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why does it matter?

changes in intraspecific 
variation can occur on 
ecological timescales 
(“rapid evolution”) 

 THE

 AMERICAN NATURALIST

 VOL. LXXVI January-February, 1942 No. 762

 ECOLOGICAL ASPECTS OF EVOLUTION*

 RELATIONS BETWEEN CLIMATE AND INTRA-

 SPECIFIC VARIATION IN PLANTS1

 DR. WILLIAM M. HIESEY, DR. JENS CLAUSEN AND
 DR. DAVID D. KECK

 CARNEGIE INSTITUTION OF WASHINGTON, STANFORD UNIVERSITY

 THE study of interrelationships between plants and

 climates has attracted the interest of botanists ever since

 the idea of evolution has prevailed. Earlier investiga-

 tions were primarily observational in character, and re-

 sulted in the development of such concepts as the plant

 association, plant succession, climaxes, life-zones and

 climatic lifne forms. These contributions aided in our
 understanding of plant distribution, but *because the
 workers of this era accepted the species as the funda-
 mental unit in ecology they did not greatly clarify our
 conception of the processes which have given us the great

 diversity that we now find within species.

 In recent years other lines of research have been de-
 veloped, and these are beginning to contribute materially

 towards filling this gap in our knowledge. These newer
 studies, which are experimental rather than descriptive,

 are aimed directly at clarifying two sets of relationships:

 the first is the relation of plants to each other, and the
 second is their relationship to environment. It is the
 object of this paper to review this more recent work and
 to outline our present conception of these relations as they

 * Presented at a joint symposium of the Ecological Society of America and
 the Western Society of Naturalists held at Pasadena; in June, 1941.

 Pasadena symposium by Dr. IHiesey.
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 Vol. 116, No. 4 The American Naturalist October 1980

 GENETIC VARIATION AND PHENOTYPIC EVOLUTION DURING
 ALLOPATRIC SPECIATION

 RUSSELL LANDE*

 Laboratory of Genetics, University of Wisconsin, Madison, Wisconsin 53706

 Submitted September 25, 1978; Accepted June 1, 1979

 Allopatric speciation is thought to be a dominant mode of diversification in

 many sexual organisms (Mayr 1963; Bush 1975; White 1978). In addition to the
 well-established frequent occurrence of polyploid speciation in plants (Grant
 1971), parapatric (clinal) and sympatric patterns of speciation have also been
 proposed for some animal taxa (Fisher 1958, ch. 6; Bush 1975; Endler 1977; White
 1978). The current theory of allopatric speciation developed by Mayr (1954; 1963,
 ch. 17; 1970) attempts to deduce from genetic principles an observed tendency
 toward phenotypic change in small isolated populations, with relative phenotypic
 uniformity across the main range of a species. Gene flow and genetic homeostasis
 are supposed to confer "genetic cohesion" on large central populations, both in
 terms of their continued interbreeding and phenotypic similarity. In small periph-
 erally isolated populations, it is claimed, the "founder effect" drastically reduces
 genetic variability and may initiate a "genetic revolution" which produces re-
 productive isolation and permits or induces morphological change. Although
 Mayr's emphasis on allopatric speciation in animals has been questioned, there
 has been little critical analysis of the process itself, utilizing genetic models of

 populations. Neglect of basic quantitative considerations left certain ambiguities
 and errors in Mayr's theory, which are rectified here by reviewing and generaliz-
 ing dynamic models of genetic variation and phenotypic evolution in small isolated

 populations. Relevant data on variation, mutation, and selection of morphological
 characters are used to evaluate the models.

 In a population which is geographically isolated from the main range of a

 species, reproductive isolation can evolve only incidentally as a by-product of
 genetic divergence occurring for other reasons. This justifies the construction of
 dynamic models of phenotypic evolution during allopatric speciation, in which
 reproductive isolation plays no causal role. Substantial evidence from hybridiza-
 tion experiments demonstrates that subspecies and congeneric species usually
 differ by many genes with small phenotypic effects (Dobzhansky 1951, pp. 143-
 148, 226; Mayr 1963, p. 543; Wright 1978a, ch. 8). Furthermore, quantitative
 variation in natural populations generally has a polygenic basis (Wright 1968, ch.

 * Present address: Department of Biophysics and Theoretical Biology, The University of Chicago,
 920 East 58th Street, Chicago, Illinois 60637.

 Am. Nat. 1980. Vol. 116, pp. 463-479.
 ? 1980 by The University of Chicago. 0003-0147/80/1604-0004$02.00
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 THE

 AM ERICAN NATURALIST

 Vol. XCV July-August, 1961 No. 883

 EFFECTS OF IMMIGRATION ON THE EVOLUTION

 OF POPULATIONS

 FREDERICK A. STREAMS AND DAVID PIMENTEL

 Department of Entomology, Cornell University, Ithaca, New York

 Nearly one hundred years have passed since Wagner (1889) proposed that

 evolution was not possible without isolation. Supporting this thesis, Jordan

 (1905) wrote, "Whenever the free movement of a species is possible, this

 involving the free interbreeding of its members, the characters of a species

 remain substantially uniform." Recently, Thoday and Boam (1959) tested

 the hypothesis experimentally. They exposed two halves of a Drosophila

 melanogaster Meig. population to selection in opposing directions. Despite

 a maximum rate (50 per cent) of gene flow in each generation the two halves

 of the population diverged. With another population under disruptive selec-

 tion, but with the maximum rate (25 per cent) of gene flow given by random

 mating, Millicent and Thoday (1960) found that divergence was as great as

 it was with complete isolation. These investigators concluded that, "Iso-

 lation, therefore, is not a prerequisite of divergence under divergent selec-

 tion pressures."

 Experiments were designed to further investigate the effects of isolation

 and immigration on the evolution of populations. Special attention was

 given to the relationship between isolation, immigration rate and selective

 pressure.

 METHODS

 A wild stock of Drosophila melanogaster Meig., established from approxi-

 mately 25 flies collected near Ithaca, New York, was utilized in the study.

 The culture medium was a cornmeal-agar-molasses mixture and all rearing

 was done at 23 ? 10C.

 The total number of sternopleural chaetae on both sides of the fly was

 used as the selection character. This is a polygenic character controlled

 by an unknown number of genes, each exerting a small effect (Mather, 1941).

 Wild flies drawn from a phenotypically invariable population reveal con-

 siderable genetic variability for such characters when selection is practiced

 on their descendants (Mather, 1956).
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EVOLUTIONARY RESPONSES OF A BUTTERFLY METAPOPULATION 
TO HUMAN- AND CLIMATE-CAUSED ENVIRONMENTAL VARIATION 

MICHAEL C. SINGER' AND CHRiS D. THOMAS2 

'Department of Zoology, University of Texas, Austin, Texas 78712; 2Department of Biology, 
University of Leeds, Leeds LS2 9JT, United Kingdom 

Abstract.-We studied effects of spatiotemporally variable natural selection on local adaptation. 
A butterfly (Euphydryas editha) metapopulation contained patches of two types: undisturbed 
outcrops and logged clearings (where the insects' traditional host had been killed). Butterflies 
retained their traditional host in the outcrops, but in the clearings they used a novel host that 
was abundant in both patch types. We estimated the strength of natural selection on host use 
within and among these patch types. We also repeatedly measured spatial variation of oviposi- 
tion preference, a heritable univariate trait. The causes of this variation were different at three 
scales. First, a genetic difference in preference between insects in an adjacent clearing and 
outcrop (200 m apart) was due principally to nonrandom gene flow. Insects actively assorted 
themselves between the patches according to their preference genotypes. Second, preferences 
in outcrop patches 1-4 km apart were significantly associated with their degree of isolation from 
clearings. Emigration from clearings had diluted local adaptation in outcrops. Finally, differ- 
ences in preference between disturbed and undisturbed metapopulations 8.5 km apart were due 
to differences between them in natural selection. Within the disturbed metapopulation, the 
preference difference between a clearing and an adjacent outcrop remained constant over time 
even while massive temporal changes in mean preference occurred across both patches in re- 
sponse to fluctuating natural selection on host use. A frost in 1992 extinguished all the clearing 
populations, and use of the novel host ceased. However, preferences in an outcrop patch contin- 
ued to differ from those in the undisturbed metapopulation with the same diet, a legacy of past 
gene flow from clearing to outcrop. 

The relative importance of behavior and population dynamics in determining 
patterns of species association varies with scale (Kareiva 1982). For example, 
consider a population of herbivorous insects living in a habitat patch where differ- 
ent host plants occur interspersed, when viewed on the scale at which the insects 
move. In this case, the insects will be likely to encounter all the different catego- 
ries of potential hosts and thus be able to express their preferences for plants in 
those categories. As a result, we expect them to use the host plants that they 
prefer. In short, distribution of individuals among resources will be determined 
primarily by their resource preferences, that is, by behavioral decisions. This 
type of population structure, where each individual is likely to sample many 
habitat patches, has been termed a "patchy population" by Harrison (1991). In 
contrast, where different categories of host plant occur in separate habitat patches 
spaced so far apart that insects move between them relatively rarely, most insects 
will only encounter one option. Provided that each host encountered is acceptable 
in an absolute sense, preferences for one host relative to another will not be 

Am. Nat. 1996. Vol. 148, pp. S9-S39. 
? 1996 by The University of Chicago. 0003-0147/96/4807-0002$02.00. All rights reserved. 
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Toward a Mechanistic Understanding and Prediction

of Biotic Homogenization

Julian D. Olden* and N. LeRoy Poff †

Department of Biology, Graduate Degree Program in Ecology,
Colorado State University, Fort Collins, Colorado, 80523

Submitted October 1, 2002; Accepted March 18, 2003;
Electronically published October 16, 2003

abstract: The widespread replacement of native species with cos-
mopolitan, nonnative species is homogenizing the global fauna and
flora. While the empirical study of biotic homogenization is sub-
stantial and growing, theoretical aspects have yet to be explored.
Consequently, the breadth of possible ecological mechanisms that
can shape current and future patterns and rates of homogenization
remain largely unknown. Here, we develop a conceptual model that
describes 14 potential scenarios by which species invasions and/or
extinctions can lead to various trajectories of biotic homogenization
(increased community similarity) or differentiation (decreased com-
munity similarity); we then use a simulation approach to explore
the model’s predictions. We found changes in community similarity
to vary with the type and number of nonnative and native species,
the historical degree of similarity among the communities, and, to
a lesser degree, the richness of the recipient communities. Homog-
enization is greatest when similar species invade communities, caus-
ing either no extinction or differential extinction of native species.
The model predictions are consistent with current empirical data for
fish, bird, and plant communities and therefore may represent the
dominant mechanisms of contemporary homogenization. We present
a unifying model illustrating how the balance between invading and
extinct species dictates the outcome of biotic homogenization. We
conclude by discussing a number of critical but largely unrecognized
issues that bear on the empirical study of biotic homogenization,
including the importance of spatial scale, temporal scale, and data
resolution. We argue that the study of biotic homogenization needs
to be placed in a more mechanistic and predictive framework in
order for studies to provide adequate guidance in conservation efforts
to maintain regional distinctness of the global biota.

Keywords: invasion, extinction, biodiversity, native, nonnative, hab-
itat loss.

* E-mail: olden@lamar.colostate.edu.
† E-mail: poff@lamar.colostate.edu.

Am. Nat. 2003. Vol. 162, pp. 442–460.! 2003 by The University of Chicago.
0003-0147/2003/16204-020366$15.00. All rights reserved.

Human-assisted dispersal of nonnative species and the
modification of natural habitats have sparked widespread
changes in the global distribution of organisms. Geo-
graphic modifications in patterns of species occurrences
have been predominantly in two directions: the range ex-
pansion of cosmopolitan, nonnative species and the range
contraction of rare, often endemic, native species. The
gradual transition to nonnative-dominated communities
has resulted in increased spatial and temporal similarity
in the taxonomic characteristics of once-disparate biotas,
a phenomenon termed “biotic homogenization” (Vitousek
et al. 1996, 1997; Bright 1998; Lockwood and McKinney
2001).

While of great contemporary concern, biotic homoge-
nization is not a new phenomenon in the earth’s history.
The paleontological record is replete with examples of ep-
isodic mixing of biotas that were historically isolated, such
as the Great American Interchange resulting from the for-
mation of the Panama Isthmian land bridge and the open-
ing of transpolar interchange between the Pacific and At-
lantic oceans (Vermeij 1991). Recognition of faunal mixing
traces back at least to Charles Elton (1958), who discussed
the breakdown of Wallace’s Faunal Realms by global com-
merce. Even more recently, humans have greatly acceler-
ated the mixing process through activities such as canal
building (Por 1978), international commerce (Carlton and
Gellar 1993), recreation (Fuller et al. 1999), aquaculture
(Naylor et al. 2001), and horticulture (Reichard and White
2001). As a result, humans have helped dissolve natural
biogeographic barriers that once separated indigenous
populations, causing the homogenization of the earth’s
biota to an extent unseen by any previous natural episodes.
Consequently, we are now entering a period characterized
by an unprecedented rate of biotic homogenization, ap-
propriately dubbed the “Homogecene,” in a place appro-
priately called the “New Pangaea” (Rosenzweig 2001).

In the wake of continued human enhancement of spe-
cies invasions and extinctions, the study of biotic homog-
enization is a rapidly emerging area in biology. For ex-
ample, in the preface of a recent synthesis, McKinney and
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in the taxonomic characteristics of once-disparate biotas,
a phenomenon termed “biotic homogenization” (Vitousek
et al. 1996, 1997; Bright 1998; Lockwood and McKinney
2001).

While of great contemporary concern, biotic homoge-
nization is not a new phenomenon in the earth’s history.
The paleontological record is replete with examples of ep-
isodic mixing of biotas that were historically isolated, such
as the Great American Interchange resulting from the for-
mation of the Panama Isthmian land bridge and the open-
ing of transpolar interchange between the Pacific and At-
lantic oceans (Vermeij 1991). Recognition of faunal mixing
traces back at least to Charles Elton (1958), who discussed
the breakdown of Wallace’s Faunal Realms by global com-
merce. Even more recently, humans have greatly acceler-
ated the mixing process through activities such as canal
building (Por 1978), international commerce (Carlton and
Gellar 1993), recreation (Fuller et al. 1999), aquaculture
(Naylor et al. 2001), and horticulture (Reichard and White
2001). As a result, humans have helped dissolve natural
biogeographic barriers that once separated indigenous
populations, causing the homogenization of the earth’s
biota to an extent unseen by any previous natural episodes.
Consequently, we are now entering a period characterized
by an unprecedented rate of biotic homogenization, ap-
propriately dubbed the “Homogecene,” in a place appro-
priately called the “New Pangaea” (Rosenzweig 2001).

In the wake of continued human enhancement of spe-
cies invasions and extinctions, the study of biotic homog-
enization is a rapidly emerging area in biology. For ex-
ample, in the preface of a recent synthesis, McKinney and
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Abstract

Species’ ecology and evolution can have strong effects on communities. Both may change concurrently when species
colonize a new ecosystem. We know little, however, about the combined effects of ecological and evolutionary change on
community structure. We simultaneously examined the effects of top-predator ecology and evolution on freshwater
community parameters using recently evolved generalist and specialist ecotypes of three-spine stickleback (Gasterosteus
aculeatus). We used a mesocosm experiment to directly examine the effects of ecological (fish presence and density) and
evolutionary (phenotypic diversity and specialization) factors on community structure at lower trophic levels. We evaluated
zooplankton biomass and composition, periphyton and phytoplankton chlorophyll-a concentration, and net primary
production among treatments containing different densities and diversities of stickleback. Our results showed that both
ecological and evolutionary differences in the top-predator affect different aspects of community structure and
composition. Community structure, specifically the abundance of organisms at each trophic level, was affected by
stickleback presence and density, whereas composition of zooplankton was influenced by stickleback diversity and
specialization. Primary productivity, in terms of chlorophyll-a concentration and net primary production was affected by
ecological but not evolutionary factors. Our results stress the importance of concurrently evaluating both changes in density
and phenotypic diversity on the structure and composition of communities.
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Introduction

Evidence that species’ phenotypic diversity and composition
influence the structure of ecosystems is accumulating [1,2,3,4,5].
Until recently, however, this work has mostly ignored contempo-
rary evolution, presuming that ecological and evolutionary
processes occur over dramatically different time scales [6,7].
Increasing evidence for rapid evolution over the order of a few
generations [6,8,9,10,11,12] has made it clear that ecological and
evolutionary time scales overlap broadly [6,9,13,14,15,16], and
that both ecological and evolutionary factors can have strong
effects on communities, even over short periods of time. For
example, ecological studies show how predator presence and
density influence lower trophic levels [17,18,19,20,21]. Evolution-
ary studies demonstrate how trophic ecology within a predator
population is affected by among-population variation in life history
[22,23], age structure [23], and ontogeny [24]. A few studies have
further characterized the dynamic feedback loops between
evolutionary diversification and ecosystem properties, such as
community structure and organization [3,9,25,26].
Although much current work focuses on whether or not

interactions between ecology and evolution occur, some studies
have begun to explore the quantitative effects of eco-evolutionary
dynamics [15] using mathematical models (e.g. [27,28]). Such
models require detailed quantitative information about the relative
magnitude of both ecological and evolutionary changes on the

structure of communities. Here we examine the community-wide
effects of a top predator, the three-spine stickleback (Gasterosteus
aculeatus), on organisms at lower trophic levels that result from its
presence and density (ecology) and its specialization and speciation
(evolution). Recent work by Harmon et al. [3] has shown the
importance of stickleback speciation and trophic specialization on
ecosystem parameters. Here we add to the findings of that
research by evaluating the importance of these evolutionary effects
in the context of the potentially larger effects of changing
stickleback density. Specifically, we simultaneously investigate
ecological (fish presence and density) and evolutionary (phenotypic
diversity and specialization) effects on community structure and
composition. The goal of our study was to compare the magnitude
of change in community structure driven by evolutionary di-
versification (recently shown by Harmon et al. [3]) to that brought
about by differences in fish density due to the well-established
mechanisms of trophic cascades.
The threespine stickleback is a model organism for evolutionary

and ecological research (e.g. [29,30,31,32,33,34]). Marine stickle-
back probably invaded coastal lakes in British Columbia, Canada,
between 10–12,000 years ago at the end of the last ice age [34].
Most colonists gave rise to solitary populations of generalist
ecotypes that opportunistically feed in both limnetic (open-water)
and benthic (lake-bottom) habitats. In a few ‘‘species pair’’ lakes
two ecologically divergent, reproductively isolated ecotypes exist in
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Ecologists have long studied how organisms affect their environ-
ments. Early research focused on the ecological effects of key-
stone, invasive, foundation and dominant species1–3. The results 

of experiments in which focal species were removed or replaced 
with another species prompted the discovery that certain species 
strongly influence community structure and ecosystem function1,2. 
Subsequent research largely focused on diversity at the species level. 
Specifically, a species’ ecological effects are determined by experi-
ments that manipulate its incidence and abundance. More recently, 
research has broadened the characterization of diversity to incor-
porate the considerable phenotypic and genotypic variation within 
and among populations of single species4, including those undergo-
ing contemporary (rapid) evolution5–10. Studies have demonstrated 
that phenotypic trait variation within species (intraspecific varia-
tion) can be as extreme as the trait variation across species11. As a 
result, intraspecific variation may influence community structure 
and ecosystem function as much as variation among species12–16.

Recent studies in various systems have established the ecologi-
cal effects of intraspecific variation. For example, variation in con-
sumer foraging traits (such as gill raker size and spacing in fish) 
can affect zooplankton abundance directly through consumption 
and phytoplankton primary productivity indirectly through tro-
phic cascades12,13. Similarly, variation in anti-herbivory traits (for 
example, plant chemical defenses) can directly affect arthropod 
community composition and indirectly affect nutrient cycling via 
decomposition17,18. Yet, researchers have not broadly quantified the 
general ecological importance of intraspecific variation relative to 
species variation, leaving open the question, ‘Can the ecological 
responses to phenotypic trait variation across species be extended 

to intraspecific trait variation within species?’ We address this ques-
tion by conducting a meta-analysis of experimental studies to deter-
mine the relative ecological importance of intraspecific variation 
(replacement of one genotype, phenotype or ecotype with another) 
compared with the effects of species presence (removal or replace-
ment with another species).

Understanding the ecological effects of intraspecific variation is 
important for models predicting the consequences of biodiversity 
loss and rapid trait change19,20. Currently, conservation efforts gen-
erally focus on species, especially those with large ecological effects 
and significant contributions to ecosystem services2,21. However, 
conservation efforts that target species diversity may overlook 
intraspecific variation and its corresponding ecological effects22. 
Intraspecific variation is particularly subject to human impacts 
through selection and local extirpation7,20,23. For example,  recent 
studies have reported massive current and projected declines in 
population genetic diversity24. Thus, a thorough understanding of 
the ecological effects of intraspecific variation will be critical for 
predicting how rapid, widespread changes in biodiversity within 
species will impact communities and ecosystems25.

In nature, the generation of intraspecific variation can occur 
through a variety of mechanisms, including, local adaptation, artifi-
cial selection, parental conditions and phenotypic plasticity4. When 
generated by evolutionary mechanisms, intraspecific trait varia-
tion can reflect microgeographic adaptation, divergent selection 
and even incipient speciation26. When generated by plasticity, traits 
can change rapidly within generations and differ drastically across 
populations in dissimilar habitats27. Regardless of the mechanistic 
underpinnings, it is the phenotypic manifestation of this variation 

The ecological importance of intraspecific 
variation
Simone Des Roches! !1*, David M. Post2, Nash E. Turley3, Joseph K. Bailey4, Andrew P. Hendry5, 
Michael T. Kinnison6, Jennifer A. Schweitzer4 and Eric P. Palkovacs1

Human activity is causing wild populations to experience rapid trait change and local extirpation. The resulting effects on intra-
specific variation could have substantial consequences for ecological processes and ecosystem services. Although researchers 
have long acknowledged that variation among species influences the surrounding environment, only recently has evidence 
accumulated for the ecological importance of variation within species. We conducted a meta-analysis comparing the ecological 
effects of variation within a species (intraspecific effects) with the effects of replacement or removal of that species (species 
effects). We evaluated direct and indirect ecological responses, including changes in abundance (or biomass), rates of eco-
logical processes and changes in community composition. Our results show that intraspecific effects are often comparable to, 
and sometimes stronger than, species effects. Species effects tend to be larger for direct ecological responses (for example, 
through consumption), whereas intraspecific effects and species effects tend to be similar for indirect responses (for example, 
through trophic cascades). Intraspecific effects are especially strong when indirect interactions alter community composition. 
Our results summarize data from the first generation of studies examining the relative ecological effects of intraspecific varia-
tion. Our conclusions can help inform the design of future experiments and the formulation of strategies to quantify and con-
serve biodiversity.
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that generates ecological impacts28. As a result, we included stud-
ies that examine the ecological effects of intraspecific variation in 
life history (for example, Palkovacs and Post12), ecotype (for exam-
ple, Des Roches et al.29), genotype (for example, Chislock et al.30),  
behaviour (for example, Royauté and Pruitt31) and previous envi-
ronmental exposure (for example,  Bowatte et al.32) in our meta-
analysis. By assessing the relative importance of intraspecific versus 
species effects, our meta-analysis establishes the broader ecological 
consequences of human-driven evolution, phenotypic plasticity and 
population extirpation20,33.

We calculate the importance of intraspecific effects relative to 
species effects in various study systems. Many recent studies exam-
ine intraspecific effects in numerous species and ecosystems (for 
example, walkingstick insects34, salamanders35 and copepods36); 
however, to compare intraspecific effects against species effects, 
we limit our meta-analysis to experiments that also measured the 
overall ecological responses to species presence (that is, removal or 
replacement with another species). We include studies that targeted 
different focal species at different trophic levels in different habi-
tats (Fig. 1a). Our analysis generalizes across diverse response vari-
ables, such as population abundance, rates of ecological processes 
and community composition at different trophic levels. In addition, 
we incorporate both direct (consumption or excretion) and indirect 
interactions (mediated through another organism or nutrient37). We 
predict that ecological effects of phenotypic trait variation across 
species can be extended to trait variation within species. Therefore, 
we expect intraspecific effects to be similar in magnitude to species 
effects across a range of ecological response variables.

Results
Estimation of Hedges’ g. Our results summarize data from 25 dif-
ferent studies, which together focus on 12 genera at 3 trophic levels 
(Fig. 1a and Supplementary Fig. 1). Our results show species effects 
to be 0.39 standard deviations (s.d.) larger than intraspecific effects 
with confidence intervals (CIs) that do not overlap zero (Hedges’ 
g ±  0.25 95% CI, Z-score =  3.16, P =  0.0016; Fig.  2). Although sig-
nificant, an effect size slightly above 0.3 demonstrates that the dif-
ference between species effects and intraspecific effects is small in 
magnitude38. Of the 146 responses that we include in the analysis, 
40% show larger species effects (g >  0.3), 35% show similar intraspe-
cific and species effects (− 0.3 ≤  g ≤ 0.3) and 25% show larger intra-
specific effects (g <  − 0.3). When we estimated the average effect size 
by study, 56% of the 25 studies showed larger species effects (g >  0.3), 
36% showed similar intraspecific and species effects (− 0.3 ≤  g ≥ 0.3) 
and 8% showed larger intraspecific effects (g <  − 0.3). Almost half 
(48%) of the studies examined contain at least one response with a 
larger (g <  − 0.3) intraspecific effect.

Our base model includes both focal species and study as nested 
random effects, but only study explains significant variation in the 
data (σ 2species estimate =  0.00; σ 2study estimate =  0.37), suggesting con-
siderable differences across studies, but not necessarily across focal 
species (Fig.  2). Estimates of effect size are similar from models 
with and without focal species included as an effect. Nevertheless, 
we include focal species as a nested random effect in all downstream 
models in case it has an important, but undetectable effect.

Effects of study design and response variables. Our final mixed-
effects model shows significance in two main effects, but not their 
interaction: the relationship with the focal species (direct or indi-
rect) and the type of ecological response (abundance, rate or com-
position). Overall, effect size is significantly higher, thus species 
effects are stronger, for direct compared with indirect ecological 
responses (Z =  3.53, P =  0.0004; Fig. 3). For direct responses, spe-
cies effects are larger than intraspecific effects (g: 0.43 ± 0.24 95% 
CI), whereas for indirect responses, intraspecific effects are simi-
lar to species effects (g: 0.28 ±  0.25 95% CI). Species effects are 
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Fig. 1 | Summary of studies used in the meta-analysis and the 
standardized intraspecific and species ecological effects. a, Focal 
species grouped by trophic level and showing the number of independent 
experiments. Focal species were placed in the lowest trophic level that 
they occupy. b, Standardized (mean and standard deviation) intraspecific 
versus species effects for each study with colour representing the trophic 
level, point size representing the number of responses measured and 
fill representing direct (filled) and indirect (unfilled) ecological effects. 
Points falling in the top left half of the graph represent larger intraspecific 
effects, while points falling on the bottom right represent larger species 
effects. c, Intraspecific versus species effects for all response variables with 
colour representing the trophic level, fill representing the direct (filled) 
and indirect (unfilled) ecological effects and shapes representing whether 
the response is a change in abundance (circle), process (triangle) or 
composition (square). Box plots show the interquartile range of the data.
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Table 1 | Characteristics of studies (by author) included in our meta-analysis, including focal species, species ('replacement' 
versus 'removal') and intraspecific treatments, and categorization of all response variables measured as 'direct' or 'indirect' and as 
'abundance', 'rate' or 'composition'

Study Treatments Response

Focal species Species Intraspecific Direct Indirect Type

Ingram et al.67; 
Des Roches  
et al.29; Rudman 
et al.68; Rudman 
and Schluter69; 
Matthews et al.70

Gasterosteus 
aculeatus 
(threespine 
stickleback)

Removal Ecotypes or 
populations

N, PO4, NH4, DOC, 
DO concentration; 
benthic invertebrate, 
zooplankton biomass 
and number

NO3, phytoplankton and 
periphyton chlorophyll 
concentration; rotifer, 
bacteria number and 
biomass; light, macrophyte 
percentage

Abundance

Decomposition rate Rate
Benthic invertebrate, 
zooplankton richness

Rotifer, phytoplankton, 
bacteria richness

Composition

Post et al.71; 
Palkovacs and 
Post12; Howeth 
et al.72

Alosa 
pseudoharengus 
(alewife)

Removal Life history Zooplankton length 
and biomass

Filtered, edible chlorophyll 
concentration

Abundance

Zooplankton richness 
and diversity

Phytoplankton richness and 
diversity

Composition

Royauté and 
Pruitt31

Pardosa milvina 
(wolf spider)

Removal Personality Arthropod prey 
number

Abundance

Katano73 Zacco platypus 
(pale chub)

Removal Ecotypes Benthic invertebrate 
number

Total chlorophyll 
concentration

Abundance

Palkovacs et al.74; 
Bassar et al.75

Poecillia reticulata 
(trinidadian 
guppy)

Removal Populations DO concentration; 
benthic invertebrates, 
zooplankton, algae 
biomass and  
number

Biomass specific 
productivity

Abundance

Algae accrual, PO4 
excretion; N, PO4, 
NH4 flux

Decomposition rate, NO3 
flux

Rate

Hargrave et al.55; 
Walsh et al.56; 
Chislock et al.30

Daphnia species 
(water flea)

Removal or 
replacement 
(congener)

Clones or strains DO concentration; 
chlorophyll biomass

Abundance

Clearance rate Rate
Hazard et al.43 Laccaria bicolor 

(bicolour 
deceiver 
mushroom)

Replacement  
(distant relative)

Genotypes N, PO4, NH4, DOC, 
NO3 concentration 
in soil, shoots and 
roots; root and shoot 
productivity

Abundance

McArt et al.76 Oenothera biennis 
(primrose)

Replacement 
(monoculture means)

Genotypes Arthropod richness Composition

Crutsinger et al.14; 
Genung et al.18

Solidago altissima 
(goldenrod)

Replacement 
(congener)

Genotypes Pollinator number Abundance

Mass decay Rate
Bowatte et al.32 Lolium perenne 

(ryegrass)
Replacement  
(distant relative)

Parental conditions Nitrification Rate

Agrostis capillaris 
(browntop)

Nitrification Rate

Shuster et al.77; 
Schweitzer et al.78; 
Lojewski et al.79; 
Schweitzer et al.17; 
Lojewski et al.80

Populus species 
(cottonwood)

Replacement 
(congener)

Genotypes N, C soil percentage; 
arthropod abundance, 
biomass production, 
belowground C 
allocation

Microbe biomass; C, N, 
phospholipid fatty acid 
concentration in microbes

Abundance

Annual N flux Annual nitrification Rate

Arthropod community 
composition (NMDS)

Microbe phospholipid  
fatty acid composition 
(NMDS)

Composition

DOC, dissolved organic carbon; DO, dissolved oxygen; NMDS, non-metric multidimensional scaling, a measure of community composition.
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