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Site and species contribution to B-diversity in terrestrial mammal

communities: evidence from multiple Neotropical forest sites

ABSTRACT

In a scenario where escalating human activities lead to several environmental changes
and, consequently, affect mammal abundance and distributicn, B-diversity may increase
due to differences among sites. Using the ecological uniqgtencss approach, we analyzed
B-diversity patterns of ground-dwelling mammal ~omnunities recorded through
comprehensive camera trap monitoring within ei¢i *rupical forests protected areas in
Mesoamerica and South America under variat.e laiidscape contexts. We aimed to
investigate whether the contribution of sir:'le sies (LCBD) and single species (SCBD)
to overall B-diversity could be expla:~:d by community metrics and environmental
variables, and by species metrics anu biological traits, respectively. Total B-diversity
was also partitioned into speci‘:s .~uiacement and richness difference. We related LCBD
to species richness, total re.~tive abundance, functional indices, and environmental
variables (tree basal arca, Diotected area size, NDVI, and precipitation seasonality), and
SCBD to species naiv. occupancy, relative abundance, and morphoecological traits via
beta regression. Our findings showed that LCBD was primarily explained by variation
in species richness, rather than relative abundance and functional metrics. Protected area
size and tree basal area were also important in explaining variation in LCBD. SCBD
was strongly related to naive occupancy and relative abundance, but not to biological
traits, such as body mass, trophic energy level, activity cycle, and taxonomic category.
Local p-diversity was a result of species replacements and to a lesser extent differences

in species richness. Our approach was useful in examining and comparing the



ecological uniqueness among different sites, revealing the regional scale current status
of mammal diversity. High LCBD values comprised sites embedded within smaller
habitat extents, hosting lower tree basal areas, and harboring low species richness.
SCBD showed that relatively ubiquitous species that occur at variable abundances

across sites contributed most to B-diversity.
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1. Introduction

Community structure and diversity result from complex and dynamic phenomena,
determined by a large number of processes in space and time (Ricklefs, 2006).
Understanding patterns of species distribution at different scales (i.e., local, regional,
and global) and the factors that govern these patterns have been central goals in ecology
research (Chase, 2003; Gaston, 2000; Jetz and Fine, 2012; Ricklefs, 1987). The concept
of species diversity encompasses multiple spatial scales, comprising what we know as
a-diversity, corresponding to the number of species at i~dividual sites, y-diversity,
related to the diversity of entire geographic regions, ar.a [ -aiversity or the variation in
species composition among sites within a region (Whi~ker, 1972).

Since its conceptualization, B-diversity has b2cume a key to a better understanding
of the origin, functioning, and maintenance ¢ blodiversity (Legendre, 2014; Legendre
et al., 2005). Different indices and m« tho.us have been proposed to estimate B-diversity,
using presence-absence or abundan.~ data, multiplicative indices, additive partitioning
of community diversity (Baselna, 2J10; Koleff et al., 2003; Legendre et al., 2005;
Lennon et al., 2001), a1 @so by incorporating phylogenetic and functional
relationships among specio< (Ricotta and Burrascano, 2008; Stegen and Hurlbert, 2011;
Swenson, 2011). n. a global scenario where escalating human activities lead to
disturbance, habitat loss, fragmentation, and climate change affects species abundance
and distribution, variation in community composition may increase due to differences in
local extinction, competition, and colonization rates among sites (Legendre, 2014;
Socolar et al., 2016; Thornton et al., 2011; Urban, 2015). To deal with biodiversity loss
and draw up effective conservation plans we need a better understanding of the
mechanisms that maintain local and regional diversity (Legendre, 2014; Legendre et al.,

2005). Measured appropriately, changes in B-diversity provide the scaling factor that



allows us to predict changes in y-diversity from measured changes in a-diversity
(Socolar et al., 2016). In this context, B-diversity indices have become an important tool
to understand the effects of landscape modification on species assemblages. These
studies have spanned different taxa, including plants (Bergamin et al., 2017; Grass et
al., 2015; Heydari et al., 2017), insects (Kim et al., 2018; Van Allen et al., 2017), birds
(Grass et al., 2015; Meynard et al., 2011), and mammals (Palmeirim et al., 2018; Pardini
et al., 2005).

In a recent advance, Legendre and De Céceres (2012 uxveloped a method that
uses a species-by-site abundance matrix to estimate u.~ total variance found in a
community (i.e., the Total B-diversity - BDrotl), Whic,. can be further decomposed into
contributions of the individual sites and the indiviu'al species to overall p-diversity.
Local contributions to B-diversity (hereaftrr, - C3D) indicate the degree of ecological
uniqueness of each sampling site. Tror. a conservation planning perspective, large
LCBD values indicate sites that 1.ove either unusual species combinations of high
conservation value or degraded (v species-poor sites that may be prioritized for
ecological restoration (Legcndre, 2014). Thus, sites presenting high LCBD values are
not obligatorily the sites vb.biting hyper-diversity or harboring rare species, but those
sites more differen. fruin most of the other sites (Borcard et al., 2018; Heino and
Gronroos, 2017). Various studies have been associated LCBD values with community
metrics, environmental conditions, and anthropic activities, aiming to explain these
patterns and recognize which characteristics can predict ecological uniqueness (da Silva
et al., 2020; Heino and Gronroos, 2017; Li et al., 2020; Vilmi et al., 2017). For example,
findings on insect stream communities have shown that most of the impacted streams
exhibiting high LCBD values and lower a-diversity may be associated with sites

harboring species that are more tolerant of anthropic impacts (de Paiva et al., 2021). On



the other hand, species contribution to p-diversity (hereafter, SCBD) represents the
degree of the relative importance of individual species to B-diversity across sites and
can be used to identify which species contribute the most to dissimilarity among
communities or require specific attention (Legendre and De Céceres, 2013). As
observed from empirical studies, SCBD values tend to increase when species presented
a large variation in abundance and were well distributed across sites (Heino and
Gronroos, 2017; Legendre and De Céaceres, 2013). Also, SCBD may be associated with
species characteristics, such as niche position and niche breau, or species biological
traits (body size, diet, dispersal capacity, and others). “11.ose ecological and biological
characteristics may be intercorrelated, reflecting spaci>s-environment associations, and
are useful to reveal which kind of species are partic.larly important to understand the
formation of B-diversity (da Silva et al., 2078, He.no and Gronroos, 2017).

The study of B-diversity also bz nef'ed from applicable approaches that compute
the partitioning of the total variatio,: of community composition into two components,
species replacement (or turnover) ard richness difference (and nestedness) (Legendre
and De Céceres, 2013; Lernon et al.,, 2001). The partitioning aims to evaluate the
influence of various proce~s~s on the patterns of B-diversity (Baselga, 2010; Legendre,
2014; Leprieur et ', 2012). Thus, species replacement occurs when species are
replaced by others along an ecological gradient, according to their ecological optima or
niche breadth. This pattern may be explained by environmental forcing, competition,
and/or historical events (i.e., disturbances), i.e., it reflects the influence on the
community structure of the variables controlling ecological gradients (Legendre, 2014).
Meanwhile, richness difference may be caused by local species disappearances, local

abiotic conditions and numbers of available ecological niches, or other ecological



processes leading to communities with higher or lower numbers of species (Legendre,
2014; Legendre and De Céceres, 2013).

Considering ecological uniqueness, this study is focused on terrestrial Neotropical
mammals, a key functional group, as they fulfill multiple trophic roles including apex
predation, herbivory, seed predation, and seed dispersal (Lacher et al., 2019; Terborgh
et al., 1999). Also, medium and large-bodied Neotropical mammals often have
considerable dispersal capacity and can occupy the most diverse types of landscape
physiognomy (Eisenberg, 1990; Jones and Safi, 2011), makiny *them a unique group to
understand patterns of diversity and responses to distt.uuces. B-diversity of mammal
communities is affected by differences in habitat nuc!ity and heterogeneity (Kerr and
Packer, 1997; Melo et al., 2009), and is also rela*zu 0 species richness and ecological
functions (da Silva et al., 2020). To our krov «er.ge, only one study has examined how
variation in mammal ecological urtqu.ness can be explained by taxonomic and
functional features at large spatiai ~xtents (da Silva et al., 2020), and no study has
investigated the relationships between SCBD and mammal species metrics and
biological traits.

In this context, we Ciried to fill this gap by focusing on Neotropical terrestrial
mammal communiu™s dcross eight protected forests in Mesoamerica and South
America, which are under different landscape contexts (i.e. fragmented or intact
forests), and contain different species compositions and abundances (Ahumada et al.,
2011; Santos et al., 2019). Specifically, we were interested in assessing whether LCBD
indicates taxonomic and functional changes in mammal communities and the
environmental drivers underpinning these changes at regional scales, and how
individual species (SCBD) contribute to the overall B-diversity. Thus, we hypothesized

that community metrics and environmental conditions would influence LCBD. We



expected that generalist mammal species, exhibiting broad niche spaces, would
contribute less to B-diversity than species with small to intermediate-sized niches, as
other taxonomic groups (da Silva et al., 2018; Heino and Grénroos, 2017; Vilmi et al.,
2017). Finally, as total B-diversity (BDq,) Can be partitioned into species replacement
and richness difference, we expected that the ecological uniqueness of most of our sites
would result from the species replacement process, i.e., p-diversity is a result of
simultaneous species gains or losses due to environmental filtering, competition, or
historical events, rather than just the variation in the number 0. co-occurring mammals

species (Borcard et al., 2018; Legendre, 2014).

2. Material and Methods

2.1. Study sites

We used data from eight Nontropical forest sites that are part of the Tropical
Ecology Assessment and Mouioring (TEAM) Network, a global standardized
biodiversity monitoring progiem (Beaudrot et al., 2016; Rovero et al., 2020).
Neotropical TEAM sitec ar> distributed across six countries in Central and South
America: Volcan Lorve Transect, Costa Rica (VB), Barro Colorado Nature Monument,
Panaméa (BCI), Central Suriname Nature Reserve, Suriname (CSN), Yasuni National
Park, Ecuador (YAS), Caxiuana National Forest, Brazil (CAX), Manaus, Brazil (MAN),
Cocha Cashu - Manu National Park, Peru (COU) and Yanachaga National Park, Peru
(YAN) (Fig. 1).

Following the categorization criteria for landscapes adopted by Beaudrot et al.
(2016), study sites were divided into intact and fragmented protected forest landscapes.
Intact forest landscapes are those in which protected areas were either indistinguishable

from the continuous forest in surrounding areas (i.e., CAX, COU, CSN, and YAS), and



fragmented forest landscapes are those in which protected areas were embedded within

a patchwork mosaic of forest and non-forest areas (i.e., BCl, MAN, VB, and YAN).

2.2. Mammal surveys

Medium to large-bodied ground-dwelling terrestrial mammals (henceforth,
terrestrial mammals) were sampled during a camera trapping monitoring program
conducted between 2010 and 2014. The sampling design at each site consisted of a
regular grid of 60 camera trap stations (or two grids of 3" camera trap stations each)
spaced apart by ~1.4 km. The sampling period at each sty ‘ site occurred within the dry
season months and cameras remained in the field 1.~ at least 30 days, once a year
(Jansen et al., 2014; TEAM Network, 2011). Cui dataset comprised four sampling
periods at each study site (excepted for Na. av,, where data were available only for
2010 and 2011). Camera traps (M de's RM45 and HC500, Reconyx Inc.) were
configured to take three pictures pe. trigger with no delay or intervals between photos,
working 24 hours/day. No b=its were used to attract animals, and cameras were
deployed off trails. Our sepliig design exceeds the recommendations, in terms of
sampling effort and came = trap stations, to obtain reliable estimates of species richness,
occupancy, and relaw ‘e aoundance using standardized monitoring of terrestrial mammal
species on a large spatial scale (Kays et al., 2020).

Images of the same species were considered independent detections when at least
one hour had passed between consecutive photographs (Rovero and Spitale, 2016). For
data analysis, we excluded images of species that were primarily arboreal (e.g.,
primates) and water-dependent, to avoid sampling bias or particularities of any given
study area. We also pooled some congeneric species into an "ecospecies” taxon, thereby

avoiding overestimating mammal assemblage differences between study sites that



contained ecologically analogous species (for example, Nasua narica and Nasua nasua
represent unique ecospecies ‘Nasua’) (Emmons and Feer, 1997; Jones et al., 2009). To

streamline, we hereafter use “species” to refer to both species and ecospecies.

2.3. Explanatory variables

2.3.1. Biological traits

We gathered information for five biological traits' v>dy mass, trophic energy
level, activity cycle, and taxonomic category (Jracr). These traits describe
physiological, behavioral, and ecological characteri.:is that determine species' role and
function in ecosystems (Wilman et al., 2014). F,ody mass, trophic energy level, and
activity cycle (activity time categories) wre et based on species-level datasets that
describe species biological key attribu.>s (Jones et al., 2009; Wilman et al., 2014).

The species body mass correspands to the adult weight in grams. For trophic
energy levels, we weighted th.c moportion of each major dietary mode of any given
species by the energetic le.=ls, grouped as modal dietary patterns, as follows: (1)
folivore < (2) frugivori/meciarivore < (3) granivore < (4) insectivore/myrmecophage <
(5) carnivore (Benchimol and Peres, 2015; da Silva et al., 2020; Wilman et al., 2014).
For example, if a raccoon (Procyon spp.) consumes 50% invertebrates, 30% vertebrates,
10% fruits, and 10% seeds, its trophic level would be 4 [i.e., (0.5 x 4) + (0.3 x 5) + (0.1
x 2) + (0.1 x 3)]. The activity cycle represents an ordinal assignment of the period of
activity for each species. Species were defined as (1) nocturnal only, (2)
nocturnal/crepuscular, cathemeral, crepuscular or diurnal/crepuscular, and (3) diurnal
only (Jones et al., 2009). We used Order as a category grouping phylogenetically related

species (Emmons and Feer, 1997; Paglia et al., 2012).



2.3.2. Community and species metrics

Community metrics included four variables: species richness, relative abundance,
and two functional indices, functional richness and functional divergence. Species
richness was expressed as the total number of species recorded at each sampling period
and site, while relative abundance index (RAI) was estimated as the ratio between the
total number of images for all species at each site and the total sampling effort at each
site expressed as the total number of images/total camera tra.<-days (Carbone et al.,
2001; O’Brien, 2011). Relative abundance providss tnrormation on population
abundance, especially when it's difficult to estimate e species abundance, and it is
positively related with independent density and ~bu~dance estimates (Carbone et al.,
2001; O’Brien, 2011; Palmer et al., 2018).

Functional indices were calc ‘lat~.d using species versus species traits (as
described in 2.3.2 section) matrices. We applied Gower's general distance coefficient,
which integrates several types nt a'iables (e.g., quantitative, nominal, fuzzy, ordinal,
circular, etc.) to compute t e fuactional distance between each pair of species, using
functions from the R naci-ase ‘ade4’ (Dray and Dufour, 2007; Pavoine et al., 2009).
Therefore, we usea e runctional distance matrix among all species to calculate both
functional diversity indices using the dbFD function of the ‘FD’ package in R (Laliberté
et al., 2014). Functional richness (Fric) represents the amount of functional space filled
by the community, with low values indicating that some of the resources potentially
available to the community are unused (Mason et al., 2005). Functional divergence
(Fpiv), weighted by species abundances, relates to how abundance is distributed within
the volume of functional trait space occupied by species (Villéger et al., 2008). High

functional divergence indicates a high degree of niche differentiation, and presumably



low resource competition (Mason et al., 2005). There are various functional diversity
indices and many of them can be highly correlated (Mouchet et al., 2010), but our
choice was based on findings that both of these functional indices are related to
ecological uniqueness (da Silva et al., 2020).

Species metrics included two variables: naive occupancy and relative abundance.
Naive (or observed) occupancy was measured as the proportion of camera trap points
where the species was recorded. It reflects the extension of the species’ presence across
the sampling area, ranging from 0 (a species does not occur in ony camera trap station)
to 1 (a species occurs in all camera trap stations) (Fluv~ro and Spitale, 2016). The
relative abundance index, as described above, was ectimated by the total number of
records of each species per sampling effort at e~ci. site, expressed as the number of

images/camera traps-days (Carbone et al., 29t - ©)’Brien, 2011).

2.3.3. Environmental variables

Environmental covariates we e selected based on forest structure and bioclimatic
conditions that have been si>awn to influence the distribution and diversity of mammals
(Maestri and Patterson. 20°.6; Qian, 2009). For each study site, we recorded (1)
elevation, (2) NDV: Gvormalized Difference of Vegetation Index), (3) tree density
(tree/ha), (4) tree basal area, (5) mean annual temperature, (6) mean annual
precipitation, (7) precipitation seasonality (coefficient of variation), and (8) protected
area size.

Elevation data were extracted from a digital elevation model (DEM) based on the
NASA Shuttle Radar Topographic Mission (SRTM), with a spatial resolution of one
arc-sec (= 30m). DEM data were downloaded from the U.S. Geological Survey (Earth

Explorer, 2017) and pooled estimates were obtained using QGIS software (QGIS



Development, 2015). NDVI was generated from Landsat TM and ETM+ satellite
imagery across the core study areas. The acquisition date of each image matched the
first year of camera trap deployment at each site [data from (Rovero et al., 2020)].

Mean values for tree density and tree basal area were calculated from six 1-ha
plots inventories within each of the eight sites [Data available from the TEAM Network
database; See information on (TEAM Network, 2010)]. Tree density measurements
consist of the number of trees larger than 10cm in DBH within each one-hectare plot.
The total basal area, measured as m?/ha, was calculated ac,~ss the six 1-ha plots.
Bioclimatic data were sourced from WorldClim - Glorair “nmate Database based on a
30-sec spatial resolution (~1 km?) (Fick and Hipnans, 2017). Climate variables
(temperature, precipitation, and seasonality) were 2x.acted through a script using the R
software (Team R Core, 2018). To estimete he protected area size we extracted the
polygon of the protected area for eac! stiJy site from the World Database on Protected
Areas (WDPA) and calculated t.> area of each protected site in hectares after
reprojecting the polygons to the apnropriate local (UTM) coordinate system [data from

(Beaudrot et al., 2016; Rovea et al., 2020)].

2.4. Data Analysis

2.4.1. BDtota, LCBD, and SCBD

We calculated the local contribution to p-diversity (LCBD) and species
contribution to B-diversity (SCBD) following the approach proposed by Legendre and
De Céceres (2013), which uses the total variance of the community data Table Y (the
abundance values of p species observed in n sampling units) as an estimate to the total

B-diversity (BDrotwl). The variance, Var(Y), consists of computing a matrix of squared



deviations from the column means. Firstly, we Hellinger-transformed the abundance-
based species-by-site community matrix and, subsequently, we calculated the squared
difference between each Hellinger-transformed value and the mean abundance of the
corresponding species. The elements of this matrix containing the squared differences
are summed up to obtain the total sum of squares (SStotar). Then, BDroa IS Obtained by
dividing the total sum of squares by the number of sites minus 1.0 [BDro = Var(Y) =
SStotar / (N -1)] (Legendre and De Céceres, 2013). BDrot is in the range [0, 1], so the
maximum value is reached if all sites have entirely different <oc ~ies compositions when
compared to one another.

From the BDroa computed, we assessed the ~ontribution of individual sites
(LCBD) and individual species (SCBD). LCBD of a Jiven site is calculated by dividing
the sum of squares corresponding to this si*e - v *ne total sum of squares. LCDB values
are comparative indicators of the -colugical uniqueness of the sites in terms of
community composition, computed ..~ the relative contribution of a site to BDrot SO that
the LCBD indices sum to one (* 0, <CBD coefficients represent the degree of variation
of individual species acroz ah sites, indicating how much a species contributes to
overall B-diversity. The caniribution of a species ‘j° is the sum of the centered and
squared values for sewies ¢’ in the matrix, divided by the total sum of squares. The
species with above-average SCBD values were the most important contributors to
BDrotar (Borcard et al., 2018; Legendre and De Céaceres, 2013).

LCBD and SCBD indices were computed using the beta.div function available
from the ‘adespatial’ package in R (Dray et al., 2018). We assessed differences in
LCBD indices among all eight-study sites using ANOVAs and associated multiple
Tukey’s HSD comparisons for pairwise differences among sites, after checking for

assumptions of homogeneity and normality of variance (Levene's Test for Homogeneity



of Variance and Shapiro-Wilk normality test, respectively). All statistical tests were
considered significant at a p-value < 0.05.

To assess which of the two processes, species replacement or richness/abundance
difference, best explain variation among mammal communities, we used the
beta.div.comp function of the ‘adespatial’ R package to partition the total pB-diversity
(Borcard et al., 2018). This method is used for both presence-absence and abundance
data, computing the dissimilarity, replacement, and richness or abundance difference.
Local replacement (Repl) and richness/abundance diffarcces (RichDiff/AbDiff)
measure how unique each site is compared to the other, n. terms of either replacements
or richness/abundance differences (Legendre and L Céceres, 2013). As we have
species-by-site abundance data, we used the Ruz'¢k. dissimilarity index, which is the
quantitative equivalent to the Jaccard inrle,” ('_egendre, 2014). Therefore, we used
Podani’s Jaccard-based indices to ext act che dissimilarity (D), replacement (Repl), and
richness/abundance difference (RicnDiff/AbDiff) matrices. The function output produces
a list containing these three matriccs as well as global results: BD oy, total replacement
diversity (Replyow), and tital iichness/abundance diversity (RichDiffro@yAbDiffrotr)

(Borcard et al., 2018).

2.4.2. Statistical modeling

We used beta regression analysis to examine patterns of site contributions
(LCBD) and species contributions to B-diversity (SCBD). We choose beta regression as
our modeling tool because it is more appropriate when response data range between 0
and 1 (Cribari-Neto and Zeileis, 2010), as our LCBD and SCBD indices. Beta

regression is based on the assumption that the dependent variable is beta-distributed and



that it is related to a set of regressors through a linear predictor with unknown
coefficients and a link function (Cribari-Neto and Zeileis, 2010).

We used beta regression with a logit link function for models including LCBD
and SCBD as the response variable. First, we related LCBD to community metrics:
species richness, community relative abundance, functional richness (Fric), and
functional divergence (Fpiv). Second, we attempted to explain LCBD using
environmental variables as predictors. Before analyses with environmental variables, we
calculated the variance inflation factor (VIF) to detect mi lticollinearity between
predictors in our models. Only variables with VIF < 3 v.ei. Incorporated into the model.
From the eight environmental variables measurea, only NDVI, tree basal area,
precipitation seasonality, and protected area size were *etained.

In the next step, we related SCBD to p. ‘ie, metrics: species naive occupancy and
species relative abundance. Because * ess metrics were correlated (Pearson Correlation
= 0.836), we modeled SCBD values ‘ndependently for each species metrics. Finally, we
examined variation in SCBD 'isi.'0 species traits: body mass, trophic energy level,
activity cycle, and order. W'1en \elating SCBD values with these metrics, we aimed to
verify if species that contiibute most to P-diversity are those with a small or
intermediate-sizeu e."uyical niche.

We ran beta regression analyses using the betareg function from the ‘betareg’ R
package (Cribari-Neto and Zeileis, 2010). We also examined reduced models based on
pseudo coefficients of determination (pseudo-R?). We calculated VIF and the
correlation coefficients using the ‘car’ and ‘stats’ R packages (Fox and Weisberg,

2018).

3. Results



A total of 30,870 terrestrial mammal images were recorded across all eight study
sites, representing an overall y-diversity of 48 taxonomic species (= 33 ecospecies)
representing 30 genera. The number of species per site (a-diversity) ranged from 16 to
27 species (23.12 = 3.75 species; mean = SD) (Fig. 2a; see Appendix A.1 in Supporting
Information for a complete species checklist per site). Most species were shared among
two or more study sites, and just two species were exclusive to a single site: Canis
latrans (Coyote) at BCI and Tremarctos ornatus (Spectacled bear) at YAN, but they
were rarely recorded (2 and 1 images, respectively). Tetal =lative abundance was
significantly different among sites (F = 103.1, df = 7, p = 0.001), with BCI and VB
containing the highest and lowest values, respective, * (Fig. 2b; Appendix A.2). The
most abundant species was Dasyprocta spp. (Acoud). a medium-sized diurnal rodent
recorded at all sites. Other species were 0.'2n abundant whenever present, such as
Cuniculus paca (Spotted paca), M ‘zaria spp. (Red brocket deer), Pecari tajacu
(Collared peccary), and Dasypus sp.n. (armadillos, corresponding to D. novemcinctus

and D. kappleri; Fig. 2a; Apperdix 8.3 in Supporting Information).

3.1. p-diversity: LCBD a."d SCBD metrics

The total B-th.2rsity (BDrota) Was 0.195 across all mammal communities. The
local contribution of individual sites (LCBD) ranged from 0.023 to 0.050, indicating the
uniqueness of the mammal community at each study site. Sites with the highest
uniqueness in species composition were VB, YAN, MAN, and BCIl. Comparisons
between sites evidenced significant compositional differences (F = 14.61, df =7, p =
0.001; Fig. 3a), highlighting significant differences in pairwise comparisons between
the four sites mentioned above and all other sites (COU, CSN, CAX, and YAS;

Appendix A.4 in Supporting Information).



Regarding SCBD, values ranged from 0.0001 to 0.2612 and nine species
contributed to B-diversity well above the mean (> 0.0303) of the 33 species: Myoprocta
spp. (acouchy), Pecari tajacu (collared peccary), Dasyprocta spp. (agouti), Cuniculus
paca (paca), Mazama nemorivaga (Amazonian brown-brocket deer), Tapirus spp.
(tapir), Mazama spp. (Red brocket deer including the allopatric M. americana and M.
temama), Didelphis marsupialis (common opossum), Sciurus spp. (midsized squirrels)
(Fig. 3b, Appendix A.5 in Supporting Information).

Partitioning BDroa revealed a slightly higher perceitage of total richness
difference (RichDiffro = 0.140; 57%) than its replscenent component (Replroar =
0.107; 43%), showing that difference among mamma, ~ommunities resulted from both
processes. Considering study sites individually, srec.~s dissimilarities at BCI and YAS
largely resulted from the richness differenc + romponent (>95%), while differences
among the other six sites resulted fror ' la’ge proportions of species replacement (>60%,

Fig. 4).

3.2. Explaining LCBD anc SCeD

Our model for the .~ community metrics examined here indicated that LCBD
was negatively relara w species richness (B = -0.093, z = -3.336, p = 0.001) but
exhibited no significant association with total relative abundance, functional richness
(Fric), and functional divergence (Fpiy) (Table 1, Fig. 5a). The model including
environmental covariables showed that tree basal area (B = -0.209, z = -4.327, p =
0.001) and protected area size (B = -0.339, z = - 8.308, p = 0.001) were negatively
associated with LCBD (Table 1, Fig. 5b and 5c).

Beta regressions for the species metrics showed a positive effect for naive

occupancy (B = 4.666, z = 8.59, p = 0.001), while relative abundance also presented a



positive effect but with lower ratio values (B = 0.430, z = 3.951, p = 0.001; Fig. 6). Beta
regression also showed that none of the biological traits tested were significant

predictors to SCBD (Table 2).

4. Discussion

Our findings showed that both the local (LCBD) and species contributions
(SCBD) to B-diversity are important in understanding the current conservation status of
mammals across our eight Neotropical forest sites. Our date suport our predictions that
community metrics and environmental characteristi.s *vould influence ecological
uniqueness. However, our expectations that ecrlog'cal uniqueness could also be
affected by relative abundance and functional divers,»/ were not confirmed. SCBD was
strongly related to species metrics but nst “wita species traits, showing that highly
ubiquitous and highly abundant specics crntributed most to B-diversity. We next discuss
these main findings in further detail.

We found a low value of BL)- i (0.195 from a maximum of 1), which suggests
that our study sites were imnur in their mammal species composition and hosted
relatively few exclusive sp.~r.es. This is a predictable pattern because all our study sites
are located within u.~ saine major tropical moist broadleaf forest biome, and therefore
share similar habitat characteristics, species interactions, and history (Olson et al.,
2001). In general, ground-dwelling medium to large-sized mammals have a wide
geographic distribution [e.g., C. paca or P. onca (jaguar)] or are replaced by allopatric
or parapatric congeners throughout the region (Eisenberg, 1990; Emmons and Feer,
1997). For example, several closely related congeners [e.g., Mazama americana and M.
temama (red-brocket deer), Nasua narica and N. nasua (coatis), and Dasyprocta

leporina, D. punctata, and D. fuliginosa (agoutis)] were recorded at different sites.



Among most of our mammal communities, dissimilarity was a result of species
replacement and to a lesser extent richness differences, i.e., most of the B-diversity at
each site resulted from simultaneous gains or losses of species. This pattern could be
explained by environmental differences among sites or local disturbances that can
benefit some species rather than others (Borcard et al., 2018; Legendre, 2014). On the
other hand, differences among two of our sites (BCI and YAS) were almost strictly a
result of richness differences. Probably, the antagonism in terms of species richness
would explain this pattern. BCI and YAS are exceptional cite. because their levels of
species richness are among the lowest and highest va'ue. respectively, yet both sites
presented higher overall relative species abundance tho any other sites. It is interesting
to note that even sites with high LCBD values anr' lu2ated within the same region, such
as BCl and VB (both in Mesoamerica), wer2 . thizcted to different processes in terms of
mammal community composition. F«ste.ical events, such as type and magnitude of
habitat fragmentation, the extent ot .ne study areas, and habitat quality, likely promoted
different responses from terrestria’ rnammals and favored a high abundance of some
species in BCI but not in VT

We observed that LCR'D values increased from the intact forest landscapes to the
fragmented ones, 1.. sites presenting more unique species assemblages were those
embedded within fragmented forest landscapes. Such pattern appears to result from a
small set of common or dominant species occupying fragmented forests, while
continuous forests also harbored generalist species and higher diversity of trophic
levels. Indeed, we observed that common species and/or those at low energetic levels (<
3), such as Dasyprocta spp., Cuniculus paca, and Pecari tajacu, were the most
abundant species in more spatially restricted landscapes where large-bodied mammals,

such as Tayassu pecari (white-lipped peccary), Priodontes maximus (giant armadillo),



Myrmecophaga tridactyla (giant anteater), and Panthera onca (jaguar) had often been
extirpated or highly reduced. A similar pattern was observed for small mammals in
Central Amazonian land-bridge islands (Palmeirim et al., 2018), which is comparable to
the insular mammal assemblage at BCI.

Analysis accounting for community metrics corroborates our observation above,
revealing that LCBD was significantly related to species richness. - and o-diversity
were negatively associated, as we observed at the VB site, which had the highest LCBD
value and the lower species richness. These results indicate the* mammal communities
with fewer species are more uncommon when compsun.2 10 the other sites. Similar
patterns have been observed for mammals (da Silva =t al., 2020; Melo et al., 2009;
Ochoa-Ochoa et al., 2014) and other taxonomic gio'ips (Heino and Gronroos, 2017;
Landeiro et al., 2018; Legendre and De Céze.»s 2013). In that way, COU, CSN, YAS,
and CAX sites presented similar LC'<D ‘salues, i.e., less variation in their community
composition when compared to eaci. nther.

On the contrary to our expc-tations, we did not find a significant relationship
between LCBD and relativc abuidance, functional richness, and functional divergence.
This is at odds with a s.'dy on small, medium to large-sized, and volant mammals
across the Atlantic \"rest, which correlated ecologically unique sites with abundance-
deficit assemblages and high functional metrics (da Silva et al., 2020). For medium-to-
large mammals, these authors observed that LCBD values were negatively related to
abundance and functional richness, and positively related to functional divergence,
suggesting that LCBD also could be used to predict functional changes in the
community (da Silva et al., 2020). However, our results suggest that species losses

resulted in greater ecological uniqueness but did not imply lower community abundance



and loss of diversity functions, likely due to the high redundancy of functionally related
species.

Our results also indicated that the uniqueness of the mammal community was
higher in fragmented landscapes presenting low tree basal areas. Tree basal area is a
common way to describe the number and size of trees and may represent a gradient of
productivity and habitat quality for mammals, while habitat area is a widely recognized
determinant of persistence in species with large spatial requirements (Chiarello, 1999;
Michalski and Peres, 2007; Pardini et al., 2005; Thornton et =1, 2011). In the case of the
VB site, the ecological uniqueness could also be affect.u v the fact that we placed the
camera trap stations along a continuous strip of fore_* spanning a 3000 m altitudinal
gradient, which implies important differences n .ne structure and composition of
vegetation and, consequently, in the rickn.:s and occupancy of mammal species.
(Ahumada, Hurtado, & Lizcano, 207 3). Also, fragmentation and habitat modification
can result in environmental heteicaeneity, which can either favor or inhibit the
occurrence and distribution of =am» raammal species (Michalski and Peres, 2007, 2005;
Pardini et al., 2005).

SCBD indices idenifizd species showing high and wide variation in relative
abundance across si.”s, which corroborate previous studies (da Silva et al., 2018; de
Paiva et al., 2021; Heino and Gronroos, 2017; Vilmi et al., 2017). For example,
Myoprocta spp. and Mazama nemorivaga were intermediately abundant whenever
present but occurred at only four sites. Tapirus spp., Pecari tajacu, and Didelphis
marsupialis were recorded at all sites but showed a wide variation in their relative
abundances, from rare to relatively common, while Dasyprocta spp., Cuniculus paca,
and Mazama spp. were also recorded at all sites and were among the most abundant

terrestrial mammals.



Our models reinforced our observations that SCBD values were influenced by
species relative abundance but, comparatively, showed a major influence of naive
occupancy, indicating that species exhibiting common to intermediately occupancy
levels contributed most to B-diversity, regardless of their functional traits, such as body
mass, trophic energy level, activity cycle, or taxonomic group. We observed that
Myoprocta and P. tajacu, species with notably high SCBD, presented similar relative
abundance, despite their presence at all sites or not, but are well distributed, occupying
between 45 and 60% of the camera trap stations.

Contradicting our prior expectations, our results ciu ot enable us to detect which
characteristics could be indicative of species contrihuion to pB-diversity. Nevertheless,
most of the important taxa characterizing the va.:ation among sites were species
operating at low trophic levels (i.e., herbivoi<) ‘whereas carnivores contributed less to
B-diversity. Beyond differences in le 'dsr.ape structure and protected area sizes, some
important points could explain why herbivore abundance was widely variable across
sites. We suggest that the co-oc~ur. er.ce (or absence) of apex predators affects herbivore
populations through effectiv» top-down control, a well-known mechanism of ecosystem
dynamics (Ripple and Cec:hta, 2012; Terborgh et al., 1999). A previous study
comparing three of ¢ 'r eight sites, COU, MAN, and VB, showed a decrease in species
richness and occupancy of carnivores along a gradient from continuous to fragmented
forest landscapes (Ahumada et al., 2011), which could explain some of the observed
variations. Also, herbivorous mammals comprise the most important group of game
species in Neotropical forests (Peres, 2000), and hunting pressure was variable across
our study sites (Beaudrot et al., 2016), probably impacting some herbivore species.

Studies quantifying SCBD for other taxa also found similar positive relationships

with species abundance and occupancy (da Silva et al., 2018; Heino and Gronroos,



2017; Vilmi et al., 2017), which strongly influences this metric (Legendre and De
Céceres, 2013). However, none of the studies using this approach seem to account for
any bias resulting from sampling methods and species life history [but see (Krasnov et
al., 2019)]. For mammals, for example, sampling methods including either camera
trapping or line-transect censuses would be fairly selective (Santos and Mendes-
Oliveira, 2012), so surveying strictly terrestrial or arboreal species would require more
than one method. In our study, even focusing on ground-dwelling mammals sampled by
a single method, it is important to note that species holdin~ si.all home ranges have a
higher detection probability and are recorded more ofte’r u.an wide-ranging species. We
highlighted that this study followed the requiremen.. broposed by Legendre (2014),
which stated that quantitative indices could be us2a only when abundance assessments
are based on appropriate sampling procecu s und are comparable among sites. We
believe that standardized and replicak’= s=.mpling protocols, as adopted in this study, are
crucial to obtain reliable results a.1 provide quality information to institutions and
government authorities about prior.tv areas for management and conservation.

Our results have dirct inplications to biodiversity conservation research and
planning. However, we 1,2te that protected area size is critical, even though this was
beyond the original >cope of this study, since larger areas are more likely to sustain a
greater spectrum of habitat types and a larger set of species with different ecological
requirements. As such, habitat area affects the biodiversity metrics explored here, and

should be incorporated into the design criteria of similar studies.

5. Conclusions
Our approach using standardizing camera trap monitoring data proved to be

effective for a robust assessment of the ecological uniqueness of mammal communities,



enabling the identification of species that contributed to current B-diversity patterns.
From a biodiversity conservation perspective, monitoring mammal communities
through LCBD may provide useful insights to identify changes in community structure
from fragmented to continuous forest landscapes, increasing our ability to make
forecasts to maximize retention of a complete regional pool of species. We
acknowledge that species abundance explains the way p-diversity is partitioned
(replacement and richness/abundance difference), but a more detailed analysis about the
wide abundance variation observed among sites, whether fr2an,onted and intact (as BCI
and YAS, for example), is beyond the scope of this stuc'y.

Overall, high LCBD values comprised sites ebedded within smaller habitat
extents, hosting lower tree basal areas, harbor’ny low species richness, but more
ubiquitous and abundant mammal species L'« within fragmented forest landscapes,
like VB, BCI, YAN, and MAN, rec tire rehabilitation and/or actions to mitigate the
effects of fragmentation (e.g., ecoicqaical corridors, dispersal facilitation), as well as
efforts to protect mammals from roachers and other human activities. Even larger
protected areas presenting ¢*mila. levels of ecological uniqueness, such as COU, CSN,
CAX, and YAS, shou.d not neglect sustained conservation efforts, including
suppression of peisic*en. nunting and wildlife-friendly practices to conserve y-diversity.
In this context, we also emphasize the importance of SCBD, which renders species as
feasible ecological indicators, and consequently, conservation efforts can be targeted,
for example, to the least ubiquitous or locally rare species. This approach ensures a
better understanding of the processes behind p-diversity patterns. We suggest that future
studies should focus on assessing whether species contributions to B-diversity can be
linked to hunting pressure, habitat disturbance, dispersal limitation, or other factors, to

provide additional information to support management of mammal assemblages.
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Fig. 1. Location of the eight study sites across vleso and South America: Volcan
Barva Transect (VB), Costa Rica; Barro Cclc.a lo Nature Monument (BCI),
Panama; Central Suriname Nature Rese*ve (.SN), Suriname; Yasuni National
Park (YAS), Ecuador; Caxiuand Natiune' Furest (CAX), and Manaus (MAN), Brazil;
Cocha Cashu — Manu National Park {~JU), and Yanachaga National Park (YAN),
Peru.
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Fig. 2. (a) Species-by-site relative abundance matrix for 33 mammal
ecospecies (see definition in the text) surveyed across eight Neotropical forest



sites. Rectangles representing at least one individual recorded per site are
colored; Grey rectangles (NA) indicate that species were not recorded; (b)
Location map showing comparative total relative abundance of mammal
communities for each site. Relative abundance index (RAI) are expressed on a
logio scale.
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Fig. 3. (a) Difference in local contribution to mammal B-diversity (LCBD) among
the eight Neotropical forest sites. Boxes represent interquartile ranges (25%
and 75%), solid blue lines within the boxes present median values, and
whiskers above and below represent 1.5 times the interquartile range (Study
sites ordered from the largest to the smallest study area); (b) Species
Contribution to B-diversity (SCBD) of only species with above average values.
Dotted line represents the mean value of SCBD.
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Fig. 5. Relationship between the local site contribution to B-diversity (LCBD)
and (a) species richness, (b) tree basal area, and (c) protected area size for
Neotropical mammal communities. Shaded blue areas represent the confidence
interval of 95% for the linear model.
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represent the confidence interval of 95% for t'1e pulynomial and linear model,
respectively



TABLE 1 Results of beta regression analysis explaining LCBD on the basis of either
community metrics (Model 1) or environmental variables (Model 2). Asterisks show the

level of significance for each variable (*0.001).

Estimate SE z value Model Pseudo R?
(1) Community metrics
(Intercept) -2.289 0.686 -3.337*
Species richness -0.093 0.028 -3.336*
Relative abundance 0.046 0.043 1.085
Fric 8.295 14.283 0.5¢&1
Foiv -0.013 0.625 -0.0722 0.526
(2) Environmental variables -
(Intercept) -3.409 0.03c  -95.586*
Tree basal area -0.209 0.018 -4.327*
Protected area size -0.339 L.041 -8.308*
NDVI -0.064 0.039 -1.642

Precipitation seasonality ¢ No* 0.045 1.433 0.706




TABLE 2 Results of beta regression analysis when the response variable, SCBD, was
explained by either species metrics (Model 1 and 2) or biological traits (Model 3).

Asterisks show the level of significance for each variable (*0.001).

Estimate SE z value Model Pseudo-R?
Model 1
Intercept -4.762 0.248 -19.20*
Naive occupancy 4.666 0.543 8.59* 0.663
Model 2 N
Intercept -3.565 0.220 -1¢ 20F *
Relative abundance 0.430 0.108 < 951* 0.296
Model 3 -
(Intercept) -3.388 Ne7 -4.048*
Body mass -0.022 v 168 -0.131
Trophic energy level -0.197 0.130 -1.510
Activity cycle 0.156 0.212 0.734

Order 1030 0.068 0.884 0.159
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Highlights

Monitoring data can inform the status of mammal B-diversity at site and species levels
Local contribution to B-diversity (LCBD) describe the ecological uniqueness of a site
Species richness, area size, and tree basal area can predict ecological uniqueness
Species with intermediate to high occupancy contribute more to p-diversity

Ecological uniqueness metrics can guide conservation strategies in protected areas



