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ABSTRACT

Aim To identify characteristics of a human-modified landscape that promote

taxonomic (TD), functional (FD) and phylogenetic (PD) dimensions of bat

biodiversity.

Location Caribbean lowlands of northeastern Costa Rica.

Methods During the dry and wet seasons, we quantified TD (Simpson’s diver-

sity), as well as FD and PD (Rao’s quadratic entropy) of phyllostomid bat

assemblages at 15 sites that represented a forest loss and fragmentation gradi-

ent. FD was estimated separately for each of seven functional components that

reflect particular niche axes (e.g. diet, foraging strategy) and for all functional

components combined (FDall). PD was based on relatedness of species derived

from a supertree. We identified the best explanatory landscape characteristics of

each dimension using hierarchical partitioning.

Results Landscape effects were dimension and season specific. During the dry

season, TD and PD increased with increasing proportions of pasture or size of

forest patches, whereas FDall decreased with increasing size of forest patches.

During the wet season, TD increased with increasing forest patch size, whereas

FDall and PD increased with increasing compactness of forest patches and

decreasing proximity. Decomposition of FD into separate functional compo-

nents revealed different landscape effects on ecological aspects of assemblages.

Main conclusions One dimension of biodiversity was not a good surrogate for

another. Rather, decomposition of biodiversity into different dimensions and

functional components facilitated identification of the aspects of assemblages

that are most affected by forest conversion and fragmentation. Areas with inter-

mediate amounts of forest and pasture during the dry season harboured highest

diversity from taxonomic, functional and phylogenetic perspectives. During the

wet season, areas with large, compact forest patches promoted the dimensions

of biodiversity. Placement of areas with even amounts of forest and pasture

adjacent to large, compact forest patches (e.g. reserves) may maintain high bio-

diversity of bats and the ecosystem functions that they provide throughout the

year.
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INTRODUCTION

Humans have reshaped over 77% of the terrestrial biosphere

(Ellis et al., 2010). Forty percentage of the terrestrial

biosphere is used directly by humans for agriculture and set-

tlements; the remaining area (~ 37%) includes natural (e.g.

primary or mature forest) or semi-natural (e.g. secondary

forest) lands embedded within a mosaic of land converted
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for human use. These embedded natural and semi-natural

lands comprise more ice-free land than pristine areas (i.e.

landscapes with no human impact; ~ 22%) and are promi-

nent world-wide. Consequently, the success of biodiversity

conservation and management of ecosystem functions and

services depends on an understanding of the value and con-

tributions of human-modified landscapes to conservation

goals (Chazdon et al., 2009).

Although considerable effort has been devoted to under-

standing the factors that affect community assembly in

human-modified landscapes, most studies have focused on

the taxonomic dimension (TD) of biodiversity (e.g. species

richness and species diversity; Fahrig, 2003; Sodhi & Ehrlich,

2010; Tscharntke et al., 2012). TD considers species to be

equally distinct and is insensitive to ecological and evolution-

ary attributes of species. Because the effects of environmental

variation, including that produced by land conversion, are

mediated by species characteristics (e.g. physiological con-

straints, habitat requirements, dispersal abilities), consider-

ation of TD alone may provide an incomplete or misleading

impression about the consequences of human activities on

local or regional biodiversity. Furthermore, landscape modifi-

cation likely creates new environmental filters that favour

particular attributes that may be obligatory for species persis-

tence, thereby altering the mechanistic bases of assembly,

such as those reflecting interspecific competitive ability or

niche partitioning (Mayfield et al., 2010). Inclusion of species

attributes, such as ecological functions or evolutionary histo-

ries, into biodiversity assessments should provide insights

into the mechanisms that drive community assembly and

disassembly to better inform conservation efforts.

Estimates of biodiversity based on ecological functions and

evolutionary histories of species describe the functional

dimension (FD) and phylogenetic dimension (PD), respec-

tively. FD measures variability in ecological attributes among

species and provides a mechanistic link to ecosystem resis-

tance, resilience and functioning (Petchey & Gaston, 2006).

PD measures the evolutionary differences among species

based on times since divergence from a common ancestor

(Faith, 1992) and sometimes represents a comprehensive esti-

mate of phylogenetically conserved ecological and phenotypic

differences among species (Cavender-Bares et al., 2009). This

dimension may represent the long-term evolutionary poten-

tial of a biota to respond or adapt to current and future

environments.

Few studies have explored the influences of human-modi-

fied landscapes on FD or PD (Tscharntke et al., 2012), most

of which have focused on plant assemblages (Mayfield et al.,

2005, 2006; Lalibert�e et al., 2010; Arroyo-Rodr�ıguez et al.,

2012). The spatial scale at which plants are influenced by

landscape modification may differ from those that influence

taxa that disperse farther, which may produce different pat-

terns of biodiversity among taxa. Bats are important for

assessing the effects of human-modified landscapes on eco-

logical and evolutionary aspects of assemblages because they

are diverse from taxonomic and functional perspectives

(Patterson et al., 2003). In the Neotropics, bats are generally

the most species rich and locally abundant mammalian

group, comprise species from a variety of feeding guilds, and

differ greatly in dispersal abilities (Patterson et al., 2003).

Moreover, bats provide important ecological services, such as

seed dispersal, pollination and regulation of insect popula-

tions (Kunz et al., 2011). To date, no study has simulta-

neously assessed taxonomic, functional and phyogenetic

dimensions of bat biodiversity within a human-modified

landscape.

In general, studies of the response of Neotropical bats to

land conversion (Estrada et al., 1993; Cosson et al., 1999;

Medell�ın et al., 2000; Bernard & Fenton, 2002; Faria &

Baumgarten, 2007; Willig et al., 2007) have compared sites

that differed in the degree of disturbance (e.g. forest vs.

logged forest). Although this approach has been instrumental

in understanding the influences of human-modified systems

on bat assemblages, it ignores the landscape context of sites

that has critical implications for community assembly or dis-

assembly (Gorresen & Willig, 2004; Klingbeil & Willig, 2009,

2010). Anthropogenic modifications of landscapes are spa-

tially complex, as natural land cover is fragmented and

replaced by a variety of land cover types designed to serve

human needs (i.e. landscape matrix). Furthermore, matrix

environments are not completely inhospitable to biota, and

the degree of permeability and resource availability in matrix

environments are species specific (Kupfer et al., 2006; Per-

fecto & Vandermeer, 2008). Accordingly, land conversion

affects the quantity and diversity of available resources in the

landscape, as well as the connectivity among resource

patches.

In general, three processes associated with landscape modi-

fication affect patterns of biodiversity: loss of native vegeta-

tion, fragmentation per se (i.e. breaking apart of native

vegetation) and matrix permeability or utility (Tscharntke

et al., 2012). Loss of native vegetation and matrix effects are

associated with the presence and proportion of natural and

anthropogenically modified land cover types, independent of

their spatial arrangement (i.e. landscape composition),

whereas fragmentation per se affects connectivity and spatial

arrangement (i.e. landscape configuration) of resource

patches (Bennett et al., 2006). Comprehensive understanding

of the effects of native vegetation loss, fragmentation per se

and the matrix on various aspects of assemblages requires

explicit consideration of compositional and configurational

characteristics of landscapes.

We quantified taxonomic, functional and phyogenetic

dimensions of bat biodiversity within a human-modified

landscape. Our objective was to identify compositional and

configurational characteristics of the landscape that best

accounted for variation in each dimension of biodiversity.

We expected that TD would be most affected by landscape

characteristics that reflect the amount of forest (composi-

tion), based on the assumption that species richness and

total abundance are correlated positively with resource quan-

tity. Conversely, we predicted that FD and PD would be
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most affected by compositional and configurational charac-

teristics, based on the assumption that diversity of species

characteristics is correlated positively with diversity of

resources, and that functional characteristics are conserved

phylogenetically.

METHODS

Study area and sites

Research was conducted in a human-modified landscape in

the Caribbean lowlands of northeastern Costa Rica (Fig. 1).

The 160,000 hectare landscape encompasses fragments of wet

tropical forest at various successional stages, a variety of agri-

cultural plantations (e.g. banana and pineapple), cattle pas-

tures and logged areas. The climate is warm and moist, with

relatively constant temperatures throughout the year (mean

daily temperature: 31.0 °C; range: 30.2–31.9 °C) and appre-

ciable rainfall every month (mean annual precipitation:

4374.6 mm; range: 2809.3–6164.0 mm; Organization for

Tropical Studies, 2012). In general, a drier period occurs

from January until late April, with mean monthly rainfall of

223.7 mm, followed by a wet period from early May to

December, with mean monthly rainfall of 435.0 mm. Because

of changes in resource availability and resource requirements

of bats between seasons (Frankie et al., 1974; Kurta et al.,

1989; Tschapka, 2004), analyses were conducted separately

for the dry and wet seasons.

Fifteen circular sites (5 km radius) were established across

the landscape so that centres were positioned within forest

patches and were separated by at least 3.5 km (Fig. 1). These

sites represent a gradient of forest loss and fragmentation

that encompasses the current range in composition and con-

figuration of land cover in the study area (see Table S1 in

Supporting Information). Site selection was not stratified or

randomized because of limitations associated with gaining

permission from land owners.

Biological surveys and landscape structure

Bats were surveyed using ground-level mist nets during the

dry season (January to April) and wet season (May to Sep-

tember) of 2010. Each site was surveyed four times each sea-

son. For each survey, 12 mist nets (12 m 9 2.5 m) were

opened for 6 h from dusk until midnight (mist nets were

inspected every 30 min). Mist nets were deployed in trails

and flyways in closed-canopy forest within 1 km of the cen-

tre of each site, and mist net configurations and locations

differed among survey periods within seasons. Sampling was

not conducted during the presence of a moon that was

≥ 90% full due to reduced bat activity associated with high

lunar illumination (Morrison, 1978) or during severe

weather because of health risks to bats from exposure to low

temperatures associated with strong winds or rain. To iden-

tify recaptures within a sampling period, hair was trimmed

on the back of each bat before release. The use of ground-

level mist nets effectively samples species from the family

Phyllostomidae (Kalko, 1997), but may under-represent

other families (Kalko & Handley, 2001). Accordingly, analy-

ses were limited to phyllostomids.

Landscape structure was quantified at each site using a

land cover map that represented the landscape of 2011 (see

Fagan et al., 2013 for map construction). The original 13

cover types were reclassified into seven cover types: for-

est = mature forest, swamp forest, native reforestation and

exotic tree plantations; cropland = banana, sugarcane, heart

of palm and pineapple; and pasture, bare soil, urban, water

and masked area were retained as unique categories (see Fig-

ure S1 for the contributions of the original cover types to

the total forest or cropland cover types). Because only 0.6%

of the pixel values of the land cover surrounding the sites

were designated as masked areas (i.e. areas obscured by

cloud or Landsat 7 line errors), masked area was manually

changed to other pixel values using the area fill tool in ERDAS

IMAGINE 2013. Masked area pixels were changed to the pixel

value within which they were embedded or to pixel values

based on a 2005 land cover map of the study area (Fagan

et al., 2013). In the reclassified land cover map, the six cover

types occupied the following proportions of the study area:

forest, 0.502; pasture, 0.376; cropland, 0.096; bare soil, 0.015;

water, 0.006; and urban, 0.005.

Five compositional (i.e. percentage forest, percentage pas-

ture, mean forest patch size, forest patch density and Simp-

son’s diversity of cover types; see Table S2) and four

Forest

Urban

Pasture

Bare soil

Cropland

Water

Figure 1 Location of the 15 sampling sites (black dots) within

the study landscape represented by a 2011 land cover map.

Location of the study landscape (black rectangle) in Costa Rica

is displayed in the upper-left corner of the land cover map.
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configurational (i.e. mean forest proximity, mean forest near-

est neighbour, mean forest patch shape and forest edge den-

sity; see Table S2) indices were quantified using FRAGSTATS

version 4 (McGarigal et al., 2012). Composition refers to the

proportions of different types of land cover within a site,

whereas configuration specifies the geometric arrangement of

land cover within a site. All indices were quantified using

forest as the focal land cover type, except for percentage pas-

ture and Simpson’s diversity of cover types. Because spatial

patterns are scale dependent, and the scale at which bats use

and respond to the environment is species specific (Gorresen

et al., 2005; Klingbeil & Willig, 2009), all landscape charac-

teristics were quantified at each of three spatial scales (circles

of 1, 3 or 5 km radius) to account for interspecific differ-

ences in bat home range size and behaviour.

Quantification of dimensions of biodiversity

Data

To evaluate TD, bat species abundances were obtained at

each site separately for each season (recaptures were not

included in abundance totals; site-by-species abundance

matrices are available at http://biofrag.wordpress.com/). We

followed the taxonomy of Simmons (2005) for classifying the

34 phyllostomid species recorded from the Caribbean low-

lands of northeastern Costa Rica.

FD was estimated using species abundances and two types

of data: categorical (binary) and mensural attributes

(Table 1). For each data type, a suite of functional attributes

were used to describe particular niche axes (i.e. functional

components). Categorical components were associated with

(1) diet, (2) foraging location, (3) foraging strategy and (4)

roost type. Mensural components were associated with (1)

body size, (2) masticatory mode (i.e. skull characteristics)

and (3) aerodynamic mode (i.e. wing characteristics). These

mensural components also reflect physiological constraints,

diet and foraging behaviour, respectively. For each categori-

cal attribute, a species received a ‘1’ if it exhibited the char-

acteristic or a ‘0’ if it did not exhibit the characteristic. To

best portray the variety of functions performed by a species,

all attributes related to a particular functional component

(e.g. all diet attributes) were considered together in defining

the species’ functions. For each mensural attribute, an aver-

age value was obtained for each species based on measure-

ments of multiple male and female adults.

Information for all functional attributes was derived from

the literature and restricted to records from Central America

when possible (see Table S3). Measurements of size attributes

were augmented by field measurements from the study area.

Missing mensural data were estimated using linear regres-

sion, with mass as the independent variable and attribute

values of other species from the same subfamily. Missing cat-

egorical data were replaced by values from congeners. Only

4.1% of species traits were estimated or replaced. Because

the environmental gradient may affect particular functional

components differently, integration of ecological attributes

into a single multivariate measure may obscure important

patterns (Spasojevic & Suding, 2012; Cisneros et al., 2014).

Accordingly, mean functional differences among species were

estimated for each functional component separately

(Table 1), as well as for all functional components combined

(each component was weighted equally despite having

unequal number of attributes).

We evaluated PD based on species abundances and branch

lengths from a species-level supertree of bats (Jones et al.,

2005). For each species that was missing from the supertree

(i.e. five of the 34 species), the closest congener present in

the supertree that was not present in the study area was

substituted. Although a number of phylogenetic trees are

available for bats, the supertree developed by Jones et al.

Table 1 Functional attributes that reflect niche axes (functional

components) were used to estimate functional diversity of bat

assemblages from the Caribbean lowlands of Costa Rica.

Mensural attributes were measured as described in sources (see

Table S3).

Type of

data

Functional

component Attribute Trait value

Categorical Diet Fruit or plant 0, 1

Nectar or pollen 0, 1

Invertebrates 0, 1

Vertebrates 0, 1

Blood 0, 1

Foraging

location

Canopy 0, 1

Subcanopy 0, 1

Understory 0, 1

Foraging

strategy

Gleaning 0, 1

Hover 0, 1

Pounce 0, 1

Roost

type

Foliage 0, 1

Bark or roots 0, 1

Tree hole or

termite nest

0, 1

Man-made structures 0, 1

Culvert or under

large rocks

0, 1

Cave, tunnels,

mines or sewers

0, 1

Mensural Size Mass Mean (g)

Forearm length Mean (mm)

Skull Greatest length

of skull

Mean (mm)

Condylobasal length Mean (mm)

Length of maxillary

toothrow

Mean (mm)

Breadth across upper

molars

Mean (mm)

Width across post-

orbital constriction

Mean (mm)

Breadth of braincase Mean (mm)

Wing Wing loading Mean (mm)

Aspect ratio Mean (mm)
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(2005) represents the most complete and accurate tree.

Moreover, assessment of PD is robust with respect to varia-

tion in the resolution of nodes near terminal branches of the

tree (Webb, 2000) and variation among trees would not

likely affect conclusions in this study.

Biodiversity indices

At each site, TD was quantified using Simpson’s diversity

index (Simpson, 1949), and FD and PD were quantified

using Rao’s quadratic entropy (Botta-Duk�at, 2005). These

metrics facilitate comparison among the three dimensions

because Rao’s Q is an extended form of Simpson’s index

that includes information on species dissimilarities (Simp-

son’s index considers all species to be equally distinct). Rao’s

Q is the sum of the distances (functional or phylogenetic)

between all possible pairs of species, weighted by the prod-

uct of their relative abundances, and conceptually is the

abundance-weighted average difference among species (Wei-

her, 2011). Functional and phylogenetic distances between

species were obtained from pairwise dissimilarity matrices

for each of the seven functional components separately, for

all of the functional components combined, and for the

phylogenetic approach. Functional pairwise dissimilarity

matrices were calculated using the Gower metric from the R

package ‘clusters’ (Maechler et al., 2012). The Gower metric

can quantify dissimilarities when considering categorical and

mensural attributes at the same time (Botta-Duk�at, 2005).

The phylogenetic pairwise dissimilarity matrix was calculated

via the ‘cophenetic’ function of the R package ‘ape’ (Paradis

et al., 2004).

To promote meaningful comparisons among dimensions,

each metric was transformed into its effective number of spe-

cies (hereafter numbers equivalent). The numbers equivalent

is the number of maximally dissimilar species with equal

abundances that is required to produce the empirical value

of a metric (Jost, 2006; Vill�eger et al., 2012). This transfor-

mation facilitates intuitive interpretation of differences

among assemblages because indices are expressed in the same

units (Jost, 2006). R functions developed by de Bello et al.

(2010) quantified Simpson’s index and Rao’s Q as numbers

equivalent.

Quantitative analyses

Hierarchical partitioning (Chevan & Sutherland, 1991) was

employed to identify the landscape characteristics that best

accounted for variation in each of the three dimensions of

biodiversity at each of six combinations of season (dry and

wet) and spatial scale (1, 3 or 5 km radius). Statistical signif-

icance of the independent contribution of each explanatory

variable was determined using a randomization approach

with 1000 iterations and an a-level of 0.05 (Mac Nally,

2002). Hierarchical partitioning and associated randomiza-

tion tests were executed using the R package ‘hier.part’ (Mac

Nally & Walsh, 2004).

Phylogenetic signal

To facilitate ecological interpretation of phylogenetic pat-

terns, we used the D-statistic (Fritz & Purvis, 2010) and Pa-

gel’s k (Pagel, 1999; Freckleton et al., 2002) to measure the

strength of phylogenetic signals (i.e. statistical dependence

among species’ trait values due to phylogenetic affinities;

Revell et al., 2008) of categorical attributes and mensural

attributes, respectively. These approaches evaluate if traits on

a phylogeny are overdispersed, independent, consistent with

a model of Brownian motion or conserved. If empirical pat-

terns are consistent with a model of Brownian motion or

conserved, traits reflect a phylogenetic signal and phyloge-

netic patterns can be interpreted with regard to those traits.

Tests of phylogenetic signal were calculated with the R pack-

age ‘caper’ (Orme, 2012).

RESULTS

Based on 51,840 mist-net-metre-hours per season, we cap-

tured 1293 and 1158 phyllostomid bats during the dry and

wet seasons, respectively. This assemblage comprised 30 spe-

cies during the dry season and 33 species during the wet sea-

son. Most species were caught in both seasons. One species

(Lonchorhina aurita) was only caught during the dry season

and four species (Chiroderma villosum, Lampronycteris

brachyotis, Lichonycteris obscura, and Trachops cirrhosus) were

only caught during the wet season.

Relationships between landscape characteristics and

dimensions of biodiversity were season and dimension spe-

cific; nevertheless, significant landscape relationships with

each dimension occurred at all three spatial scales. During

the dry season, variation in TD and PD across sites was

best accounted for by proportion of pasture and mean for-

est patch size, such that each dimension increased with

increasing proportions of pasture and forest patch size

(Fig. 2). Variation in FD based on all functional compo-

nents (FDall) was best accounted for by mean forest patch

size during the dry season; however, FDall decreased with

increasing forest patch size (Fig. 2). Decomposition of FD

into separate functional components revealed considerable

heterogeneity of landscape relationships with different eco-

logical characteristics of assemblages during the dry season

(Table 2). In general, diversity of foraging location and for-

aging strategy attributes was associated negatively with for-

est cover and forest patch size and was associated

positively with landscape heterogeneity (measured by Simp-

son’s diversity of land cover types). Diversity of wing mor-

phology was associated positively with the amount of

pasture. Interpretation of the associations between land-

scape characteristics and the aforementioned functional

components is similar because as pasture increases, forest

decreases, and even representation of the two cover types

results in greater landscape heterogeneity. In addition,

decreasing distances between forest patches was associated

with increasing diet diversity.
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During the wet season, variation in TD was best accounted

for by mean forest patch size, whereas FDall and PD

increased as proximity between forest patches and shape

irregularity of forest patches decreased (i.e. increasing com-

pactness of patches; Fig. 2). Landscape relationships with

particular functional components were different from those

on FDall. Diet diversity was associated positively with prox-

imity among forest patches; foraging strategy diversity had a

negative association with forest cover and a positive associa-

tion with land cover diversity; and skull and wing attributes

were more diverse in areas with greater proportions of

pasture (Table 2).

Phylogenetic signals were significant for all categorical

attributes (see Table S4). However, the signal strength was

greater in attributes associated with diet, foraging strategy

and roost type. In contrast, phylogenetic signal was only sig-

nificant for 3 of 10 mensural attributes (see Table S5).

DISCUSSION

Dimension-specific landscape relationships

Unique combinations of landscape characteristics were asso-

ciated with spatial variation in each dimension of biodiver-

sity. Regardless of season, variation in TD was best

accounted for by compositional characteristics, whereas vari-

ation in FD and PD were best accounted for by a combina-

tion of compositional and configurational characteristics

(Fig. 2 and Table 2). This demonstrates the complex ways in

which anthropogenic disturbance can affect different dimen-

sions of biodiversity.

The positive relationships between TD and forest patch

size or proportion of pasture for bats of Costa Rica were not

consistent with landscape relationships observed in other

Neotropical localities (Gorresen & Willig, 2004; Paraguay;

Meyer & Kalko, 2008; Panama; Klingbeil & Willig, 2009,

2010; Peru; Avila-Cabadilla et al., 2012; Mexico). Although

positive associations between native vegetation cover and dif-

ferent aspects of TD were consistently observed at each of

the aforementioned Neotropical localities, the relative impor-

tance of configurational characteristics (e.g. distance between

forest patches, forest patch shape) and the direction of their

relationships with TD were inconsistent. These contrasting

results may arise because of differences in the extent of land-

scape modification (Pardini et al., 2010), differences in the

permeability and utility of the matrix (i.e. non-forested

areas) to bats (Harvey et al., 2006; Harvey & Gonz�alez Vill-

alobos, 2007), or differences in regional species pools.

Responses to landscape configuration are complex. Configu-

rational characteristics affect bat TD at Neotropical localities

with less modification (Klingbeil & Willig, 2009, 2010) and

with more modification (Meyer & Kalko, 2008) than that

observed in the Caribbean lowlands of Costa Rica, indicating

that the extent of landscape modification does not fully

explain differences in relationships between landscape charac-

teristics and TD. Landscape matrices differed greatly among

these Neotropical localities, from water to agriculture and

pasture. The importance of configurational characteristics of

forest may be a consequence of their correlation with other

TD FDall PD
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Figure 2 The percentage independent contribution of each

landscape characteristic derived by hierarchical partitioning on

each dimension of biodiversity (taxonomic, TD; functional,

FDall; phylogenetic, PD) for each combination of season and

scale. Functional diversity is based on all attributes, with each

functional component weighted equally. Phylogenetic diversity is

based on a supertree (Jones et al., 2005). For each combination,

compositional characteristics are grouped to the left (percentage

forest, &; mean forest patch size, ; forest patch density, ;

percentage pasture, ; Simpson’s diversity of land cover, ) and

configurational characteristics are grouped to the right (mean

forest proximity, ; mean forest nearest neighbour, ; mean

forest patch shape, h; forest edge density, ). Significant results

(P ≤ 0.05) are indicated by a circle with a positive or negative

sign that indicates the direction of the correlation between the

dimension of biodiversity and the landscape characteristic.
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characteristics of the matrix. Explicit assessment of the influ-

ences of the matrix on TD is needed to elucidate these land-

scape relationships in future studies.

More importantly, it is critical to recognize that the num-

ber and abundance of species (TD) is an outcome of com-

munity assembly processes (Mayfield et al., 2010) that

operate on species characteristics. Because regional species

pools differ among the Neotropical localities, the propor-

tions of different functional and phylogenetic traits of the

regional pool likely differ. Differences in regional functional

and phylogenetic composition can result in different TD due

to ecological filters that promote species with particular

traits. Consequently, better understanding of the association

between landscape structure and TD may be realized

through assessment of the effects of human-modified

landscapes on functional and phylogenetic aspects of

assemblages.

The identification of landscape relationships with the

structure of assemblages was dependent on particular func-

tional components (Table 2). Variation in diversity of body

size and roost attributes was not associated with landscape

structure, suggesting that community assembly or disassem-

bly after landscape modification is not moulded primarily by

physiological constraints or roost availability. Conversely,

landscape structure affected variation in diversity of diet and

foraging behaviour attributes. Diet diversity increased with

increasing proximity between forest patches. Greater diet

diversity was driven by more even abundances of species

with different diets at sites with forest patches in close prox-

imity (Laura M. Cisneros (L.C.)). Sites with highly separated

forest patches were primarily dominated by frugivores (i.e.

species that are often good dispersers). This suggests that

more individuals of species from multiple feeding guilds may

be able to cross the matrix to use resources from multiple

forest patches if those patches are in close proximity.

Decreasing forest cover and increasing diversity of land

cover were associated with increasing FD based on resource

acquisition attributes, and increasing proportion of pasture

was associated with increasing FD based on wing or skull

attributes. Consequently, areas characterized with even

amounts of forest and pasture (areas with high land cover

diversity) harboured a diversity of attributes associated with

foraging behaviour (i.e. foraging location/strategy and wing

attributes) as well as diet (i.e. skull attributes). These diverse

landscapes comprise a variety of habitat types in addition to

forest and pasture, such as regenerating forests and edge

environments (i.e. environments with higher production and

persistence of fruits than in the interior forest; Levey, 1988).

Moreover, riparian forests and live fences (fences made of

live woody species) thread throughout pastures (Harvey

et al., 2011), and support moderate species richness and

abundance from a number of feeding guilds (Harvey et al.,

2006). This suggests that a diverse set of species with regard

to resource acquisition characteristics was able to use these

diverse landscapes due to of a greater variety of resources

associated with a diversity of habitat types and habitat physi-

ognomies.

Variation among sites in FDall reflects the interactions of

multiple landscape characteristics. Indeed, significant inde-

pendent contributions of landscape characteristics on FDall

were different from those on individual components (Fig. 2

and Table 2). Although identifying landscape relationships

using FDall obscured landscape relationships on particular

components, this approach may be more practical for land-

scape management because it identifies a few landscape char-

acteristics that promote a diversity of characteristics along

multiple niche axes. For bats in the Caribbean lowlands,

landscapes associated with relatively small forest patches or

landscapes associated with more compact-shaped forest

patches with greater distance between patches harboured

high FDall values. In essence, heterogeneous landscapes har-

boured high FDall values. Similarly, heterogeneous landscapes

were associated with high diversity with regard to many of

the individual functional components.

Table 2 Landscape characteristics with significant (P < 0.05) independent contributions on functional diversity based on separate

consideration of each functional component are displayed for each combination of season and scale.

Dry season Wet season

1 km 3 km 5 km 1 km 3 km 5 km

Diet � Nearest + Proximity + Proximity

Foraging location � Forest � Forest

Foraging strategy � Forest � Size

+ Diversity

� Forest + Diversity + Diversity

Roost type

Size

Skull morphology + Pasture

Wing morphology + Pasture + Pasture + Pasture + Pasture + Pasture + Pasture

Blank areas indicate non-significant landscape contributions. The direction of correlation between the landscape characteristic and functional

diversity is shown by a ‘+’ if positive and a ‘�’ if negative. Codes for landscape characteristics are forest, percent forest; size, mean forest patch

size; pasture, percent pasture; diversity, Simpson’s diversity; proximity, mean forest proximity; nearest, mean forest nearest neighbour. Composi-

tional landscape characteristics are in boldface and configurational characteristics are in italics.
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Phylogenetic relatedness is often used as a proxy for func-

tional similarity (Webb, 2000; Swenson, 2013). However, the

effectiveness of PD as a surrogate for FDall is dependent on

the strength of the phylogenetic signal exhibited by func-

tional attributes. Not all functional attributes exhibited a

phylogenetic signal (see Tables S4 and S5). Furthermore, PD

may represent differences in attributes that were not mea-

sured in this study. As a result, PD was not consistently a

good proxy of FDall (or TD) because variation in PD was

affected by landscape characteristics that influenced TD dur-

ing the dry season and was affected by landscape characteris-

tics that influenced FDall during the wet season (Fig. 2).

Because community assembly processes operate on ecological

characteristics, responses of species to environmental varia-

tion may be best captured by functional attributes that were

measured (FD) or by characteristics that were not measured

(PD). Accordingly, consideration of all three dimensions

together can provide a general idea of factors affecting biodi-

versity, and we use this approach in the following section.

Season-specific landscape relationships

Influences of landscape characteristics on multiple dimen-

sions of biodiversity were season specific. During the dry sea-

son, diversity for each dimension was greatest in areas with

intermediate amounts of forest and pasture (Fig. 2). During

the wet season, diversity for each dimension was greatest in

areas with forest patches that were large and compact in

shape (e.g. square forest patches; Fig. 2).

Seasonal difference in landscape relationships may occur

because of changes in resource requirements of bats associ-

ated with reproductive phenology or with changes in

resource availability. In the Caribbean lowlands, bat species

from frugivorous, nectarivorous and gleaning animalivorous

guilds exhibit a peak in pregnancy and lactation during the

mid- to late dry season (Durant et al., 2013). Additionally,

bat species that primarily consume plant material evince a

second peak in pregnancy and lactation during the mid-wet

season (Durant et al., 2013). Because reproduction in bats

may be more energetically demanding than in other terres-

trial mammals (Kurta et al., 1989), it is critical that such

activities coincide with periods of high food productivity and

reliability or that bats change their behaviour to meet daily

caloric requirements. Flowering by plants used by bats occurs

from the mid-wet season to mid-dry season in the Caribbean

lowlands (Tschapka, 2004). In addition, the prime fruiting

period occurs during the middle of the wet season (Frankie

et al., 1974). Consequently, the mid- to late dry season offers

lesser quantities and varieties of food resources for bats that

consume plant material.

To satisfy energetic demands during the dry season, fru-

givorous and nectarivorous species expand their diet to com-

prise a greater number of fruit species and greater quantities

of arthropods than they do during the wet season (Lopez &

Vaughan, 2007). To acquire a diversity of resources, bats

may use a greater variety of land cover during times of low

resource availability, such as the dry season in Costa Rica.

Thus, landscapes that comprise a diversity of environments

(e.g. areas with even amounts of forest and pasture, which

are associated with riparian areas, live fences, and edge envi-

ronment) have greater bat diversity during the dry season

than the wet season. In contrast, resources are more plentiful

during the wet season and core forest may be sufficiently

productive to maintain high abundances of species with dif-

ferent ecological characteristics regardless of energy demands

associated with reproduction.

Summary and recommendations

Decomposition of biodiversity into different dimensions and

functional components facilitates identification of the aspects

of assemblages that are most affected by forest conversion and

fragmentation. For bats, attributes associated with diet and

foraging behaviour, as opposed to other functional character-

istics, were most associated by variation in landscape struc-

ture. Areas with intermediate amounts of forest and pasture,

and shorter distances between forest patches were associated a

greater diversity of functional attributes. Furthermore, areas

with large compact forest patches harboured greater diversity

from taxonomic, functional and phylogenetic perspectives

during the wet season. To increase the likelihood of maintain-

ing ecosystem function within a human-modified landscape,

it is critical that areas characterized with even amounts of for-

est and pasture are maintained adjacent to large, compact for-

est patches (e.g. reserves) so that high biodiversity is

maintained throughout the region and throughout the year.

ACKNOWLEDGEMENTS

Special thanks to R. Chazdon, D. Civco, B. Klingbeil, S. Pres-

ley and M. Urban for guidance in the analytical component

of this research, to B. Rodr�ıguez Herrera and A. Sanchun for

guidance in the field, and to R. Urbina, H. Lara Perez, K.

D�ıaz Hern�andez and S. Padilla Alvarez for assistance with

fieldwork. We also thank W. Pineda Lizano and C. Meyer

for contributions of unpublished wing measurements. This

research was supported by a Student Research Scholarship

(Bat Conservation International), a Research Fellowship

(Organization for Tropical Studies), two Grants-in-Aid

Awards (American Society of Mammalogists), and many

intramural awards [Center for Environmental Sciences and

Engineering, Department of Ecology and Evolutionary Biol-

ogy, and Center for Conservation and Biodiversity at the

University of Connecticut (UCONN)]. M. Fagan was funded

by National Aeronautics and Space Administration Earth

System Science Fellowship NX10AP49H. Especially notewor-

thy, all research components were supported by a Multicul-

tural Fellowship from the Graduate School at UCONN.

Furthermore, funding for the synthetic portion of this pro-

ject was provided by a National Science Foundation grant to

S. Andelman and J. Parrish entitled ‘The Dimensions of Bio-

diversity Distributed Graduate Seminar’ (DEB-1050680).

530 Diversity and Distributions, 21, 523–533, ª 2014 John Wiley & Sons Ltd

L. M. Cisneros et al.



REFERENCES

Arroyo-Rodr�ıguez, V., Cavender-Bares, J., Escobar, F., Melo,

F.P.L., Tabarelli, M. & Santos, B.A. (2012) Maintenance of

tree phylogenetic diversity in a highly fragmented rain for-

est. Journal of Ecology, 100, 702–711.

Avila-Cabadilla, L.D., Sanchez-Azofeifa, G.A., Stoner, K.E.,

Alvarez-A~norve, Y., Quesada, M. & Portillo-Quintero, C.A.

(2012) Local and landscape factors determining occurrence

of phyllostomid bats in tropical secondary forests. PLoS

One, 7, e35228.

de Bello, F., Lavergne, S., Meynard, C.N., Lep�s, J. & Thuiller,

W. (2010) The partitioning of diversity: showing Theseus a

way out of the labyrinth. Journal of Vegetation Science, 21,

992–1000.

Bennett, A.F., Radford, J.Q. & Haslem, A. (2006) Properties

of land mosaics: implication for nature conservation in

agricultural environments. Biological Conservation, 133,

250–264.

Bernard, E. & Fenton, M.B. (2002) Species diversity of bats

(Mammalia: Chiroptera) in forest fragments, primary for-

ests, and savannas in central Amazonia, Brazil. Canadian

Journal of Zoology, 80, 1124–1140.

Botta-Duk�at, Z. (2005) Rao’s quadratic entropy as a measure

of functional diversity based on multiple traits. Journal of

Vegetation Science, 16, 533–540.

Cavender-Bares, J., Kozak, K.H., Fine, P.V.A. & Kembel,

S.W. (2009) The merging of community ecology and phy-

logenetic biology. Ecology Letters, 12, 693–715.

Chazdon, R.L., Harvey, C.A., Komar, O., Griffith, D.M., Fer-

guson, B.G., Mart�ınez-Ramos, M., Morales, H., Nigh, R.,

Soto-Pinto, L., van Breugel, M. & Philpott, S.M. (2009)

Beyond reserves: a research agenda for conserving biodiver-

sity in human-modified tropical landscapes. Biotropica, 41,

142–153.

Chevan, A. & Sutherland, M. (1991) Hierarchical partition-

ing. The American Statistician, 45, 90–96.

Cisneros, L.M., Burgio, K.R., Dreiss, L.M., Klingbeil, B.T.,

Patterson, B.D., Presley, S.J. & Willig, M.R. (2014) Multi-

ple dimensions of bat biodiversity along an extensive tropi-

cal elevational gradient. Journal of Animal Ecology, 83,

1124–1136.

Cosson, J.-F., Pons, J.-M. & Masson, D. (1999) Effects of for-

est fragmentation on frugivorous and nectarivorous bats in

French Guiana. Journal of Tropical Ecology, 15, 515–534.

Durant, K.A., Hall, R.W., Cisneros, L.M., Hyland, R.M. &

Willig, M.R. (2013) Reproductive phenologies of phyllosto-

mid bats in Costa Rica. Journal of Mammalogy, 94, 1438–

1448.

Ellis, E.C., Klein Goldewijk, K., Siebert, S., Lightman, D. &

Ramankutty, N. (2010) Anthropogenic transformation of

the biomes, 1700 to 2000. Global Ecology and Biogeography,

19, 589–606.

Estrada, A., Coates-Estrada, R. & Meritt, D. Jr (1993) Bat

species richness and abundance in tropical rain forest

fragments and in agricultural habitats at Los Tuxtlas, Mex-

ico. Ecography, 16, 309–318.

Fagan, M.E., DeFries, R.S., Sesnie, S.E., Arroyo, J.P., Walker,

W., Soto, C., Chazdon, R.L. & Sanchun, A. (2013) Land

cover dynamics following a deforestation ban in northern

Costa Rica. Environmental Research Letters, 8, 034017.

Fahrig, L. (2003) Effects of habitat fragmentation on Biodi-

versity. Annual Review of Ecology, Evolution, and Systemat-

ics, 34, 487–515.

Faith, D.P. (1992) Conservation evaluation and phylogenetic

diversity. Biological Conservation, 61, 1–10.

Faria, D. & Baumgarten, J. (2007) Shade cacao plantations

(Theobroma cacao) and bat conservation in southern Bahia,

Brazil. Biodiversity and Conservation, 16, 291–312.

Frankie, G.W., Baker, H.G. & Opler, P.A. (1974) Compara-

tive phenological studies of trees in tropical wet and dry

forest in the lowlands of Costa Rica. Journal of Ecology, 62,

881–919.

Freckleton, R.P., Harvey, P.H. & Pagel, M. (2002) Phyloge-

netic analysis and comparative data: a test and review of

evidence. The American Naturalist, 160, 712–726.

Fritz, S.A. & Purvis, A. (2010) Selectivity in mammalian

extinction risk and threat types: a new measure of phyloge-

netic signal strength in binary traits. Conservation Biology,

24, 1042–1051.

Gorresen, P.M. & Willig, M.R. (2004) Landscape responses

of bats to habitat fragmentation in Atlantic forest of Para-

guay. Journal of Mammalogy, 85, 688–697.

Gorresen, P.M., Willig, M.R. & Strauss, R.E. (2005) Multi-

variate analysis of scale-dependent associations between

bats and landscape structure. Ecological Applications, 15,

2126–2136.

Harvey, C.A. & Gonz�alez Villalobos, J.A. (2007) Agroforestry

systems conserve species-rich but modified assemblages of

tropical birds and bats. Biodiversity and Conservation, 16,

2257–2292.

Harvey, C.A., Medina, A., S�anchez, D.M., V�ılchez, S.,

Hern�andez, B., Saenz, J.C., Maes, J.M., Casanoves, F. &

Sinclair, F.L. (2006) Patterns of animal diversity in differ-

ent forms of tree cover in agricultural landscapes. Ecological

Applications, 16, 1986–1999.

Harvey, C.A., Villanueva, C., Esquivel, H., G�omez, R., Ibra-

him, M., Lopez, M., Martinez, J., Mu~noz, D., Restrepo,

C., Sa�enz, J.C., Villac�ıs, J. & Sinclair, F.L. (2011) Conser-

vation value of dispersed tree cover threatened by pasture

management. Forest Ecology and Management, 261, 1664–

1674.

Jones, K.E., Bininda-Emonds, O.R.P. & Gittleman, J.L.

(2005) Bats, clocks, and rocks: diversification patterns in

Chiroptera. Evolution, 59, 2243–2255.

Jost, L. (2006) Entropy and diversity. Oikos, 113, 363–375.

Kalko, E.K.V. (1997) Diversity in tropical bats. Tropical bio-

diversity and systematics (ed. by H. Ulrich), pp. 13–43.

Zoologisches Forschungsinstitut und Museum Alexander

Koenig, Bonn, Germany.

Diversity and Distributions, 21, 523–533, ª 2014 John Wiley & Sons Ltd 531

Multiple dimensions of bat biodiversity



Kalko, E.K.V. & Handley, C.O. (2001) Neotropical bats in

the canopy: diversity, community structure, and implica-

tions for conservation. Plant Ecology, 153, 319–333.

Klingbeil, B.T. & Willig, M.R. (2009) Guild-specific responses

of bats to landscape composition and configuration in

fragmented Amazonian rainforest. Journal of Applied Ecol-

ogy, 46, 203–213.

Klingbeil, B.T. & Willig, M.R. (2010) Seasonal differences in

population-, ensemble- and community-level responses of

bats to landscape structure in Amazonia. Oikos, 119, 1654–

1664.

Kunz, T.H., Braun de Torrez, E., Bauer, D., Lobova, T. &

Fleming, T.H. (2011) Ecosystem services provided by bats.

Annals of the New York Academy of Sciences, 1223, 1–38.

Kupfer, J.A., Malanson, G.P. & Franklin, S.B. (2006) Not see-

ing the ocean for the islands: the mediating influence of

matrix-based processes on forest fragmentation effects. Glo-

bal Ecology and Biogeography, 15, 8–20.

Kurta, A., Bell, G.P., Nagy, K.A. & Kunz, T.H. (1989) Ener-

getics of pregnancy and lactation in freeranging little

brown bats (Myotis lucifugus). Physiological Zoology, 62,

804–818.

Lalibert�e, E., Wells, J.A., Declerck, F., Metcalfe, D.J., Catter-

all, C.P., Queiroz, C., Aubin, I., Bonser, S.P., Ding, Y.,

Fraterrigo, J.M., McNamara, S., Morgan, J.W., Merlos,

D.S., Vesk, P.A. & Mayfield, M.M. (2010) Land-use inten-

sification reduces functional redundancy and response

diversity in plant communities. Ecology Letters, 13, 76–86.

Levey, D.J. (1988) Tropical wet forest treefall gaps and distri-

butions of understory birds and plants. Ecology, 69, 1076–

1089.

Lopez, J.E. & Vaughan, C. (2007) Food niche overlap among

neotropical frugivorous bats in Costa Rica. Revista de Bio-

log�ıa Tropical, 55, 301–313.

Mac Nally, R. (2002) Multiple regression and inference in

ecology and conservation biology: further comments on

identifying important predictor variables. Biodiversity and

Conservation, 11, 1397–1401.

Mac Nally, R. & Walsh, C.J. (2004) Hierarchical partitioning

public-domain software. Biodiversity and Conservation, 13,

659–660.

Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M. & Hor-

nik, K. (2012) Cluster: cluster analysis basics and extensions.

R package version 1.14.4. R Foundation for Statistical

Computing, Vienna, Austria. URL http://www.R-project.

org/

Mayfield, M.M., Boni, M.F., Daily, G.R.C.D. & Ackerly, D.D.

(2005) Species and functional diversity of native and

human-modified plant communities. Ecology, 86, 2365–

2372.

Mayfield, M.M., Ackerly, D. & Daily, G.C. (2006) The diver-

sity and conservation of plant reproductive and dispersal

functional traits in human-dominated tropical landscapes.

Journal of Ecology, 94, 522–536.

Mayfield, M.M., Bonser, S.P., Morgan, J.W., Aubin, I.,

McNamara, S. & Vesk, P.A. (2010) What does species rich-

ness tell us about functional trait diversity? Predictions and

evidence for responses of species and functional trait

diversity to land-use change. Global Ecology and Biogeogra-

phy, 19, 423–431.

McGarigal, K., Cushman, S.A. & Ene, E. (2012) FRAGSTATS

v4: spatial pattern analysis program for categorical and con-

tinuous maps. University of Massachusetts, Amherst, MA,

USA. Available at: http://www.umass.edu/landeco/research/

fragstats/fragstats.html.

Medell�ın, R.A., Equihua, M. & Amin, M.A. (2000) Bat

diversity and abundance as indicators of disturbance in

Neotropical rainforests. Conservation Biology, 14, 1666–

1675.

Meyer, C.F.J. & Kalko, E.K.V. (2008) Assemblage-level

responses of phyllostomid bats to tropical forest fragmenta-

tion: land-bridge islands as a model system. Journal of Bio-

geography, 35, 1711–1726.

Morrison, D.W. (1978) Lunar phobia in a Neotropical fruit

bat, Artibeus jamaicensis (Chiroptera: Phyllostomidae). Ani-

mal Behaviour, 26, 852–855.

Organization for Tropical Studies (2012) La Selva daily rain-

fall, 1963–2010 (May11 update). Organization for tropical

studies, meteorlogical data, GPS data and hydrological

data. Available at: http://www.ots.ac.cr/meteoro/default.

php?pestacion=2.

Orme, C.D.L. (2012) The Caper package: comparative analysis

of phylogenetics and evolution in R. Available at: http://

caper.r-forge.r-project.org.

Pagel, M. (1999) Inferring the historical patterns of biological

evolution. Nature, 401, 877–884.

Paradis, E., Claude, J. & Strimmer, K. (2004) APE: analyses

of phylogenetics and evolution in R language. Bioinformat-

ics, 20, 289–290.

Pardini, R., de Arruda Bueno, A., Gardner, T.A., Prado, P.I.

& Metzger, J.P. (2010) Beyond the fragmentation threshold

hypothesis: regime shifts in biodiversity across fragmented

landscapes. PLoS One, 5, e13666.

Patterson, B.D., Willig, M.R. & Stevens, R.D. (2003) Trophic

strategies, niche partitioning, and patterns of ecological

organization. Bat ecology (ed. by T.H. Kunz and M.B. Fen-

ton), pp. 536–579. University of Chicago Press, Chicago,

IL, USA.

Perfecto, I. & Vandermeer, J. (2008) Biodiversity conserva-

tion in tropical agroecosystems: a new conservation para-

digm. Annals of the New York Academy of Sciences, 1134,

173–200.

Petchey, O.L. & Gaston, K.J. (2006) Functional diversity:

back to basics and looking forward. Ecology Letters, 9, 741–

758.

Revell, L.J., Harmon, L.J. & Collar, D.C. (2008) Phylogenetic

signal, evolutionary process, and rate. Systematic Biology,

57, 591–601.

Simmons, N.B. (2005) Order Chiroptera. Mammal species of

the world: a taxonomic and geographic reference, 3rd edn

(ed. by D.E. Wilson and D.M. Reeder), pp. 312–529. Johns

Hopkins University Press, Baltimore, MD, USA.

532 Diversity and Distributions, 21, 523–533, ª 2014 John Wiley & Sons Ltd

L. M. Cisneros et al.



Simpson, E.H. (1949) Measurement of diversity. Nature, 163,

688.

Sodhi, N.S. & Ehrlich, P.R. (2010) Conservation biology for

all. Oxford University Press, New York, NY, USA.

Spasojevic, M.J. & Suding, K.N. (2012) Inferring community

assembly mechanisms from functional diversity patterns:

the importance of multiple assembly processes. Journal of

Ecology, 100, 652–661.

Swenson, N.G. (2013) The assembly of tropical tree commu-

nities – the advances and shortcomings of phylogenetic

and functional trait analyses. Ecography, 36, 264–276.

Tschapka, M. (2004) Energy density patterns of nectar

resources permit coexistence within a guild of Neotropical

flower-visiting bats. Journal of Zoology, 263, 7–21.

Tscharntke, T., Tylianakis, J.M., Rand, T.A. et al. (2012)

Landscape moderation of biodiversity patterns and pro-

cesses – eight hypotheses. Biological Reviews of the Cam-

bridge Philosophical Society, 87, 661–685.

Vill�eger, S., Ramos Miranda, J., Flores Hernandez, D. &

Mouillot, D. (2012) Low functional ß-diversity despite high

taxonomic ß-diversity among tropical estuarine fish com-

munities. PLoS One, 7, e40679.

Webb, C.O. (2000) Exploring the phylogenetic structure of

ecological communities: an example for rain forest trees.

The American Naturalist, 156, 145–155.

Weiher, E. (2011) A primer of trait and functional diversity.

Biological diversity: frontiers in measurement and assessment

(ed. by A.E. Magurran and B.J. McGill), pp. 175–193.

Oxford University Press, New York, NY, USA.

Willig, M.R., Presley, S.J., Bloch, C.P., Hice, C.L., Yanoviak,

S.P., D�ıaz, M.M., Chauca, L.A., Pacheco, V. & Weaver,

S.C. (2007) Phyllostomid bats of lowland Amazonia: effects

of habitat alteration on abundance. Biotropica, 39, 737–

746.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Table S1 Mean, standard deviation, and range of landscape

characteristics quantified at the 15 sampling sites.

Table S2 Indices that quantified landscape structure at

sampling sites.

Table S3 Sources of information for functional attributes of

bat species.

Table S4 Phylogenetic signal present in categorical functional

attributes of the 34 bat species.

Table S5 Phylogenetic signal present in mensural functional

attributes of the 34 bat species.
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