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What Have We Learned So Far?
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We also address other issues raised in studies of MDE,
including causality, model dimensionality and design, do-
main definition, nonendemic species, discontinuous
ranges, statistical assessment, and the issue of hypothesis-
testing versus estimation of effect size. We then evaluate
the results from the 21 empirical studies of MDE published
to date. We conclude that MDE is prompting productive
new ways of looking at biogeographical patterns and that
the evidence reveals a substantial signature of MDE in
natural patterns.

What Are Mid-Domain Effect Models,
and What Do They Show?

MDE models are null models. In contrast with simulation
or analytic models, which attempt to mimic reality, null
models deliberately exclude some factor or mechanism of
interest, providing a baseline for comparison with actual
data sets (Harvey et al. 1983; Colwell and Winkler 1984;
Gotelli and Graves 1996; Gotelli 2001). The importance
of the excluded factor is then evaluated by the degree of
mismatch between the data and the patterns predicted by
the null model. The Hardy-Weinberg equilibrium is a fa-
miliar null model in population genetics: selection and
other evolutionary forces (mutation, migration, meiotic
drive, and genetic drift) are intentionally excluded by gen-
erating genotype frequencies expected through random
mating and then evaluated by comparing these predicted
frequencies with empirical ones (Hartl 2000).

The ideal null model is one that excludes only the “factor
or mechanism of interest” while incorporating, as realis-
tically as possible, other influences that might otherwise
confound the results (Colwell and Winkler 1984 and many
examples in Gotelli and Graves 1996). As in any model,
additional factors that have no bearing on the outcome
are best not incorporated at all. Null models have a long
history in community ecology and biogeography (Gotelli
and Graves 1996) and are now a well-established (though
still debated) analytical tool (Gotelli 2001). See appendix
A for further discussion of the history of null models in
relation to MDE models.

In the case of MDE null models, the factor of interest
that we attempt to exclude is any effect of spatial gradients
on the distribution of species’ range locations within a
geographical domain. Examples include climatic gradients
such as geographical patterns of potential evapotranspi-
ration (Currie and Paquin 1987), temperature (Turner et
al. 1987), or productivity (Kaspari et al. 2000); water-
energy dynamics (e.g., O’Brien 1998); physiographic gra-
dients such as degree of topographical complexity (e.g.,
Kerr and Packer 1997; Rahbek and Graves 2001); and
historical “gradients” such as time since last glaciation for
different points in space (e.g., Rabenold 1993; Graham et

al. 1996). What MDE models specifically do not exclude
is just as crucial a part of their design. Populations, in-
dividually, are assumed to retain their natural spatial struc-
ture (population cohesion) and thus their empirical fre-
quency distribution of geographical range sizes.

In two dimensions, if polygons (representing geographic
ranges) are randomly placed within a bounded area (for
example, on the map of a continental area, for terrestrial
species), a peak of polygon overlap (species richness) is
produced near the center of the area (Ney-Nifle and Man-
gel 1999; Bokma et al. 2001; Jetz and Rahbek 2001, 2002;
Diniz-Filho et al. 2002; Hawkins and Diniz-Filho 2002;
Laurie and Silander 2002). The polygons may be irregular
and concave in shape, produced by algorithms (such as
the “spreading dye” model of Jetz and Rahbek [2001]) that
explicitly model the spread of a species geographic range
in a gridded coordinate space according to a specified
algorithm. In one dimension, random placement of line
segments (representing geographic ranges) between do-
main boundaries (e.g., between latitudinal, elevational, or
bathymetric limits) produces a hump-shaped pattern of
segment overlap counts (species richness; Colwell and
Hurtt 1994; Pineda and Caswell 1998; Willig and Lyons
1998; Lees et al. 1999; Colwell and Lees 2000a; Veech 2000;
Koleff and Gaston 2001; Grytnes and Vetaas 2002; Laurie
and Silander 2002; Sanders 2002; McCain 2003). Every
author, including critics, who has examined MDE models
(table 1) has confirmed these facts. Laurie and Silander
(2002, p. 351), for example, conclude that the mid-domain
effect “is qualitatively a property of all biologically realistic
null models based on range overlap counts.” Appendix B
(“An Analogy for Explaining MDE”) offers an alternative
way to visualize and understand MDE.

In MDE models, stochastic geometric phenomena pro-
duce nonuniform patterns of species richness within a
bounded spatial domain. Because the boundaries are es-
sential, such patterns may be said to be caused by geo-
metric constraints (Colwell and Hurtt 1994; Pineda and
Caswell 1998) or by edge effects (Laurie and Silander
2002), although it would be more accurate to say that the
patterns are caused by stochastic processes operating
within geometrically constraining boundaries.

Population Processes versus Biogeographic Patterns

Empirical species richness patterns are geographical epi-
phenomena of processes acting at the level of species or
populations. The geographical distribution of any real spe-
cies is not biologically random but instead is driven by
complex and idiosyncratic interactions between real genes
and real environments (including other species) shaped
by historical contingency (Holt 2003). Likewise, patterns
of speciation and extinction within clades are driven by
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Table 1: Twenty-one Empirical Studies of the Mid-Domain Effecta

Reference Location Taxon Gradient 1-Db 2-Db Model Multivariate?

Ellison 2002 Pacific basin Mangroves Lat. 78% Midpoint resampling Noc

Lat. 66%c Range resampling Noc

Koleff and Gaston 2001 New World Parrots Lat. 51% Fully stochasticd No
Parrots Lat. 46% Range resamplinge No
Parrots Lat. 96% Midpoint resamplingf
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Araceae Elevation 18%t Range-limited, fully
stochastict

Yest

Bromeliaceae (epi)t Elevation 49%t Range-limited, fully
stochastict

Yest

Bromeliaceae (terr)t Elevation 7%t Range-limited, fully
stochastict

Yest

Melastomataceae Elevation 14%t Range-limited, fully
stochastict

Yest

Palmae Elevation 32%t Range-limited, fully
stochastict

Yest

Pteridophyta (epi)t Elevation 76%t Range-limited, fully
stochastict

Yest

Pteridophyta (terr)t Elevation 50%t Range-limited, fully
stochastict

Yest

McCain (2004) Costa Rica Nonvolant small
mammals

Elevation 45% Range resampling Yesu

Rahbek 1997 S America Birds Elevation Moderatev Area-adjusted richness No
Sanders 2002 Colorado Ants Elevation 13% Range resampling Now

Nevada Ants Elevation 91% Range resampling Now

Utah Ants Elevation 37% Range resampling Now

Pineda and Caswell 1998 NW Atlantic Gastropods Depth Substantialx Range resampling
with rarefaction

No



i
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Theoretical Range Size Frequency Distributions

To explore the fundamental properties of MDE, the first
MDE models (Colwell and Hurtt 1994; Willig and Lyons
1998) assumed theoretical RSFDs. The simplest graphical
null model of the effect of geometric constraints in one
dimension is a uniform random density of feasible co-
ordinate pairs in a two-dimensional plot of range versus
midpoint (Colwell and Hurtt’s [1994] model 2, shown by
Colwell and Lees [2000a in their fig. 1 and box 2] to be
identical to both the analytical binomial model of Willig
and Lyons [1998] and to MacArthur’s [1957] overlapping
niche model). This “fully stochastic model” (Colwell and
Lees 2000a) produces a monotonically decreasing fre-
quency of range sizes with a maximum range size equal
to the full breadth of the domain and a particular distri-
bution of range midpoints concentrated toward mid-
domain. (The RSFD is defined by the cumulative ranked
distribution function , where r is propor-2d(r) p 2r � r
tional range size and .)0 ! r ! 1

To show that the qualitative MDE is robust to the peaked
distribution of range midpoints produced by the fully sto-
chastic model, Colwell and Hurtt (1994) modeled MDE
constrained to a uniform random midpoint distribution
(for which Laurie and Silander [2002] derived the analytic
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the implicit biological assumptions that the range size dis-
tribution for all species, regardless of taxon or domain, is
precisely the same and that the maximum species range
covers the entire domain. The former assumption is clearly
unrealistic (Anderson 1984; Brown 1995; Gaston 1996,
2003; Lees et al. 1999), and the latter is only sometimes
correct, usually in relatively small domains (Lees et al.
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dents endemic to North American deserts (19�N to 45�N)
was statistically concordant with MDE predictions (the
empirical curve lies within the 95% confidence interval of
MDE predictions from resampling empirical ranges) and
cannot be explained by area (longitudinal width of the
deserts), inadequate sampling, productivity, or failure to
include nonendemics (despite the fact that the richness of
all North American rodents increases steadily toward the
south over the same latitudes).

Although most biogeographical studies traditionally fo-
cus on all representatives of a taxon in a region or con-
tinent (and there is certainly a continuing justification for
such work), studies limited to endemics or studies that
compare richness patterns of endemics to nonendemics
(e.g., Vetaas and Grytnes 2002; McCain 2003) are legiti-
mate in their own right and may well turn up interesting
surprises. For example, Hawkins and Diniz-Filho (2002)
discovered a clear mid-domain peak in the latitudinal (but
not the longitudinal) distribution of North American en-
demic birds. (See “Endemic versus Nonendemic North
American Birds” in app. C for further discussion.)

Setting Domain Limits

Another challenging issue is how to set the limits of the
domain for computing MDE richness predictions. In in-
troducing the idea of “hard” boundaries for domain limits,
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Figure 1: Assessment of mid-domain effect (MDE) in empirical studies. Summarizing the information in table 1, the upper graph displays results
from all studies that reported coefficients of determination, whereas the lower graph attempts to represent the results of other studies that did not.
Horizontal hatching, yellow background: one-dimensional studies, MDE only; vertical hatching, blue background: one-dimensional studies, multivariate;
cross-hatching, green background: two-dimensional studies. When results for both fully stochastic and range-resampling models were reported for
the same data set, the latter are plotted (even if less significant; see footnote d in table 1). No midpoint resampling results are included. For studies
that examined the same data set from both one- and two-dimensional perspectives, both results are included in the graphs.

II error as Zapata et al. (2003) suggest depends on whether
the hypothesis is conditioned on defining the domain by
distributional limits. If we hypothesize that the observed
pattern of richness, within the limits of distribution, does
not differ from the pattern predicted by random placement
of empirical ranges within those limits, there is no reason
to expect any inflation of Type II error.
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figure 1. (Zapata et al. [2003] provide a somewhat similar
table for a subset of these studies.)

The papers summarized in table 1 are quite recent (more
than half were published since 2002). Simulation, mod-
eling, and statistical techniques for investigating MDE are
still in their infancy but are actively being developed and
debated. These studies have prompted a closer look at the
influence of the size, location, and overlap of species ranges
in geographical patterns. In classic null model fashion,
some authors have effectively used the residuals from an
MDE model to focus on the very environmental and his-
torical gradients that MDE null models intentionally ex-
clude (Jetz and Rahbek 2002; Connolly et al. 2003). More-
over, these studies show that MDE itself is likely to prove
an important factor in many patterns of species richness,
contrary to the conclusions of authors (e.g., Hawkins and
Diniz-Filho 2002; Zapata et al. 2003) who have assessed
many of the same studies from the “all-or-nothing” point
of view that we discuss in “All or Nothing? Evaluating the
Relative Importance of MDE.”

Results from the empirical studies vary widely depend-
ing on domain, taxon, and method. As predicted by MDE
theory, where ranges are small relative to the extent of the
domain, MDE tends to be weaker (e.g., Laurie and Sil-
ander’s 2002 study of Proteaceae with Africa as the do-
main); where many ranges are larger relative to the do-
main, MDE tends to be stronger (e.g., Lees et al.’s 1999
study of Madagascan species or McCain’s 2003 study of
North American desert rodents).

Likewise, studies that have partitioned ranges into
range-size categories within the same data set (Pineda and
Caswell 1998; Lees et al. 1999; Hawkins and Diniz-Filho
2002; Jetz and Rahbek 2002; Vetaas and Grytnes 2002)
have universally found stronger support for MDE among
large-ranged species rather than among small-ranged spe-
cies, as predicted by MDE theory. More interesting bio-
logically, Lees et al. (1999) and Jetz and Rahbek (2002)
found that focusing on small-ranged species revealed im-
portant environmental effects for which little influence
could be detected on large-ranged species, which are more
constrained by geometry. As so often happens in science,
this unexpected finding arose as a side effect of a different
quest (assessing MDE), just as the discovery of MDE arose
from considering ways to investigate Rapoport’s rule (Col-
well and Hurtt 1994; Rahbek 1997; Pineda and Caswell
1998; Willig and Lyons 1998).

Dimensionality
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2002) report low values (even one negative correlation)
for variance explained by MDE. However, the MDE mod-
els used in all three of these used inappropriate RSFDs,
and a reanalysis of biome-based subdomains might show
a greater role for MDE in at least two cases, as explained
in appendix C.

Multivariate Approaches

Fewer than half the studies in table 1 (eight of 21) con-
sidered candidate explanations for species richness pat-
terns in addition to MDE, including area, topography, cli-
matic, or historical correlates. (The last column in the
table, with details in the table footnotes, indicates this
information for each study.) The other 13 studies are best
viewed as exploring the potential role of MDE in the em-
pirical patterns; how well the results for these 13 studies
will stand up in a multivariate comparison with other
candidate explanations for species richness remains to be
seen. The few multivariate results published so far that
quantitatively assess a full range of factors (Lees et al.
[1999] for Madagascan vertebrates and insects, Jetz and
Rahbek [2002] for African birds, Kessler [2001] for certain
Andean plants, McCain [2003] for North American desert
rodents, and McCain [2004] for South American small
mammals) collectively reveal a substantial contribution of
MDE to the species richness patterns studied.

Accounting for map area (although not for surface area)
is handled intrinsically in properly parameterized two-
dimensional models, but in one-dimensional models, var-
iation in domain area orthogonal to the MDE dimension
must be explicitly controlled. This is not a new issue (Ro-
senzweig 1995; Rahbek 1997; Rohde 1997). For example,
to create an area-corrected latitudinal data set from grid-
ded map data is straightforward: simply compute mean
“cell richness” for east-west longitudinal bands, each span-
ning, say, 5� of latitude. But the mean must be a cell-by-
cell mean; dividing east-west “band sums” (the total rich-
ness within a longitudinal band) by corresponding band
areas introduces biases (Jetz and Rahbek 2001) because
richness is not a linear function of area (McCoy and Con-
nor 1980; Gotelli and Colwell 2001). Thus Rahbek (1997)
corrected for area in an elevational data set by estimating
avian richness from elevation-specific species-area curves,
instead of computing true cell means. McCain (2004) ex-
plicitly controlled for area in her sampling design. Con-
nolly et al. (2003) controlled for area orthogonal to latitude
or longitude by conducting separate analyses on orthog-
onal “slices” of the two-dimensional distribution of Indo-
Pacific corals and reef fishes (see McCoy and Connor
[1980] for a similar approach to accounting for area).

Statistical Issues
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significantly but imperfectly correlated (many studies in
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such as the species/genus ratio, as an indicator of the se-
verity of interspecific competition; competition was
thought to reduce the number of species in a genus (or
higher taxon) that could coexist (Järvinen 1982). The im-
plicit null hypothesis was that, with random sampling, the
expected ratios would be the same in both large and small
communities (Elton 1946). But the species/genus ratio, like
all taxonomic indices, changes dramatically with sample
size and cannot be evaluated without reference to a sta-
tistical sampling model (Gotelli and Colwell 2001).

Similarly, much of the literature on effects of biotic and
abiotic gradients on species richness implicitly assumes
that the occurrences of a species can be entirely discon-
tinuous across a domain. If this is true, then the null
expectation is a flat diversity curve across the domain.
However, if we accept that there is at least some continuity
in species occurrences within the geographic range (“range
cohesion” in our terminology), the proper null expectation
is a hump-shaped diversity curve. MDE models attempt
to account for this sampling effect of continuous geo-
graphic ranges, which is ignored by regression models that
are fit to geographic gradients.

Early Use of Null Models with Poor Statistical Properties. In
the analysis of binary presence-absence matrices, Gilpin
and Diamond (1982) adapted a contingency table model
that was analytically convenient to assess the statistical
significance of species co-occurrence patterns. However,
that model was analytically flawed (Gotelli and Graves
1996) and had undesirable Type I error properties so that
the null hypothesis was often rejected, even with purely
random data sets (Wilson 1987).

Similarly, some early MDE models (Colwell and Hurtt
1994; Willig and Lyons 1998) used theoretical range size
frequency distributions, which are analytically convenient.
However, as discussed in the main text, these distributions
can cause the MDE model to be spuriously rejected.
Computer-intensive models (e.g., Jetz and Rahbek 2002)
that explicitly simulate the spread of a species geographic
range preserve the observed RSFD and are less prone to
the statistical problems of simpler models that rely on
theoretical RSFDs.

Intellectual Resistance to Null Models That Challenge Widely
Accepted Conventional Wisdom. The MacArthurian para-
digm in ecology was that the behavior, morphology, pop-
ulation dynamics, species occurrences, and community
structure of natural assemblages reflected the struggle for
limited resources and the subsequent partitioning of the
ecological niche (Wiens 1989). This widely accepted view
dominated ecological research in the 1960s and 1970s.
Much of the resistance to the use of null models came
from the fact that such analyses called into question the

ubiquity and influence of interspecific competition and
indicated that communities might look much the same as
they do even in the absence of strong species interactions
(Gotelli 1999).

In the extensive literature on geographic gradients, there
is no consensus on any single accepted mechanism to ac-
count for all observed gradients in species richness (Rohde
1992). Nevertheless, there seems to be widespread agree-
ment that some direct or indirect mix of biotic, abiotic,
and historical mechanisms must account for these pat-
terns. MDE models challenge this accepted wisdom by
suggesting that species richness gradients could also be
attributed in varying degrees to the random placement of
contiguous geographic ranges within a bounded domain.
The growing body of evidence in favor of this hypothesis
(table 1) undercuts misguided claims that MDE must be
discarded as a causal factor for richness gradients.

The Future. Can we predict the future from the past? If
the MDE debate follows the pattern seen in the null models
controversy of the 1980s, then we can expect that the initial
disputes over MDE models will not be cleanly resolved.
However, a second generation of researchers will adopt
MDE and/or other null models and employ them as useful
tools in biogeographic analyses. Statistical advances will
lead to increasingly sophisticated computer simulations
that will address many of the criticisms of the early models.
Finally, the increasing availability of dedicated software
packages (Colwell 2000; Jetz and Rahbek 2001; Gotelli and
Entsminger 2002) will allow researchers to explore MDE
models with their own data sets and draw their own con-
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Figure C1:
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Figure C2:
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Figure C3: Species richness of North American birds endemic to eastern deciduous forest-taiga; figure from Mengel (1970)

Diniz-Filho’s analysis shows that species richness peaks in
an east-west band in the latitudinal center of the domain,
especially for wide-ranging species, just as MDE models
predict. In contrast, for longitude, there is little evidence
for a mid-domain peak or plateau for the endemics.

These one-dimensional views are striking and call for
explanation. The lack of a longitudinal mid-domain effect
may arise from pooling data for birds from distinct faunas
inhabiting the eastern forests, the mid-continental grass-
lands, and the western mountains. The biome-based maps
of Mengel (1970) for birds endemic to each of these biomes
(reproduced here as figs. C1, C2, C3) strongly suggest that
each of these three faunas may show a separate longitu-
dinal MDE (as well as a latitudinal MDE). When richness
patterns for the three biomes are combined, they would
tend to produce the transcontinental latitudinal MDE re-
vealed by Hawkins’s analysis, while the longitudinal MDE
for each biome, individually, would be obscured.

Unfortunately, Hawkins and Diniz-Filho (2002, p. 423)
dismissed the latitudinal mid-domain peak in the empir-
ical data as an artifact because “bird richness does not
actually decrease into Mexico; this just appears to be the
case because a large number of bird species … were ex-
cluded from the data.” Unless some pervasive form of

interspecific competition is being implicitly assumed (be-
tween endemics as a whole and nonendemics as a whole)
to account for the southward decline in the richness of
North American endemics, then this explanation makes
no more sense than it would make to note that lizards
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