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Abstract

Biodiversity is comprised of genetic and phenotypic variation among individual organ-

isms, which might belong to the same species or to different species. Spatial patterns

of biodiversity are of central interest in ecology and evolution for several reasons: to

identify general patterns in nature (e.g. species–area relationships, latitudinal gradi-

ents), to inform conservation priorities (e.g. identifying hotspots, prioritizing manage-

ment efforts) and to draw inferences about processes, historical or otherwise (e.g.

adaptation, the centre of origin of particular clades). There are long traditions in ecol-

ogy and evolutionary biology of examining spatial patterns of biodiversity among

species (i.e. in multispecies communities) and within species, respectively, and there

has been a recent surge of interest in studying these two types of pattern simulta-

neously. The idea is that examining both levels of diversity can materially advance the

above-stated goals and perhaps lead to entirely novel lines of inquiry. Here, we review

two broad categories of approach to merging studies of inter- and intraspecific varia-

tion: (i) the study of phenotypic trait variation along environmental gradients and (ii)

the study of relationships between patterns of molecular genetic variation within spe-

cies and patterns of distribution and diversity across species. For the latter, we report a

new meta-analysis in which we find that correlations between species diversity and

genetic diversity are generally positive and significantly stronger in studies with dis-

crete sampling units (e.g. islands, lakes, forest fragments) than in studies with nondis-

crete sampling units (e.g. equal-area study plots). For each topic, we summarize the

current state of knowledge and key future directions.
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Introduction

The basic unit of observation in most of ecology and

evolution is the individual organism. Organisms can be

distinguished from one another based on their traits

(e.g. body mass, feeding behaviour, leaf shape) or from

their degree of common ancestry, which can be inferred

using genetic markers or from taxonomic classifications.

The field of biogeography is concerned with describing

patterns in the locations and abundance in space and

time of organisms of different kinds, and the processes

that create these patterns (Lomolino et al. 2010). Striking

patterns include some very general tendencies, such as

an increase in the number of species in more equatorial

regions or various trait–environment associations (e.g.

larger-bodied animals in cold regions), and many

region-specific patterns, such as abrupt changes in bio-

tic assemblage composition over short distances (e.g.

the Wallace line between Asia and Australia) (Lomolino

et al. 2010). Such patterns are underlain by a combina-

tion of deterministic processes such as evolutionary
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adaptation or sorting of species according to various

environmental conditions, as well as more historically

contingent factors such as dispersal barriers and shift-

ing land masses (Ricklefs & Schluter 1993; Huston 1994;

Chase & Leibold 2003; Vellend 2010).

The most commonly used distinguishing feature of

an organism is its species identity. Patterns involving

distributions and diversity among species fall largely

under the purview of the ecological side of biogeogra-

phy, while patterns involving genetic or phenotypic

variation within species generally fall under the pur-

view of the evolutionary and genetic side of biogeogra-

phy. While ecology and evolution have been sister

disciplines for essentially their entire histories as named

fields of study, they have often travelled somewhat

independent pathways of conceptual advancement

(Holt 2005; Vellend 2010). The last 15 years or so has

seen a major resurgence of interest in explicit integra-

tion of ecological and evolutionary studies (Vellend &

Geber 2005; Wiens & Graham 2005; Pelletier et al. 2009;

Schoener 2011). One manifestation of this has been a

focus on the interaction between ecological and evolu-

tionary processes in driving the ongoing dynamics of

populations and communities. Studies of such eco-evo-

lutionary dynamics have been subject to many reviews

(e.g. Fussmann et al. 2007; Pelletier et al. 2009; Schoener

2011), and we do not treat this subject in this paper.

Here, recognizing the strong parallels that influence

diversity patterns within and among species (Vellend

2010), we focus on insights that can be gained from

simultaneous consideration of biogeographical patterns

at the level of species assemblages and at the level of

variation within species.

Simultaneous studies of biogeographical patterns

within and among species can yield novel insights in

two qualitatively distinct ways. First, starting with a pat-

tern at one level or the other, integrating knowledge of

pattern and process at the other level can help distin-

guish competing hypotheses. For example, distinguish-

ing between explanations for a spatial discontinuity in

community composition based on environmental filter-

ing or dispersal barriers can be facilitated by assessing

intraspecific genetic diversity and gene flow in some

of the component species (e.g. Dexter et al. 2012). Sec-

ond, considering patterns within and among species in

concert can lead to the discovery of new biogeographical

patterns, such as a positive correlation between species

diversity and genetic diversity, which itself leads to

the development of process-based explanations (Vellend

& Geber 2005). Here, we explore both of these possibili-

ties, and given the potentially vast scope of subject

matter, we focus on two areas of particularly active

current research: (i) adaptive trait variation within

and among species along environmental gradients;

(ii) testing hypotheses and exploring new biogeographi-

cal patterns via simultaneous studies of molecular

genetic variation within species and species diversity

and composition within communities. For each of these,

we outline the conceptual issues, review the relevant

literature (nonexhaustively), highlight novel recent

studies, discuss limitations of different methodological

approaches and outline key future directions.

The adaptive significance of trait variation
within and among species

Conceptual framework

One of the most striking features of the natural world is

a seeming match between the traits of organisms and

the environments in which they live. For example,

plants with small, thick leaves are typically associated

with hot and dry environments (Ehleringer 1985), while

animal body size often increases as a function of

decreasing temperature (Watt et al. 2010). Many such

patterns have been observed both among species and

among populations of the same species found in differ-

ent environmental conditions (Reich et al. 2003; Gaston

et al. 2008), although interspecific and intraspecific

studies are often conducted in isolation.

Examining both inter- and intraspecific patterns

simultaneously, a key hypothesis is as follows: high/

low values of trait y confer high fitness at high/low

values of environmental variable x, and vice versa.

Phrased this way, in the most general terms possible,

no distinction is made between whether different values

of trait y are possessed by individuals of the same

species or of different species. As such, this hypothesis

predicts trait–environment relationships in the same

direction within and among species (Fig. 1a). When the

data do not conform to this prediction (Fig. 1b–d), a

more complex or context-dependent set of selection

pressures is likely acting upon trait variation over dif-

ferent spatial or temporal scales. However, there is no

one-to-one match between general a priori hypotheses

and the different outcomes shown in Fig. 1b–d. As

such, a major contribution of this line of research is the

generation of new hypotheses (often system-specific)

and thus potentially deeper insights into trait–environ-

ment relationships. Several factors are potentially

important in creating different patterns of trait–environ-

ment relationships within and among species: strong

genetic and/or physiological constraints leading to low

intraspecific variation; variation among species in the

adaptive significance of a given trait (e.g. for one spe-

cies, body size is important for thermoregulation, and

for another, it is important for mating success); or varia-

tion among species in their sensitivity to different
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components of a complex environmental gradient (e.g.

temperature and moisture along a latitudinal gradient).

We discuss such explanations in the context of specific

examples below.

Interspecific trait variation along gradients is typically

studied in one of two ways. First, one can analyse spe-

cies-level traits directly, asking whether species found

in different environments (e.g. low vs. high latitudes)

tend to have different mean traits. Alternatively, at each

study site, one can first estimate a ‘community-level’

trait value, which is the average across species, typically

weighted by the abundance of each species (Shipley

2010), and then ask how these community-level trait

values vary along environmental gradients. This is akin

to what animal ecologists have called the ‘assemblage-

based approach’ (Gaston et al. 2008). The species-based

approach and the community-level approaches tend to

predominate in animal and plant studies, respectively,

although they are aimed at the same basic question.

Trait variation in animals

In animals, predictable trait–environment relationships

have often been described as ‘ecogeographical rules’

(Ashton 2001; Lomolino et al. 2006; Gaston et al. 2008), a

comprehensive discussion of which is beyond the scope

of the present paper. As an illustrative example, we

focus here on one of the best-known examples, Berg-

mann’s rule, which predicts an increase in body size

with decreasing temperature and/or increasing latitude

(James 1970; Blackburn et al. 1999; Watt et al. 2010). This

relationship has been suggested to result from thermo-

regulatory adaption, as larger body size reduces the

surface-to-volume ratio and thus the energy loss result-

ing from conduction. Inter- and intraspecific evidence is

available for several major groups of animals.

In mammals, as predicted, mean body size across spe-

cies was shown to increase with latitude and to decrease

with temperature in the Nearctic (Rodr�ıguez et al. 2008).

Studies at the intraspecific level show similar results,

with a majority of species in a broad meta-analysis

showing positive body size–latitude or negative body

size–temperature correlations (Ashton et al. 2000; generic

scenario illustrated in Fig. 1a). Similar results have been

found for birds, with strong support for Bergmann’s

rule both among and within species (Blackburn &

Gaston 1996; Ashton 2002b; Meiri & Dayan 2003; Olson

et al. 2009). Although exceptions can be found, the com-

bination of inter- and intraspecific studies appears to

lend strong support to the adaptive role of body size in

thermoregulation in endotherms, although one must

remain cognizant that correlations do not provide direct

evidence of causation (Blackburn et al. 1999).

In ectotherms, however, relationships of body size

with latitude and temperature are highly variable among

studies. Across amphibian species, Bergmann’s rule

appears to apply to anurans (frogs and toads), while

a reverse Bergmann’s cline was found for urodeles

(salamanders and newts) (Olalla-T�arraga & Rodr�ıguez

2007). Within amphibian species, Ashton (2002a) found

approximately equal numbers of species showing posi-

tive and negative body size relationships with latitude,

elevation and temperature (scenario in Fig. 1d), while

Adams & Church (2008) found that the vast majority of

Plethodon salamander species in eastern North America

showed no evidence of Bergmann’s rule (Fig. 1b). For

reptiles and insects, results are highly variable across

studies, both inter- and intraspecific, with positive,

negative and a lack of trends found in different cases

(Ashton & Feldman 2003; Angilletta et al. 2004; Cruz

et al. 2005; Chown & Gaston 2010; Shelomi 2012).

Several ectotherm studies highlight insights that can

emerge when comparing patterns at different levels of

organization. First, the lack of general relationships of

body size with latitude or temperature across ectotherm

species, such as insects, is perhaps not surprising, given

that ectotherms are faced with the need not only to

prevent heat loss in cold environments (aided by a

large body), but also the need to acquire heat energy

from the environment (impeded by a large body)

(b)(a) (c) (d)

Environment

Tr
ai
t

Fig. 1 Hypothetical relationships between a trait and an environmental gradient, with traits measured as an average across species

(red line, ‘community level’) or within each species separately (blue lines, one per species, ‘intraspecific’). Adapted from Cornwell &

Ackerly (2009). All cases show a significant trait–environment relationship at the community level (red line), with (a) concordance in

the direction of relationships within and across species, (b) an absence of intraspecific trait–environment relationships, (c) intraspe-

cific relationships in the opposite direction as the community-level relationship and (d) idiosyncratic intraspecific patterns. For sim-

plicity, we do not show cases in which the trait–environment relationship at the community level is either flat (absent) or nonlinear,

both of which are theoretically possible. See Table 1 for specific empirical examples.
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(Ashton & Feldman 2003). Interestingly, small-bodied

insect species tend to show intraspecific patterns consis-

tent with Bergmann’s rule, perhaps due to energetic pro-

cesses, while within large-bodied species, there is a

tendency for reverse Bergmann clines (Shelomi 2012).

This latter result suggests that, for insects, selection on

body size across temperature gradients might be medi-

ated by development time, which is more protracted in

larger-bodied species: shorter growing seasons in colder

environments may select for more rapid development

and therefore smaller body size in otherwise large-bod-

ied species (Blanckenhorn & Demont 2004). The contrast-

ing selection pressures within small- vs. large-bodied

insects result in no pattern at the interspecific level. In

fishes, a study by Wilson (2009) contrasted the closely

related Syngnathus pipefishes and Hippocampus seahors-

es, both of which show male parental care. A positive

body size–latitude correlation was found across Syngna-

thus species, but not across Hippocampus species, and an

intraspecific study of S. leptorhynchus helped reveal a

possible mechanistic explanation. The polygynous mat-

ing system of S. leptorhynchus (and other pipefishes)

leads to size-limited reproductive success in males, with

increased body size at higher latitudes countering the

negative effects of cold temperatures on fitness. In con-

trast, reproductive success in monogamous male sea-

horses appears limited by female egg production rather

than body size, such that no such selection gradient is

observed with latitude (Wilson 2009).

Trait variation in plants

A recent surge of studies with plants has explicitly inte-

grated measurements of trait variation among and

within species along environmental gradients (Cornwell

& Ackerly 2009; Albert et al. 2010; Jung et al. 2010;

Kembel & Cahill 2011; Hulshof et al. 2013; Read et al.

2014). Such studies have been especially prevalent in

plant ecology, given the very similar resource require-

ments of virtually all vascular plants, and their many

quantitatively comparable leaf, stem and root traits with

well-characterized links to physiological functions

(Reich et al. 2003; Craine 2009). For example, a battery

of closely correlated traits, of which specific leaf area

(SLA, the surface area/dry mass ratio of a leaf) is the

most easily measured, correspond to the ‘leaf economics

spectrum’ across all vascular plants, ranging from

short-lived, nitrogen-rich, thin leaves (high SLA) with

high photosynthetic rates to long-lived, nitrogen-poor,

thick leaves with lower photosynthetic rates (low SLA)

(Wright et al. 2004). Studies of inter- and intraspecific

trait variation speak to the issue of the adaptive signifi-

cance of traits and also to the relative importance of

intraspecific variation (plasticity, genetic variation) and

species turnover (an interspecific phenomenon) in creat-

ing community-level trait–environment relationships.

The latter is potentially important for predicting ecosys-

tem function, which is underlain by trait–environment

interactions (D�ıaz et al. 2007), in a changing environ-

ment (e.g. if species are lost or gained to the system).

Several plant studies have found consistent commu-

nity-level and intraspecific trends of SLA along moisture

gradients (Cornwell & Ackerly 2009; Jung et al. 2010;

Kembel & Cahill 2011) (Table 1), corresponding to the

scenario in Fig. 1a. These results bolster the adaptive

interpretation that low SLA and correlated traits confer

a fitness advantage in water-stressed environments, and

vice versa. Stronger trait–environment relationships are

sometimes found when using plot-specific trait values

for each species (therefore including the intraspecific

component of trait variation) rather than their study-

wide means when calculating the community-level

averages, indicating that intraspecific phenotypic plastic-

ity and/or genetic variation contribute substantially to

overall trait–environment relationships. For example,

Jung et al. (2010) found that 44% of the community-level

relationship between SLA and a flooding gradient could

be accounted for by intraspecific variation.

Intraspecific trait–environment relationships are not

always consistent among species in the same commu-

nity (Fig. 1d), or between the general intraspecific trend

and the community-level trend (Fig. 1c). Rarely have

researchers found a general tendency for intraspecific

trends to be in the opposite direction as the commu-

nity-level pattern (Fig. 1c), but a general lack of intra-

specific trends (Fig. 1b) or idiosyncratic intraspecific

trends (Fig. 1d) has been found in several cases

(Table 1). For example, Sundqvist et al. (2011) found a

general decrease in SLA with elevation at the commu-

nity level, and highly variable intraspecific trends,

including unimodal responses (see also Kichenin et al.

2013; Read et al. 2014). A plausible explanation for such

idiosyncratic patterns is that many natural environmen-

tal gradients (e.g. elevation, rainfall, soil texture) are

multivariate in nature, with multiple abiotic and biotic

factors changing in concert (e.g. soil moisture, climate,

light, competitors, pathogens); different species may

respond to different factors individually or in combina-

tion (Albert et al. 2010). There may also simply be very

little genetic variation or capacity for phenotypic plas-

ticity for a given trait, or gene flow might constrain

local adaptation (Garant et al. 2007).

Future studies of inter- and intraspecific trait variation

Most interpretations of contrasting or consistent inter-

vs. intraspecific trait–environment relationships have

been made post hoc, and thus are essentially hypotheses,
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all of which are in need of further testing. For example,

to what degree does trait variation within different spe-

cies respond to different factors (e.g. temperature, soil)

along the same multivariate gradient (e.g. elevation)?

Exposing multiple species in a community to indepen-

dent variation in environmental factors which covary in

nature will allow this question to be addressed (e.g.

Shipley & Almeida-Cortez 2003). The studies described

above are almost entirely observational, with many

opportunities for other kinds of experimental studies to

help reveal underlying mechanisms as well. Burns

(2004), for example, used a transplant experiment, in

combination with an observational study to show that

phenotypic plasticity within species was a major con-

tributor to producing a relationship between SLA and a

wetland-to-forest gradient.

Explicitly integrated studies of community-level and

intraspecific trait variation are still relatively few. Given

the effort involved in measuring many traits of many spe-

cies in many plots, such studies inevitably make trade-

offs, such as measuring traits on a small subset of species

and/or only measuring a relatively small number of

potentially relevant traits. The time seems ripe for a major,

multi-investigator research effort to comprehensively char-

acterize community and intraspecific trait variation for a

full species assemblage and a large suite of traits across a

gradient of broad general interest, such as latitude or ele-

vation, in order to generate more robust answers to the

questions discussed above. Several such studies appear to

be underway (Baraloto et al. 2012; Kr€ober et al. 2012).

Another important avenue for future research is

to integrate tried-and-true methods from quantitative

Table 1 Selected examples of different combinations of community-level and intraspecific trait–environment relationships in plants.

See Fig. 1 for a graphical illustration of each scenario a–d.

Scenario Example Other examples

Possible interpretations

(not a comprehensive list)

(a) Consistent

community-level

and intraspecific

relationships

• Moisture gradient (wet to dry),
California chaparral
(Cornwell & Ackerly 2009)

• Community level: SLA ↑

• Intraspecific: SLA ↑

• Kembel & Cahill
(2011) – several traits
on a moisture gradient

• Jung et al. (2010) –
several traits on a
flooding gradient

• Selection in the same direction
within and among species
along a given gradient

(b) No tendency

for intraspecific

relationships

• Successional gradient, Chinese
forests (Kr€ober et al. 2012)

• Community level: SLA ↓,
leaf C:N ↑, leaf Ca ↓, leaf K ↑

• Intraspecific: no relationships

• Andersen et al. (2012) –
several traits, nutrient
gradient

• Minimal intraspecific trait
variation, little scope for
covariation

• Local selection opposed by
gene flow within species

• Selection (within species) in
opposite directions, possibly
via different aspects of
environmental gradient

(c) Opposite

directions of

community-level

and intraspecific

relationships

• Elevational gradient, New
Zealand (Kichenin et al. 2013)

• Community level: leaf nutrient
content ↑

• Intraspecific: leaf nutrient
content ↓

• Lep�s et al. (2011) –
stem dry matter content,
mowing gradient; leaf N,
fertilization gradient

• P�erez-Ramos et al.
(2012) – leaf N and
thickness, soil depth
gradient

• General intraspecific response
to a different aspect of the
gradient than the community-
level response

• Environmental influences
(which dominate intraspecific
variation) and genetic
influences (which dominate
interspecific differences)
oppose each other

(d) Idiosyncratic

intraspecific

relationships

• Elevational gradient, Sweden
(Sundqvist et al. 2011)

• Community level: leaf dry
matter content ↑

• Intraspecific: ↑, ↓, no change,
unimodal

• Wardle et al. (2009) –
leaf litter N:P, soil
chronosequences

• Different species respond to
different aspects of the
gradient
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genetics for partitioning the sources of intraspecific var-

iation (genetic variation vs. plasticity) into community-

level analysis of trait–environment matching (Collins &

Gardner 2009). In using spatial analyses of this type as

a guide to predicting temporal change, a large role for

phenotypic plasticity would indicate a capacity for

rapid, short-term trait–environment matching (e.g. in

response to yearly climate fluctuations), potentially buf-

fering fluctuations in community or ecosystem proper-

ties such as primary productivity or toxin tolerance

(De Laender et al. 2014; Walters et al. 2013). Adaptive

evolution and species turnover should occur much

more slowly, but presumably with greater potential for

trait changes of large magnitude over the long term

(especially for species turnover) (Norberg et al. 2012).

Finally, while a number of studies have quantified the

contribution of intraspecific variation to community-

level trait–environment relationships, none have consid-

ered the possibility that this contribution itself will

vary along the gradient. One might expect, for example,

that intraspecific trait variation is of relatively greater

importance in less favourable growing conditions (given

magnified phenotypic differences among individuals;

Hoffmann & Meril€a 1999) where fewer species are pres-

ent. This idea has not been tested.

Combining molecular population genetics and
community ecology

Historical biogeography of genes and species

Historical biogeography attempts to explain the chang-

ing distributions of species and biotas in terms of pro-

cesses such as shifting land masses, evolutionary

change and barriers to dispersal. Biogeographical data

have been used to address a wide range of hypotheses,

including those focused on inferring the centre of origin

of a particular taxon, inferring pathways of dispersal

during range expansion or distinguishing physical bar-

rier formation vs. long-distance dispersal as causes of

disjunct distribution patterns (Lomolino et al. 2010). For

as long as molecular genetic methods have been avail-

able, they have been applied to answering such ques-

tions and, along with data on spatial and temporal

patterns of species distributions and diversity, have

greatly advanced our understanding of the underlying

processes (Palumbi 1997; Avise 2000; Briggs 2000;

Lomolino et al. 2010). As such, it is beyond the scope of

our paper to comprehensively review this literature.

Here, we highlight some relatively recent studies in

which novel insights were generated either by revisiting

long-standing ecological questions with genetic data or

via explicit integration of data at the two levels in the

same study.

The recolonization of formerly glaciated terrain by

plants has long fascinated ecologists and geographers,

in particular the rate at which postglacial migration

occurs, given the presumed need for migration in

response to contemporary climate warming. In eastern

North America, widely cited tree migration rates of at

least 100 m/year over the past 15–20 thousand years

were estimated across many taxa using a spatial net-

work of pollen cores (Davis 1981; Delcourt & Delcourt

1987). Such estimates, which are in many cases surpris-

ingly high in the light of modern-day observations of

limited dispersal capacity (Clark et al. 1998), mostly

assume that tree species’ distributions were restricted to

the southeastern United States during the last glacial

maximum. However, more recent genetic evidence of

unique chloroplast DNA haplotypes occurring at the

northern range limits of some species is strongly sug-

gestive of the existence of refugial populations much

closer to the continental ice sheet during the glacial

maximum than was previously assumed (McLachlan

et al. 2005; Soltis et al. 2006). Similar results have been

found for some species in Europe (Bhagwat & Willis

2008; Provan & Bennett 2008). Thus, intraspecific

genetic patterns suggest that the capacity of species to

migrate in response to climate change is not as high as

previously thought, and palaeoecologists have been

prompted to reconsider the interpretation of pollen

found at particular places and time in quantities typi-

cally assumed too small to indicate species presence

(McLachlan & Clark 2004).

An ongoing debate in community ecology concerns

the degree to which patterns of biodiversity are gener-

ated via selective processes, such as species-specific

environmental tolerance limits, versus nonselective (i.e.

neutral) processes such as dispersal and drift (Vellend

2010). This debate echoes the selectionist–neutralist

debate in population genetics, except that population

geneticists have a key advantage: the existence of non-

coding or synonymous regions of the genome, which

allows for a neutral (or nearly so) benchmark to be

quantified, thereby allowing tests for deviations from

such a pattern, which constitute detection of selection

(Vitalis et al. 2001). Community ecologists have no such

benchmark, making the inference of process based on

pattern much more difficult if not impossible (Gotelli &

McGill 2006). In a recent study, Dexter et al. (2012) lev-

eraged the population genetics advantage to test for

competing explanations for a narrow zone of marked

species turnover in the species composition of trees in

the genus Inga along a 250-km transect in the Amazon

rainforest. Clear genetic breaks within individual Inga

species suggested population divergence occurring

tens or hundreds of thousands of years ago, thereby

indicating that the striking community-level pattern
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was generated by secondary contact of spatially disjunct

biotas rather than species sorting along an environmen-

tal gradient. This insight was only possible via the

explicit integration of community-level and genetic

data. Similar studies using the combination of commu-

nity and genetic data to infer the processes structuring

spatial diversity patterns (see also Bonada et al. 2009;

Thiel-Egenter et al. 2011; Eldon et al. 2013) is an impor-

tant avenue for future research.

Species–genetic diversity correlations

Some of the key links between ecology and genetics

were laid out in Janis Antonovics (2003) Ecological

Geneticist’s Creed, one tenet of which is that ‘the forces

maintaining species diversity and genetic diversity are

similar’. This assertion leads to the following hypothe-

sis: the habitat properties that lead to high species

diversity (e.g. large land area, close proximity to areas

of similar habitat, environmental heterogeneity) should

also lead to high genetic diversity within species, and

vice versa. The key prediction of this hypothesis is a

positive correlation across space between these two fun-

damental levels of biodiversity (Vellend 2003; Vellend

& Geber 2005). This line of inquiry is of interest both to

test the fundamental question of similar processes

underlying patterns of biodiversity at different levels,

and also potentially practical reasons in so far as it

might be possible to use one level of diversity as a sur-

rogate for the other in a conservation context.

Drawing on data sets created for the most part by

combining ecological studies of species diversity with

independent studies of genetic variation within particu-

lar species (using molecular markers) across the same

set of sites, a strong tendency for positive species–

genetic diversity correlations (SGDCs) has been

observed (Vellend 2003; Vellend & Geber 2005). How-

ever, there is considerable variation across data sets in

the strength of this correlation, and even the direction,

with some studies demonstrating strong negative corre-

lations (Karlin et al. 1984; Vellend & Geber 2005).

Understanding the causes of this variation is one of the

key next steps in this line of research.

To date, the vast majority of studies reported SGDCs

using one or only a few species for genetic analyses.

While this limits the ability of individual empirical

studies to establish the generality of any observed

SGDC, a sufficient number of data sets have accumu-

lated in the literature to allow general tendencies to be

tested (described above). In addition, because we do

not necessarily expect genetic diversity in different spe-

cies to show the same responses to site factors that

influence species diversity (e.g. Struebig et al. 2011),

examining SGDCs with genetic diversity assessed both

for individual species and averaged across species is

justified (Taberlet et al. 2012).

Over the past 8 years, upwards of 20 new studies

have focused explicitly on assessing the relationship

between species and genetic diversity, often with

genetic data collected for multiple species in the same

system (see Appendix S1, Supporting Information). For

example, Struebig et al. (2011) compared species diver-

sity of bats and genetic diversity (using microsatellites)

within three species across fragments of rainforest, find-

ing a strong positive correlation (r = 0.58) only for the

most dispersal-limited and fragmentation-sensitive spe-

cies. In a massive study across the Alps and Carpathian

mountains, Taberlet et al. (2012) sampled plant commu-

nities and populations of >20 species (analysed with

amplified fragment length polymorphisms, AFLPs)

within >650 grid cells of ~500 km2 each. In the vast

majority of cases, there was no significant correlation

between species diversity and genetic diversity (Taberlet

et al. 2012). Positive SGDCs on ocean islands (Vellend

2003) or habitat fragments (e.g. Struebig et al. 2011) and

the absence of significant SGDCs observed by Taberlet

et al. (2012) across contiguous habitat areas, combined

with the fact that most molecular markers used in pop-

ulation genetic studies are assumed to be neutral, lead

to the hypothesis that SGDCs should be strongest when

nonselective factors, such as the size and isolation of

sampling units, exert a particularly strong influence on

diversity patterns.

Here, we present a new test of this hypothesis. While

it is impossible to quantify the importance of selective

and nonselective processes underlying each of these

diversity patterns without entering into circular logic

using the diversity data themselves, we can classify each

study a priori as having units of observation that are

discrete habitat units (e.g. islands, forest fragments,

ponds) vs. arbitrarily delineated areas (e.g. small vegeta-

tion plots, or grid cells as in the Taberlet et al.’s study).

The prediction is that stronger positive SGDCs will be

found in discrete habitat units, given the greater poten-

tial for strong drift and limited dispersal. We compiled

all available data to test this prediction: 115 estimates of

SGDC from 40 different studies (see Appendix S1, Sup-

porting Information for details), with a ‘study’ defined

as any set of SGDCs corresponding to the same geo-

graphical area (e.g. the Alps) and taxonomic group (e.g.

plants). Within a study, each individual SGDC repre-

sents either a different species used for genetic analysis,

or different subsets of study sites (e.g. disturbed and

undisturbed, Wei & Jiang 2012). Twenty-eight studies

included only one SGDC, and all but three studies

included <10 SGDCs. From the Taberlet et al.’s (2012)

paper, we considered the data from the Alps (27 SGDCs)

and Carpathians (24 SGDCs) as different studies.
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We conducted general linear model analyses predict-

ing SGDC as a function of the logarithm of sample size

and the categorical variable discrete vs. nondiscrete

habitat units. To avoid pseudoreplication, we treated

study as the unit of observation in these analyses and

calculated the average SGDC and average sample size

within studies (similar results were found when treat-

ing each SGDC as independent – see Appendix S1, Sup-

porting Information). Note that we could not use study

as a random factor in mixed models because there is no

variation within studies in the discrete vs. nondiscrete

variable. We conducted analyses with or without stud-

ies weighted by the number of SGDCs, and again, the

same qualitative results were found in both cases (see

Appendix S1, Supporting Information). Here, we report

the weighted analysis.

Our prediction was clearly supported: studies with

discrete habitat units almost always showed positive

SGDCs, while the average SGDC in other studies is not

different from zero, albeit with some individual studies

showing strong positive or negative correlations (Fig. 2).

This result is almost certainly not driven by publication

bias. First, many of the correlations were calculated

from data not collected for this purpose. Second, while

the paucity of weak correlations reported at low sample

size and the negative SGDC sample size trends (Fig. 2)

are indicative of some degree of publication bias

(Møller & Jennions 2001), SGDCs remain positive for

discrete habitats at larger sample sizes. Finally, the

studies of nondiscrete habitat units show that many

nonsignificant results have been published.

These results suggest that when comparing discrete

units of habitat, similar processes likely underlie spatial

variation in species diversity and genetic diversity and

that in a conservation context, focusing on either level

will tend to benefit the other as well. This contrasts

with the more pessimistic conclusions of Taberlet et al.

(2012), who focused on more arbitrary spatial units, in

which case we expect species and genetic diversity to

be uncoupled, although there are exceptions (Fig. 2).

An important avenue for future research is to achieve a

better understanding of what causes so much variation

in the SGDC, only some of which we have been able to

explain by distinguishing different types of sampling

units.

A somewhat different approach to the general ques-

tion of whether species diversity and genetic diversity

show coincident spatial patterns is to test for patterns

of genetic diversity along gradients for which there are

well-known general patterns at the level of species

diversity. For example, most taxa show species diversity

declines from equatorial to polar regions: the latitudinal

diversity gradient. Declines in genetic diversity with lat-

itude were found in a meta-analysis of 72 vertebrate

species (Adams & Hadly 2013) and in an analysis of

North American fishes (April et al. 2013). Related stud-

ies have used molecular genetic methods to show, in

some cases, that population divergence and rates of

molecular evolution are also highest at low latitudes,

although the causal links among these observations

remain uncertain (Martin & McKay 2004; Dowle et al.

2013). There is clearly great potential for future research

to further probe the causes of ecological diversity gradi-

ents via molecular analyses of individual species.

Discussion

Our review so far has covered substantial conceptual

ground, with topics including complex patterns of

selection along multivariate environmental gradients,

testing for the processes underlying community-level

patterns using intraspecific genetic data and the condi-

tions under which one might expect concordant pat-

terns of species diversity and genetic diversity. The

common thread is the argument that new and deeper

insights into biogeographical pattern and process can

Fig. 2 The correlation between species diversity and genetic

diversity (SGDC) in 40 studies classified as either having dis-

crete habitat patches (filled circles, solid line) as units of obser-

vation, or not (open circles, dashed line), plotted as a function

of the logarithm (base 10) of sample size. A general linear

model analysis, with studies weighted by the number of

SGDCs reported, showed significant effects of both discrete vs.

nondiscrete sampling units and of sample size (SGDC =
0.33 + 0.279*discrete - 0.190*log(N), F = 11.1 and P = 0.002 for

discrete, F = 4.82 and P = 0.034 for log(N)). The full model has

r2 = 0.53, and a model with only discrete has r2 = 0.48. Details

of alternative analyses are presented in Appendix S1 (Support-

ing Information).
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derive from simultaneous consideration of variation

within and across species. In our view, the evidence

clearly supports this argument. Throughout the paper,

we have also highlighted important future research

directions on particular subtopics – we do not reiterate

these here. Rather, we focus the discussion on some

potentially fruitful research directions that span one or

more of the subtopics discussed so far, and we high-

light some research questions that we were unable to

describe in detail given the need to constrain the range

of topics we can cover in one paper.

The sections of this paper focus on the characteriza-

tion of individual organisms in different ways: traits vs.

species/genotypic identity. Traits have the advantage of

often having clear functional relevance under different

environmental conditions, notwithstanding the frequent

presence of variation among species in how trait values

correlate with environmental gradients. Data on species

diversity and molecular genetic diversity have the

advantage of being relatively straightforward to collect

– thereby allowing large sample sizes – and the unam-

biguous isolation of the genetic component of variation

among individuals within species. Studies that combine

both types of data have the potential to reveal mecha-

nisms underlying some of the relatively ‘simple’ pat-

terns. For example, several hypotheses have been put

forward to explain correlations between species diver-

sity and genetic diversity (Vellend & Geber 2005). Some

of these hypotheses involve different ways that niche

space can be filled by variation within vs. across spe-

cies, that is, how selection acts simultaneously on trait

variation within and among species. For example, high

species diversity might lead to strong within-species

stabilizing selection on traits related to interspecific

competition, and therefore negative SGDCs (Vellend &

Geber 2005), which have been observed in some cases

(e.g. Karlin et al. 1984; Messmer et al. 2012). However,

the neutral molecular marker data typically collected to

characterize genetic diversity in empirical studies have

little to say about functional intraspecific trait variation

and therefore potential responses to selection (Reed &

Frankham 2001). Incorporating analyses of intraspecific

trait variation into such studies has the potential to pro-

vide stronger tests of such hypotheses. For example,

greater species diversity has been shown to cause a

decline in intraspecific population size and therefore

molecular genetic diversity (Nestmann et al. 2011), but

whether high species diversity also acts as an agent

of selection constraining intraspecific trait variation,

or alternatively as an agent of diversifying selection

(Vellend & Geber 2005), is unknown.

In a similar vein, a topic we have not addressed

directly so far is the use of inter- and intraspecific

trait variation to test for the mechanisms underlying

community assembly. A commonly used logical frame-

work is to test for a high degree of trait similarity

among co-occurring species (relative to a random draw

of species from some predefined ‘species pool’) as evi-

dence of environmental filtering of species, and for an

‘overdispersed’ distribution of trait values among spe-

cies as evidence that trait-based competition that creates

a limit to trait similarity (e.g. Bernard-Verdier et al.

2012). In the absence of trait data, many authors have

used phylogenetic differences among species to stand in

for ecological differences that mediate environmental fil-

tering and competition (Cavender-Bares et al. 2009). In

some cases, incorporating intraspecific trait variation via

the use of plot-level traits for each species rather than

just a species mean has strengthened such patterns,

leading authors to conclude that intraspecific trait varia-

tion has an important influence on community assembly

(Jung et al. 2010). However, to the extent that intraspe-

cific trait variation is largely due to phenotypic plastic-

ity, intraspecific variation might be as much a response to

community assembly as a causal factor itself. Genetically

based trait variation can play the same role as species-

level differences, in that individuals arrive with some

genetically determined potential that influences their

odds of joining the community. As such, quantifying

genetic vs. plastic trait variation in such studies could

deepen our understanding of the feedbacks between

community assembly and intraspecific trait variation.

As in much of ecology and evolution, some of the

earth’s most diverse taxa, for example insects and

microbes, are sorely underrepresented in studies of spe-

cies diversity and genetic diversity. This is beginning to

change, particularly with the advent of whole-commu-

nity sequencing methods or ‘metabarcoding’ (Coissac

et al. 2012; Baselga et al. 2013; Ji et al. 2013). In microbial

studies, DNA sequences for a barcode gene are gener-

ated from a sample of water, air, soil or biological tissue

(e.g. a leaf) and subsequently used to identify ‘opera-

tional taxonomic units’ based on a predefined genetic

similarity cut-off (Pace 1997; Horner-Devine et al. 2004).

Such data sets present opportunities for simultaneously

assessing intra-OTU diversity (the analogue of genetic

diversity within species), and therefore SGDCs,

although we know of no studies that have done this to

date. Whole-community sequencing is beginning to be

used for nonmicrobes as well – insects in particular –

allowing simultaneous delineation of species (which are

often morphologically cryptic) and quantification of

diversity patterns within and among many species. Sev-

eral insect studies have revealed concordant patterns of

species diversity and genetic diversity (e.g. Papadopou-

lou et al. 2011; Baselga et al. 2013), and such studies

promise to allow strong tests of the conditions that

influence the strength and direction of SGDCs.
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Finally, the population genetic advantage of being

able to characterize diversity patterns created purely by

neutral processes can provide a benchmark not only for

traits or loci under selection in the same focal species

studied using molecular markers, but also for patterns

in the community in which these species are embedded.

Dexter et al. (2012) is one of the few studies we know to

explicitly bring together genetic and community data to

test alternative explanations for a community-level pat-

tern, and there seems to be great potential for applying

a similar approach in other systems.

Great progress has been made in recent years in

building an eco-evolutionary understanding of biodiver-

sity patterns in space and time, and continued explicit

merging of studies within and among species promises

to deepen our understanding of the forces structuring

biodiversity at all hierarchical levels on earth.

Acknowledgements

This research was supported by the Natural Sciences and

Engineering Research Council, Canada. CM was supported

by a Beatriu de Pin�os postdoctoral fellowship (BP-DGR-2011)

from Ag�encia de Gesti�o d’Ajuts Universitaris i de Recerca,

Catalunya.

References

Adams DC, Church JO (2008) Amphibians do not follow

Bergmann’s rule. Evolution, 62, 413–420.
Adams RI, Hadly EA (2013) Genetic diversity within vertebrate

species is greater at lower latitudes. Evolutionary Ecology, 27,

133–143.

Albert CH, Thuiller W, Yoccoz NG et al. (2010) Intraspecific

functional variability: extent, structure and sources of varia-

tion. Journal of Ecology, 98, 604–613.
Andersen K, Endara M, Turner B, Dalling J (2012) Trait-based

community assembly of understory palms along a soil nutri-

ent gradient in a lower montane tropical forest. Oecologia,

168, 519–531.
Angilletta MJ Jr, Niewiarowski PH, Dunham AE, Leach�e AD,

Porter WP (2004) Bergmann’s clines in ectotherms: illustrat-

ing a life-history perspective with sceloporine lizards. The

American Naturalist, 164, E168–E183.
Antonovics J (2003) Toward community genomics? Ecology, 84,

598–601.
April J, Hanner RH, Mayden RL, Bernatchez L (2013) Meta-

bolic rate and climatic fluctuations shape continental wide

pattern of genetic divergence and biodiversity in fishes. PLoS

ONE, 8, e70296.

Ashton KG (2001) Are ecological and evolutionary rules being

dismissed prematurely? Diversity and Distributions, 7, 289–
295.

Ashton KG (2002a) Do amphibians follow Bergmann’s rule?

Canadian Journal of Zoology, 80, 708–716.

Ashton KG (2002b) Patterns of within-species body size varia-

tion of birds: strong evidence for Bergmann’s rule. Global

Ecology and Biogeography, 11, 505–523.

Ashton KG, Feldman CR (2003) Bergmann’s rule in nonavian

reptiles: turtles follow it, lizards and snakes reverse it. Evolu-

tion, 57, 1151–1163.

Ashton KG, Tracy MC, De Queiroz A (2000) Is Bergmann’s

rule valid for mammals? The American Naturalist, 156, 390–

415.

Avise JC (2000) Phylogeography: the History and Formation of

Species. Harvard University Press, Cambridge, MA.

Baraloto C, Hardy OJ, Paine CET et al. (2012) Using functional

traits and phylogenetic trees to examine the assembly of

tropical tree communities. Journal of Ecology, 100, 690–701.

Baselga A, Fujisawa T, Crampton-Platt A et al. (2013) Whole-

community DNA barcoding reveals a spatio-temporal contin-

uum of biodiversity at species and genetic levels. Nature

Communications, 4, 1892.

Bernard-Verdier M, Navas M-L, Vellend M et al. (2012) Com-

munity assembly along a soil depth gradient: contrasting

patterns of plant trait convergence and divergence in a Med-

iterranean rangeland. Journal of Ecology, 100, 1422–1433.

Bhagwat SA, Willis KJ (2008) Species persistence in northerly

glacial refugia of Europe: a matter of chance or biogeograph-

ical traits? Journal of Biogeography, 35, 464–482.
Blackburn TM, Gaston KJ (1996) Spatial patterns in the body

sizes of bird species in the New World. Oikos, 77, 436–446.
Blackburn TM, Gaston KJ, Loder N (1999) Geographic gradi-

ents in body size: a clarification of Bergmann’s rule. Diversity

and Distributions, 5, 165–174.

Blanckenhorn WU, Demont M (2004) Bergmann and converse

Bergmann latitudinal clines in arthropods: two ends of a

continuum? Integrative and Comparative Biology, 44, 413–424.

Bonada N, M�urria C, Zamora-Mu~noz C et al. (2009) Using

community and population approaches to understand how

contemporary and historical factors have shaped species dis-

tribution in river ecosystems. Global Ecology and Biogeography,

18, 202–213.
Briggs JC (2000) Centrifugal speciation and centres of origin.

Journal of Biogeography, 27, 1183–1188.
Burns KC (2004) Patterns in specific leaf area and the structure

of a temperate heath community. Diversity and Distributions,

10, 105–112.

Cavender-Bares J, Kozak KH, Fine PVA, Kembel SW (2009)

The merging of community ecology and phylogenetic biol-

ogy. Ecology Letters, 12, 693–715.
Chase JM, Leibold MA (2003) Ecological Niches: Linking Classical

and Contemporary Approaches. University of Chicago Press,

Chicago, Illinois.

Chown SL, Gaston KJ (2010) Body size variation in insects: a

macroecological perspective. Biological Reviews, 85, 139–169.

Clark JS, Fastie C, Hurtt G et al. (1998) Reid’s paradox of rapid

plant migration. BioScience, 48, 13–24.

Coissac E, Riaz T, Puillandre N (2012) Bioinformatic challenges

for DNA metabarcoding of plants and animals. Molecular

Ecology, 21, 1834–1847.
Collins S, Gardner A (2009) Integrating physiological, ecologi-

cal and evolutionary change: a Price equation approach. Ecol-

ogy Letters, 12, 744–757.

Cornwell WK, Ackerly DD (2009) Community assembly and

shifts in plant trait distributions across an environmental gra-

dient in coastal California. Ecological Monographs, 79, 109–126.
Craine JM (2009) Resource Strategies of Wild Plants. Princeton

University Press, Princeton, NJ.

© 2014 John Wiley & Sons Ltd

POPULATION AND COMMUNITY BIODIVERSITY 2899



Cruz FB, Fitzgerald LA, Espinoza RE, Schulte Ii JA (2005) The

importance of phylogenetic scale in tests of Bergmann’s and

Rapoport’s rules: lessons from a clade of South American

lizards. Journal of Evolutionary Biology, 18, 1559–1574.
Davis M (1981) Quaternary history and the stability of forest

communities. In: Forest Succession(eds West D, Shugart H &

Botkin D), pp. 132–153. Springer, New York.

De Laender F, Melian CJ, Bindler R et al. (2014) The contribu-

tion of intra- and interspecific tolerance variability to biodi-

versity changes along toxicity gradients. Ecology Letters, 17,

72–81.

Delcourt PA, Delcourt HR (1987) Long-Term Forest Dynamics of

the Temperate Zone: A Case Study of Late-Quaternary Forests in

Eastern North America. Springer London, Limited, London,

UK.

Dexter KG, Terborgh JW, Cunningham CW (2012) Historical

effects on beta diversity and community assembly in Amazo-

nian trees. Proceedings of the National Academy of Sciences, 109,

7787–7792.

D�ıaz S, Lavorel S, de Bello F et al. (2007) Incorporating plant

functional diversity effects in ecosystem service assessments.

Proceedings of the National Academy of Sciences, 104, 20684–
20689.

Dowle EJ, Morgan-Richards M, Trewick SA (2013) Molecular

evolution and the latitudinal biodiversity gradient. Heredity,

110, 501–510.
Ehleringer J (1985) Annuals and perennials of warm deserts.

In: Physiological Ecology of North American Plant Communities

(eds Chabot BF & Mooney HA), pp. 162–180. Chapman and

Hall, New York.

Eldon J, Price JP, Magnacca K, Price DK (2013) Patterns and

processes in complex landscapes: testing alternative biogeo-

graphical hypotheses through integrated analysis of phyloge-

ography and community ecology in Hawai’i. Molecular

Ecology, 22, 3613–3628.
Fussmann GF, Loreau M, Abrams PA (2007) Eco-evolutionary

dynamics of communities and ecosystems. Functional Ecology,

21, 465–477.

Garant D, Forde SE, Hendry AP (2007) The multifarious effects

of dispersal and gene flow on contemporary adaptation.

Functional Ecology, 21, 434–443.
Gaston KJ, Chown SL, Evans KL (2008) Ecogeographical rules:

elements of a synthesis. Journal of Biogeography, 35, 483–500.
Gotelli NJ, McGill BJ (2006) Null versus neutral models: what’s

the difference? Ecography, 29, 793–800.
Hoffmann AA, Meril€a J (1999) Heritable variation and evolu-

tion under favourable and unfavourable conditions. Trends

in Ecology & Evolution, 14, 96–101.

Holt RD (2005) On the integration of community ecology and

evolutionary biology: historical perspectives and current

prospects. In: Ecological Paradigms Lost: Routes of Theory

Change (eds Cuddington K & Beisner B), pp. 235–271. Else-

vier Academic Press, London, UK.

Horner-Devine MC, Lage M, Hughes JB, Bohannan BJM (2004)

A taxa-area relationship for bacteria.Nature, 432, 750–753.
Hulshof CM, Violle C, Spasojevic MJ et al. (2013) Intra-specific

and inter-specific variation in specific leaf area reveal the

importance of abiotic and biotic drivers of species diversity

across elevation and latitude. Journal of Vegetation Science, 24,

921–931.

Huston MA (1994) Biological Diversity: The Coexistence of Species on

Changing Landscapes. Cambridge University Press, Cambridge.

James FC (1970) Geographic size variation in birds and its rela-

tionship to climate. Ecology, 51, 365–390.
Ji Y, Ashton L, Pedley SM et al. (2013) Reliable, verifiable and

efficient monitoring of biodiversity via metabarcoding. Ecol-

ogy Letters, 16, 1245–1257.

Jung V, Violle C, Mondy C, Hoffmann L, Muller S (2010) Intra-

specific variability and trait-based community assembly.

Journal of Ecology, 98, 1134–1140.
Karlin AA, Sheldon IG, Rathbun SL (1984) Spatial autocorrela-

tion analysis of heterozygosity and geographic distribution

in populations of Desmognathus fuscus (Amphibia: Pletho-

dontidae). Copeia, 1984, 343–356.
Kembel SW, Cahill JF Jr (2011) Independent evolution of leaf

and root traits within and among temperate grassland plant

communities. PLoS ONE, 6, e19992.

Kichenin E, Wardle DA, Peltzer DA, Morse CW, Freschet GT

(2013) Contrasting effects of plant inter- and intraspecific

variation on community-level trait measures along an envi-

ronmental gradient. Functional Ecology, 27, 1254–1261.

Kr€ober W, B€ohnke M, Welk E, Wirth C, Bruelheide H (2012)

Leaf trait-environment relationships in a subtropical broad-

leaved forest in south-east China. PLoS ONE, 7, e35742.

Lep�s J, de Bello F, �Smilauer P, Dole�zal J (2011) Community

trait response to environment: disentangling species turnover

vs intraspecific trait variability effects. Ecography, 34, 856–863.

Lomolino MV, Sax DF, Riddle BR, Brown JH (2006) The island

rule and a research agenda for studying ecogeographical pat-

terns. Journal of Biogeography, 33, 1503–1510.

Lomolino MV, Riddle BR, Whittaker RJ, Brown JH (2010) Biogeog-

raphy, 4th edn. Sinauer Associates, Sunderland, Massachusetts.

Martin PR, McKay JK (2004) Latitudinal variation in genetic

divergence of populations and the potential for future speci-

ation. Evolution, 58, 938–945.
McLachlan JS, Clark JS (2004) Reconstructing historical ranges

with fossil data at continental scales. Forest Ecology and Man-

agement, 197, 139–147.

McLachlan JS, Clark JS, Manos PS (2005) Molecular indicators

of tree migration capacity under rapid climate change. Ecol-

ogy, 86, 2088–2098.
Meiri S, Dayan T (2003) On the validity of Bergmann’s rule.

Journal of Biogeography, 30, 331–351.
Messmer V, Jones GP, Munday PL, Planes S (2012) Concor-

dance between genetic and species diversity in coral reef

fishes across the Pacific Ocean biodiversity gradient. Evolu-

tion, 66, 3902–3917.
Møller AP, Jennions MD (2001) Testing and adjusting for pub-

lication bias. Trends in Ecology & Evolution, 16, 580–586.
Nestmann S, Sretenovic Rajicic T, Dehmer KJ et al. (2011) Plant

species diversity and composition of experimental grasslands

affect genetic differentiation of Lolium perenne populations.

Molecular Ecology, 20, 2188–2203.
Norberg J, Urban MC, Vellend M, Klausmeier CA, Loeuille N

(2012) Eco-evolutionary responses of biodiversity to climate

change. Nature Climate Change, 2, 747–751.

Olalla-T�arraga M�A, Rodr�ıguez M�A (2007) Energy and interspe-

cific body size patterns of amphibian faunas in Europe and

North America: Anurans follow Bergmann’s rule, urodeles

its converse. Global Ecology and Biogeography, 16, 606–617.

© 2014 John Wiley & Sons Ltd

2900 M. VELLEND ET AL.



Olson VA, Davies RG, Orme CDL et al. (2009) Global biogeog-

raphy and ecology of body size in birds. Ecology Letters, 12,

249–259.

Pace NR (1997) A molecular view of microbial diversity and

the Biosphere. Science, 276, 734–740.

Palumbi SR (1997) Molecular biogeography of the Pacific. Coral

Reefs, 16, S47–S52.

Papadopoulou A, Anastasiou I, Spagopoulou F et al. (2011)

Testing the species-genetic diversity correlation in the

Aegean archipelago: toward a haplotype-based macroecolo-

gy? The American Naturalist, 178, 241–255.

Pelletier F, Garant D, Hendry AP (2009) Eco-evolutionary

dynamics. Philosophical Transactions of the Royal Society B: Bio-

logical Sciences, 364, 1483–1489.
P�erez-Ramos IM, Roumet C, Cruz P et al. (2012) Evidence for a

‘plant community economics spectrum’ driven by nutrient

and water limitations in a Mediterranean rangeland of south-

ern France. Journal of Ecology, 100, 1315–1327.
Provan J, Bennett KD (2008) Phylogeographic insights into

cryptic glacial refugia. Trends in Ecology & Evolution, 23, 564–
571.

Read QD, Moorhead LC, Swenson NG, Bailey JK, Sanders NJ

(2014) Convergent effects of elevation on functional leaf traits

within and among species. Functional Ecology, 28, 37–45.
Reed DH, Frankham R (2001) How closely correlated are

molecular and quantitative measures of genetic variation? A

meta-analysis. Evolution, 55, 1095–1103.

Reich PB, Wright IJ, Cavender-Bares J et al. (2003) The evo-

lution of plant functional variation: traits, spectra, and

strategies. International Journal of Plant Sciences, 164, S143–

S164.

Ricklefs RE, Schluter D (1993) Species Diversity in Ecological

Communities: Historical and Geographic Perspectives. University

of Chicago Press, Chicago, Illinois.

Rodr�ıguez M�A, Olalla-T�arraga M�A, Hawkins BA (2008) Berg-

mann’s rule and the geography of mammal body size in the

Western Hemisphere. Global Ecology and Biogeography, 17,

274–283.

Schoener TW (2011) The newest synthesis: understanding the

interplay of evolutionary and ecological dynamics. Science,

331, 426–429.
Shelomi M (2012) Where are we now? Bergmann’s rule sensu

lato in insects. The American Naturalist, 180, 511–519.
Shipley B (2010) From Plant Traits to Vegetation Structure: Chance

and Selection in the Assembly of Ecological Communities. Cam-

bridge University Press, Cambridge, UK.

Shipley B, Almeida-Cortez J (2003) Interspecific consistency

and intraspecific variability of specific leaf area with respect

to irradiance and nutrient availability. Ecoscience, 10, 74–79.
Soltis DE, Morris AB, McLachlan JS, Manos PS, Soltis PS (2006)

Comparative phylogeography of unglaciated eastern North

America. Molecular Ecology, 15, 4261–4293.

Struebig MJ, Kingston T, Petit EJ et al. (2011) Parallel declines

in species and genetic diversity in tropical forest fragments.

Ecology Letters, 14, 582–590.
Sundqvist MK, Giesler R, Wardle DA (2011) Within- and

across-species responses of plant traits and litter decomposi-

tion to elevation across contrasting vegetation types in sub-

arctic tundra. PLoS ONE, 6, e27056.

Taberlet P, Zimmermann NE, Englisch T et al. (2012) Genetic

diversity in widespread species is not congruent with species

richness in alpine plant communities. Ecology Letters, 15,

1439–1448.
Thiel-Egenter C, Alvarez N, Holderegger R et al. (2011) Break

zones in the distributions of alleles and species in alpine

plants. Journal of Biogeography, 38, 772–782.

Vellend M (2003) Island biogeography of genes and species.

The American Naturalist, 162, 358–365.

Vellend M (2010) Conceptual synthesis in community ecology.

The Quarterly Review of Biology, 85, 183–206.

Vellend M, Geber MA (2005) Connections between species

diversity and genetic diversity. Ecology Letters, 8, 767–781.

Vitalis R, Dawson K, Boursot P (2001) Interpretation of varia-

tion across marker loci as evidence of selection. Genetics, 158,

1811–1823.
Walters AW, Mdl�AG S, Schindler DE (2013) Species- and com-

munity-level responses combine to drive phenology of lake

phytoplankton. Ecology, 94, 2188–2194.

Wardle DA, Bardgett RD, Walker LR, Bonner KI (2009)

Among- and within-species variation in plant litter decom-

position in contrasting long-term chronosequences. Functional

Ecology, 23, 442–453.

Watt C, Mitchell S, Salewski V (2010) Bergmann’s rule; A con-

cept cluster? Oikos, 119, 89–100.

Wei X, Jiang M (2012) Contrasting relationships between

species diversity and genetic diversity in natural and dis-

turbed forest tree communities. New Phytologist, 193, 779–
786.

Wiens JJ, Graham CH (2005) Niche conservatism: integrating

evolution, ecology, and conservation biology. Annual Review

of Ecology, Evolution, and Systematics, 36, 519–539.

Wilson AB (2009) Fecundity selection predicts Bergmann’s rule

in syngnathid fishes. Molecular Ecology, 18, 1263–1272.

Wright IJ, Reich PB, Westoby M et al. (2004) The worldwide

leaf economics spectrum. Nature, 428, 821–827.

M.V. planned the review and wrote the first draft of the

manuscript. Each author conducted research on one or

more sections: plant traits (G.L.), animal traits (A.B. and

D.G.), historical biogeography (M.V.) and combining

molecular genetics and ecology (C.M., S.K. and M.V.).

All authors contributed to manuscript editing.

Data accessibility

The raw data used in our meta-analysis are presented

in Appendix S1, Supporting Information.

Supporting information

Additional supporting information may be found in the online ver-

sion of this article.

Appendix S1 Meta-analysis of species–genetic diversity

correlations (SGDCs).

© 2014 John Wiley & Sons Ltd

POPULATION AND COMMUNITY BIODIVERSITY 2901


