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Portugal 
b BIOPOLIS Program in Genomics, Biodiversity and Land Planning, CIBIO, Campus de Vairão, 4485-661 Vairão, Portugal 
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A B S T R A C T   

Habitat loss and fragmentation are widely acknowledged to affect species diversity. However, the pathways 
through which their effects are propagated through foodwebs, ultimately driving species diversity, are less well 
understood. We investigated to what extent the effects of habitat loss and fragmentation on small mammals in 
Central Amazonia are mediated by higher trophic levels, specifically mammal mesopredators and apex predators. 
We surveyed these three mammal groups across 25 islands surrounded by a landscape-scale gradient of forest 
cover within the Balbina Hydroelectric Reservoir, in addition to three adjacent continuous forest sites. We then 
applied Structural Equation Modelling based on apex-predator incidence and either the abundance or biomass of 
mesopredators and small mammals. Apex-predator incidence was positively affected by landscape forest cover, 
as well as mesopredators abundance and biomass. Small mammal abundance, but not biomass, was negatively 
affected by forest cover. Contrary to expectations, the negative effect of forest cover on small mammal abun
dance was not mediated by a decrease in mesopredator abundance nor incidence of apex-predators. Instead, 
small mammal increase is apparently favoured by the proliferation of the few persisting smaller-bodied species 
which can take advantage of augmented resources related to habitat degradation. The further increment in small 
mammal abundance in the absence or lower abundance of predators might be prevented by the resource 
availability characterising these evergreen forests. Mammal assemblages seem to be primarily regulated by 
bottom-up forces. While this suggests a delayed extinction debt in Amazonian forest islands, remaining biodi
versity might be poorly resilient to additional habitat disturbances.   

1. Introduction 

Habitat loss and fragmentation typically involve a decrease in 
habitat size, increase in isolation (MacArthur and Wilson, 1967) and 
changes in habitat structure such as those promoted by edge effects 
(Louthan et al., 2015). Likewise, the amount of habitat available in the 
local landscape surrounding habitat patches also decreases (Fahrig, 
2013). Although these twin processes are widely acknowledged to affect 
species diversity (Sala et al., 2000; Haddad et al., 2015), the mechanisms 
through which their effects are propagated on local foodwebs, ulti
mately influencing how species diversity is stabilized, are less well 

understood (Hagen et al., 2012). 
Species interactions within fragmented forest landscapes tend to be 

particularly affected by the altered abundance and diversity of predators 
(Kruess and Tscharntke, 1994). Due to their low population densities 
and large spatial requirements (Carbone and Gittleman, 2002), apex 
predators are highly sensitive and often driven to local extinction as 
patch area decreases (Terborgh et al., 2001). The absence of apex 
predators likely moderates top-down forces (Estes, 1996), possibly 
releasing lower trophic levels, such as mesopredators, into higher 
abundances (Crooks and Soulé, 1999). As key features of habitat struc
ture further deteriorate in patches embedded within highly fragmented 
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landscapes (Rocha-Santos et al., 2016), even mesopredators might un
dergo local extinction (Benchimol and Peres, 2015a). This would 
eventually culminate in a top-down trophic cascade, in which lower 
levels of the foodweb, such as small-bodied mammals, would then be 
released (Adler and Levins, 1994; Terborgh et al., 2006; Moore et al., 
2022). Disentangling the contribution of habitat fragmentation from 
top-down forces can elucidate how efficient measures can be designed to 
maximise biodiversity persistence in such landscapes (Dyer and 
Letourneau, 2003; Hanna and Cardillo, 2014). 

Biodiversity loss and community shifts are known to be particularly 
acute in insular fragmented landscapes created by the construction of 
hydroelectric dams, due to the elevated hostility of the open-water 
matrix for most terrestrial species (Jones et al., 2016). Notwith
standing, the ever-expanding hydroelectric sector remains a develop
ment priority in lowland tropical countries due to escalating renewable 
energy demands. This is disquieting not least because of the flat 
topography of many tropical forest regions and the large numbers of 
species therein. Forest islands created in the aftermath of damming 
further comprise a natural laboratory to understand mechanisms 
maintaining biodiversity in fragmented landscapes given their equally 
uniform matrix and convergent histories of anthropogenic disturbance 
(Diamond, 2001). One of the most iconic of these landscapes is the 
Balbina Hydroelectric Reservoir, located in central Brazilian Amazonia 
(Fearnside, 1989), which contains 3526 forest islands emerging across 
>400,000 ha of shallow water (Jones et al., 2021). Yet, the Guri Lake in 
Venezuela is among a well-studied hydroelectric reservoir in tropical 
forests (Jones et al., 2016). Local predator extinction on Guri islands 
promoted the hyper-abundance of herbivores, culminating in the 

‘ecosystem meltdown’, characterised by rapid collapse of baseline 
ecosystem functioning (Terborgh et al., 2001, 2006). In addition, Gibson 
et al. (2013) recorded accelerated local species extinctions in the 
aftermath of habitat fragmentation in small mammal assemblages in the 
Chiew Larn Hydroelectric Reservoir, Thailand. These once diverse as
semblages were reduced to only one hyperdominant rat species 33-years 
after damming (Moore et al., 2022). 

In this study, we aim to disentangle the relative contribution of 
habitat fragmentation from top-down forces regulating assemblages of 
non-volant small mammals (rodents and marsupials) in the vast Balbina 
landscape. For this purpose, we investigated to what extent the effects of 
habitat fragmentation on the abundance and biomass of small non-flying 
mammals are mediated by higher trophic levels, namely mammal 
mesopredators (i.e., species that prey on small mammals) and apex 
predators (i.e., species that exert ‘landscapes of fear’ or prey on meso
predators and small mammals; Gallagher et al., 2017). We surveyed 
mammals across 25 variable-sized islands surrounded by varying 
amounts of forest cover, in addition to three adjacent continuous forest 
sites. Given that the remaining species diversity in fragmented land
scapes could be explained by either the Island Biogeography Theory or 
the Habitat Amount Hypothesis (e.g., Bueno and Peres, 2019), we 
initially considered both of these scenarios. We then identified the sce
nario that best explains each of these mammal groups. Overall, we ex
pected that small mammal abundance and biomass would be driven by 
both negative fragmentation effects and positive inter-trophic effects 
given an eventual process of predator release (Fig. 1). Along the gradient 
of fragmentation (i.e., smaller and more isolated habitat patches, or 
lower overall habitat amount), we expect apex-predators to undergo 

Fig. 1. Representation of the different pathways considered to explain small mammal abundance and biomass in the archipelagic Balbina landscape. These include 
the effects of habitat fragmentation on each mammal groups –– apex-predators, mesopredators and small mammals (denoted by the blue arrows) –– and the inter- 
trophic effects of fragmentation as mediated by the inter-trophic relationships (orange arrows). Solid and dashed lines denote the expected positive and negative 
relationships, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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local extinctions, resulting in an increase in the abundance and biomass 
of mesopredators. As a result, we expect mesopredators to decline in 
abundance or undergo local extinction in highly fragmented landscapes, 
thereby allowing small mammal abundance and biomass to increase. 

2. Methods 

2.1. Study area 

The archipelagic Balbina landscape (centroid coordinates: 1◦41′33″S, 
59◦38′57″W; Fig. 2a) was created in 1986, following the completion of a 
major dam on the Uatumã River, a left-bank tributary of the Amazon 
River. Within the 443,772-ha hydroelectric reservoir, a pristine forest 
area of 312,900 ha was flooded, and 3546 forest islands were created 
(Jones et al., 2021). Most islands consist of dense closed-canopy terra- 
firme forest (Fig. 2b). The mean annual temperature and rainfall in this 
region is 28 ◦C and 2376 mm, respectively (IBAMA, 1997). Surveys were 
carried out on 25 islands and three mainland continuous forest (CF) 
sites. Islands surveyed varied widely in size (0.55 to 1459 ha, mean ±
SD: 197 ± 348 ha), and isolation distance to the nearest mainland CF 
site (10 to 11,885 m; 4042 ± 3260 m; Table S1). Landscape forest cover 
ranged between 9.2 and 100 % (72.7 ± 30.4 %) when considering 200- 
m buffers centred onto the centroid of each sampled island; between 3.0 
and 97.6 % (50.6 ± 28.6 %) when buffer sizes were 800-m radii; be
tween 3.4 and 100 % (54.5 ± 29.9 %) when buffer sizes were 900-m 
radii; and between 4.4 and 100 % (53.0 ± 28.9 %) when buffer sizes 
were 1000-m radii. 

2.2. Mammal surveys 

Mammals were sampled twice at each forest site (Fig. 2c) over two 
consecutive field seasons. From April to November 2014 and April to 
November 2015, small mammals were sampled along two continuous 
periods of 16 consecutive nights, using trapping transects. Each transect 
consisted of a set of nine live trap stations (hereafter, LTs), followed by 
an array of three pitfall-trap units. Each LT station was placed 20 m apart 
from each other and included two Sherman traps (23 × 9 × 8 cm, H. B. 
Sherman Traps, Inc., Tallahassee, Florida) and one wire mesh trap (30 ×

17.5 × 15 cm, Metal Miranda, Curitiba, Paraná). At each LT station, one 
trap was set on the ground, one in the understorey (~1.5 m high) and 
one in the (sub)canopy (>10 m high). Traps of different types were 
placed alternatively on the ground and in the understorey across 
consecutive stations, but only Sherman traps were placed in the canopy 
due to logistical limitations. At the forest canopy stratum, small mam
mals were sampled using an adaptation of the method described by 
Lambert et al. (2005). LTs were baited with a mix of bananas, peanut 
powder, sardines, and oak flocks. Pitfall-traps (100L) were also spaced 
apart by 20-m intervals and connected by a 50-cm high plastic fence that 
was buried 10 cm underground and included 10 m of overhanging fence 
farther extended beyond the two external pitfalls. Due to spatial re
strictions on small islands, alternative smaller trapping plots were 
established therein. Thus, all islands smaller than 2 ha and those be
tween 2 and 10 ha were sampled by trapping plots containing only three 
LT stations followed by an array of one pitfall, and six LT stations fol
lowed by an array of two pitfalls, respectively. All traps were inspected 
daily and whenever live captures could not be identified in the field 
during the first trapping season, a maximum of five voucher specimens 
per species per survey site were collected for further identification, and 
subsequently deposited at the Mammal Collection of the Instituto 
Nacional de Pesquisas da Amazônia (INPA), in Manaus, Brazil. All other 
individuals recorded were weighted and tagged (Fish and Small Animal 
Tag, size 1; National Band and Tag Co., Newport, Kentucky), so that any 
subsequent recaptures could be distinguished. Additionally, tissue 
samples were collected from all individuals recorded and deposited at 
the INPA Mammal Collection. However, we were not always able to 
identify at the species-level records of sympatric congeners of Pro
echimys spp. (P. cuvieri and P. guyanensis) and Oecomys spp. 1 (O. roberti 
and O. bicolor). Because these congeners are ecologically very similar 
(Jones et al., 2009), we refer to those taxa as “ecospecies.” To stream
line, we use hereafter “species” to refer to both species and ecospecies. 

In this study, we considered the relatively large Didelphis marsupialis 
(>1.2 kg) as a mesopredator rather than a ‘small mammal’, as it is 
known to predate on other small mammal species (Jones et al., 2009). 
Accordingly, camera-trapping was used to detect D. marsupialis, which is 
more effective than live- or pitfall-trapping for this species (Palmeirim 
et al., 2019), similarly to other mesopredators of similar or larger body 

Fig. 2. (a) Surveyed sites within the Balbina Hydroelectric Reservoir of Central Brazilian Amazonia: 25 islands (in red and highlighted by a 1000-m buffer contour 
line) and three continuous forest sites (CF1, CF2 and CF3; indicated by red rectangles). (b) Aerial photograph of the Balbina landscape (photo credit: R. di Ponzio). (c) 
Illustration of the sampling methods and sampling effort at a small island on which predators and small mammals were surveyed using two camera-traps (red 
rectangles) and live- and pitfall-trapping along linear transects (white dashed rectangle), respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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size. We additionally excluded from subsequent analyses two Echimyi
dae—Makalata didelphoides and Echimys chrysurus—that were recorded 
only once during the study. Both species feed on seeds and foliage, in 
addition to some fruit (Patton et al., 2000), and consequently are rarely 
attracted to the bait used here. 

Data on apex predator and mesopredator species were extracted 
from camera-trapping surveys on the entire medium- to large-bodied 
vertebrate fauna (Benchimol and Peres, 2015a). To do so, Reconyx 
HC500 Hyperfire digital camera traps were used over a 30-day period 
during each of two consecutive years between June 2011 and December 
2012. The number of camera traps deployed per site varied according to 
island area, so that two to ten camera traps were deployed on each is
land, and 15 camera traps at each CF site (for details on sampling effort 
per site, Table S1). Camera traps were unbaited, spaced by at least 500 m 
(except on small islands), and placed 30–40 cm above ground. We 
configured all camera traps to obtain a rapid sequence of five images (<
1 s apart) of each animal, using 15-sec intervals between records. 
However, we only considered records of the same species as indepen
dent if intervals between photographs exceeded 30 min, or if different 
individuals could be recognized based on natural marks (see details in 
Benchimol and Peres, 2015a). 

As apex-predators, we considered two felid hypercarnivores, Puma 
concolor and Panthera onca. As mesopredators, we considered the three 
felid species Leopardus pardalis, Leopardus wiedii and Puma yaguaroundi, 
the mustelid Eira barbara, the Procyonid Nasua nasua, and the large 
Didelphid D. marsupialis. As a proxy of apex-predator and mesopredator 
abundance per site, we considered the sum of independent records from 
those species obtained across all camera traps at that site divided by the 
sampling effort per site. We used the number of individuals per 100 trap- 
nights and the number of independent camera-trap records per 10 trap- 
nights for small mammals and predators, respectively. We summarise 
each species diet and body mass information, as well as our classification 
of trophic group in Table S2. We also assume that a 3-year gap between 
small- and large-bodied mammal surveys (between 24 and 27 years of 
island creation) would not significantly affect our results, as there were 
no severe local disturbances, including timber extraction and hunting, in 
the sampled sites between sampling occasions, which could have 
affected some populations. 

2.3. Data analysis 

2.3.1. Patch and landscape metrics 
For each surveyed forest site, we calculated island area, the Euclidian 

distance from the nearest mainland continuous forest of each surveyed 
island (dist), and the Proximity Index (prox), following McGarigal et al. 
(2012), which considers both the area and isolation of each land mass 
within that buffer. Because previous studies used a 500-m radial buffer 
to predict both small (Palmeirim et al., 2018) and mid-sized to large 
mammal richness (Benchimol and Peres, 2015a) on the same islands, the 
prox metric considered this radius threshold in the preliminary analysis. 
Additionally, we obtained the proportion of forest cover within buffers 
centered onto the centroid of each sampled island, a metric related to the 
habitat amount that has been widely used in studies assessing frag
mentation effects on biodiversity (see Fahrig, 2013). For this, multiple 
buffers should be considered to further evaluate the ‘scale of effect’, i.e., 
or identify the spatial scale that best fits the evaluated pattern. We 
considered buffer sizes ranging from 100 m to 1500 m radii. These 
metrics were obtained using a high-resolution RapidEye© satellite im
agery in the ArcMap software (ESRI, 2018) (see Benchimol and Peres, 
2015a for further details on imagery processing, and patch and land
scape metrics). Because some of these metrics could not be obtained for 
the three continuous forest sites, we assigned these sites with values 
resembling “real-world” values. Thus, we assumed area to be equal to 
one order of magnitude (10-fold) larger than our largest island (i.e., 
14,597 ha for Is25) (Palmeirim et al., 2022), prox to have the same value 
as the island with the highest prox value (i.e., 642932 for Is18). To 

streamline, hereafter we use forest area to refer to the area of both island 
and CF sites. 

2.3.2. Mammal metrics 
Species abundance was given by the sum of the standardized abun

dance for all species of each group. Although small mammal surveys 
allowed us to identify each individual recorded, camera-trapping could 
not ensure distinction between individuals (except for those that could 
be distinguished based on natural marks). Yet, variation in abundance is 
expected to induce variation in detection probability (Royle and Nich
ols, 2003). In particular, we would expect smaller-bodied predators, 
specially at smaller forest sites, to pass more often in front of cameras, 
thereby being recorded more often. However, we (1) found the opposite 
trend: lower number of mesopredators records at smaller forest sites 
(Benchimol and Peres, 2015b), and (2) estimates of species occupancy 
were indeed very similar to the observed species occupancy for most 
predator species (Benchimol and Peres, 2015b). As such, while for small 
mammals we could use the number of individuals recorded as their 
abundance, for apex- and mesopredators, following Benchimol and 
Peres (2021), we used the number of independent camera-trapping re
cords divided by the sampling effort per site as a proxy of species 
abundance. We however removed from any subsequent analyses an 
outlier characterised by a disproportionate abundance of Didelphis 
marsupialis (Fig. 2), likely corresponding to few animals at close prox
imity to a nest. Species biomass was obtained by multiplying the species- 
specific standardized abundance by their body mass at each site. Small 
mammal body mass was measured in situ, whereas body mass data for 
meso- and apex predators were extracted from Paglia et al. (2012). We 
scrutinized the distribution of each response variable, including the 
abundance and biomass of both small mammals and mesopredators. To 
do so, we analysed the histograms of each variable, in addition to the 
function descdist from the ‘fitdistplus’ R package (Delignette-Muller and 
Dutang, 2015). To achieve normality, we log10-transformed species 
abundance and biomass of small mammals. 

2.3.3. Patch and landscape metrics selection 
We first performed a ‘scale of effect’ analysis to select the ‘best’ cover 

buffer size to fit the abundance and biomass of small mammals and 
mesopredators (Jackson and Fahrig, 2015). This was done by plotting 
the Akaike Information Criteria corrected for small sample size (AICc) 
using Linear Models (LMs) (Burnham and Anderson, 2002). Due to the 
data distribution of apex-predator abundance and biomass, charac
terised by 43 % of zeros, we alternatively considered incidence (pres
ence/absence) data for this mammal group to adjust the data 
distribution within the Generalised Linear Models (GLMs) framework, 
The corresponding GLM was therefore fitted with a binomial distribu
tion. We performed models for each mammal metric considering one 
buffer size at a time (i.e., 100, 150, 200, 250, 300, 350, 400, 450, 500, 
550, 600, 650, 700, 750, 800, 850, 900, 950, 1000, 1250 and 1500 m- 
radii). The ‘best’ buffer sizes of cover for small mammal abundance and 
biomass were either 150 m or 200 m (Fig. S1a and c), with the latter 
being selected for subsequent analyses as it allowed for more variation in 
the range of the cover. The ‘best’ cover buffer sizes for mesopredator 
abundance and biomass were 1000 m (Fig. S1b) and 900 m (Fig. S1d), 
respectively, while that of apex-predator incidence was 800 m 
(Fig. S1e). 

Then, to select the best combination of predictors fitting our response 
variables, i.e., abundance and biomass of both small mammals and 
mesopredators, in addition to incidence of predators, we compared the 
AIC corrected for small sample sizes (AICc; Burnham and Anderson, 
2002) for models including: (1) area (log10 x) and dist, (2) area (log10 x) 
and prox (log10 x), and (3) cover at its ‘best’ scale of effect. While dist is 
mostly related to the Island Biogeography Theory (MacArthur and 
Wilson, 1967), we also considered prox as a metric of island isolation as 
that accounts for islands near the sampling site, from which also im
migrants could be potentially sourced (McGarigal et al., 2012). Because 
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area and prox were highly correlated considering all 28 sampling sites, 
we repeated all models considering only islands, for which these two 
variables were no longer highly correlated as evidenced by the Pearson 
correlation test (r < 0.70). For this reason, models including area and 
prox were not considered when all 28 sites were included. As result, the 
model including only cover best fitted both small mammal metrics, 
whereas no model provided a better fit for both mesopredator metrics 
and apex-predator incidence (Table S3). We therefore retained cover in 
all subsequent analysis. Island area and landscape forest cover were 
positively correlated, with r = 0.68 for 200-m buffers, r = 0.76 for 800-m 
buffers, r = 0.75 for 900-m buffers, and r = 0.74 for 1000-m buffers. 

2.3.4. Structural equation modelling (SEM) 
We used piecewise SEM in which the path diagram is translated into 

a set of linear equations, which are evaluated individually, ensuring 
analyses can be carried out for smaller sample sizes (Lefcheck, 2016). 
We therefore framed a SEM model including (1) habitat fragmentation 
effects on apex-predators, (2) apex-predator and habitat fragmentation 
effects on mesopredators; and (3) mesopredator, apex-predator and 
habitat fragmentation effects on small mammals. We further inferred on 
the indirect effect of habitat fragmentation via mesopredators by 
multiplying the standardized coefficients of the effect of forest cover on 
both mesopredators and small mammals (Lefcheck, 2016). We ran our 
SEM model considering first standardized species abundance, and then 
standardized biomass. Given that neither standardized species abun
dance nor biomass were discrete variables but were normally distrib
uted, we applied LMs. As an exception, we applied a GLM regarding 

apex-predator incidence which was fitted with a binomial distribution. 
SEMs were carried out using the ‘piecewiseSEM’ R package (Lefcheck 
et al., 2016). The set of potential relationships among unconnected 
variables in the path diagram (i.e., conditional independence claims) 
comprise the basis set of each SEM. We examined the assumptions of 
each SEM, i.e., all important relationships are included in the basis set, 
by calculating their goodness-of-fit using the Shipley’s test of directed 
separation on whether there were any missing relationships among 
unconnected variables (Shipley, 2000). Shipley’s test was conducted by 
combining all P-values across the basis set into a test statistic, Fisher’s C, 
which was <0.05 in both instances. All data analyses were performed in 
R (R Development Core Team, 2021). 

3. Results 

Overall, larger forest sites retained or accumulated higher numbers 
of mammal species (Fig. 3). At least one of the two apex predator species 
was present on 12 islands, including two islands smaller than 1.5 ha. 
Ocelot L. pardalis and common opossum D. marsupialis were the two 
most widely distributed mesopredators, while the remaining meso
predators only occurred at forest sites >71 ha. The rodent Hylaeamys 
megacephalus (n = 18 sites) and the marsupial Philander opossum (n = 18) 
were the two most ubiquitous small mammal species and occurred 
across the entire range of forest area, while seven species were restricted 
to only the largest islands (>193 ha) and continuous forest sites. How
ever, as island size decreased, some of the persisting species showed 
increased abundance (e.g., Marmosa murina, Oecomys sp.1, P. opossum 

Fig. 3. Species-specific standardized abundance of mammal apex-predators (blue), mesopredators (green) and small non-volant mammals (orange) across the 25 
islands and three mainland continuous forest sites surveyed in this study. Sites are ordered left to right from the smallest to the largest. Species are ordered from the 
least to the most ubiquitous (i.e., widely distributed). Standardized species abundances of apex- and mesopredators correspond to the number of camera-trap records 
per 10 camera trap-days, and those of small mammals to the number of individual captures per 100 trap-days. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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and H. megacephalus) (Fig. 3). 
At the landscape-scale, the abundance of small mammals decreased 

with forest cover, while that of mesopredators increased, as well as the 
presence of apex-predators (Fig. 4). In the context of the framed SEM 
model, the presence of apex-predators was positively affected by forest 
cover (std. estimate = 0.50). Mesopredators abundance was also posi
tively affected by forest cover (std. estimate = 0.62) but remained un
affected by the presence of apex-predators (Fig. 5). Small mammal 
abundance was negatively affected by forest cover (std. estimate =
− 0.52) and the effect of mesopredators was positive but relatively weak 
(std. estimate = 0.36). The indirect effect of forest cover as mediated by 
mesopredators on small mammals was also relatively weak (std. estimate 
= 0.22). Also in this context, the presence of apex-predators did not 
affect small mammal abundance (std. estimate = − 0.078). The same can 
be stated for any direct effects of mesopredators (std. estimate = 0.33) 
(Table S4; Fig. 5). Results were similar considering species biomass for 
mesopredators and small mammals (Table S4), apart from small 
mammal biomass which was unaffected by forest cover (Fig. S2). 

4. Discussion 

Local extinctions of apex predators are widely reported to inflate 
populations at lower trophic levels (Estes et al., 2011; Terborgh, 2015). 
Such top-down forces are considered by many as prevalent in modu
lating species diversity in natural ecosystems (Terborgh and Estes, 2013; 
Prugh et al., 2009), including insular tropical forest fragments (Terborgh 
et al., 2001). In the central Amazonian Balbina insular landscape, we 
observed that as landscape-scale forest cover decreased, the abundance 
of mesopredators decreased, while that of small mammals increased. 
However, any augmented small mammal populations resulted directly 
from negative forest cover effects, rather than indirectly via any tropic 
cascade such as mesopredator release. 

Island area plays a primary role in modulating most vertebrate as
semblages persisting in the Balbina insular landscape (Palmeirim et al., 
2022), which is consistent with insular fragmented landscapes else
where (Jones et al., 2016). Typically, important limiting factors for 
species population sizes and colonization rates are the habitat area and 
degree of isolation (MacArthur and Wilson, 1967), or the amount of 
habitat cover (Fahrig, 2003). These factors increase the incidence of 
apex-predators as well as the number of mesopredator species at sites 
with higher forest cover (Benchimol and Peres, 2015a). Consequently, 
more mesopredators species translates into higher mesopredator abun
dance and biomass. A positive abundance-area relationship has been 
similarly observed for the remaining mid-sized to large vertebrate spe
cies occurring in Balbina (Benchimol and Peres, 2021). It is also possible 

that any joint effects of insularity and isolation may impose additional 
“fence effects”, limiting dispersal and somehow also contributing to 
higher abundances (and biomass) at more isolated islands (Adler et al., 
1986). Contrary to our expectations, however, mesopredator abundance 
was not negatively affected by apex predator incidence. This agrees with 
Pires et al. (2022), showing that terrestrial mammal predator-prey 
interaction networks across several Balbina islands are less prone to 
occur due to the low abundance of mammal species. Top-down regula
tion in this fraction of the foodweb may thus be relaxed, particularly on 
small islands. 

The abundance and biomass of small mammal assemblages were 

Fig. 4. Relationship between forest cover (%) and (a) small mammal abundance (log10 x), (b) mesopredator abundance and (c) apex-predator incidence. Meso
predator abundances have been standardized as the number of camera-trap records per 10 camera trap-days; small mammal abundances were standardized as the 
number of individuals per 100 trap-days. For each group, forest cover was analysed considering its ‘best’ scale of effect, which was represented by 200 m, 1000 m, 
and 800 m radial buffers for small mammals, mesopredators and apex-predators, respectively. Lines represent the model adjusted for each relationship (P < 0.05), 
and shaded areas indicate the 95 % confidence region. 

Fig. 5. SEMs denoting the effects of forest cover on apex-predator incidence, 
mesopredators abundance and small mammal abundance (blue arrows), and 
the inter-trophic relationships between each trophic group (orange arrows). For 
each relationship, we indicate the standardized coefficients (with asterisks 
indicating significant relationships: P < 0.05), and the coefficient of determi
nation (R2) for each response variable. Positive and negative pathways are 
represented by continuous and dashed lines, respectively, in which line thick
ness is scaled to illustrate the relative strength of the effects. Each trophic group 
and forest cover is represented by the same icon as in Fig. 1. This model met the 
piecewise SEM assumptions (Fisher’s C = 3.847 with P = 0.986 and on 12 de
grees of freedom). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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better explained by the overall habitat amount (cf. Fahrig, 2003). Forest 
cover further had a negative effect on small mammal abundance, which 
was not observed considering species biomass. The reduced subset of 
small mammal species persisting at the Balbina archipelago is comprised 
of matrix-tolerant species that can traverse the aquatic matrix (Pal
meirim et al., 2018), and are, somewhat surprisingly, comparatively 
smaller bodied (Palmeirim et al., 2021a). This contributes to explaining 
the increase in small mammal numerical abundance, but not the 
aggregate biomass. 

Small mammals have also been reported to increase in population 
abundance in other fragmented tropical forest landscapes (Glanz, 1990), 
including those in Amazonia (Malcolm, 1991; Palmeirim et al., 2020) 
and analogous insular fragments (Moore et al., 2022). In other cases, 
species abundances remained stable (Santos-Filho et al., 2012), with 
different species showing opposing trends (Pardini, 2004). At Balbina, 
while species-specific small mammal abundance was highly variable, 
sites surrounded by less extensive forest cover were consistently char
acterised by higher small mammal abundance (see Fig. 4a). Yet, our SEM 
approach showed that such increase in abundance was not due to in
direct fragmentation effects through mesopredator release. This is con
trary to our initial expectations given the overall importance of top- 
down mechanisms regulating species diversity (e.g., da Fonseca and 
Robinson, 1990; Colman et al., 2014). For instance, defaunation of 
medium to large mammals was linked to an increase in small mammal 
species diversity in a biome-wide analysis across the Brazilian Atlantic 
Forest (Bovendorp et al., 2019). The observed increase in abundance in 
this study was instead apparently directly driven by a decrease in 
landscape-scale forest cover. Generally, smaller forest islands, or land
scapes with lower forest cover, are characterised by greater habitat 
degradation, likely mediated by intense edge effects (Benchimol and 
Peres, 2015c). It is therefore possible that small mammals are alterna
tively taking advantage of enlarged trophic and structural resource 
availability in less forested landscapes, which are also characterised by a 
higher degree of habitat degradation. Elsewhere in the Amazon, several 
small mammal species have been observed to respond positively to 
disturbed and edge-dominated habitats (Malcolm, 1991; Lambert et al., 
2006). Moreover, small mammals that have somehow persisted at 
species-poor sites may undergo some level of density compensation, 
thereby further boosting their local abundance. 

Notwithstanding, augmented small mammal populations in the 
absence or lower abundance of mesopredators could be limited by local 
carrying capacity. This may be related to the overall low forest habitat 
productivity in Balbina. Most small mammals in this study are largely 
herbivores, and primarily consume fruits, invertebrates, seeds, and small 
vertebrates, in this order of importance (Jones et al., 2009). Fruit 
availability at our Balbina sites, where the forest matrix is restricted to 
non-flooded terra firme forest, is almost certainly very seasonal, and thus 
unlikely to sustain large populations of small mammals, thereby pre
cluding them from increasing in abundance (or biomass) even in the 
absence of their predators. Indeed, seasonality in mature fruit and seed 
production in this forest type has been reported elsewhere in Amazonian 
sites (Haugaasen and Peres, 2005), limiting vertebrate frugivore/gra
nivore abundance therein (Haugaasen and Peres, 2007). Such bottom-up 
environmental limitations can also explain why the nest density of leaf- 
cutting ants failed to increase on small predator-free forest islands 
(Palmeirim et al., 2021b). Moreover, top-down control has been shown 
to be at best weak for mammal predator-prey interactions (Pires et al., 
2022). In contrast, Terborgh et al. (2001) report hyperabundance of 
multiple herbivore taxa on forest islands at Lago Guri, Venezuela, which 
was attributed to release from predation. However, the semi-deciduous 
dry vegetation of Lago Guri (Terborgh et al., 2001) is typically subject to 
much higher levels of herbivory than our wet forest sites (Coley et al., 
1985), eventually releasing herbivore guilds to hyper-abundance on 
predator-free islands. 

Moreover, given the apparent lack of any predator effects on small 
mammal biomass, we likely failed to account for small mammal 

morphological responses to any release from predation on small islands 
in this study. In contrast, rodents on reservoir islands in China rapidly 
became larger-bodied following habitat insularization, likely due to 
release from predation pressure (Li et al., 2021). On those same reservoir 
islands, habitat loss initially removed rodent predators, which then 
released rodent populations indicating top-down regulation, whereas 
bottom-up mechanisms on small islands precluded the increase in rodent 
abundance (Wang et al., 2020). In addition, given the expected high 
seasonality in mature fruit production at Balbina, it is possible that the 
likely seasonal resource-pulse further interacts with both bottom-up and 
top-down forces (Greenville et al., 2014), which could only be assessed 
by year-round monitoring of both mammals and their resources. 
Notwithstanding, it is possible that some of the predation effects may be 
expressed behaviourally rather than in demographic terms (Gallagher 
et al., 2017). Although we have provided insights on the extent to which 
small mammal responses to habitat fragmentation are mediated by their 
mammalian predators, we recommend that further studies should ac
count for the temporal dimension to fully understand prey-predators 
dynamics (Estes et al., 2011). 

4.1. Conservation implications 

Our findings did not support the notion of predator-free Amazonian 
forest islands decaying to an ‘ecological meltdown’, which is charac
terised by rapid collapse of baseline ecosystem functioning induced by 
hyperabundance of certain guilds (herbivores: Terborgh et al., 2001, 
rodents: Moore et al., 2022). If ongoing processes at Balbina islands can 
be defined as an ‘ecological meltdown’, this would more likely be due to 
the severity of edge effects that increasingly degrade the vegetation 
structure of insular forests (Benchimol and Peres, 2015c). As such, the 
extinction debt that insular forest fragments continue to pay overtime 
may take longer at Balbina than at either the Guri Lake of Venezuela 
(Terborgh et al., 2001) or the Chiew Larn Reservoir of Thailand (Moore 
et al., 2022). Yet, the apparent strength of ongoing bottom-up mecha
nisms can further render these forest islands more susceptible to other 
major disturbances (Wang et al., 2020), such as wildfires and logging. 
Future hydroelectric dam blueprints across lowland tropical forests must 
therefore consider that newly created insular landscapes can only sus
tain reduced levels of biodiversity (Jones et al., 2016). Preserving vast 
expanses of continuous primary forests thus appears to be the best 
strategy to maintain the integrity of vertebrate assemblages, including 
both their apex-predators and mesopredators, and the ecosystem func
tions that they may exert. 
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