre-
pandemic levels (World Tourism Organization (UNWTO) 2024). This rapid return to normality or
exceeding previous numbers represents another new phenomenon termed “anthropulse,”
describing the sudden influx of anthropogenic presence in areas that had previously experienced
extended anthropause (Rutz 2022). This period of drastically low human presence (anthropause),
followed by a sudden rush of human activity (anthropulse) has created a set of conditions ideal

for studying the short-term effects of people on wildlife.

The anthropause created novel research opportunities by providing a rare setting to study
ecosystems under abruptly altered anthropogenic pressures (Rutz 2022). Resulting studies have
shown that wildlife responses to the anthropause varied greatly. In places where human activity
decreased, studies documented increased wildlife breeding success (Manenti et al. 2020),
reduction in roadkill (Shilling ez al. 2021), and decreases in song intensity in White-Crowned
Sparrows (Zonotrichia leucophrys) in response to lower ambient noise levels (Derryberry et al.

2020). One study analyzing tracking data from 43 species reported that during lockdowns



animals traveled longer distances and in highly populated areas, animals moved less frequently
and ventured closer to roads (Tucker et al. 2023). Another large scale comparison analyzed camera
trapping data from 163 species across 21 countries and reported that when human activity was
high, mammals in undeveloped areas moved less, but in more developed areas, mammals moved
much more frequently (Burton et al. 2024). These studies have helped begin to untangle the
mystery of the impacts of human presence vs human activity. However, most of these findings
are geographically skewed towards the ‘Global North’, highlighting a need for studies in rural

communities of the ‘Global South’.

Human development of natural habitat, especially for rural communities across the Global South,
are a complex ongoing issue, and this is particularly true for Madagascar. This island is a
recognized biodiversity hotspot with extraordinarily high terrestrial endemism, 92-100%
(Goodman and Benstead 2005), but these species are threatened by the typical conservation
challenges of a developing country with large human populations and associated habitat loss and
disturbance from development. Madagascar lost 44% of its forest cover between 1953 and 2014
to various factors including, development of land for agriculture, and slash and burn practices
(Vieilledent et al. 2018). Malagasy carnivores are particularly vulnerable and have found
themselves threatened by habitat degradation, introduction of invasive species, disease, and
direct conflicts with humans (Wampole, Farris and Gerber 2021). Lemurs, the flagship taxa of the
island, also face mounting pressures via habitat degradation, forest fragmentation, and poaching
(Schwitzer et al. 2014). Both native carnivores and lemurs are increasingly affected by feral and
free-roaming dogs (Valenta ef al. 2025) whose presence is closely tied to human activity. While
local anthropogenic pressures (e.g., deforestation, poaching, dogs) have rightly received
attention, the effects of external pressures, namely ecotourism, on wildlife remain poorly
understood. This is an especially important topic for Madagascar, whose economy depends

heavily on tourism.

Madagascar was hit particularly hard by the global reduction in tourism during anthropause. In
2019, Madagascar experienced its all-time peak number of visitors welcoming 384,000 tourists.
In the following year the number of tourists dropped to 68,000 and first quarter reports of 2021
reported a 93% reduction in tourist arrivals as compared to 2019 (UNTWO 2021). Secondary



reports further suggest that Madagascar received approximately 8,000 visitors in 2021,
representing only 1.6% of the 2019 peak. This suggests Madagascar may be among the countries
most severely impacted by the anthropause and presents an opportunity to untangle the effects of
humans vs human infrastructure on its wildlife. First, due to the large volume of tourists that
were present pre-COVID followed by the large reduction in tourism, we can investigate the
effects of tourist presence as an anthropogenic effect separate from local sources of pressure such
as hunting and habitat destruction. Second, the reduction of human presence in an area allows us
to isolate the effects of human presence vs human footprint (i.e., infrastructure). Third, as
tourism rapidly rebounded, we are able to study the effects of a rapid influx of human presence
after an extended quiet period, anthropulse after the anthropause. These findings will allow us to
better understand the impacts of human presence, footprint, and activity on native wildlife.
Further, this understanding will inform NGOs and Madagascar National Parks on human-wildlife

relationships while continuing to support tourism that is critical to the economy of the island.

The purpose of our study is to assess the impacts of anthropogenic presence on the wildlife of
Andasibe, Madagascar, a popular eco-tourism destination, before (hereafter pre-COVID), during
COVID (hereafter anthropause), and after (hereafter anthropulse). To achieve this goal, we used
data from camera traps to 1) compare activity levels of wildlife, 2) investigate shifts in
occupancy levels across the three periods while considering concurrent changes in human and
dog activity and 3) investigate how anthropogenic and habitat factors affected these shifts. Our
results show how shifts in human and dog activity shape wildlife activity and patterns, informing

strategies to balance ecotourism with conservation.

Methods

Study Site

From 2017 to 2023, we used camera traps to sample three protected areas located around
Andasibe, Madagascar (Figure 1). Surrounding this village are three rainforest protected areas,
V.0.LM.M.A Community Reserve (hereafter VOI) is a smaller area managed by the local
Andasibe community (400 ha). Analamazaotra Rainforest (876 ha), is a national park managed
by the government agency ‘Madagascar National Parks”, and Mitsinjo Reserve (710 ha), is an

area managed by the non-profit organization *“ Association Mitsinjo” (Goodman 2022). Given its



high levels of diversity and its proximity to the capital city (Antananarivo), Andasibe represents
Madagascar's most heavily visited tourist site (Goodman 2022). Analamazaotra Rainforest is
contiguous with VOI. These two forests are separated from Mitsinjo rainforest by a paved road
that runs the length of the boundary between these two contiguous forests and Mitsinjo.
Together, these three forests serve as home to a diverse range of endemic wildlife, including
several critically endangered lemur species, such as the indri (/ndri indri) and diademed sifaka

(Propithecus diadema).
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Figure 1: Left- A green dot representing the region of Madagascar where the repeated camera trap surveys took
place. Right - Layout of the camera grids in Andasibe, Madagascar. Each orange dot represents one camera station
located in the Mitsinjo Reserve. Each green dot represents one camera station located in the V.O.l. Community
Reserve. Each blue dot represents one camera station located in Analamazaotra Rainforest. Repeated surveys used
these same locations across years.

Camera Trap Surveys

Madagascar first implemented lockdowns on March 20th, 2020, the last of the travel restrictions
were lifted in November of 2021. With these dates in mind, the surveys conducted in 2017 and
2019 will be considered pre-COVID, those conducted in 2020 and 2021 will be considered
anthropause, and the 2023 survey will be considered anthropulse. For pre-COVID, we used two
surveys conducted in 2017 (June and October - December) and one conducted in 2019 (June -
July), henceforth survey 1,2,3 respectively. Two surveys were used to represent anthropause
(November 2020 - January 2021 and September - October 2021), henceforth survey 4,5

respectively. One 2023 survey was used to represent anthropulse (June - August of 2023),



henceforth survey 6. Due to issues obtaining permits, the final survey did not include cameras

inside Analamazaotra Rainforest.

Within these forests, we set up ~25 camera stations per session, with the exception of the final
survey which only consisted of 13 camera stations (Table 1). A camera station consists of one
unbaited camera trap placed on a tree adjacent to a wildlife or human trail. We placed stations
approximately 300 meters apart with cameras placed ~25 cm off the ground and running for 24
hours a day. We checked cameras every 5-7 days to ensure no malfunctions, and to change the
memory cards. We used a combination of Browning Strike Force FHDR, Moultrie M- and D55-
series, and Reconyx Hyperfire (HC500) to conduct these surveys, which are similar in having a
<0.5s trigger time. We identified photo data for the 2017 surveys and the survey conducted in
2019 using a multiple observer method with ID recorded directly into excel by identifying each
image with a subject and then recording relevant data such as time, date, species, and human
type. We processed the 2021 and 2023 surveys using the Wildlife Insights platform (Ahumada ez
al. 2019). For all surveys, any images taken less than 1 minute apart from each other were
grouped together as a sequence and classified as a single photo event. All humans in these data
sets were classified as tourist, non-tourist, or researcher. These classifications were made based
on appearance and group size. We identified local guides (classified as non - tourist) due to our
familiarity through frequent personal interactions. Non-tourists and tourists were identified based
on differences in clothing and footwear. Researchers were individuals identified as part of our
research team. Classifying these human types was a critical step in quantifying the impacts of
COVID tourism. In doing so, we isolated tourism as an anthropogenic source separate from a
much broader category where we combine all human types (researcher, tourist, non-tourist). We
obtained enough data to model fosa, birds, small mammals, and lemurs. We grouped all birds
together and grouped rodents with tenrecs as “small mammals” because we had many detections
and limited time for species-level IDs. We grouped all lemur species together in our analyses to
maximize the use of available data. However, it should be noted that ~80% of the lemur

detections were of one species-the common brown lemur (Eulemur fulvus).
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Table 1: Sampling effort and detection counts from camera-trap surveys in Andasibe, Madagascar (2017—2023). For each survey period we list the date range,

number of active camera stations, successful trap-nights (one functioning camera for one 24hr period.), and the number of detection events for fosa, dogs, birds,

small mammals, tourists, and lemurs. Periods are classified as pre-COVID, anthropause (COVID-era), and anthropulse (post-COVID rebound)

Camera Successful Fosa Dog Bird Small Tourist Lemur COVID
Start/End Date
Stations | Trap Nights Detections Detections Detections Mammal Detections Detections Period
Detections
6/7/2017 6/25/2017 24 385 7 46 41 56 420 25 Pre-COVID
10/12/2017 12/9/2017 24 1253 27 56 222 148 1183 34 Pre-COVID
6/25/2019 7/27/2019 22 513 11 13 112 71 263 7 Pre-COVID
11/20/2020 1/10/2021 24 1050 12 130 468 620 124 47 Anthropause
9/10/2021 10/28/2021 24 866 67 39 151 54 83 27 Anthropause
6/8/2023 8/2/2023 13 705 46 116 13 1 1571 10 Anthropulse




Covariate Information

To evaluate the anthropogenic, habitat, and landscape variables affecting wildlife activity we
used a total of ten covariates: trail width, tourist detection rate, dog detection rate, distance to
human settlement, distance to town, distance to forest edge, forest type, canopy cover, elevation,
sampling occasion. We measured trails with a tape measure in the field and categorized them as
narrow (<0.5 m), medium (0.5-1 m), and wide (>1 m). We calculated tourist and dog detection
rate as the number of detections at a particular station divided by the number of successful trap
nights at that same station. We calculated distance to nearest human structure as the distance
from a camera station to any form of human establishment such as a house, a security watch
station, or a storage structure. We calculated distance to town as the distance from a camera
station to a large human settlement consisting of 10 or more dwellings grouped together in a
cluster. Distance to forest edge was measured as the distance from a camera station to the forest
boundary observed on Google Earth (Google Earth Pro 2025). These google satellite images
were taken between 1/29/2022 and 7/5/2024. We defined the edge of the forest as the boundary
of the forest where closed canopy of at least Sm or more no longer exists. This boundary would
generally be a road or agricultural land. We assigned each station a forest type of 1, 2 or 3
categorizing the type of forest at that location. Type 1 is secondary forest, type 2 is degraded,
mixed, low canopy forest, and type 3 is open matrix, non-forest area. We defined canopy
coverage as the amount of sky covered by the canopy at the camera site. This was measured at
each station by multiple observer methods and averaged across three observers. Elevation was
measured using a Garmin GPS handheld unit. Sampling occasion indicates which survey period
(month/ month-month, year, e.g. June 2017, Sept - October 2017) the capture occurred in. We
scaled and centered all numerical covariates for use in the models. We calculated pairwise
collinearity values, all pairwise values fell below our threshold for concern of 0.8. We had one
high value of .75 between distance to the edge of the forest and distance to nearest human
structure. We then used the “car” package in R, to calculate the variance inflation factor for each

covariate and found that there were no conflicts between covariates.



Detection Count Generalized Linear Mixed Models

Using the R package LME4 (Bates et al. 2015), we constructed Generalized Linear Mixed Models
to compare animal activity across three time periods while also considering spatial factors. We
first selected all relevant covariates using an a priori approach and formulated a hypothesis as to
why each covariate may be relevant in the model. We then constructed a global model including
the response variable and all relevant covariates. After constructing this global model, we used
the MumlIn package in R (Barton 2025) to perform a dredge, which creates a list of all possible
response and covariate combinations. This list was ordered by AIC value. We looked at each
model within a delta AIC of 2 of the top models and selected the model with the lowest number

of covariates.
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Table 2: Generalized Linear Mixed Model structures and significant covariates for four detection count models using
data collected from Andasibe, Madagascar (2017-2023). Fcount (fosa), Bcount (birds), Lcount (lemurs), and Mcount
(small mammals). Covariates considered were Edge (distance to forest edge (m), Settlement (distance to nearest
human settlement (m), Elevation (m), Dog (dog detection rate), Tourist (fourist detection rate), Trail size
(small/medium/wide), Forest type (secondary/degraded/open matrix), Canopy (percent sky covered at the camera
station), Duration (successful trap nights), and Site (camera station). The table lists only covariates retained as
significant in the top model. A (+) sign indicates a positive relationship, a (-) sign indicates a negative relationship,

and no sign is present when the covariate is a categorical variable with variable effects.

Group Model Set up Significant Covariates
) -Edge,
glmer(Fcount ~ edge + occasion + dog
Fosa ) ) + Dog,
+ offset(log(duration)) + (1 | site) ‘
Occasion
glmer(Bcount ~ canopy + edge + +Canopy,
occasion + forest + settlement + trail -Edge,
Bird +offset(log(duration)) + (1 | site) Forest type,
Trail size,
Occasions.
glmer(Lcount ~ occasion + dog + -Dog,
tourist + canopy +offset(log(duration)) +Canopy,
Lemur ) }
+ (1| site) +Tourist,
Occasion
-Edge,
+Dog,
glmer(Mcount ~ edge + occasion + dog +Tourist,
+ tourist + settlement + trail + canopy + +Settlement,
Small Mammal
elevation +offset(log(duration)) + (1 Trail,
|site) +Canopy,
-Elevation,
Occasion
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Multi-season Occupancy Models

Using Unmarked (Fiske and Chandler 2011), we fit a multi-season occupancy model to compare
animal activity across three time periods while also considering spatial factors. To achieve this,
all data was compiled into a “stacked” format and sampling occasion was used as a covariate.
We used the MumlIn (Barton 2025) package in R to perform a dredge to determine the best
combination of covariates for detection with the fewest covariates and within a delta of 2 from
the lowest AIC value. After selecting the optimal combination of detection covariates, we used a
forward selection process to build the occupancy model. The detection covariates remained
constant, and covariates were added to the occupancy portion of the model. We constructed
individual models with detection covariates plus each psi covariate (e.g., detection ~ covariate 1,
detection ~ covariate 2, detection ~ covariate 3). For each model, we compared AIC values to
guide selection. Models with higher AIC were excluded, and those with lower AIC were carried
forward. At each step, the model with the lowest AIC became the new base (e.g., detection ~
covariate 1 + covariate 2, detection ~ covariate 1 + covariate 3). This process continued until
adding predictors no longer reduced AIC, at which point the model was selected as the final
occupancy model for that group. Since we used a stacked occupancy approach, each model
included a random site level effect in the occupancy portion to account for pseudo-replication
across multiple sampling occasions at each station.

Table 3: Multi-season Occupancy Model structure. P indicates the detection portion of the model; Psi indicates the
occupancy portion of the model. Covariates considered were Edge (distance to forest edge (m), Settlement (distance
to nearest human settlement (m), Dog (dog detection rate), Tourist (tourist detection rate), Trail size
(small/medium/wide), Canopy (percent sky covered at the camera station), Effort (successful trap nights), and Station
(camera station). Station1 and occasion1 represent the station and occasion covariates but in a grid layout as is

required by the occupancy portion of the model. The table lists only covariates retained as significant. A (+) sign
indicates a positive relationship, a (-) sign indicates a negative relationship.

Significant
Group Model Set up Psi
Covariates
P (dog + edge + effort + Occasion +
settlement), - Dog,
Fosa ) ) ) )
Psi (1 | stationl) + dog + tourist + edge + + Tourist
occasionl)
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Results

We had a total of 4716 successful trap nights with the minimum being 385 in survey 1 (2017)
and the highest being 1253 in survey 2 (2017 #2). The lowest number of successful trap nights
for a single station was 11 and the highest was 59. Survey 5 (2021) had the lowest total subject
captures at 421captures. Survey 6 (2023) had the highest total subject captures at 1757 captures.
There were a total of 2742 pre-COVID captures (2017-19), 1822 anthropause captures, and 1757
anthropulse captures. Across all surveys, we had a total of 170 fosa captures, 400 dog captures,
1007 bird captures, 950 small mammal captures, and 3401 tourist captures. Fosa showed peak
activity times between 0:00 and 5:00, while dogs showed peak activity times between 4:00 and

10:00. (Supplemental figure 1).

Human tourists showed steady decline with a strong increase occurring during the anthropulse
period while non-tourist humans showed steady activity with increases during anthropause and -
pulse periods (Figure 2). Dogs showed highly variable activity across all three periods. Fosa,
birds, and small mammals all showed peak capture rate during anthropause. Lemurs showed very
little change across all periods (Figure 2). Significant covariates of note for the fosa were
distance to edge of the forest (-0.42 + 0.20 SE, p = 0.03), and dog detection rate (0.16 = 0.08 SE,
p = 0.04). Lemur detection rate had a significant, positive relationship with the detection rate of
tourists (0.31 £ 0.11 SE, p = 0.00), and a negative relationship with dog detection rate (-0.26 +
0.11 SE, p=10.02). Sampling occasion was a significant covariate for every model and every

group (table 2).
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Figure 2. Camera-trap detection rates (detections/day; mean * error bars) across six sampling periods in Andasibe,
Madagascar. Highlights mark “anthropause” periods (4: November 2020—January 2021; 5: September—October
2021). Periods 1-3 are pre-COVID (1: June 2017; 2: October - December 2017; 3: June—July 2019), and period 6
represents the post-COVID “anthropulse” (June—August 2023). Panels: top left = tourists; top right = non-tourists;

middle left = dogs; middle right = small mammals; bottom left = fosa; bottom right = birds; center bottom = lemu
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For the multi-season occupancy model, there was no change in fosa occupancy. Overall, the
model structure we used for the fosa was not a good fit for the birds, lemurs and small mammal
groupings which led to results with extremely high standard errors. We structured our models in
a way to return a survey-wide occupancy estimate per sampling occasion. This method failed to
converge for the previously mentioned groups, but when survey occasion was left out then the
models were able to converge. We reported the Sampling occasion was not a significant

covariate in any of the models and reported model estimates were extremely high.

Table 4: Naive and model-based fosa occupancy and survey period for camera-trap surveys in Andasibe,
Madagascar (2017-2023). Survey 1 (June 2017), survey 2 October — December 2021, survey 3 (June — July 2019),
survey 4 (November 2020 — January 2021), survey 5 (September — October 2021) survey 6 (June — August 2023

Naive Model
Survey Occupancy Occupancy SE
1 0.21 0.96 0.69
2 0.54 0.96 0.73
3 0.36 0.95 0.93
4 0.38 0.95 1.04
5 0.71 0.97 2.31
6 0.62 0.95 0.75
Discussion

Human activity is a major force shaping wildlife with more than half of vertebrate species
experiencing intense human pressure in over half of their home range (O’Bryan et al. 2020;
Munstermann et al. 2022). The impacts of this widespread human activity are complex and
context dependent, such that results from one country may not predict the effect in another. The
impacts of COVID led to a massive reduction in global tourism. In Madagascar specifically,
tourism declined by approximately 98% due to international safety measures, temporarily
reducing pressure on its fragile ecosystems. Our camera trap surveys documented strong
decreases in human activity during the anthropause and corresponding increases in fosa, bird,
small mammal, and dog activity across the same period. Subsequently, during anthropulse,

human activity rapidly increased and we saw decreases in those same groups. These shifts
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highlight how anthropogenic pressures shape wildlife behavior showing that humans using the
forest, even in ecotourism, decreases local wildlife activity. Our camera-trap results from

Andasibe extend anthropause research to the global south and a biodiversity hotspot.

Changing animal activity in the anthropause and anthropulse:

Our camera-trap surveys revealed clear temporal patterns in wildlife activity that closely tracked
fluctuations in human presence across the anthropause—anthropulse sequence. During the period
of reduced tourism associated with the COVID-19 lockdowns (2019-2021), detections of small
mammals, birds, and fosa increased by two- to four-fold relative to pre-COVID levels. These
gains in activity coincided with a sharp reduction in tourist and local human detections,

indicating that wildlife responded rapidly to the decrease in anthropogenic disturbance.

As human activity rebounded during the anthropulse (2021-2023), the reverse pattern emerged.
Detections of birds and small mammals declined to pre-pandemic levels, and fosa activity also
decreased, though it remained slightly above pre-COVID values. These synchronized shifts
among multiple taxa suggest a broad community-level response to changing human activity, with
wildlife generally more active when human presence was low and less active as human pressure

returned.

Although occupancy models did not detect significant differences in space use across time
periods, naive occupancy patterns increased during the anthropause, mirroring the rise in
detection rates. Together, these findings highlight the behavioral flexibility of Andasibe’s
wildlife and demonstrate that even short-term reductions in human activity can substantially alter

observed patterns of animal activity and detectability.

Mechanisms shaping wildlife responses:

The covariates identified in our models help explain the mechanisms underlying the observed
shifts in wildlife activity. Among these, dogs and tourists emerged as key anthropogenic drivers
influencing multiple taxa, while habitat features such as forest edge and canopy cover also

played important roles.



17

Dog detection rate was a significant covariate in three of the four detection count models,
showing positive associations with fosa and small mammal detections but a negative relationship
with lemur detections. The remains of rodents and tenrecs, which were grouped as small
mammals in this study, have been documented in the scats of free-ranging dogs (Valenta et al.
2025), suggesting that this positive relationship may reflect dogs tracking these species as prey.
Lemurs are also frequently harassed or predated by free-ranging dogs (Farris ef al. 2019; Valenta
et al. 2025). Resident diurnal lemurs of the area share overlapping activity times with dogs
(Overdorff 1996; Powzyk and Mowry 2003, 2006), though their arboreality likely reduces direct

encounters.

Fosa detections also increased with dog activity, yet the occupancy model revealed a negative
relationship between the two species—consistent with earlier studies reporting spatial overlap
but competitive exclusion between them (Farris et al. 2017). To further explore this relationship
we conducted a post-hoc analysis and found that fosa activity peaked between midnight and
05:00, dogs were most active between 04:00 and 10:00. Such patterns support the hypothesis that
fosa avoid dogs temporally, adjusting their activity to minimize direct encounters (Farris ef al.

2015; Merson et al. 2018)

Tourist detection rate was a significant positive covariate in the models for lemurs, small
mammals, and fosa occupancy. This result contrasts with the broader temporal trend of wildlife
activity peaking during periods of reduced tourism, suggesting that while animals are more
active overall in the absence of people, they tend to be associated with people, probably because
the tourists are looking for the animals. Lemurs, particularly the common brown lemur (Eulemur
fulvus), showed the strongest positive relationship with tourist activity. This population in
Andasibe protected areas is known to be habituated to humans. Furthermore, local guides with
tourists actively track lemurs to enhance viewing opportunities, meaning that camera traps
located along trails are more likely to record both tourists and lemurs in the same locations.
Because many tourist trails lead directly to sleeping or feeding trees, these areas represent key
resource sites used by lemurs regardless of human presence. Consequently, reductions in tourism
may not strongly affect their space use, explaining the relatively stable detection rates across

periods.
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The close tracking of lemurs by guides and tourists may also influence predator behavior. Fosa
are lemur hunters—one study found lemur remains in over 50% (n = 376) of fosa scat samples
(Hawkins and Racey 2008)—and so fosa, along with tourists, are likely attracted to sites with
lemurs. Similarly, small mammals showed higher detections in association with tourist activity,
potentially due to food subsidies. Tourists frequently bring food on excursions, and unintentional
food drops or litter may serve as attractants, particularly for invasive Rattus spp., which are

highly opportunistic.

Edge effects were also evident across taxa. Three of the four detection models (fosa, birds, and
small mammals) showed a negative relationship between distance to the forest edge and
detection rate, indicating that these species were more frequently detected near forest boundaries.
This relationship may reflect the combined influence of resource concentration, increased prey
availability, or greater ease of movement along trail systems that often parallel forest margins.
Additionally, this may serve as further indication of the high amount of fragmentation within the
area and within Madagascar as a whole with 46% of Madagascar’s remaining forest lying within

100m of the forest edge (Vieilledent et al. 2018).

Stability in space use despite behavioral shifts:

Although clear shifts in activity were evident across years, occupancy patterns remained
relatively stable throughout the study period. The multi-season occupancy model for fosa
indicated little change in estimated occupancy between pre-COVID, anthropause, and
anthropulse periods (Table 4). This suggests that while fosa modified their behavior in response
to changes in human activity, they did not substantially alter their spatial distribution. In other
words, the same individuals or populations likely continued to occupy the same regions but

decreased their amount of activity to avoid people.

The distinction between occupancy and detection, as measured in our GLMM, is particularly
relevant in this context. Occupancy reflects the probability that a site is used, whereas detection
reflects how often a species passes by when it is present. Our findings—constant occupancy but
variable detection—indicate that behavioral flexibility, rather than large-scale spatial

redistribution, was the dominant response to changes in human presence. Given time, the
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increased activity might lead to increased population sizes for animals in the absence of people,
but in this case, people returned to the forest, and animals, once again, reduced activity levels

and/or space use.

Uncertainty in the occupancy model was relatively high, as reflected by wide standard errors,
and models for birds, lemurs, and small mammals failed to converge. These difficulties likely
stem from combining multiple species into broad taxonomic groups, which can mask
heterogeneity in both occupancy (y) and detection (p) among species. Seasonal differences in
activity and uneven sampling effort across years may also have contributed to poor model fit.
However naive occupancy estimates increased during the anthropause mirroring the trends
observed in detection data, reinforcing the interpretation that wildlife use of existing areas

intensified when human activity decreased.

Together, these results suggest that short-term reductions in human activity led to behavioral
rather than spatial responses among Andasibe’s wildlife. Such flexibility may allow species to
persist in human-dominated landscapes, at least temporarily, though long-term consequences for
population viability remain uncertain. These finding also gives some insight on how fosa, and
other wildlife, likely adapt their behavior to coexist with humans and dogs on human-dominated

landscapes.

Implications for conservation and management:

Our findings highlight the complex relationship between human activity, tourism, and wildlife in
Madagascar’s protected areas. The survey period covariate was significant across all detection
models, reaffirming that tourism and associated human presence exert measurable influences on
wildlife behavior. This aligns with global evidence showing that human disturbance—whether
through recreation, ecotourism, or settlement—can suppress wildlife activity even in otherwise
intact habitats (Higginbottom and Scott 2016; Gaynor et al. 2018).

However, because there was no control for this study, we cannot rule out the possibility that

unmeasured environmental or anthropogenic factors contributed to this result.
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Balancing tourism and conservation is especially critical in regions such as Andasibe, where
local economies and conservation initiatives are intertwined. Tourism revenues support
livelihoods and fund protection for many of the same species most sensitive to human activity.
Consequently, strategies to mitigate disturbance must focus on management rather than
restriction—reducing ecological impacts without undermining the economic and social benefits

of ecotourism.

Several practical recommendations emerge from our results. First, tourism activities could be
regulated spatially and temporally, concentrating visitor movement along designated trails and
restricting use during periods of peak wildlife activity (e.g., early morning or nighttime hours).
Second, managing free-ranging dogs is imperative. Our models show that dogs interact with both
native predators and prey, amplifying disturbance through direct predation, competition, and
potentially disease transmission (Young ef al. 2011; Hughes and Macdonald 2013). Measures
such as vaccination campaigns and buffer zones around protected areas could reduce these risks.
Third, management should consider synergistic effects—for example, human activity near forest
edges may compound with infrastructure impacts, or dogs may be particularly problematic near
disturbed boundaries. Integrating these interactions into conservation planning will improve

outcomes for multiple species simultaneously.

Ultimately, the anthropause—anthropulse sequence illustrates both the vulnerability and resilience
of wildlife living alongside people. Short-term reductions in human presence yielded immediate
increases in animal activity, demonstrating that behavioral recovery is possible when disturbance
subsides. Long-term coexistence, however, will depend on maintaining these conditions through

proactive, adaptive management that allows tourism and biodiversity to persist together.
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CHAPTER 2

Island-Wide Patterns of Fosa Abundance in Madagascar’s Protected Areas

ABSTRACT:
The fosa is Madagascar’s largest and most widespread native predator. Despite its
ecological importance, it remains one of the world’s most understudied carnivores, and the
drivers of its abundance are still poorly understood. Our goal was to identify these drivers at an
island-wide scale. We combined 16 years of camera-trap data from 12 protected areas
spanning a gradient of habitats—from highly degraded forest fragments to large, contiguous
forests—and modeled fosa detections using generalized linear mixed-effects models. Our
findings highlight the importance of forest cover as a mitigating factor against increasing
anthropogenic pressures. Human population density emerged as the strongest negative
predictor of fosa detections, and dog—forest interactions revealed sharp declines in fosa
detections in forested areas with high dog activity. In contrast, dog presence in degraded
habitats coincided with increased fosa detections, reflecting context-dependent relationships
observed in previous single-site studies. Overall, the combined presence of dogs and humans
created the most substantial pressure on fosa across the landscape. This study represents the
first broadscale analysis of fosa ecology and provides a foundation for targeted conservation
efforts. Conservation programs should prioritize expanding protected areas and restoring forest
habitats, followed by managing free-ranging and feral dogs, which pose serious threats not only
to fosa but to other native species. As an umbrella species, conservation actions directed at the

fosa will yield broad benefits for Madagascar’s forest ecosystems.

Introduction
The island of Madagascar is one of 36 global biodiversity hotspots. It has an estimated 98-100%
endemism rate (Goodman 2022), but this unique biodiversity is currently facing mounting, multi-
faceted, pressures that threaten their long term viability. These pressures include introduction of
exotic species, expansion and growth of the human population and, perhaps currently the most
critical, rapid deforestation. Between 1953 and 2014 Madagascar lost approximately 44% of its
remaining forest cover, leaving the residual forest highly fragmented with 46% of the remaining

forests now occurring less than 100m from the forest edge (Vieilledent et al. 2018). This
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extensive deforestation and fragmentation has created a dire situation for forest-dependent

species such as the fosa (Cryptoprocta ferox).

The fosa is the largest native predator in Madagascar and, following the extinction of the giant
fosa (Cryptoprocta spelea) in the last 2000 years, the only extant member of its genus (Goodman
2022). They can be found throughout the island in deciduous dry forest, rainforest, and spiny
forest habitats, making them the most widely distributed of the Malagasy carnivores (Goodman
2022). Originally listed as Data Deficient on the [UCN Red List, their conservation status was
changed to Vulnerable in 1996, later ranked as Endangered due to low population estimates of as
few as 2500 individuals (Hawkins and Racey 2005), and then reclassified again as Vulnerable in
2008 (Hawkins and Racey 2008), where it remains today with an estimated 2,635-8,626 mature
individuals (Gerber, Karpanty and Randrianantenaina 2012a). Density estimates are higher in
deciduous forests (0.26 individuals/km?; (Hawkins and Racey 2005) compared to eastern
rainforests (0.15-0.20 individuals/km?;(Gerber ef al. 2010; Murphy et al. 2018). Amidst rapid
forest loss, conservationists have focused research efforts on this species, yielding insights into
their ecology. Cryptoprocta ferox has a broad diet including birds, lizards, snakes, small
mammals, and lemurs (Dollar, Ganzhorn and Goodman 2007; Hawkins and Racey 2008). It also
exhibits polyandrous mating practices (Hawkins and Racey 2009) and maintains large home
ranges (Wyza et al. 2020). Although research on the fosa has increased over the years, the
species remains among the most understudied carnivores (Brooke et al. 2014), and more data are
needed to enact effective conservation strategies. Major threats include habitat loss from
agricultural expansion and timber extraction, hunting, competition with non-native species, and
disease transmission from introduced animals (IUCN 2015). Fosa densities are higher in
contiguous forests and the species is absent from fragmented forests located more than 15 km
from primary forest (Gerber, Karpanty and Randrianantenaina 2012a). further highlighting their
forest dependency. However, some studies indicate no negative influence of habitat degradation
on fosa occupancy, suggesting short-term resilience to moderate disturbance (Gerber, Karpanty
and Randrianantenaina 2012a); (Merson ef al. 2020). Furthermore, surveys conducted in Makira
National Park—Madagascar’s largest protected area—found that fosa showed no preference
between degraded and non-degraded forest (Farris ef al. 2015b). Additional work has shown that

fosa strongly prefer forested habitats and avoid human-modified landscapes such as agricultural
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lands and villages, yet they regularly use forest corridors and patches to traverse degraded areas
(Wyza et al. 2020). Collectively, these findings suggest that while fosa exhibit some behavioral
and ecological flexibility, their long-term persistence likely depends on maintaining large,
connected forest tracts. However, these same forests are increasingly shared with exotic

predators, most notably domestic dogs, creating additional pressures on native carnivores.

Studies suggest that domestic dogs (Canis domesticus) are a major threat to native carnivores in
Madagascar through harassment, predation, direct competition, and their role as hosts and
vectors of parasites and diseases (Farris et al. 2017; Rasambainarivo et al. 2018; Valenta et al.
2025). However, the relationship between dogs and fosa remains poorly understood. For
example, (Farris et al. 2016) found no significant effect of dogs on fosa occupancy, whereas a
subsequent study reported spatial overlap between fosa and dogs at Ranomafana National Park
(Farris et al. 2017). Dogs exhibit higher occupancy rates than fosa in degraded landscapes,
indicating that they have potentially become the dominant carnivore in these increasingly
prevalent habitats (Farris et al. 2017). While generally cathemeral (Gerber, Karpanty and
Randrianantenaina 2012b), fosa display behavioral avoidance of dogs and humans with evidence
that this avoidance occurs across all seasonal periods(Farris ef al. 2015a; Merson et al. 2018).
Together, these findings indicate that the impacts of dogs on fosa are complex and may be
context dependent, warranting further investigation. Overall, existing studies suggest that dogs
can alter fosa activity patterns but have mixed or neutral effects on occupancy, and that while
fosa appear capable of tolerating moderate habitat degradation in the short term, continued
disturbance and competition with exotic carnivores may undermine their long-term population

viability.

While the fosa has shown some resilience to intensifying anthropogenic pressures, previous
studies suggest that the current extent of protected forest may not be sufficient to ensure the
species’ long-term survival, given its low population density and continued forest loss across
Madagascar (Hawkins and Racey 2005). This challenge has been compounded by the spread of
exotic carnivores and increasing human disturbance. To date, most ecological studies of the fosa
have been single-site investigations within protected areas, leaving broad-scale patterns in

abundance and responses to environmental gradients largely unexplored. However, sustained
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camera-trapping efforts across Madagascar over the last two decades now provide an
unprecedented opportunity to investigate these dynamics at the island scale (Wampole et al.

2022).

In this study, we address this knowledge gap by modeling the island-wide relative abundance of
fosa using camera-trap data collected between 2007 and 2023, encompassing 43 surveys and
over 1,300 camera-trap deployments across 12 protected areas. We test how forest cover, human
activity, and dog presence influence fosa abundance and temporal activity, including key
interaction effects that evaluate whether forested habitats buffer the impacts of human and dog
disturbance. By identifying the ecological and anthropogenic factors shaping fosa distribution
across diverse habitats, this work provides the first quantitative, landscape-scale assessment of
fosa ecology and offers critical insight into the conservation of Madagascar’s largest carnivore

within its rapidly changing environment.

Methods
We used recently compiled camera trap data from 12 protected areas across Madagascar to
model the relative abundance of fosa related to forest cover, human disturbances, and exotic
carnivore presence (domestic dogs).The protected areas with camera data include: Andasibe—
Mantadia National Park (154.8 km?), Ankarafantsika National Park (1,365 km?), Andranomena
Special Reserve (64.2 km?), Anjanaharibe-Sud Special Reserve (29.7 km?; source), Betampona
Strict Nature Reserve (22.2 km?), lalatsara Private Nature Reserve(10 km? ), Loky—Manambato
Protected Landscape (2,500 km?), Makira Natural Park (3,725 km?),Mantadia National Park (100
km?), Ranomafana National Park (435.5 km?), Tsitongambarika—Ampasy Natural Resource
Reserve (600 km?), and Masoala National Park (2,300 km?). Figure 1.
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Figure 1: Locations of the 12 protected areas in Madagascar where camera-trap surveys were conducted from
2007-2023. Points a single camera location within each protected area. Basemap imagery from OpenStreetMap
2025.
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Figure 2: Spatial context and camera-trap sampling design across three protected areas in Madagascar representing
contrasting levels of habitat degradation. Pink points indicate individual camera-trap stations. Colored points on the
inset map show the locations of the focal protected areas: Ankarafantsika National Park (green), Andasibe—Mantadia
National Park (red), and Masoala National Park (blue). Satellite imagery panels illustrate the surrounding landscape
context and camera-trap arrays within each park, highlighting differences in forest cover, fragmentation, and
anthropogenic modification across sites: Ankarafantsika (top, more fragmented and degraded), Andasibe—Mantadia
(middle; intermediate degradation), and Masoala (bottom;, largely intact forest). All satellite images are shown at the
same spatial scale.

Camera Trap Protocol
We used camera trap data recently compiled from 43 camera trap surveys in 12 different
protected areas across Madagascar conducted between the years of 2007 and 2023, totaling 1306
camera station deployments. A camera trap survey consists of an array of camera stations. A
camera station consists of one or more camera traps placed 20-30cm above the ground on a tree
adjacent to a wildlife or human trail. For any stations where 2 or more cameras were present, all

captures of a given species were collapsed into a single capture event. Stations were spaced
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>250m apart to ensure detection independence. Surveys in Ranomafana National Park from 2007
and 2008 utilized bait (raw chicken) at camera stations; all surveys after 2008 did not utilize bait.
Some areas were surveyed multiple times. For all surveys, any images taken less than 1 minute
apart from each other were grouped together as a sequence and classified as a single independent
detection event (Kays and Waldstein Parsons 2014).

Successful trap nights per camera array ranged from 84 being the lowest to 7072 as the max. The
number of fosa detections for one survey ranges from 0 to 223. The number of camera stations
per survey ranges from 7 to 79, the number of human detections for a single survey ranges from

0 to 8564, and the number of dog detections ranges from 0 to 857 (Wampole et al. 2022).

Covariate Information
We selected covariates to evaluate the relative influence of habitat characteristics and human
disturbance on fosa distribution and abundance. Data were compiled for seven covariates:
Elevation(m), defined as the elevation measured in meters at a specific camera station, and was
derived from the “NASA 30m Digital Elevation Model” dataset (Earth Science Data Systems
2025a), Percent forest cover, defined as the percent of total forest cover of a 250 meter pixel
where the camera station falls within, was derived from “MODIS/Terra Vegetation Continuous
Fields Yearly L3 Global 250m SIN Grid V006 (Earth Science Data Systems 2025b). Human
disturbance covariates included population density at 1km (Earth Science Data Systems 2025c¢)
and human detection rate, defined as the number of human detections at a camera station divided
by the total effort at that station and dog detection rate calculated similarly. Study design
covariates included camera array, representing the specific sampling array, and a categorical lure
variable, indicating whether a station was “baited” or “unbaited.” Because camera arrays were
deployed across multiple years, we matched each covariate to data from the corresponding year
of sampling when available, or from the nearest available subsequent year. All continuous
covariates were scaled and centered prior to analysis. All covariates were collected at the camera

station level.

Generalized Linear Mixed Model
To understand drivers of relative fosa abundance we built a Generalized Linear Mixed Model

using the Ime4 package (Bates et al. 2015) in R (R Core Team 2025). We used deployment level



33

fosa counts as the response variable, and effort (successful trap nights) were used as an offset to
account for variation in sampling effort across deployments. This totaled 1306 camera trap
deployments. We included all covariates described above along with four interaction terms
designed to test specific hypotheses about how forest cover and human disturbance jointly
influence fosa abundance. The dog detection rate x percent forest cover interaction tested
whether greater forest cover reduces the negative influence of dogs. The dog detection rate X
human detection rate interaction evaluated whether these two sources of disturbance have
compounding effects on fosa occurrence. The percent forest cover x human detection rate
interaction assessed whether increased forest cover mitigates the effects of human disturbance,
and the human detection rate x population density (1 km) interaction examined whether the
influence of human activity varies across gradients of local population density. These terms were
included based on previous findings that greater forest cover benefits fosa, dogs have varying
effects on them, and human activity has context-dependent effects. Finally, we included an array
level random effect to account for non-independence among deployments within the same array.
We then performed a dredge using the MUMIn (Barton 2025) package. This function tests all
combinations of covariates and returns an AIC associated with each combination. We chose the
model with the lowest number of covariates with an AIC within delta 2 of the top model. We ran
models with all data as well as models with the 2 baited camera surveys excluded. Results were
similar so we chose to present the expanded dataset. Our final model included fixed effects for
baiting status (lure), elevation, and human population density at 1 km, as well as interaction
terms between dog detection rate and forest cover, dog detection rate and human detection rate,

and human detection rate and forest cover.

Results
We had a total of 65,424 successful trap nights across 43 surveys between 2007 and 2023 across
12 protected areas. Four of 12 protected areas had multiple surveys and the remaining 7 only had
a single survey conducted. Two surveys were conducted in Tsitongambarika-Ampasy Natural
Resource Reserve, six surveys were conducted in Andasibe -Mantadia National Park, 14 surveys
were conducted in Makira Natural Park, and 15 surveys were conducted in Ranomafana National
Park. Successful trap nights per survey ranged from 84 (Loky-Manambato Protected Landscape)

to 7072 (Mantadia National Park). Average forest cover for a protected area ranged from 38.4%
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(Ankarafatsika National Park) to 80.5% (Masoala National Park). Elevation ranged from 15
meters (Andronomena Special Reserve) up to 1654 meters (Ranomafana National Park). The

number of camera stations per survey ranged from 7 (Makira Natural Park) to 79

(Ankarafantsika National Park).

We had a total of 1,577 fosa detections ranging from 0 (Loky-Manambato Protected Landscape)
to 223 (Ankarafantsika National Park) for a single survey. Human detections for a single survey
ranged from O (Anjanaharibe-Sud Special Reserve, Betampona Strict Nature Reserve, Loky-
Manambato Protected Landscape) to 8564 (Ankarafantsika National Park). Dog detections
ranged from 0 (Loky-Manambato Protected Landscape, Ranomafana National

Park, Tsitongambarika-Ampasy Natural Resource Reserve) to 857 (Ankarafantsika National

Park). Fosa were primarily nocturnal, although had some early morning activity (Figure 2).
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Figure 3: Hourly distribution of fosa detections across a 24-hour period. Orange bars represent diurnal hours,
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magenta bars represent sunrise and sunset (crepuscular periods), and blue bars represent nocturnal hours. Data
were collected from 12 protected areas across Madagascar between 2007 and 2023. Numbers above each bar

Significant covariates (estimate + standard error) of the model include unbaited camera
traps (-1.25 = 0.38), 1km population density (-0.43 £ 0.11), human detection rate (0.29 + 0.03),
elevation (-0.30 £ 0.09), and percent forest cover (0.10 & 0.04). Interaction effects (estimate +

standard error) revealed that fosa had high detection rates at sites where humans were present,
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but significantly lower detection in the presence of both high human and dog presence (-0.05 +
0.01; Fig. 3). The effect of dogs was habitat dependent: in highly forested areas, increasing dog
activity reduced fosa detections, whereas in degraded or open habitats, fosa detections increased
with dog activity (-.13 + 03; Fig. 3).Finally, forest cover and human activity interacted
positively—fosa detections rose with increasing forest cover, and this effect was amplified in

areas of high human activity (0.09 + 0.03; Fig. 3). (Table 1.)
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Figure 4: Interaction effects of human activity, dog activity, and forest cover on predicted fosa detections (per 100 trap-nights).

Left: Interaction between human detection rate and dog detection rate. Human detection rate is measured in detections per trap-night; dog detection rate is measured in standard deviations from
the mean.

Middle: Interaction between dog detection rate and percent forest cover. Dog detection rate is measured in standard deviations from the mean.
Right: Interaction between human detection rate and percent forest cover. Percent forest cover is measured in standard deviations from the mean.

Data were collected from 2007-2023 across 12 protected areas in Madagascar.
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Table 1: Fixed and interaction effects from the generalized linear mixed model predicting fosa detections. “Positive”
and “Negative” indicate the direction of statistically significant effects.

Direction
Response Effect Type Term of Effect
Fixed lure (Unbaited) Negative
Fixed Elevation Negative
Fixed Population Density 1 km Negative
Fixed Percent Forest Cover Positive
Fosa Detections Fixed Human Detection Rate Positive
Interaction Dog Detection Rate x Forest Negative
Dog Detection Rate x Human Detection
Interaction Rate Negative
Interaction Human Detection Rate x Forest Positive

Discussion
We conducted the first island-wide study of fosa ecology, combining data from 12 protected
areas across Madagascar. Our dataset spans a gradient of disturbance, from protected areas with
low human presence and large, contiguous forests to highly degraded landscapes with elevated
human and dog activity. Across this gradient, we found that fosa abundance is shaped by
interactions between forest cover and disturbances from humans and dogs. Human population
density emerged as the most influential driver of fosa abundance, having a universal negative
influence. Protected areas such as Masoala National Park and Makira Natural Park likely
represent the highest-quality habitats in our analysis due to their extensive intact forest and lower
levels of human and dog disturbance. Our models highlighted the complex nature of the dog-fosa
relationship showing that in highly forested areas, increasing dog presences corresponds to fewer
fosa detections, whereas in degraded forests, increasing dog detections coincide with increased
fosa detections. Together, these findings underscore that conserving fosa across Madagascar will
require strategies that integrate habitat protection with targeted management of human- and dog-

related disturbance.
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A study conducted in Mantadia National Park investigated plant-based habitat metrics such as
distance to forest edge, shrub height, percent high canopy, and percent open canopy (Wampole et
al. 2024). Building on that work, our results highlight percent forest cover as a particularly
important metric. Forest cover was significant both as a fixed effect and in all interaction terms.
We found that forest cover is generally beneficial for fosa, even when human activity is high.
This confirms the well-established idea that fosa are forest-dependent carnivores, and their
persistence as a species relies on large, contiguous forest patches (Hawkins and Racey 2005).
However, it seems counterintuitive that their abundance is higher in forests with high levels of
human activity. We suspect this is not a direct effect, but shared resource attraction, since both
humans and fosa may focus on areas with high lemur densities, especially in tourist-heavy
protected areas (e.g., Andasibe-Mantadia National Park). Similarly, in large multi-use forests
such as Makira and Masoala, non-tourist forest users travel deep into the forest for resource
collection and hunting, overlapping with fosa foraging zones and prey availability, resulting in
co-occurrence through shared resource attraction. These trends may be further strengthened by
replicated surveys in tourist-heavy areas (six surveys conducted in Andasibe-Mantadia National
Park), and large forest areas used for resource gathering (14 surveys conducted in Makira

National Park).

Domestic dogs have been identified as a significant threat to Malagasy carnivores through
resource competition, disease transmission and direct interference (Farris et al. 2017,
Rasambainarivo et al. 2018; Valenta et al. 2025). Previous single-site studies have shown that
the relationship between dogs and fosa is variable and thus might be context-dependent,
underscoring the need for broader-scale evaluation. In both the southeastern rainforest of
Ranomafana and the northeastern forests of the Masoala—Makira complex, fosa have been shown
to shift their activity patterns in response to dog activity. In Ranomafana, fosa exhibited greater
spatial overlap with dogs, yet were absent from sites with very high dog abundance.(Gerber,
Karpanty and Randrianantenaina 2012b; Farris et al. 2015a, 2017).

In the western deciduous forests of Ankarafantsika National Park, invasive feral and stray dogs
have been shown to limit the population of fosa (Barcala 2009). In our analysis, dog detections
alone did not have a significant direct effect on fosa detections; however, all interactions

involving dogs were significant, indicating that the influence of dogs on fosa is strongly context-
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dependent and emerges only under specific combinations of habitat condition and human
presence. This aligns with results from (Wampole et al. 2024), which showed that exotic
carnivores alone do not necessarily alter the space use of native carnivores; rather, it is their

interaction with environmental context that shapes the relationship.

Fosa are capable of tolerating degraded habitats, with studies showing that fosa have no
preference between degraded and non-degraded forests (Farris et al. 2015b). However, it has
been shown that degraded forests do not support large populations of fosa and protected areas of
at least 555 km? are recommended to maintain viable populations of fosa - minimum 100
individuals (Hawkins and Racey 2005). The interaction between dog detections and forest cover
revealed that the fosa-dog relationship is strongly habitat dependent. In areas of high forest
cover, increasing dog detections corresponded to declines in fosa detections, likely reflecting
competition for resources and spatial or temporal avoidance. This aligns with previous findings
showing that fosa exhibit behavioral plasticity and can shift their activity patterns in response to
anthropogenic pressures (Farris ef al. 2015a; Rivera ef al. 2022). In contrast, in more degraded
landscapes with low forest cover, increases in dog detections actually coincided with increases in
fosa detections. This surprising result is likely influenced by the composition of our dataset,
where many surveyed sites consisted of small, highly degraded, or fragmented forest patches.
For example, Andasibe includes areas with frequent human traffic, regular dog presence,
selective logging, close proximity to homes and farmland, and forest fragments separated by
roads. In contrast, protected areas such as Masoala contain large, contiguous tracts of forest with
relatively limited disturbance. Our dataset contained far more sites resembling Andasibe than
sites resembling Masoala. Dogs also tend to reach higher occupancy in degraded habitats (Farris
et al. 2017), where they can function as primary predators. In small or degraded protected areas,
fosa are likely forced into areas of limited space and resources which may intensify competition
and lead to greater spatial overlap rather than avoidance-a pattern consistent with studies
investigating the effects of habitat fragmentation, degradation, and human encroachment on
native Malagasy carnivores (Farris et al. 2016). As Madagascar continues to lose its forest at an
alarming rate (Vieilledent et al. 2018), these fragmented, degraded landscapes are rapidly
becoming the norm rather than the exception. Although the dog x forest interaction was

statistically significant, the effect was estimated with wide confidence intervals, leaving the
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magnitude of the interaction uncertain. This pattern warrants further investigation to clarify the

processes driving the association and to strengthen our understanding of these effects.

While forest cover modified the effects of dogs on fosa, the statistical interactions between dogs
and people amplify the problems for fosa. The combined effects of humans and dogs showed that
fosa can tolerate either pressure independently, but when both are present together, fosa
abundance declines sharply. This likely reflects variation in protected area management. Some
protected areas such as Makira Natural Park (3,725 km?) have limited enforcement on human
and dog entry, increasing the likelihood of human—dog co-occurrence within forests. In contrast,
heavily regulated sites such as Andasibe-Mantadia National Park and Ranomafana National Park
restrict both non-tourist access and dog movement, subsequently reducing overall pressure on
fosa. However, data and local reports indicate that both humans and dogs do enter these areas.
Malagasy people often have close bonds with their dogs, and dogs commonly accompany them
into protected areas. One study found that 41.2% (N =211) of dog owners in Ranomafana
National Park reported witnessing their dog kill wildlife; a subsequent survey recorded 57% (N =
206) reporting wildlife kills there, and 58% (N = 329) of dog owners in Andasibe-Mantadia
reported the same (Valenta et al. 2025). These surveys highlight that even in highly regulated

protected areas, pressures from both humans and dogs remain substantial.

Finally, increasing human population density had the largest overall effect on fosa detections
indicating that high human population density is significantly detrimental to the abundance of the
species. Population density is typically also associated with land modification and forest loss,
suggesting that beyond a certain threshold, habitat degradation overwhelms fosa tolerance.
Elevation also had a negative effect on detections, consistent with previous reports that fosa
densities decline at higher elevations (Goodman 2022). The negative effect of unbaited stations
is expected, as bait is designed to attract target species, but this result is likely biased by survey

design because only the first two surveys used baited stations, resulting in uneven representation.

Recommendations for Conservation
Our findings show that both humans and dogs, particularly their combined effects, exert

substantial pressure on fosa populations. While the relationship between fosa and dogs remains
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complex, existing studies have shown that the presence of dogs introduces multiple negative
impacts on native wildlife. Our study adds to existing literature highlighting the widespread and
significant pressure imposed by feral and free-roaming dogs. The interaction effects we identify
here provide a clearer framework for prioritizing and structuring targeted conservation actions.
Furthermore, unlike previous studies, our dataset reflects patterns across the island, allowing for
broader inference and management relevance. In light of this, we recommend reinforced
management of dog activity within protected areas. Programs such as The Mad Dog Initiative
(The Mad Dog Initiative) which work to control dog and cat populations through spay-neuter and
vaccination campaigns have been well received and have positively influenced the management
of feral and free-ranging dogs, yet additional efforts are needed to mitigate the wide-ranging
impacts of dogs on all native wildlife species. Regulation of dog movement and activity inside
protected areas would also help reduce direct and indirect pressures on fosa. Even in parks where
regulations technically prohibit dogs, reports and field observations (Valenta et al. 2025) indicate
that dogs continue to accompany people within these zones, creating a persistent disturbance.
Local NGOs such as The Mad Dog Initiative could collaborate with local and national
governments to create structured, targeted plans of actions to aid in reduction of dog activity
within protected areas. Strengthening enforcement, improving monitoring of human entry points,
and expanding community-based dog management programs will be critical steps toward

reducing these impacts.

Our results show that fosa detections increase alongside human detections but decline sharply
when both humans and dogs are present. These trends may arise for several reasons:

First, tourists and guides seek wildlife-rich areas, overlapping with fosa foraging zones. Second,
non-tourists, including local residents, enter forests for resource gathering and hunting, leading
to spatial overlap with fosa. Finally, when non-tourists are accompanied by dogs, fosa may

experience harassment or direct hunting pressure, driving avoidance or local displacement.

To address the first scenario, tourism remains vital for both local and national economies.
Therefore, rather than restricting ecotourism, we recommend better management of visitor
activities—for instance, concentrating tours outside of peak fosa activity times. Although fosa

are nocturnal, they tend to be most active around dawn and dusk; limiting forest visitation during
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these hours could reduce disturbance with fosa and other native wildlife. Furthermore, our results
suggest that while human presence alone may not be detrimental, dogs should not accompany
people into the forest, or at minimum should be restricted during times when fosa activity is

highest.

Mitigating the impacts of scenarios two and three requires a holistic, targeted, robust, and wide-
ranging approach that simultaneously addresses wildlife conservation and human livelihoods.
Monitoring and regulating access to protected areas is important, but equally crucial is ensuring
that communities dependent on forest resources have alternative means of meeting subsistence

needs without relying on extraction from natural forests.

Finally, our findings and those of previous studies emphasize that forest cover is essential for
fosa—>both as core habitat and as a buffer against anthropogenic pressures. We recommend
expanding the size of protected areas where possible and increasing available habitat through
reforestation projects such as those led by the non-profit EcoVision organization operating near
Andasibe-Mantadia protected area. This project focuses on restoring native tree species removed
through agriculture and slash-and-burn practices and has prioritized establishing a forest corridor
to reconnect the region with Andasibe-Mantadia National Park, providing an avenue for wildlife
travel. EcoVision’s reforestation program demonstrates how restoration initiatives that
incorporate local leadership, native species plantings, and community benefits can promote
forest recovery while aligning with long-term conservation goals for fosa and other forest-
dependent wildlife. Because the fosa serves as an umbrella species for Madagascar’s ecosystems,
expanding and reconnecting forest habitat will yield multi-species benefits, supporting other
forest-dwelling taxa such as lemurs, tenrecs, and birds. Reforestation projects prioritizing fosa
should focus on establishing forest corridors, as fosa are known to use these pathways to traverse

degraded landscapes.
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