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Understanding species richness patterns represents one of the most fundamental problems in
ecology. Most research in this area has focused on spatial gradients of species richness, with a
smaller area of emphasis dedicated to understanding the temporal dynamics of richness. However,
few attempts have been made to understand the linkages between the spatial and temporal patterns
related to richness. Here, we argue that spatial and temporal richness patterns and the processes that
drive them are inherently linked, and that our understanding of richness will be substantially
improved by considering them simultaneously. The species – time – area relationship provides a
case in point: successful description of the empirical spatio-temporal pattern led to a rapid
development and testing of new theories. Other areas of research on species richness could also
benefit from an explicitly spatio-temporal approach, and we suggest future directions for
understanding the processes common to these two traditionally isolated fields of research.
Keywords: species richness; diversity; species – time – area relationship; scaling; palaeoecology

1. INTRODUCTION
A major goal of ecology is explaining why some regions
have more species than others (e.g. Brown 1995;
Rosenzweig 1995; Hawkins 2001). One approach to
this problem is spatial: predicting and evaluating
patterns of variation in species richness among local
communities distributed across a geographical
region. Spatial patterns of richness are among the
best-known and most-studied patterns in ecology: the
latitudinal gradient of species richness (Rosenzweig
1995; Hillebrand 2004), the species –area relationship
(SAR; Rosenzweig 1995; Harte et al. 2009), elevational richness gradients (Terborgh 1977; McCain
2005), the relationships between productivity or
habitat heterogeneity and richness (e.g. Currie 1991;
Kerr & Packer 1997), and the relationship between
local species richness and that of the regional pool
(Ricklefs 1987; Harrison & Cornell 2008). Studying
these patterns has provided information about the
maintenance of diversity at large spatial scales,
the importance of immigration and extinction in
regulating richness and the role of the abiotic template
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and biotic interactions in niche partitioning and
species’ turnover.
However, spatial patterns at any given time are the
result of dynamic processes playing out over potentially long periods (Preston 1960). Thus, studies of
temporal variation in richness within a local community represent a complementary approach for
explaining geographical patterns of richness. While
richness dynamics are a traditional focus of palaeontology (Sepkoski 1978; Sepkoski et al. 1981; Alroy et al.
2008), the temporal patterns of richness on ecological
time scales have received much less attention than
their spatial analogues (White 2007). Recent work
has focused on predicting the response of species
richness to global change (Sax & Gaines 2003;
Thomas et al. 2004), understanding the apparent stability of species richness despite major changes in
species composition (Brown et al. 2001), and on theoretical questions related to species coexistence
(Chesson 2000). Of course, these dynamic processes
do not operate in isolation from the surrounding
region but are embedded in, and influenced by, the
spatial contexts in which they occur (e.g. Ricklefs
1987; Mouquet & Loreau 2003; Leibold et al. 2004).
Yet, research integrating spatial and temporal
approaches is even rarer than purely temporal studies.
The scarcity of spatio-temporal research reflects differences in focus between temporal and spatial richness
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Figure 1. The species– time–area relationship (STAR) for a summer annual plant community near Portal (Arizona, USA).
(a) The species–time relationship (STR) at spatial scales of 1/4 m2 (bottom line) and 32 m2 (top line). (b) The decline in
the STR exponent (w) as a function of spatial scale. (c) The species –area relationship (SAR) at time scales of 1 (bottom
line) and 14 years (top line). (d) The decline in the SAR exponent (z) as a function of temporal scale. Data from Ernest
et al. (2009); see Adler et al. (2005) for details of the data analysis.

research and the lack of high-quality long-term data.
Even in palaeontological studies where long-term
data are readily available for many groups, there has
been little integration of spatial and temporal patterns.
Our goal in this paper is to promote the integration
of spatial and temporal richness research by showing
how it can advance ecological understanding and by
outlining directions for future work. This integration
has yielded valuable insights in other areas of ecology
including succession, stratigraphy and species distribution modelling, and we suggest that it can yield
equivalent insights in the study of richness. Here we:
(i) review and discuss a successful linkage of spatial
and temporal patterns of richness—the species –
time – area relationship (STAR); (ii) discuss other
areas of richness research that would benefit from
this approach and how we might begin to take an integrated spatio-temporal approach to understanding
them; and (iii) discuss general theoretical and empirical directions for future research in this area. This is
not meant to be an exhaustive review of the research
areas where spatial and temporal patterns of richness
have been, or can be, linked. Instead, we proceed by
highlighting a few recent examples of the benefits of
this approach and attempt to point the way forward
for using greater integration of spatial and temporal
approaches to understand one of the longest studied
and most pressing questions in ecology.

2. LINKING SPATIAL AND TEMPORAL RICHNESS:
A CASE STUDY
(a) Introduction
One of the best explored linkages between spatial and
temporal richness patterns is the relationship between
the spatial and temporal scaling of richness described
Phil. Trans. R. Soc. B (2010)

by the STAR (Adler & Lauenroth 2003; Adler et al.
2005). We start by reviewing the relevant spatial and
temporal patterns in isolation, address the recent
empirical synthesis and explore theoretical explanations for this spatio-temporal relationship. While
there are a number of forms of both the SAR (Scheiner
2003) and species – time (STR; Carey et al. 2007)
relationships, here we focus on the fully nested form
of the relationships.
(b) Species – area relationships
The SAR describes the observed increase in the
number of species identified as the area sampled
increases. The SAR is one of the most studied patterns
in ecology (e.g. Connor & McCoy 1979; Rosenzweig
1995) and is observed on both island systems and
within subsets of mainland regions (Drakare et al.
2006) as well as on geological time scales (Sepkoski
1976; Barnosky et al. 2005; Raia et al. 2010). Although
there may be substantial variation in the exponent
(Fridley et al. 2005; Hurlbert & Jetz 2010), the SAR
is often well described by a simple power function
(figure 1c; Rosenzweig 1995). Nonetheless, other
quantitative forms may also be appropriate (Connor &
McCoy 1979; Tjorve 2003; Guilhaumon et al. 2008).
Understanding observed variability in the SAR is
important for a basic understanding of richness
patterns (e.g. MacArthur & Wilson 1967; Rosenzweig
1995) and for conservation applications (Guilhaumon
et al. 2008).
(c) Species – time relationships
The STR is a direct temporal analogue of the SAR,
describing how the number of species observed in a
given area increases with the time-span of sampling
(figure 1a; Rosenzweig 1995; Carey et al. 2007;
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White 2007). While this pattern was originally viewed
as the result of simple sampling processes (Fisher et al.
1943; Preston 1948), it also reflects ecological and
evolutionary patterns of temporal species turnover
(White 2004; White et al. 2006) and has been demonstrated on geological time scales (Rosenzweig 1998;
McKinney & Frederick 1999; Raia et al. 2010). Like
SARs, STRs tend to be well fit by power functions
(McKinney & Frederick 1999), although the slope
and the general form of this relationship vary among
regions, ecosystems and taxonomic groups (White
et al. 2006; White 2007).
(d) Interactions between space and time
An integrated spatio-temporal approach helps explain
observed variation in the SAR and STR, because
there is an interaction between the spatial and temporal scales at which species richness is sampled
(Adler & Lauenroth 2003; Adler et al. 2005;
McGlinn & Palmer 2009). As the temporal scale of
sampling increases, the exponent of the SAR
decreases. Similarly, increasing the spatial scale
of sampling decreases the exponent of the STR
(figure 1). This means that some differences in
observed richness scaling relationships may simply
reflect differences in the scale of sampling. For
example, some SARs are calculated based on a single
annual sample of a community (e.g. a local plant
census), whereas others are based on the accumulated
flora for a region compiled from records spanning
years or decades (e.g. Fridley et al. 2005). This linkage
between spatial and temporal scaling can be modelled
using a simple empirical model based on a power
function:
log S ¼ log c þ z1 log A þ w1 log T þ u log A log T ;
where S is the number of species observed, A the area
sampled, T the time span sampled, z1 the exponent of
the SAR at the unit time scale, w1 the exponent of the
STR at the unit spatial scale, and u characterizes the
interaction between space and time (Adler et al.
2005). Empirical analysis of nine assemblages including ecological data on plants, algae, invertebrates,
zooplankton and mammals, and fossil data on mammals suggests that this interaction may be universally
negative (Adler et al. 2005; McGlinn & Palmer 2009;
Raia et al. 2010).
(e) Understanding spatio-temporal scaling
theoretically
Despite the apparently general nature of this linkage
between spatial and temporal richness (Adler et al.
2005), there has only been one attempt to explain
this pattern theoretically. McGlinn & Palmer (2009)
showed that a neutral model could produce the
observed negative interaction between rates of spatial
and temporal scaling under a range of parametrizations. However, a previous attempt to empirically
evaluate neutral model predictions for observed spatial
and temporal scaling—considered independently of
each other—suggested that while neutral models
could be parametrized to yield either realistic SARs
or realistic STRs, they could not generate realistic
Phil. Trans. R. Soc. B (2010)
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predictions for both patterns (Adler 2004). Thus, the
potential for neutral models to explain the spatiotemporal scaling of richness requires further study.
An alternative framework for understanding the
spatio-temporal scaling of richness is an entropy maximization framework (Harte et al. 2008, 2009). This
approach postulates that observed SARs can be predicted by determining the most probable
configuration of a community or assemblage given
that the system level values of total numerical abundance, species richness and whole community
metabolic rate are constrained to equal their observed
values (Harte et al. 2008, 2009). In the species – area
model, the exponent of the SAR is predicted to vary
as a function of the ratio of the total number of individuals, N, to the total species richness, S. As a result,
since N increases linearly with spatial scale and S
increases less than linearly, the exponent of the SAR
is predicted to decline with scale. This prediction successfully describes variation in the SAR across a range
of spatial scales in bird and tree communities (Harte
et al. 2008, 2009).
While maximum entropy models do not currently
predict temporal patterns, it would be possible to
modify these models to explain observed linkages
between spatial and temporal scaling. The current
approach generates spatial patterns, in part, from the
clustering of individuals in two-dimensional space
(Harte et al. 2008, 2009). To generate spatio-temporal
predictions, we can consider time as a third dimension
and then predict the probability of individuals occurring in blocks of different size. This approach
predicts that the SAR exponent should decrease with
the time scale of sampling because N/S should
decrease in the same way with increasing temporal
scale that it does with increasing spatial scale (N
increases linearly with time while S increases less
than linearly). Likewise the exponent of the STR
should decrease with the spatial scale of sampling
owing to the equivalent decrease in N/S. This prediction provides an alternative explanation for the
universally observed form of the STAR, and addresses
one of the weaknesses with the current empirical
model for the STAR. When the power-law-based
model is extrapolated to sufficiently large spatial and
temporal scales, the exponents of the SAR and STR
become negative (Adler et al. 2005), which is an undesirable behaviour since expanding either scale should
never decrease species richness. Moreover, STARs
estimated on large time scales in fossil data do not
become negative, behaving similarly to STARs estimated on ecological time scales (Raia et al. 2010). A
spatio-temporal version of Harte et al.’s maximum
entropy model will lead both exponents to converge
asymptotically to zero.
Both maximum entropy-based models and neutral
models require testing to determine their ability to
explain observed STARs. In addition, neither of
these models is intended to operate at biogeographic
spatial scales or evolutionary temporal scales
where the SAR and STR accelerate (Williams 1943;
Rosenzweig 1995; White 2007). Therefore, spatiotemporal development of models designed to operate
at these broadest scales (Allen & White 2003;
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Figure 2. (a) Spatial variation in avian richness as a function of the normalized difference vegetation index (NDVI) in both
the summer (red triangles) and winter (blue circles). (b) Seasonal variation in avian richness as a function of NDVI for
20 randomly selected sites from (a). Each arrow links the richness and NDVI of a site during the breeding season to the
richness and NDVI of that site during the winter. The solid black line in both plots is the linear regression through all
points in (a). Note that the majority of sites have seasonal trajectories parallel to this spatial trend. Data from Hurlbert &
Haskell (2003).
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Figure 3. Illustration of the mass effect and its implications for the importance of habitat heterogeneity and the relative difference in temporal turnover among core and occasional species. Grid cells represent habitats with particular environmental
conditions (colours) that make them differentially suitable to various species (circles). Any given habitat may support only
a limited number of viable populations (large circles, core species), but occasional species (small circles) may also be present
in a cell owing to immigration from adjacent cells. Cells occurring in heterogeneous regions with a more diverse regional
species pool will therefore include a greater total number of species compared with a cell with similar conditions occurring
in a homogeneous region. Because core species by definition have viable populations, there is low temporal turnover in species
composition among this group. By contrast, occasional species are constantly colonizing from adjacent habitats and going
extinct, resulting in high values of temporal turnover.

McGill & Collins 2003) will be necessary to
understand the full range of the STAR.

(f) The importance of an integrated approach to
understanding spatio-temporal scaling
The strong and general interaction between the SAR
and STR demonstrates that an integrated spatiotemporal approach is necessary to quantify and
Phil. Trans. R. Soc. B (2010)

understand patterns of species richness. It is well
known that patterns of species richness are dependent
on the spatial scale of analysis (Rahbek & Graves 2001;
Chase & Leibold 2002), but the empirical form of the
STAR suggests that these patterns will also depend on
the temporal scale of interest and on the spatiotemporal linkages (White 2007). Using heterogeneous
ecological data to identify richness hotspots for conservation will require this integrated approach. It is a
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common practice to use SARs to either scale up to
estimate regional richness from local samples or to
control for differences in sampled area among different
regions (Scheiner et al. 2000; Barnosky et al. 2005).
The STAR shows that if there is heterogeneity in the
time span over which regions have been censused
then this must also be considered and that these two
scale effects are inter-related. Finally, by evaluating
both spatial and temporal patterns and their interaction, the STAR provides additional hypotheses for
more rigorous testing of theoretical models (Adler 2004).
3. PRODUCTIVITY – RICHNESS RELATIONSHIPS
The relationship between productivity and species
richness has been a major focus of ecological research
(Waide et al. 1999). At broad spatial scales, richness
is hypothesized to increase with productivity for a
variety of reasons (e.g. Wright 1983; O’Brien
1998; Hurlbert & Jetz 2010). However, productivity
often covaries with temperature, edaphic conditions,
environmental stability and other variables, making it
difficult to determine the independent contribution
of productivity. While it may be difficult to distinguish
the productivity – richness hypothesis from alternative
hypotheses using spatial data alone, a spatio-temporal
approach can help disentangle the environmental
covariates.
Hurlbert & Haskell (2003) combined spatial and
temporal data to study the relationship between
productivity and avian species richness. They complemented a traditional spatial approach, examining
richness as a function of seasonal primary production
in a region, with a temporal approach focused on seasonal changes in both productivity and richness. Richness
increased with productivity across regional spatial gradients and also between seasons (figure 2). Migratory
species were responsible for the seasonal increases in
avian richness, demonstrating links between life history
and species’ responses to spatial and temporal variability. The consistent, positive relationship between
richness and productivity in space and time (figure 2)
provides strong support for productivity as a primary
driver of richness gradients at continental scales.
In contrast to the continental scale pattern in birds,
Adler & Levine (2007) found discordant relationships
in space and time for prairie plants. While species richness of 1 m2 quadrats increased across a regional
precipitation gradient (a proxy for productivity in
water-limited plant communities), richness was not
higher in wet years than dry years. Adler & Levine
(2007) argue that the contrasting patterns reflect processes operating on different time scales. Increases in
species richness across the regional precipitation gradient are the long-term outcome of biogeographic
processes such as colonization and extinction. By contrast, changes in quadrat-level species richness from
year to year reflect demographic processes within
established populations, rather than biogeographic
species sorting.
An easy lesson to draw from these two case studies
is that mobile organisms such as birds are better able
to track temporal variability in productivity than sessile
plants, leading to more consistent richness gradients in
Phil. Trans. R. Soc. B (2010)
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space and time. However, differences in the kind of
temporal variability may be as important as the differences in dispersal. The seasonal fluctuations that
Hurlbert & Haskell (2003) studied are highly predictable, making migration a winning strategy. By contrast,
the interannual variability in precipitation that Adler &
Levine (2007) addressed is not predictable and is thus
more difficult for organisms to exploit (e.g. Venable &
Brown 1988). The implication is that productivity –
richness relationships are more likely to be similar in
space and time when the temporal variation in productivity is highly predictable or coarse grained than
when it is unpredictable or fine grained. Consideration
of both spatial and temporal patterns can provide more
rigorous tests of hypotheses as well as new insights
about the underlying processes.
4. COMBINING LOCAL AND REGIONAL
APPROACHES TO SPECIES RICHNESS
For decades, ecologists have debated whether species
richness is determined primarily by local processes
such as resource availability, interspecific interactions
and environmental filtering, or by regional processes
that are important in influencing rates of evolutionary
diversification and long-distance dispersal (Ricklefs
1987, 2008; Harrison & Cornell 2008). Conflicting
perspectives and a lack of empirical integration
between these two approaches have prevented consensus on the roles of regional and local processes
in determining the richness of local assemblages
(Harrison & Cornell 2008; White & Hurlbert 2010).
One recent study demonstrated that integration of a
temporal perspective helps disentangle local and
regional processes. A spatial analysis showed that
both local environmental variables and the richness
of the regional species pool influenced the local species
richness of North American birds (White & Hurlbert
2010). However, the spatial approach did not provide
clear inferences about the underlying local and
regional processes. Varying the temporal resolution at
which local species richness was measured (from a
single annual survey up to 10 years of surveys combined), showed that the relative importance of local
and regional scale processes depended on the time
scale of analysis. As the time scale increased, the relative importance of the regional pool in determining
local richness increased, while the importance of
local environmental variables decreased.
The increasing importance of regional influences at
longer time scales suggests a mechanistic explanation.
Owing to dispersal or range shifts, individuals often
occur in habitats where their long-term population
growth rate is negative. As a result, the measured
species richness of a site is typically greater than the
number of species with viable populations at that site
(figure 3; Schmida & Wilson 1985, Pulliam 1988).
This leads to the potential existence of two classes of
species in a community: core species, which can persist
in the absence of immigration, and occasional species,
which cannot. Different factors should be responsible
for regulating the abundance and richness of these
two groups (e.g. MacArthur 1960; Belmaker 2009).
Specifically, the presence of an occasional species is
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5. ENVIRONMENTAL HETEROGENEITY
Research on the impacts of environmental heterogeneity on species richness has involved both spatial and
temporal approaches, but there has been little integration of these perspectives. Studies of spatial
patterns of richness have shown that habitat diversity
and landscape heterogeneity promote species richness
(MacArthur 1958; Kerr & Packer 1997; Hurlbert &
Haskell 2003). This result is intuitive: if different
species are adapted to different environments, then a
heterogeneous environment will contain more niches
and support more species than a homogeneous
environment (see Amarasekare (2003) for a description of conditions necessary for spatial environmental
variability to promote species diversity).
Temporal environmental variability can also promote species richness (Armstrong & McGehee 1980;
Chesson 2000). Just as spatial heterogeneity provides
niches for species with different environmental preferences, species can exploit temporal niches created by
environmental fluctuations. If dispersal is the demographic mechanism that allows species to find their
spatial niches, then dormancy, or high tolerance of
unfavourable conditions, allows species to ‘find’ their
temporal niche (Warner & Chesson 1985; Chesson
2000). Unlike spatial heterogeneity, however, temporal
fluctuations impose both costs and benefits because
fluctuations increase the probability of stochastic
extinction for all species (Boyce et al. 2006). Therefore, species richness should increase monotonically
with spatial heterogeneity, but might peak at intermediate levels of temporal heterogeneity (Adler &
Drake 2008).
Phil. Trans. R. Soc. B (2010)
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likely to depend more on the occurrence of the species
in the surrounding region than particular conditions at
the focal site. Therefore, the richness of occasional
species will be strongly influenced by the richness of
the regional pool, whereas core species richness is
more likely to be determined by local constraints on
richness (figure 3). As richness is estimated over
longer time scales, the proportion of core species in
the community will decrease, since their composition
will be relatively constant while occasional species
will turnover rapidly. The increasing proportion of
occasional species at longer time scales explains the
increasing relative importance of the regional scale
processes, which primarily influence the dynamics of
those species. Furthermore, the core-occasional
species concept predicts a positive correlation between
temporal turnover and regional heterogeneity
(figure 3). Support for this prediction would suggest
that most short time scale variation in richness is not
being driven by resource availability or interspecific
interactions within communities, but by stochastic
colonization – extinction dynamics from the regional
pool, thus linking these results with those of Adler &
Levine (2007) discussed above. This example shows
how integrating a temporal perspective into traditionally spatial questions can facilitate more rigorous
testing of the processes of interest and generate new,
testable hypotheses that would not be evident through
spatial approaches alone.

time
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Figure 4. Examples of spatial, temporal and spatio-temporal
variation. The different shades of grey represent different
densities of a population or values of an environmental variable. (a) Under pure spatial variation, factors vary across a
spatial transect but are constant from one time period to
another. (b) Under pure temporal variation, factors vary
from one time to another but are constant across space.
(c) Spatial and temporal variation can occur together; in
this case, the factors change from one time to another but
remain constant across space. (d) Under pure spatiotemporal variation, changes in factors with both space and
time create a shifting mosaic.

Empirical evidence for the relationship between
temporal heterogeneity and species richness has
begun to accumulate only recently. Field studies
have focused on the population dynamics of
interacting species to test mechanisms of
fluctuation-mediated coexistence. Some of these
studies support the hypothesis that environmental
variability promotes coexistence (Warner & Chesson
1985; Adler et al. 2006; Angert et al. 2009), but in
other communities the effect is quite weak (Adler
et al. 2009). An alternative approach is to compare
average species richness across sites characterized by
different levels of environmental variability. In a rare
example of this approach, Shurin et al. (2010)
showed that temporal variability of water temperature
was positively correlated with zooplankton species
richness across 53 lakes. In fact, correlations between
environmental variability and richness were stronger
than correlations between the mean environment
and richness. More broad-scale analyses of this kind
are needed to complement the traditional focus on
population dynamics.
The distinct spatial and temporal perspectives on
environmental heterogeneity ignore the possibility of
spatio-temporal environmental variation. Chesson
(1985) distinguished between pure spatial variation,
which is constant in time, pure temporal variation,
which is constant in space and true spatio-temporal
variation, which involves a space # time interaction
(figure 4). How these different kinds of variation influence coexistence should depend on the lifespan of the
organisms and on which vital rates (e.g. recruitment
versus survival) are affected by the environmental variation (Chesson 1985). More recent theoretical work
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has shown that the scales of spatial and temporal variability important for coexistence cannot be easily
predicted from life-history traits such as dispersal
and dormancy (Snyder 2007). Since some coexistence
mechanisms are based on purely spatio-temporal
mechanisms (Berkley et al. 2010), focusing on spatial
and temporal variation in isolation may lead to an
incomplete understanding of diversity maintenance.
To our knowledge, pure spatio-temporal coexistence
mechanisms have not been investigated in natural
systems.
A better understanding of whether spatio-temporal
mechanisms are important would be aided by the
documentation of spatio-temporal patterns of environmental variation using long-term broad-scale climate
data (e.g. U.S. Historical Climatology Network,
http://cdiac.ornl.gov/epubs/ndp/ushcn/ushcn.html)
and palaeontological datasets, and by linking these
environmental dynamics with spatio-temporal richness
patterns. One recent attempt using palaeodata found
that analysis of STARs could yield spatio-temporal
signals consistent with known patterns of spatiotemporal heterogeneity (Raia et al. 2010). Similar
studies on other palaeontological datasets and on
long-term ecological datasets are necessary to
determine the universality of these patterns.
6. FUTURE DIRECTIONS
(a) Empirical
While studies of both spatial and temporal richness
patterns represent core areas of ecological research,
little effort has been invested in linking these
approaches to yield an integrated spatio-temporal
understanding of richness. One of the simplest
approaches to linking spatial and temporal richness is
to acknowledge that many spatial models already
make temporal predictions or can be modified to
include a temporal component. Evaluating spatiotemporal predictions from these models requires
high-quality spatio-temporal data, which is becoming
increasingly available from local studies (e.g. Adler
et al. 2007; McGlinn et al. 2010), coordinated broadscale surveys (e.g. the North American Breeding
Bird Survey, Bystrak 1981; the U.S. Forest Inventory
and Analysis programme, Woodall et al. 2010) and
the fossil record (e.g. NOAA Global Pollen Database,
Grimm & Keltner 1998; the Palaeobiology Database,
www.paleodb.org; Miocene Mammal Mapping
Project, www.ucmp.berkeley.edu/miomap/).
Spatio-temporal data will also help identify the
spatial and temporal scales at which observed patterns
are roughly equivalent. Preston (1960) was the first to
identify these scales in the context of STR and SAR.
Research in this area has continued in the STAR literature where these scales have been identified using
combinations of scales at which spatial and temporal
scaling exponents match (Adler & Lauenroth 2003;
Adler et al. 2005; White 2007). This research should
be expanded to include other patterns including correlates of richness such as productivity and
heterogeneity. One of the most obvious benefits of
determining the most similar scales of space and
time is to improve the use of space for time
Phil. Trans. R. Soc. B (2010)
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substitutions. For example, spatial scales that reflect
processes operating on a millennial scale should not
be ‘substituted’ to investigate temporal processes at
decadal scale. Quantitative estimates of scales of
equivalence would help researchers avoid such mistakes, and help them choose appropriate scales for
sampling.
In the case of coarse-grained continental to global
scale richness patterns, the temporal scales of equivalence may be extremely long (Adler & Levine 2007). In
these cases, traditional long-term ecological data (on
the order of 10– 100 years) will not be sufficient for
studying spatio-temporal linkages. Fortunately,
palaeoecological databases can provide information
on assemblage level richness at appropriate time
scales. Many of these databases span thousands to
millions of years and provide spatial coverage from
regional to global scales. Unfortunately, palaeoecological data and perspectives are often underused in
ecology (McKinney 1998). It is particularly important
to incorporate the fossil record into the future spatiotemporal research because without the use of
palaeodata, it will not be possible to understand how
space and time interact at the broadest scales or truly
assess the role of evolution and history in structuring
contemporary richness patterns. Future progress in
this area will require increased interaction and collaboration between contemporary and palaeo ecologists.

(b) Theoretical
While we have outlined linkages between space and
time for several well-known patterns of species richness, a true integration of spatial and temporal
processes will require new theory. One of the challenges for theoretical development is the sheer
number of spatial and temporal richness patterns
that need to be explained. Rather than creating a
theoretical model for each individual pattern, we
should seek theories that can explain multiple patterns.
Pattern unification recognizes that a number of different patterns studied by ecologists may be
manifestations of the same core phenomena. For
example, the SAR, the species-abundance distribution
and the decline in compositional similarity with distance can all be related to one another through the
simple characterization of the aggregated distribution
of individuals within a species range (e.g. He &
Legendre 2002; Harte et al. 2005; McGill 2010).
Expanding this approach to make it spatio-temporal
will reduce the number of independent spatial and
temporal patterns that need to be explained. Examples
of the potential power of this approach come from the
discussions of neutral theory and maximum entropy
models as possible explanations for the STAR. Both
of these approaches effectively produce the kind of
simple statistical structure in the spatio-temporal
distribution of individuals that have been used
successfully in spatial pattern unification.
A second priority for theory should be development
of mechanistic models that are explicitly spatiotemporal in nature. Fortunately, many of the best
approaches to modelling ecological systems are already
dynamic and increasingly include either implicit or
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explicit spatial structure. This kind of modelling dates
at least back to island biogeography theory (IBT;
MacArthur & Wilson 1963, 1967), which has
expanded into individual-based neutral theories
(NT) designed, in part, to explain high levels of richness (Caswell 1976; Hubbell 2001; Alonso et al.
2006). Both models involve similar components:
immigration from a larger species pool as a critical
component of diversity maintenance, locally driven
extinction dynamics, a focus on predicting local scale
diversity patterns and an assumption that differences
among species are not important for predicting species
richness. Both models make explicit spatial and temporal predictions; for example, IBT predicts that
both species richness and temporal turnover of species
are higher on islands closer to the mainland pool and
that both richness and turnover are lower on larger
islands than on smaller islands. However, assessment
of the temporal predictions of both models has
received much less attention than their spatial predictions (but see Simberloff & Wilson 1969; Brown &
Kodric-Brown 1977, Clark & McLachlan 2003;
McGill et al. 2005).
Despite their abilities to make spatial and temporal
predictions, NT and IBT are limited in their utility for
general research into spatio-temporal structuring of
richness because they are either focused on specific
assumptions (i.e. all species are demographically
equivalent) or designed to apply to specific landscape
configurations (i.e. the mainland – island linkage).
However, both IBT and NT are special cases of more
general metacommunity models, which have great
potential for exploring spatio-temporal richness patterns. Metacommunity models examine how linking
multiple communities through dispersal can impact
the ability of species to coexist at local and regional
scales (Mouquet & Loreau 2003; Leibold et al.
2004). Metacommunity models meet the basic
requirements for modelling spatio-temporal impacts
on richness: (i) a spatially explicit component to the
model (e.g. communities across a landscape), (ii) processes that influence species composition over time
(e.g. changing environment, variable dispersal rates,
competitive exclusion), and (iii) linkages between the
spatial and temporal components and the species composition at local and regional scales. Metacommunity
models can be adjusted to emphasize different structuring processes such as dispersal limitation, local
control over colonization and the importance of
niche differences among species (Leibold et al.
2004), resulting in a rich array of system types in
which to explore how spatio-temporal processes
interact to affect richness patterns.
Focusing on the spatio-temporal predictions of
metacommunity models will improve both the utility
of metacommunity models for understanding existing
richness patterns and our ability to identify which of
the major classes of metacommunity model are operating in a particular system. One of the challenges
for empirically testing metacommunity models,
outside of tightly controlled experimental protocols,
is that static spatial patterns (e.g. Cottenie 2005)
suffer from the standard challenges that multiple
models can potentially predict the same observed
Phil. Trans. R. Soc. B (2010)

pattern, thus making process differentiation problematic. One approach for overcoming this weakness is
to increase the number of patterns predicted and
tested for a given model (McGill 2003; McGill et al.
2007), by taking advantage of the distinct temporal
predictions of different metacommunity models (e.g.
Jabot et al. 2008).
7. CONCLUDING REMARKS
Progress in creating an integrated spatio-temporal
approach to species richness is particularly important
given the need to understand the response of ecological systems to global change. Increasingly, ecologists
are being asked to predict long-term trends in richness
and provide scientifically sound management plans for
its maintenance. By definition, prediction requires an
inherent understanding of the ecological processes
underlying richness. While we can infer process from
spatial or temporal patterns in isolation, using the
two in combination can substantially improve our
power of inference. The benefits of an integrated
spatio-temporal approach include: (i) resolving apparent inconsistencies in spatial or temporal richness
patterns and greater integration of palaeontology and
ecology; (ii) identifying the scales at which different
processes operate (e.g. colonization and extinction
versus resource competition); (iii) identifying the
scales at which space-for-time substitutions are appropriate; (iv) accounting for spatio-temporal coexistence
mechanisms that a purely spatial or purely temporal
approach would miss; and (v) generating new, testable
hypotheses and allowing more rigorous testing of
theoretical models. A full understanding of patterns
of species richness and the processes that drive them
will require an integrated spatio-temporal approach.
E.P.W. and S.K.M.E. would like to thank Diane Ernest for
providing them with the time to write, without which this
paper would never have been completed. We thank John
Harte and Xiao Xiao for conversations regarding the
potential application of entropy maximization to these
problems, and Robert Colwell and an anonymous reviewer
for comments on the manuscript. This work was partially
supported by a grant from the U.S. National Science
Foundation to EPW (DEB-0953694).

REFERENCES
Adler, P. B. 2004 Neutral models fail to reproduce
observed species-time and species-area relationships
in Kansas grasslands. Ecology 85, 1265–1272. (doi:10.
1890/03-0602)
Adler, P. B. & Drake, J. M. 2008 Environmental variation,
stochastic extinction, and competitive coexistence. Am.
Nat. 172, E186–E195. (doi:10.1086/591678)
Adler, P. B. & Lauenroth, W. K. 2003 The power of time:
spatiotemporal scaling of species diversity. Ecol. Lett. 6,
749 –756. (doi:10.1046/j.1461-0248.2003.00497.x)
Adler, P. B. & Levine, J. 2007 Contrasting relationships
between precipitation and species richness in space and
time. Oikos 116, 221 –232. (doi:10.1111/j.0030-1299.
2007.15327.x)
Adler, P. B., White, E. P., Lauenroth, W. K., Kaufman,
D. M., Rassweiler, A. & Rusak, J. A. 2005 Evidence for
a general species-time-area relationship. Ecology 86,
2032– 2039. (doi:10.1890/05-0067)

Downloaded from rstb.royalsocietypublishing.org on October 27, 2010

Review. Spatio-temporal approaches to richness
Adler, P. B., HilleRisLambers, J., Kyriakidis, P., Guan, Q. &
Levine, J. M. 2006 Climate variability has a stabilizing
effect on coexistence of prairie grasses. Proc. Natl
Acad. Sci. USA 103, 12 793 –12 798. (doi:10.1073/pnas.
0600599103)
Adler, P. B., Tyburczy, W. R. & Lauenroth, W. K. 2007
Long-term mapped quadrats from Kansas prairie: a
unique source of demographic information for herbaceous plants. Ecology 88, 2673. (doi:10.1890/00129658(2007)88[2673:LMQFKP]2.0.CO;2)
Adler, P. B., HilleRisLambers, J. & Levine, J. M. 2009 Weak
effect of climate variability on coexistence in a sagebrush
steppe community. Ecology 90, 3303– 3312. (doi:10.
1890/08-2241.1)
Allen, A. P. & White, E. P. 2003 Interactive effects of range
size and plot area on species-area relationships. Evol. Ecol.
Res. 5, 493 –499.
Alonso, D., Etienne, R. S. & McKane, A. J. 2006 The merits
of neutral theory. Trend. Ecol. Evol. 21, 451– 457. (doi:10.
1016/j.tree.2006.03.019)
Alroy, J. et al. 2008 Phanerozoic trends in the global diversity
of marine invertebrates. Science 321, 97–100. (doi:10.
1126/science.1156963)
Amarasekare, P. 2003 Competitive coexistence in spatially
structured environments: a synthesis. Ecol. Lett. 6,
1109– 1122. (doi:10.1046/j.1461-0248.2003.00530.x)
Angert, A. L., Huxman, T. E., Chesson, P. & Venable, D. L.
2009 Functional tradeoffs determine species coexistence
via the storage effect. Proc. Natl Acad. Sci. USA 106,
11 641 –11 645. (doi:10.1073/pnas.0904512106)
Armstrong, R. A. & McGehee, R. 1980 Competitive exclusion. Am. Nat. 115, 151 –170. (doi:10.1086/283553)
Barnosky, A. D., Carrasco, M. A. & Davis, E. B. 2005 The
impact of the species– area relationship on estimates of
paleodiversity. PLoS Biol. 3, e266. (doi:10.1371/journal.
pbio.0030266)
Belmaker, J. 2009 Species richness of resident and transient
coral dwelling fish responds differentially to regional
diversity. Glob. Ecol. Biogeogr. 18, 426 –436. (doi:10.
1111/j.1466-8238.2009.00456.x)
Berkley, H. A., Kendall, B. E., Mitarai, S. & Siegel, D. A.
2010 Turbulent dispersal promotes species coexistence.
Ecol. Lett. 13, 360– 371. (doi:10.1111/j.1461-0248.2009.
01427.x)
Boyce, M., Haridas, C., Lee, C. & the NCEAS Stochastic
Demography Working Group. 2006 Demography in
an increasingly variable world. Trend. Ecol. Evol. 21,
141 –148. (doi:10.1016/j.tree.2005.11.018)
Brown, J. H. 1995 Macroecology. Chicago, IL: University of
Chicago Press.
Brown, J. H. & Kodric-Brown, A. 1977 Turnover rates in
insular biogeography: effect of immigration on extinction.
Ecology 58, 445 –449. (doi:10.2307/1935620)
Brown, J. H., Ernest, S. K. M., Parody, J. M. & Haskell, J. P.
2001 Regulation of diversity: maintenance of species
richness in changing environments. Oecologia 126,
321 –332. (doi:10.1007/s004420000536)
Bystrak, D. 1981 The North American breeding bird survey.
Stud. Avian Biol. 6, 34–41.
Carey, S., Ostling, A., Harte, J. & Moral, R. 2007 Impact
of curve construction and community dynamics on
the species-time relationship. Ecology 88, 2145–2153.
(doi:10.1890/06-1889.1)
Caswell, H. 1976 Community structure: a neutral model
analysis. Ecol. Mono. 46, 327–354. (doi:10.2307/1942257)
Chase, J. M. & Leibold, M. A. 2002 Spatial scale dictates
the productivity –biodiversity relationship. Nature 416,
427 –430. (doi:10.1038/416427a)
Chesson, P. L. 1985 Coexistence of competitors in spatially
and temporally varying environments: a look at the
Phil. Trans. R. Soc. B (2010)

E. P. White et al.

3641

combined effects of different sorts of variability. Theor.
Popul.
Biol.
28,
263–287.
(doi:10.1016/00405809(85)90030-9)
Chesson, P. 2000 Mechanisms of maintenance of species
diversity. Annu. Rev. Ecol. Syst. 31, 343–366. (doi:10.
1146/annurev.ecolsys.31.1.343)
Clark, J. S. & McLachlan, J. S. 2003 Stability of forest diversity. Nature 423, 635 –638. (doi:10.1038/nature01632)
Connor, E. F. & McCoy, E. D. 1979 Statistics and biology of
the species –area relationship. Am. Nat. 113, 791 –833.
(doi:10.1086/283438)
Cottenie, K. 2005 Integrating environmental and spatial
processes in ecological community dynamics. Ecol.
Lett. 8, 1175 –1182. (doi:10.1111/j.1461-0248.2005.
00820.x)
Currie, D. J. 1991 Energy and large-scale patterns of animaland plant-species richness. Am. Nat. 137, 27–49.
(doi:10.1086/285144)
Drakare, S., Lennon, J. J. & Hillebrand, H. 2006 The
imprint of the geographical, evolutionary and ecological
context on species-area relationships. Ecol. Lett. 9,
215–227. (doi:10.1111/j.1461-0248.2005.00848.x)
Ernest, S. K. M., Valone, T. J. & Brown, J. 2009 Long-term
monitoring and experimental manipulation of a
Chihuahuan Desert ecosystem near Portal, Arizona,
USA. Ecology 90, 1708. (doi:10.1890/08-1222.1)
Fisher, R. A., Corbet, A. S. & Williams, C. B. 1943 The
relation between the number of species and the number
of individuals in a random sample of an animal
population. J. Anim. Ecol. 12, 42–58.
Fridley, J. D., Peet, R. K., White, P. S. & Wentworth, T. R.
2005 Connecting fine- and broad-scale species –area
relationships of Southeastern U.S. flora. Ecology 86,
1172–1177. (doi:10.1890/03-3187)
Grimm, E. C. & Keltner, J. 1998 The global pollen database.
Palynology 22, 242 –243.
Guilhaumon, F., Gimenez, O., Gaston, K. J. & Mouillot, D.
2008 Taxonomic and regional uncertainty in species-area
relationships and the identification of richness hotspots.
Proc. Natl Acad. Sci. USA 105, 15 458–15 463. (doi:10.
1073/pnas.0803610105)
Harte, J., Conlisk, E., Ostling, A., Green, J. & Smith, A.
2005 A theory of spatial structure in ecological
communities at multiple spatial scales. Ecol. Mono. 75,
179–197. (doi:10.1890/04-1388)
Harte, J., Zillio, T., Conlisk, E. & Smith, A. B. 2008
Maximum entropy and the state-variable approach to
macroecology. Ecology 89, 2700–2711. (doi:10.1890/071369.1)
Harte, J., Smith, A. B. & Storch, D. 2009 Biodiversity scales
from plots to biomes with a universal species –area curve.
Ecol. Lett. 12, 789 –797. (doi:10.1111/j.1461-0248.2009.
01328.x)
Harrison, S. & Cornell, H. 2008 Toward a better understanding of the regional causes of local community
richness. Ecol. Lett. 11, 969– 979. (doi:10.1111/j.14610248.2008.01210.x)
Hawkins, B. A. 2001 Ecology’s oldest pattern? Trends. Ecol.
Evol. 16, 470. (doi:10.1016/S0169-5347(01)02197-8)
He, F. & Legendre, L. 2002 Species diversity patterns derived
from species-area models. Ecology 83, 1185–1198. (doi:10.
1890/0012-9658(2002)083[1185:SDPDFS]2.0.CO;2)
Hillebrand, H. 2004 On the generality of the latitudinal
diversity gradient. Am. Nat 163, 192 –211. (doi:10.
1086/381004)
Hubbell, S. P. 2001 The unified neutral theory of biodiversity
and biogeography. Princeton, NJ: Princeton University
Press.
Hurlbert, A. H. & Haskell, J. P. 2003 The effect of energy
and seasonality on avian species richness and community

Downloaded from rstb.royalsocietypublishing.org on October 27, 2010

3642

E. P. White et al. Review. Spatio-temporal approaches to richness

composition. Am. Nat. 161, 83–97. (doi:10.1086/
345459)
Hurlbert, A. H. & Jetz, W. 2010 More than ‘more individuals’: the non-equivalence of area and energy in the
scaling of species richness. Am. Nat. 176, E50–E65.
(doi:10.1086/650723)
Jabot, F., Etienne, R. S. & Chave, J. 2008 Reconciling
neutral community models and environmental filtering:
theory and an empirical test. Oikos 117, 1308–1320.
(doi:10.1111/j.0030-1299.2008.16724.x)
Kerr, J. T. & Packer, L. 1997 Habitat heterogeneity as a
determinant of mammal species richness in highenergy regions. Nature 385, 252–254. (doi:10.1038/
385252a0)
Leibold, M. A. et al. 2004 The metacommunity concept:
a framework for multi-scale community ecology.
Ecol. Lett. 7, 601–613. (doi:10.1111/j.1461-0248.2004.
00608.x)
MacArthur, R. H. 1958 Population ecology of some warblers
of northeastern coniferous forests. Ecology 39, 599 –619.
(doi:10.2307/1931600)
MacArthur, R. H. 1960 On the relative abundance of
species. Am. Nat. 94, 25–36. (doi:10.1086/282106)
MacArthur, R. A. & Wilson, E. O. 1963 An equilibrium
theory of insular biogeography. Evolution 17, 373 –387.
(doi:10.2307/2407089)
MacArthur, R. A. & Wilson, E. O. 1967 The theory of island
biogeography. Princeton, NJ: Princeton University Press.
McCain, C. M. 2005 Elevational gradients in diversity
of small mammals. Ecology 86, 366–372. (doi:10.1890/
03-3147)
McGill, B. J. 2003 Strong and weak tests of macrecological
theory. Oikos 102, 679 –685. (doi:10.1034/j.1600-0706.
2003.12617.x)
McGill, B. J. 2010 Towards a unification of unified theories
of biodiversity. Ecol. Lett. 13, 627 –642. (doi:10.1111/j.
1461-0248.2010.01449.x)
McGill, B. J. & Collins, C. 2003 A unified theory for
macroecology based on spatial patterns of abundance.
Evol. Ecol. Res. 5, 469 –492.
McGill, B. J., Hadly, E. A. & Maurer, B. A. 2005 Community inertia of Quaternary small mammal assemblages
in North America. Proc. Natl Acad. Sci. USA 102,
16 701– 16 706. (doi:10.1073/pnas.0504225102)
McGill, B. J. et al. 2007 Species abundance distributions:
moving beyond single prediction theories to integration
within an ecological framework. Ecol. Lett. 10, 995–1015.
(doi:10.1111/j.1461-0248.2007.01094.x)
McGlinn, D. J. & Palmer, M. W. 2009 Modeling the
sampling effect in the species-time-area relationship. Ecology 90, 836 –846. (doi:10.1890/08-0377.1)
McGlinn, D. J., Earls, P. G. & Palmer, M. W. 2010 A twelveyear study on the scaling of vascular plant composition
in an Oklahoma tallgrass prairie. Ecology 91, 1872.
(doi:10.1890/09-2017.1)
McKinney, M. L. 1998 Introduction. In Biodiversity
dynamics (eds M. L. Mckinney & J. A. Drake),
pp. 311–348. New York, NY: Columbia University Press.
McKinney, M. L. & Frederick, D. L. 1999 Species – time
curves and population extremes: ecological patterns in
the fossil record. Evol. Ecol. Res. 1, 641 –650.
Mouquet, N. & Loreau, M. 2003 Community patterns in
source-sink metacommunities. Am. Nat 162, 544 –557.
(doi:10.1086/378857)
O’Brien, E. 1998 Water-energy dynamics, climate, and prediction of woody plant species richness: an interim
general model. J. Biogeogr. 25, 379–398. (doi:10.1046/j.
1365-2699.1998.252166.x)
Preston, F. W. 1948 The commonness, and rarity, of species.
Ecology 29, 254–283. (doi:10.2307/1930989)
Phil. Trans. R. Soc. B (2010)

Preston, F. W. 1960 Time and space and the variation of
species. Ecology 41, 611 –627. (doi:10.2307/1931793)
Pulliam, H. R. 1988 Sources, sinks, and population regulation. Am. Nat. 132, 652 –661. (doi:10.1086/284880)
Rahbek, C. & Graves, G. R. 2001 Multiscale assessment of
patterns of avian species richness. Proc. Natl Acad. Sci.
USA 98, 4534– 4539. (doi:10.1073/pnas.071034898)
Raia, P., Carotenuto, F., Meloro, C., Piras, P. & Barbera, C.
2010 Species accumulation over space and time in
European Plio-Holocene mammals. Evol. Ecol. 24, 1 –18.
Ricklefs, R. E. 1987 Community diversity: relative roles of
local and regional processes. Science 235, 167–171.
(doi:10.1126/science.235.4785.167)
Ricklefs, R. E. 2008 Disintegration of the ecological community. Am. Nat. 172, 741– 750. (doi:10.1086/593002)
Rosenzweig, M. L. 1995 Species diversity in space and time.
New York, NY: Cambridge University Press.
Rosenzweig, M. L. 1998 Preston’s ergodic conjecture: the
accumulation of species in space and time. In Biodiversity
dynamics (eds M. L. Mckinney & J. A. Drake), pp. 311–
348. New York, NY: Columbia University Press.
Sax, D. F. & Gaines, S. D. 2003 Species diversity: from
global decreases to local increases. Trend. Ecol. Evol. 18,
561 –566. (doi:10.1016/S0169-5347(03)00224-6)
Scheiner, S. M. 2003 Six types of species–area curves. Glob.
Ecol. Biogeogr. 12, 441 –447. (doi:10.1046/j.1466-822X.
2003.00061.x)
Scheiner, S. M., Cox, S. B., Willig, M., Mittlebach, G. G.,
Osenberg, C. & Kaspari, M. 2000 Species richness;
species-area curves and Simpson’s paradox. Evol. Ecol.
Res. 2, 791– 802.
Schmida, A. & Wilson, M. V. 1985 Biological determinants
of species diversity. J. Biogeogr. 12, 1 –20.
Sepkoski Jr, J. 1976 Species diversity in the Phanerozoic:
species-area effects. Paleobiology 2, 298 –303.
Sepkoski Jr, J. 1978 A kinetic model of Phanerozoic taxonomic diversity I. Analysis of marine orders. Paleobiology
4, 223 –251.
Sepkoski Jr, J., Bambach, R., Raup, D. & Valentine, J. 1981
Phanerozoic marine diversity and the fossil record. Nature
293, 435 –437. (doi:10.1038/293435a0)
Shurin, J. B. et al. 2010 Environmental stability and lake
zooplankton diversity—contrasting effects of chemical
and thermal variability. Ecol. Lett. 13, 453 –463. (doi:10.
1111/j.1461-0248.2009.01438.x)
Simberloff, D. & Wilson, E. O. 1969 Experimental
zoogeography of islands—colonization of empty islands.
Ecology 50, 278– 296. (doi:10.2307/1934856)
Snyder, R. E. 2007 Spatiotemporal population distributions
and their implications for species coexistence in a variable
environment. Theor. Popul. Biol. 72, 7 –20. (doi:10.1016/j.
tpb.2007.03.009)
Terborgh, J. 1977 Bird species diversity on an Andean
elevational gradient. Ecology 58, 1007–1019. (doi:10.
2307/1936921)
Thomas, C. D. et al. 2004 Extinction risk from climate
427,
145–148.
(doi:10.1038/
change.
Nature
nature02121)
Tjorve, E. 2003 Shapes and functions of species-area curves:
a review of possible models. J. Biogeogr. 30, 827 –835.
(doi:10.1046/j.1365-2699.2003.00877.x)
Venable, D. L. & Brown, J. S. 1988 The selective interactions
of dispersal, dormancy, and seed size as adaptations for
reducing risk in variable environments. Am. Nat. 131,
360 –384. (doi:10.1086/284795)
Waide, R., Willig, M., Steiner, C., Mittelbach, G., Gough,
L., Dodson, S., Juday, G. P. & Parmenter, R. 1999 The
relationship between productivity and species richness.
Annu. Rev. Ecol. Syst. 30, 257–300. (doi:10.1146/
annurev.ecolsys.30.1.257)

Downloaded from rstb.royalsocietypublishing.org on October 27, 2010

Review. Spatio-temporal approaches to richness
Warner, R. R. & Chesson, P. 1985 Coexistence mediated
by recruitment fluctuations: a field guide to the
storage effect. Am. Nat. 125, 769 –787. (doi:10.1086/
284379)
White, E. P. 2004 Two-phase species-time relationships in
North American land birds. Ecol. Lett. 7, 329–336.
(doi:10.1111/j.1461-0248.2004.00581.x)
White, E. P. 2007 Spatiotemporal scaling of species
richness: patterns, processes and implications. In Scaling
biodiversity (eds D. Storch, P. A. Marquet & J. H.
Brown), pp. 325– 346. Cambridge, UK: Cambridge
University Press.
White, E. P. & Hurlbert, A. H. 2010 The combined
influence of the local environment and regional enrichment on bird species richness. Am. Nat. 175, E35– E43.
(doi:10.1086/649578)

Phil. Trans. R. Soc. B (2010)

E. P. White et al.

3643

White, E. P. et al. 2006 A comparison of the species-time
relationship across ecosystems and taxonomic groups.
Oikos 112, 185– 195. (doi:10.1111/j.0030-1299.2006.
14223.x)
Williams, C. B. 1943 Area and number of species. Nature
152, 264–267. (doi:10.1038/152264a0)
Woodall, C. W., Conkling, B. L., Amacher, M. C., Coulston,
J. W., Jovan, S., Perry, C. H., Schulz, B., Smith, G. C. &
Wolf, S. W. 2010 The forest inventory and analysis
database version 4.0: database description and users
manual for phase 3. In Gen. Tech. Rep. pp. 180. Newtown
Square, PA: U.S. Department of Agriculture, Forest
Service, Northern Research Station.
Wright, D. H. 1983 Species-energy theory: an extension of
species-area theory. Oikos 41, 496– 506. (doi:10.2307/
3544109)

