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RESUMEN

Las crecientes listas de especies amenazadas debido al impacto del ho¡nbre en los

ecosistemas de todo el mundo, han alentado el desarrollo de análisis comparativos con

el fin de dilucidar ¿porqué algunas espec¡es son más propensas a la extinción que

otras? Entendiendo los factores y procesos relacionados con la vulnerabilidad de las

especies a la declinación podría ofrecer una oportunidad para desarrollar estrategias de

conservación preventivas. Estos análisis comparativos son de espec¡al interés a escala

nacional porque a esa escala se desarrollan la mayoría de los esfuerzos de

conservación. Evaluamos la relación entre rasgos de historias de vida y ecológicos de

los mamíferos bolivianos con su tendencia poblacional, con el propósito de: a)

entender la vulnerabilidad de los mamíferos a escala nacional y b) para predecir la

tendencia poblacional de especies poco conocidas o no evaluadas. Encontramos que el

riesgo de declinación no está distribuido al azar entre los órdenes de mamíferos de

Bolivia. Primates, Cetacea-Artiodactyla-Perissodactyla, Carnivora y C¡ngulata t¡enerl

más especies en declinación. Sin embargo, Rodentia-Lagomorpha y Chiroptera tienen

menos especies de lo esperado por azat. Nuestros anál¡sis mostraron que el riesgo de

declinación está determinado por múlt¡ples rasgos biológicos. Los mamfferos voladores

tienen la probabilidad más baja de der:linar, m¡entras que los mamíferos terrestres no

voladores tienen la probabilidad más elevada (> 5,6 kg). Entre ¡os mamíferos pequeños

a medianos (<5,6 kg) la probabilidad de declinar depende de la interaccíón entre Ia

amplitud de hábitat, especialización de díeta, tamaño de camada y el rango geográfico.

Finalmente, pudimos predecir la tendencia poblacional de 63 especies poco conocidas,

de las cuales 35 estarían en declínación. Encontramos un fuerte apoyo para rasgos

cons¡stentes corno predictores en estudios previos- Sin embargo, nuestros anális¡s

reveláron además interacción y efectos no lineales entre diferentes ¿tributos con el

riesgo de declinación a escala nacional.

Palabras clave: Vulnerabilidad de las especies, declinación, modelos Random Forest,

predicción de la tendencia poblacional
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ABSTRACT

Tlre growing lists of endangered species due to the human impact over all ecosystems

worldwide have encouraged the development and use of comparative analyses to

elucidate why some species are more prone to extinction than others. By

understanding factors and processes related to species vulnerability to decline might

provide an opportunity to develop preventive conservation strategies. Such

comparative analyses are of special concern at national scales because these are the

scales at which most of the conservation initiatives take place. We tested for correlates

of life history and ecological traits with the population trend of the Bolivian mammals,

in order to: a) understand species vulnerability at a national scale and b) to predict the

population trend for poorly known or non-evaluated species. We found that the rísk of

decline is not randomly distributed among orders of the Bolivian mammals. Pr¡mates,

Cetacea-Artiodactyla-Períssodactyla, Carnivora and Cingulata have grater proportions

of declining species. However, Rodentia-Lagomorpha and Chiroptera have less

declining species than expected by chance, causing the observed heterogeneity. Our

analysis showed that the risk of decline is determined by multiple biological traits.

Volant mammals have the lowest probabílity of decline, while terrestrial large-sized

mammals (> 5.6 ke) have a greater risk. Among small-medium sized mammals (< 5.6 kc)

probability of decline depends on the interact¡on between habitat breadth, diet

breadth, litter size and geographic range. Finally, we pred¡cted the population trend for

53 unl<nown-trend species, of which 35 are declining. We found strong support for

consistent predictor traits prev¡ously related to extinction risk in mammals. However

our analyses go beyond by showing important interacting and non-l¡near effects of life

history traits on the risk of decline among mammals at a national scale.

Key words: species vulnerability, decline, random forest, predicted population trend
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BIOLOGICAL CORRELATES OF THE RISK OF DECLINE AMONG THE BOLIVIAN

MAMMALS:

SETTING CONSERVATION PRIORITIES

lntroduction

Biodiversity is facing increasingly ¡ntense pressures from human activit¡es worldwide

(Foley et a1.2005). Despite the conservation efforts deployed to date, rate of its loss

seems unabated (Butchart et a1.2010; Rands et a1.2010). This fact is reflected in the

growing lists of endangered species in most countries and regions worldwide (Baíllie et

al. 2OO4; Vié et al. 2009). To deal with this threat, during the last decade

conservationists have focused their work in developing comparative studies of

extinction risk in order to understand why some species are more vulnerable to

decline, and hence more prone to extinct¡on than others (Owens & Bennett 2000;

Purvis et al. 2000a; Jones et al. 2003; Reynolds et al. 2005; Jones et al. 2006; Bielby et

a|.2008; Cardillo et al. 2008; Davidson et al.2009; Gonzales-Suarez & Revilla 2013).

Elucidating factors and processes related to species vulnerabitity to decline might

provide an opportunity to develop preventive and proactive conservation strateg¡es to

reduce their populations at long-term (Soulé 1986; Fisher & owens 2004; Cardillo et al.

2005; Rondinini et al. 2011). Furthermore, these correlates of decline could be used to

project or predict the status of species not actually evaluated or for which there is no

enough information (Cardillo et al. 2006; Davidson et al. 2009; Murray et al^ 2Ol1';

Pocock 201L). Having a predictive capacity against extinct¡on risk is central in

conservation biology (Soulé 1986; Fisher & Owens 2004; Evans et al. 2013), because it

could allows us to infer the declining risk for insufficiently known species or for those

not yet declining, and thus, to take concrete actions to prevent their disappearance

(Cardillo & Meijaard 2012). Predictability becomes more important as we still ignore



the current status of extant populat¡ons or the distribution range dynamics for an

important fraction of species; even in well known char¡smatic taxa data lacking is still

recurrent, in mammals for example 15.2% of the species are regarded as data defic¡ent,

19% of reptiles and 24% of amphibians {schipper et al. 2008; Vie et al. 2OO9).

Extinctior'¡ r¡sl( is not randomly distributed among species (Bennett & Owens 1997;

Russell et al. 1998; Thomas 2008) and vulnerability has been associated to different

intrinsic traits of species (reviewed in: Purvis et al. 2000b; Reynolds 2005; Fisher &

Owens 2004). Among mammals in particular, large body size, slow Iife histories, niche

specializat¡on and small geographic range size have been correlated with higher

extinction risk, either at global (Purvis et al. 2000a; Davidson et al. 2009, Davidson et al,

2012, Gonzales-Suarez & Revilla 2013) or regional (Brashares 2003; Fisher et al. 2003;

Collen et al. 2006) scales.

Comparative analyses at broader scales can help to identify general or cons¡stent traits

assoc¡ated with species vulnerability. However, in order to obtain more precise

explanatory patterns on the species risk, due to the idiosyncratic variation of drivers

and threats act¡ng over compositionally different assemblages (Fritz et al. 2009; Pocock

2011), it is also necessary to focus analyses on narrower scales (Fisher & Owens 2004;

Cardillo et al. 2008; Davies et al. 2008). Geographically narrower correlates of the risk

of decline might also ímprove our capability to assess the state of non-evaluated

species or those insufficiently known (e.9. Murray et al. 2011). The more precise

outcomes and predictions are achieved in comparative analyses of vulnerability, the

more helpful they might be to ¡dentify spec¡fic tarBets and prior¡ties (Cardillo &

Meijaard 2012), which is especially relevant for developing countries where limited

resources availability defines the allocation of specific conservat¡on interventions

(Wilson et al. 2011).



Here we examined the taxonom¡c distribution pattern of species decline and tested for

life history and ecologlcal correlates of the risk of decline among the Bolivian mammals,

in order to elucidate the role of biological traits in predisposing mammalian species to

decline at a national level. lnitially, we contrasted the taxonomic distribution of the risk

of decline against a null-hypothesis of a random distribution of declining species among

orders. We therefore, expected to find a strong relationship of higher probabilities of

decline with larger species, those with wíder geographic range, broader home ranges,

higher trophic level or slow reproductive potential or lower habitat breadth, in contrast

to species with opposite ecologies. Further, we aimed to predict the population trend

for poorly known species or those not actually evaluated. Bolivia has a highly diverse

mammalian fauna, occupies the ninth place ¡n the world by its richness and the fourth

in South America and a representative fraction of the species are enough known on

their biology and distribution to make this analysis possible (Aguirre 2007; MMAyA

2009; Wallace et al. 2010). Since lack of knowledge is considered a threat source for

the Bolivian diversity that prevents the development of biodiversity conservation and

management plans (MDSyP 2001), and that 19% of the Bolivian mammals are classified

as data deficient and 29% have not been evaluated, any contribution to help guide

studies and conservation efforts on poorly known species is of highly relevance.

Methods

Response variable: National Population Trend

As a measure of the species vulnerability, we considered the "national population

trend" classification (e.g. Bielby et al. 2008; Murray et al. 2OLL; Gonzales-Suarez &

Revilla 2013), from the last assessment process of endangered species of the Bolivian

vertebrates (Aguirre et a|.2009). Population trend assessment classified species ¡nto

two categories: "declining" or "stable". The former comprised species whose



populat¡ons are reducing across the country even at such slow rates that is not enough

to qual¡fy as endangered species, while the latter compr¡sed species with apparently

constant abundances. Classification was based on both empirical data and expert

assessment (Tarifa & Aguirre 2009).

Predictor traits: Biological deta collection

We collated data for 11 traits that have been previously used to test for correlates in

ext¡nction risk in mammals (see Cardillo et al. 2008; Davidson et al. 2009; Collen et al.

2011), which are: biologÍcal traits (adult body mass), life history traits (litter size,

interbirth interval, age at first reproduction), and ecological traits (mode of life, activity

cycle, habitat breadth, diet breadth, trophic level, home range size and geographic

range size). Traits data were extracted from published information on Bolivian

mammals (Anderson 1997; Aguirre 2007; Wallace et a|.2010) and the global database

PanTheria (Jones et al. 2009). Habitat breadth was measured as the number of all

ecoregions which any given species inhabits (sensu lbisch et al. 2003). As a measure of

geograph¡c range size we considered the extent of occurrence (EOO), measured as the

min¡mum convex polygon that encompasses known points of occurrence for each

species. For both geographic variables occurrence points were collated from national

databases (Anderson 1997; PCMB 2012; Wallace et al. 2013) and the largest open

access international repository of point locations for mammals, the Global Biodiversity

lnformation Facility (GBIF 2013). All estimations were performed in ArcGis10.1".

Because data missing is highly recurrent in the life history knowledge along mammals

(Jones et al.2009), as in our data set (Supporting lnformation), deleting any species

with at least one missing trait could strongly affect our analysis due to the highly biased

loss of information, we know far more about some taxa (e.9. primates and carn¡vores)

than others (rodents and bats) (Cardillo et a1.2005,2006,2008). Hence, we applied

multiple imputation algorithms based on predictive mean matching for continuous

4



var¡ables and proportional odds models for categorical ordered variables (e.g. Fisher et

al. 2003; Murray et al. 2011) to impute missing traits-values of species inside each

order. We restricted the data imputation process at an order level due to the non-

random pattern of data missing in mammals (Gon za les-Sua rez et a¡. 2012). We used

the R package "mice" for imputation, which is based on mult¡ple imputations by

chained equations (van Buuren & Groothius-Oudshoorn 20i.1).

Non-random distribution of declining risk

ln order to test ¡f declining risk is randomly distributed among taxonomic orders of the

Bolivian mammals, we evaluated the bias between'observed and expected frequencies

of species that have a declíning population trend among orders, assuming that the

expected number of declining species is proportional to the total percentage of

declining species in Bolivia. We tested departures from randomness through a G-test of

goodness of fit and a posterior heterogeneity analysis (Dytham 2OLL, Zar 2010) to

identify those orders departed from randomness (Russell et al. 1998). orders

Lagomorpha, Pa ucitubercu lata, Per¡sodactyla and Cetacea were grouped with

Rodentia, Didelphimorphia and Art¡odactyla respectively, because they are monotyp¡c

and to meet the statistical requ¡rements of the G-test (Dytham 2QtL; Zar 2O1O).

Modelling approach

To model the population trend of the Eolivian mammals as a function of life history and

ecological traits we used the Random Forest models for classification (Breiman 2001-).

RF is a statistical ensemble learning technique that comb¡nes the classification power of

hundreds of independent bootstrapped classification trees to improve predictions

accuracy and stability by reducing the inherent bias in the data and correlation among

predictors (Cutler et al. 2007). Tree-based techniques have proved to be more robust

for predictive modeling in comparative analyses of extinction risk (e.g. Sullivan et al.

2006; Davidson et al. 2009, 2012; Burton et al. 2011; Murray et al. 2011). Unlike



class¡cal regression methods RF models do not require distributional assumptions

neither data independence, thus are a Bood alternative over phylogenetic contrasts-

based models which can over-correct the non-¡ndependence among variables that are

not necessarily of an evolutive nature (see Sullivan et al. 2006; Bielby et al. 2010;

Burton et al. 2011). Additionally, this modelling technique is able to disentangle

nonlinear phenomena and context-dependent interactions between predictor variables

(Cutler et al. 2007; Davidson et al. 2009).

We built our model using the algorithm implemented in the "randomForest" pacl<age

(Liaw and Wiener, 2002) for the R environment (R Core Team, 2013), based on 5000

trees. We assessed predictor ¡mportance as the mean decrease of accuracy when

values of a given predictor are permuted. Model accuracy was quantified using: the

overall error rate (the out of bag classification error), the percentage of species

correctly classified and the Cohen's Kappa statiitic of agreement (Breiman 2001;

Gamer et al. 2013). We also developed partial dependence plots of single traits to show

theír effects on the probability of decline In the RF model (Cutler et al. 2007).

Additionally, to visualize relationships among predictor traits we built a single

Classification Tree model using the "rpart" package in R (Therneau et al. 2013).

We followed a two-steps process for modelling and predicting the risk of decline

amon8 the Bolivian mammals. As a first step we used only species with the response

variable (stable or declining), in order to built an explanatory moclel of the risl< of

decline. Secondly, once we fitted the final explanatory model we incorporated a set of

species w¡thout the response variable (unknown-trend species) in order to predíct the¡r

most l¡kely population trend according to their ecology.



Results

Non-random declining risk

Of the 389 mammalian species currently recognized for Bolivia, 275 (71%l have been

classified according to their population trend. Of these, 84 §pecies (30.5%) have a

declining trend, L06 (38.5%) are stable and 85 (31".0%) are classified as unl<nown trend

species because there is no enough information to estimate or even infer their trend.

The L14 remaining Bolivian mammals have not been evaluated (Aguirre et al. 2007;

MMAyA 2009).

ln terms of the number of declining species, orders with the highest risk are Cingulata

(gL.O%\, Cetacea-Artiodactyla-Perisodactyla (85.7%), Primates (7L.4%l and Carnivora

163.O%). Whereas Chiroptera, Pilosa, Rodentia-Lagomorpha and Didelph imorph ia-

Paucituberculata have a lower number of declini¡g species (8.1%, 2O.O%,22.O % &

33^3% respectively).

However, declining risk as a measure of species vulnerability at a national scale, do not

occur at random among taxonomic orders of the Bolivian mammals. When we consider

the expected number of declining species for each order, the observed number of

declining species per order differs from random and are highly heterogeneous (G =

3t.27; df = 7; p < 0.0001) (Figure 1). Orders holding more declining species than

expected by chance are Primates, Cetacea-Artiodactyla-Perisodactyla group, Carnivora

and Cingulata. Conversely, Rodentia-Lagomorpha and Chiroptera have a

disproportion ately low number of declining species. Both later orders are also

responsible of the observed heterogeneity. Once they are excluded from the analysis

heterogeneity is no longer significant (G = 0.31; df = 5; p = 0.5), because the expected

percentage of declining species increases up to 61.8%. This result lead us to test for

correlations of different life history tra¡ts that expfained the declining risk among the

Bolivian mammals.
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Figure 1. Biases in the number of declining species among taxonomic orders of the
Bolivian mammals. Bars size denote contribution of each order to the overall G value-

Predicting the risk of decline

We modelled the population decline risk at a national level using life history and

ecological tra¡ts of L85 Bolivian mammals for which we were able to estimate the

geographic range size (Supporting lnformation). Our overall Random Forest model

classified correctly VB% (1,43 species) of the Bolivian mammals against their observed

population trend (Cohen's Kappa = 0.65, P < 0.0O1), therefore the error rate of the

model (72.7% OOBERRoR) provided 42 misclassified species. Declining species had the

highest percentage of correctly classified species at 80.0%, while the percentage of

stable species correctly classified was 76.7% (Supporting lnformation).

Among the misclassified spec¡es, 25 currently listed as "stable" were identified

declining suggesting that, according to their ecological traits, these species should have

a greater risk of decline than h¡therto recognized. On the other hand, 17 species listed

as "declining" were predicted to be "stable". These misclassified species do not appear

I



to be phylogenetically biased in our model, since they embrace different orders and

families (Support¡ng lnformation).

Further, using the explanatory model of the risl< of decline we were able to predict the

populat¡on trend for 63 unknown-trend species with geographic range size (EOO). Of

these,35 species were predicted to be declining and 28 were predicted to be stable

(Supporting lnformation).
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Predictor traits of the risk of decline

Figure 2. Relative ¡mportance ranking of life history and ecological predictors in the
Random Forest model. The importance of each variable was calculated as the mean

decrease of accuracy when the out-of-bag (OOB) data of the target variable was

randomly permuted and passed down again on each tree of the forest. Error bars

denote the standard error of the raw variable importance across the 5000 trees.
Differences between predictors were estimated by pair-wise two tailed z-test (o =

0.05).

Traits correlated with the risk of decline

Body mass and mode of life were identified as the most important predictor traits of

decline risk in the Random Forest model (Figure 2). Although of low importance, other

traits also accounted for the risk of decline, namely geographic range (EOO), activity

ffiffi
ffiffi
ffiffi
W ffi Hq ffi W ffi F,l,#u w *,
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cycle, l¡tter size, home range, diet breadth and habitat breadth (Figure 2). These traits

were confirmed in the single Classification Tree model (CT) as important predictors

(Supporting lnformation). Habitat breadth, age at first birth, trophíc group and inter-

birth interval were consistently the least contributing predictors in both models.
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Figure 3. Partial dependence plots of the probability of decline as a function of single
predictor traits among the Bolivian mammals.

Partial dependence of key predictors in the model showed mainly non-linear effects of

individual traits on species probab¡lity of decline (Figure 3). The probability of decline

increased abruptly at low values of body mass and home range size. Mode of life and
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activity cycle had a similar effect on declining risk. Volant and nocturnal mammals had

the lowest probability of decline while terrestrial, arboreal and diurnal mammals are

more likely to be declining. Diet breadth showed a positive relationsh¡p with probability

of decline, indicating that generalist species are more likely to have a declining trend. lt

is noteworthy that the curve reached the asymptote around five categories of prey

items in the species diet. Geographic range size showed a negative relationship with

declining risk, where species with small ranges (up to 200,000 km2) are more likely to

be declining.

On the other hand, litter size showed a similar pattern, species with two or more

offspring had a higher probabílity of decline whereas species with only one offsprirrg

should be the less vulnerable.

Our single CT model revealed "mode of life" as the basal major splitt¡ng trait, which

placed volant mammals alone in the less-risk right branch of the tree and terrestrial,

arboreal, semi-aquatic and aquatic mammals together in the left high-risk branch

(Figure 4). Furthermore, on the first branch, probability of decline in bats was

associated w¡th geographic range size. Bat species with ¡ntermediate ranges (34,615

km2 < x < 85,446 km2) had a higher risk of decline. On the second main branch non-

volant species were classified according to their body mass. Larger mammals (> 5.6 ks)

exhibit a greater probability of decline, only two species of 35 were stable (Figure 3,

node 19). Among the small and medium sized mammals CT model revealed three

different pathways to decline depending on the interaction between habitat and diet

breadth, interbirth interval, geographic range size and trophic group. Species with a

narrow habitat lcreadth (node 18) or a wide diet breadth (node 17) have a greater

probability of decline. Whereas of the rema¡ning species with narrow diet breadth,

those with medium to long periods between births, with less than 56o,000 km'Zof

distribution and being herbivorous or carnivorous, which can be considered as a trophic

specialists, are also declining (node 16).
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Figure 4. Classification tree of the risk of decline among the Bolivian mammals based on
species biological and ecological traits. lnner nodes (ovals) indicate the splitting traits
used to classify the species. Numbers on the respective branches are threshold values
of each trait. BIack bars denote the proportion (probability) of declining species on
terminal nodes. n is the number of species in each terminal node. Nodes numbers,
above ovals or bars, are indicated for reference in text. Thresholds under Habitat
breadth and diet breadth indicate the number of ecoregions and prey ¡tem types
respectively. Geog_Rng = geographic range size, lnter_Birth = interbirth interval.

ln order to evaluate if "mode of life" importance value is merely an art¡f¡ce of the

analysis due to the high proportion of bats being stable, we repeated both RF and CT

analysis excluding this trait. Results were highly consistent w¡th the all-traits models in

terms of accuracy, sensitiv¡ty and specifícity (Supporting lnformation). The only

difference was evident in the CT model, where body mass appeared as the first splitt¡ng

trait, separating small sized mammals (< 80 gr) as the less vulnerable group and
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medium and large sized mammals (> SOgr) as the most vulnerable (supporting

lnformation).

Further, to test the importance of phylogeny in the risk of decline among the Bolivian

mammals, we run RF and CT models íncluding Order as a taxonomic grouping factor.

Both models performed with similar accuracy compared to our first models. ln these

analyses, Order appeared as the second most important predictor of declining trend

and replaced mod'e of life as the first splitting variable in the CT model (Supporting

lnformation). However, predictions of the popula.tion trend for species in both the

learning sample and the unknown trend sample, through the RF model were

substant¡ally the same in comparison to the first analysis.

Discussion

Distribution of the risk of decline

The risk of decline is non-randomly distributed across taxa of the Bolivian mammals, as

previously shown at broader scales (Russell et al. 1998; Jones et al. 2003). Medium and

large sized mammals appeared to be more susceptible to decline, in contrast to smaller

species (rodents and chiropterans). However, what is more relevant from our analysis

is that non-randomness is caused only by those orders holding less declining species

and, if they were excluded from the analysis the expected percentage of dectining

species increases from 30.5% to 6L.8%, which suggests that vulnerability and thus

extinction proneness are more widespread among the Bolivian mammals.

The biology of the risk of decline

Our overall results reveal that multiple biological and ecological traits have an effect in

determining the risk of decline in mammals at a national scaÍe. We found strong
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suppoft for consistent traits assoc¡ated with species extinction risk amon8 mammals at

global (Purvis et a1.2000a; Jones et al. 2003; Cardillo et al. 2008; Gonzáles-Suárez &

Revilla 2013) or local scale (Brashares 2003; Collen et al. 2006), such as body mass,

geographic range size, generation time and home range. However, our results go

beyond previous comparative studies in that we also found evidence for mode of life,

habitat breadth, diet breadth and litter size as correlated tra¡ts with the risk of decline.

Together, these tra¡ts emphasise the importance of life history, niche specialization and

distribution in determining the spec¡es vulnerability. Moreover, our results differ from

studies that used quantitative measures of declining rates of local mammalian

populations (Mace et al. 2010; Collen et al. zOtL\, which found that risk of decline

correlates with environmental factors instead of biological traits.

Another main difference with studies that compared extinct¡on risk between large and

small-sized mammals at a broader scope (Cardillo 2003; Cardillo et al.2005; Davidson

et aI.2009), ¡s that we found strong support for life'history correlates among small and

medium sized mammals. Our models showed that their life history (inter birth interval)

as well as their ecology (diet breath, habitat breath) predispose them to have a

declining trend (Figure 3).

Similar to Davidson et al. (2009, 2012), our analyses also demonstrated that species key

traits have interacting effects and, more important, non-linear relationships on the risk

of decline. Mode of life and body mass were the most ¡mportant predictors because

they define the f¡rst splits in the classification model and hence define different

pathways to decline by interact¡nB with other traits.

The effect of mode of life on the probabílity of decline and its role as the first splitting

variable in our CT model, suggests strong differences in species survival according to

their lifestyles (Johnson 2002), as volant mammals are classified as the clade with the

lowest probability of decline in contrast to non-volant species (Figure 3). This result is
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consistent to that found in global analysis of extinction risk in bats. Chiropterans are

less prone to extinction than other taxa among mammals and also microch iropterans

are less vulnerable than megachiroptera ns (Pteropodidadoe) regardless to their body

size or other biological traits (Mace & Balmford 2OO0; Jones et al. 2003; Davidson et al.

2009).

Body mass had also an important effect in declining risk among Bolivian mammals. The

part¡al plot of this trait showed a dichotomous classification pattern suggesting that

small íncreases in this variable confers species a greater vulnerability. The size

threshold of 5.6 kg we found, agrees with previous studies of extinction risk in

mammals at a global scale (Cardillo et a1.2005; Davidson et a1.2009; Gonzales-Suáres &

Revilla 2013). For example, Davidson et al. (2009) found that extinction risk in

mammals rise f¡rstly based on body mass classif¡cation, a threshold of 5.5 kg separated

larger mammals and small sized mammals, the former being more likely to go extinct.

Similarly, Cardillo et af. (2005) found a critical value of 3 kg of body size above which

species has a greater ext¡nction risk. However, unlike Davidson et al. (2009)

classification model, ours ident¡fied no other bíological tra¡t splitting large mammals,

suggesting that at a national scale all big herbivores, carnivores and some primates and

rodents above the size of a bush dog (Spheotos venaticus) are more susceptible to

decline (94% of probability) mainly because of their size.

This finding reflects the impact of threaten¡ng processes like subsistence hunting,

commercial exploitation or persecution due to human-wildlife conflicts, imposed to

large sized species, Either because of the reduced reproductive potential, slow life

histories, high energetic budgets or failure to recovery after protection, larger

mammals are more sensitive to these factors (Bodmer et al. 1997; Purvis et al. 2000a;

Carbone et al. 2007; Charnov & Zuo 2011). ln the Amazonian and Chacoan lowlands of

Bolivia primates (Alouatto coraya, A. soro, Ateles chamek\ and ungulates (Ozotoceros

bezoarticus, Blastocerus dichotomus, Catagonus wagneril are important components in
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the diet of local indigenous and rural communities (Cuellar & Noss 2003, Townsend &

Rumiz 2003), and despite some of them are present in high densities or are widely

distributed across the lowlands, their populations are seemed to be declining (Venegas

et al. 2007; MMAyA 2009). On the other hand, Lycalopex culpaeus and pumo concolor

exemplify big carnivores having a declining trend regardless of being non-threatened

(see Tarifa & Aguirre 2009). Due to the conflict with livestock owners, their populations

are estimated under constant decline, especíally in the Andean highlands (Tarifa &

Aguirre 2009).

Small geographic range size typically has been related to greater extinction and

declining risk in mammals because it is related with the species lim¡ted ability to

withstand environmental stochastic events (Purvis et al. 2000a; Harcourt et al.2OA2;

Jones et al. 2003; Cardillo et al. 2008; Davidson et al. 2009). our results support the

general effect of this ecological trait on the Bolivian mammal's vulnerability; however,

it is more relevant for medium and small sized species according with our CT model.

Species such as Ch¡nchilla chinchillo, Lagotrix cf. cono tschudii, Collicebus aureipolati,

Collicebus pallescens have narrow ranges and are under hunting pressure (MMAyA

2009; Wallace et al. 2010). Among bats for example, species with wider geographic

range in the country are less likely to decline (prob. < 0.06, node 3), which is consistent

with that found by Jones et al. (2003).

We a¡so found strong support for a higher risk of decline due to habitat specialization.

Our analyses revealed that this trait is especially relevant for non volant small-medium

sized mammals inhabiting one or two habitat types le.g. Gracilinanus oceromorcoe,

Callicebus olalloe, Calyptophroctus retusus, Abrocomo boliviensis, Oxymycterus

hucuchal. This effect of habitat specialization agrees w¡th observed patterns among

marsupials and primates at global (Fisher et al. 2003, Harcourt 2002) and regional

(Brashares 2003) scales, therefore highlight the intrinsic vulnerability of species

adapted or restricted to few habitat types.
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Contrary to this result, diet breadth showed the opposite effect as species with a

broader number of diet item types seemed to have a greater declining risk. A plausible

explanat¡on of this result rises when looking at the species subset identified in the CT

model as having a greater risk by diet generalization (> 5 item types in their diet, node

17). Despite their elevated local abundances some of these species are under high

pressure of hunting for consumption or trade (Dosypus novemcinctus, Euphractus

sexcinctusl and/or because are considered crop plagues {Chaetophroctus vellerosus\

(Tarifa & Aguirre 2009, Noss et al. 2008, Cuellar & Noss 2003). On the other hand,

Dasyprocta punctota shows low densities and small reproductive potent¡al (1 to 3 cubs

per litter) {Wallace et al.2010).

Finally, the counterintuitive effect of litter s¡ze observed in the all-species RF model is

explained by the fact that the vast majority of bats have only one offspring per litter

and because of the high proportion of bats with stable population trend in the model's

train¡ng sample. Therefore, once we repeated the analyses only for non-volant species

litter size effect on declining risk becomes clear (Supporting Information). As predicted

by theory species with small litters are more susceptible to decline and to go extinct

because they fail to compensate mortality or exploitation rates (Purvis et al. 2000a;

Cardillo 2003).

lmplications for conservation of the Bolivian mammals

Both predictive outcomes from our Randon Foresi models are of highly relevance for

the conservation planning of the Boliv¡an mammals because they provide a species-by-

species insight of those that need urgently more attention on the basis of their

populations decline. First, among the misclassified species, those actually cons¡dered

stable but according to their ecologies they should be declining could be reflecting their

capability to withstand threats that otherwise could cause their decline. However, in

the worst case these species would need conservation initiatives to prevent future
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declines. On the other hand, species predicted to be stable, but observed declining,

suggest that other extrinsic threats that beat their intrinsic resilience, such as climate

change, must be affecting them.

Conclusions

Our models revealed that the risk of decline is more complex than the scaling up

relationship with body mass or geographic range only, as advanced in previous

comparative studies (Purvis et al.2000a; Cardillo et a1.2005; Collen et a1.2011). At a

national scale what makes a species more vulnerable to decline depends also on its life

style, habitat specialization, diet generalizatíon and reproductive potent¡al. However

and more importantly, our results underpin the interacting effect of multiple traits in

determining different pathways of risk. Our models also provided priority species due

to their observed trend, as well as about species with a high probability for a future

decline.

Since the vast majority of conservation-oriented decisions and strategies are deployed

at a nat¡onal scale, it ls of high relevance to elucidate patterns, factors and processes

underlying the selectivity of decline among biodiversity at this same scale. By doing this

we would be able to better inform (see Cardillo & Meijaard 2012) decision makers and

stakeholders (e.g. Painter et al. 2011) about the current and future state of declining

species, in order to have a plausible effect on conservat¡on practice.

Supporting lnformation

Summary of the variables, the response variable and biological traits, and data

availability (Appendix S1), accuracy metrics of the Random Forest models and the

Classificatíon Tree model (Appendix S2), misclassified species list according to our

Random Forest model pred¡ctions over the train¡ng sample (Appendix S3), predicted
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population trend species list (Appendix S4), relative importance ranking of predictors in

the classification tree model (Appendix S5), classification tree model w¡thout "mode of

life" (Appendix 56) and partial dependence plots of the RF model only for non-volant

mamñrals (Appendix 57) are available online. The authors are responsible for the

content and functionality of these materials. Queries (other than absence of the

material) should be directed to the corresponding author.
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Support¡ng lnformation

Appendix 51. Summary of life history and ecologicaltraits used to model the risk of

decline among the Bolivian mammals. Number of species with known population trend

and available data for each predictor trait, number of species with data and for which

geographic range size was estimated (species with at least three occurrence points),

the relative percentage of species with data in the geographic range-sample (Nceonnc =

248 species) and relative percentage of species in the geographic range-sample for

which traits data was imputed.

N from the soecies
N w¡th data
available withgeograph¡c

range trv"".l,=z¿el 
%¡mnuted

Response variab¡e

Popu lation trend

lntrinsic predictors

Body nrass

Age at first birth

lnter-birth interval

Litter size

Trophic group

Diet breadth

Aclrivity cycle

Mode of life

Home range

Hab¡tat breadth

348 242

86 a2

250 206

281 231

277 221

254 202

305 232

91 86

286 244

74.6 0 (excluded)

98.4 1.6

33.1 66.9

55.6 44.4

83.1 16.9

94.4 5.6

92.7 7 .3

83.1 16.9

94.8 5.2

34.7 65.3

100 0

Geographic range 24a 24a 100 0 (excluded)

//4 'Z\
3 ef6fiOt-e;r ;
< .E\tiRAl- (,
,* :!,!r'"- .t 

I

,Z^ D E nl\

!-ot. c¡Y
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Appendix 52. Accuracy metrics of the random forest model used to predict the

population trend of the Boliv¡an mammals (n = 1"85 spec¡es).

Accuracy metric

Full traitsfspecies
models

RF CT

Models without
"mode of life"
RF CT

Error rate

PCC

Spec¡ficity

Sensitivity

22.1,6 9.19

77 .84

76.70

80.00

22.70 L0.20

71.30 89.80

76.70 94.90

78.05 85.00

90.81

95.1^5

85.37

cohen's t(appa {P-value) o'55 0'81 0'51 0 7u
(p<0.001) (p<0.001) l[p<0:q0] ) (p<0.001)

PCC is the percentage of species correctly classified by the model. Spec¡f¡city is the

percentage of stable species correctly classified whereas sensitivity is the percentage of

declining species correctly classified. The Cohen's Kappa value reflects the measure of

agreement between actual population trend and predicted trend by the model

corrected for agreement by chance.
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Appendix 53. Misclassified species list according to the full traits/species Random-

Forest model predictions.

Current Predicted
popuiai¡oi irena ,Ñ- order Family Species

Carnivora Canidae
Carnivora Ca nidae
Carn¡vora
Carnivora
Carn¡vora

Muste¡idae
Procyonidae
Procyonidae

Artiodactvla Ca mel¡dae
Ch¡ropte ra
Chiropte ra
Ch¡ropte ra
D¡delphlmorphia Didelphidae
Didelphimorph¡a Didelph¡dae
Didelphimorphia Didelphidae
Didelphimorphia Didelph¡dae

Emballonur¡dae Soccopteryxlepturq
Phyllostom¡dae Lqmpronycter¡sbrachyot¡s
Phyllostomidae M¡moncrenulotum

Cerdocyon thous
Lycalopex qymnocercus
Eira borbqrq
Bassaricyon allen¡
Potos flavus
V¡cuqno v¡cuqnq

Lutreol¡na crass¡csudqta
Mormosops b¡shop¡
Mqrmosops cre¡qhton¡
Meto chi rus n ud icou dotus

Stable Declining

Pilosa Bradypod¡dae Brodypus vor¡eqotus
Pilosa Myrmecophagidae Tamqnduo tetradqctylq
Primates Aotidae
Primates Callitrichidae

Aotus ozqroe
M¡co melonurus

Primates Cebidae So¡tn¡t¡ bol¡v¡ens¡s
Rodentia Caviidae Cov¡a tschud¡¡
Rodentia Caviidae Goleo mustelo¡des
Rodentia Caviidae Hydrochoe 6 hydroclnetis
Rodentia
Rodentia

Carnivora
Ch¡roptera
Chiroptera
Chiroptera
Chiropte ra
Ch¡roptera
Ch¡roptera
Chiropte ra
Chiroptera
Chiroptera
Didelphimorph¡a D¡de¡ph¡dae
Didelphimorphia D¡delph¡dae
Didelohimorohia D¡deiphidae

Phvllostomidae Anourdcoudífer
Phyllostom¡dae Anourocultrota
Phvllostomidae Anourooeoff¡ov¡
Phyllostomidae Lophostomocarrikeri
Phvllostomidae M¡cronycterismeqalotis
Phyllostomidae Plotyrrh¡nusqlbericoi
Phvllostom¡dae VomDvrumsoectrum
Vespertilionidae Mvot¡sd¡nell¡i

Thotnasomys lodew¡
Clenotnys ste¡nbocll¡

Conepotus cltinqa
N ata I us e s p i'¡t o so t t Le n s ¡s

Caluromvs lonotus
Gl¡ron¡a venusta
G roc¡l¡no n us qcet ono rcoe

Cricet¡dae
Ctenomyidae

Mephit¡dae
Natal¡dae

Rodentia Sciuridae Sc¡urus araent¡n¡us

Declining Stable

Didelphimorphia Didelphidae Monodelph¡s kuns¡

Rodentia Chinchillidae Ch¡nch¡llo ch¡nch¡llo
Rodentia Dasvproctidae Dosv1ractd Dunctalo
Rodentia Erethizontidae Coerdou prehe¿lsil/s
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Appendix §4, Predicted-trend species list according to the explanatory Random Forest

model of the risk of decline among the Bolivian mammals.

Family species Predicted Trend

Artiodactyla

CaTnivora

Carnivora

Carnivora

Carnivora

Chiroptera

CinBulata

Didelphimorphia

Didelphimorphia

Didelphimorphia

Didelphimorphia

D icle lplr imo rphia

P ilosa

Primátés

Primates

Prima tes

Rodentia

Rodentia

Rodent¡a

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rode n tia

Rodentia

Rodentia

Rodentia

Rodenlia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Carnivora

Chiropter a

Cervidae

Felidae

M ustelidae

Mustelidae

Mustel¡dae

Thyropteridae

Dasypodidae

D¡delphidae

Dide lp h ida e

D¡delphidae

D idelph ida e

Dide lph id a e

Megalonychidae

Aotidae

Cebidae

Cebidae

Caviidae

Chinchillidae

Cricetidae

Cricet¡dae

Cricetidae

Cricet¡dae

Cricetidae

Cricetidae

Cricet¡dae

Cricetidae

Ctenomyidae

Ctenomyidae

Ctenomyidae

Cunicu lidae

Echifiyid¿e

Echimyidae

Echimyida e

Echimyidae

Erethizontidae

Fe lidae

Em ba llonu ridae

Odoco¡leus peruvíana

Leopordus t¡gr¡nus

Gol¡ct¡s cuja

Gol¡ctis v¡ttoto

Mustela frenoto
Thyroptera d¡sc¡fera

Cabassous unic¡nctus

C ry pto n a n u s u nd u ov¡e n s ¡ s

D¡d el p h ¡s nt q rsu p í o I ¡ s

D¡delph¡s pern¡gro

Marmoso regino

Thylomys venustus

Choloepus hoffmanni

Aatus nigr¡ceps

Cebus olb¡frons

Cebus l¡bid¡nasus

Dol¡chotis salin¡cola

Lag0stomus ñoximus

Akodon pervalens

Akodon vorius

Chínchillulo sohomoe

Galenomys garlepp¡¡

Hylaeotnys ocr¡tus

l L¡sce l¡n o my s h u q n cho co e

fapecomys wolffsohn¡

lhomosomys dophne

Ctenomys froter
Ctenomys Ieucodon

Ctenomys lew¡s¡

CL¡ n ¡cu I u s td czo n úw sk¡ ¡

Proechimys brevicoudo

P roech ¡ mys I o n g ¡co u dotu s

Proech¡ntys s¡mons¡

Proech¡¡1'tys steere¡

Coendou bicolor

Pumo yogouqround¡

D¡cl¡durus albus

declining

declining

declining

declining

declining

declining

declining

declin ing

declining

declining

declining

declining

decli,ring

declining

declining

declining

cleclin ing

de clinirrg

dec lining

declining

declining

declining

declining

declin ing

decl¡n¡nB

declinirtg

declin ing

decl¡ning

declining

declining

declining

decl¡n ing

declin ing

declining

cleclining

stable

sta ble
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order Family species Predicted Trend

Chiropte ra

Chiropte ra

Chiroptera

Chiroptera

Chiropte ra

Chiropte ra

Chiropte ra

Chiropte ra

Chiropte ra

Ch¡rople ra

Chiroptera

Chiropte ra

Chiropte ra

Chiropte ra

Chiropte ra

Chiropte ra

Chir0ptera

Chiroptera

Chiropte ra

Chirople ra

Didelphimorphia

Didelphimorphia

Didelphimorphia

Pilosa

Rodenlia

Rodentia

Molossidae

Moloss¡dae

Molossidae

Molossidae

Molossidae

Molossidae

Mormoopidae

Mormoopidae

Phyllostomidae

Phyllostomidae

Phyllostom¡dae

Phyllostom¡dae

Phyllostomidae

Phyllostomidae

Phyllostomidae

Phyllostomidae

Phyllostom¡dae

Phyllostom¡dae

Thyropter¡dae

Vespert¡lionidae

Didelphidae

Didelphidae

Didelphidae

cyclopedidae

Caviidae

Chinchillidae

Cynomops planirostr¡s

Eumops honsae

Eumops perotis

Nyct¡no mo ps o u r ¡s p ¡ n o s u s

Proñops centrolís

Promops nosutus

Pteronotus gymnonotus

Ptercnotus rub¡g¡nosus

Caroll¡a monu

Choeron¡scus m¡nor

Dermonuro gnomo

L¡chonycter¡s degener

L¡onycteris spurrell¡

Lo nch o p hy I I a d e keyse ri

Lonchophyllo thomosi

Plotyrrhinus incarum

Platyrrhinus mosu

Plotyrrh¡nus n¡gellus

Thyropterq tr¡color

Rhaqeessa io

D ¡d e I p 11 i s o I b ive n tt ¡s

Mornosops ¡mpovidus

Philsnder cqnus

Cyclopes didacty¡us

Microcoviq n¡dto

Log¡d¡um v¡scocia

sta b le

stable

stable

sta ble

sLable

stable

sta ble

stable

stable

stable

stable

stable

sta ble

sta ble

stable

sta ble

sta ble

stable

stabie

slaille

sta ble

sta ble

sLa ble

s La ble

sta ble

sta ble
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Appendix 55. Relative importance ranking ofthe l¡fe history and ecologícal predictors in

the class¡fication tree model.
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Appendix 56, Classification tree of the risk of decline among the Bolivian mammals

w¡thout the tra¡t "mode of life". tnner nodes (ovals) ¡nd¡cate the splitting traits used to

classify the species. Figures on the respective branches are thresholcl values of each

trait. Black bars denote the proport¡on (probability) of declining species on terminal

nodes. Nodes numbers, above ovals or bars, are indicated for reference in text.

Thresholds under Habitat breadth and diet breadth indicate number of ecoregions and

prey item types respectively. Geog_Rng = geographic range size, lnter-Birth = interbirth

interva I.
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Appendix S7. Partial dependence plots of ecological traits in the RF model only for non-

vola nt mammals of Bol¡via.
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