REVIEWS

Meta-analysis: synthesizing research
findings in ecology and evolution

Goran Arnqvist and David Wooster

omparisons of sets of

studies are at the heart of

science: any single study is

worth little if not compared
and related to other similar stud-
ies. In virtually all fields of science,
specific hypotheses have been ad-
dressed in multiple studies. Further-
more, studies very rarely show
identical results, but instead typi-
cally differ both in the magnitude
of effects and in the occurrence
of significant results. Though the
heuristic value of reviews and the
level at which to make generaliz-
ations may be debated!, research
reviews provide the basis for con-
ceptual syntheses and for develop-
ment of general theory, and are
therefore essential to scientific
development. By tradition, reviews
in ecology and evolution typically
follow a narrative style, and the
valid quantitative methods avail-
able for summaries of research
domains have only recently gained
attention. Narrative reviews can

The growing number of empirical studies
performed in ecology and evolution
creates a need for quantitative summaries
of research domains to generate higher-
order conclusions about general trends
and patterns. Recent developments in
meta-analysis (the area of statistics that
is designed for summarizing and analyzing
multiple independent studies) have
opened up new and exciting possibilities.
Unlike more traditional qualitative and
narrative reviews, meta-analysis allows
powerful quantitative analyses of the
maghnitude of effects and has a high
degree of objectivity because it is based
on a standardized set of statistical
procedures. The first pioneering
applications in ecology and evolution
demonstrate that meta-analysis is
both tractable and powerful.
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heterogeneous variances)?. No two
studies in a set of studies are equally
‘reliable’. In MA, this critical fact is
accounted for by giving estimates
from different studies different
weights, primarily based on their
sample size. Furthermore, it is im-
portant to distinguish between dif-
ferent quantitative review tech-
niques; MA differs vitally from
some other procedures, including
‘vote-counting’ and ‘consistency-
test’ methods, that can be seriously
flawed and often lead to erroneous
conclusions23,

Current MA oifers formal
methods for most types of statisti-
cal inference from a set of studies!-5.
Meta-analysis allows the following
questions to be addressed: (1) What
is the combined magnitude of the
effect under study? (2) Is this over-
all effect significantly different from
zero? (3) Do any characteristics of
the studies influence the magni-
tude of the observed effect? An
MA proceeds in several steps.

be seriously flawed?3, and under-

First, studies are gathered that

standing and integrating formal
meta-analysis (MA) in our field will prove extremely im-
portant. The aim of this article is to increase the aware-
ness and encourage the use of MA among researchers in
our field (we do not provide a detailed account of the
equations used to conduct an MA, which can be found
elsewhere!-5).

What is meta-analysis?

Meta-analysis is defined as the quantitative summary of
research domains, and it refers to a specific set of statistical
quantitative methods that are designed to compare and syn-
thesize the results of multiple studies?-6. Though some of
these methods have a long history, they have been more re-
cently incorporated into a common statistical framework®.
Most of this development has occurred in the social sci-
ences*’™9, [n the medical sciences, the number of publications
using MA has increased almost exponentially in recent
years!®. Even if the current awareness of MA is very low in
our field (see below), there are good reasons to expect a simi-
lar penetration into ecological and evolutionary research.
In many ways, the procedures involved in MA are analogous
to those of standard statistical methods, but the units of
analysis are the results of independent studies rather than
the independent responses of individual subjects. This has
profound effects for the methods of analysis. For example,
conventional statistical tests, such as standard ANOVA, re-
gression or {-test, should not be applied to such data mainly
because of problems with the distribution of variance (e.g.
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address a common question or
hypothesis. Second, data or test statistics from these
studies are transformed into a ‘common currency’, called
‘effect size’. Common measures of effect size are the stan-
dardized difference between means of experimental and
control groups or the Pearson product moment correlation
coefficient. Third, these effect sizes are combined into a
common estimate of the magnitude of the effect. Fourth, the
significance level of this overall effect size is computed.
Fifth, the statistical homogeneity of the effect sizes is cal-
culated. This is conducted to determine whether all studies
appear to share a common effect size. Finally, the studies
used in the MA can be grouped according to various
characteristics of the single studies, and the effect sizes
between these groups of studies can be statistically com-
pared. A simple example of the basic procedures is given
in Boxes 1-4.

Pros and cons of meta-analysis

Most researchers acknowledge the importance and use-
fulness of research reviews. The debate, then, is not whether
such reviews are desirable, but rather which method should
be used to summarize research domains. Meta-analysis has
many advantages over narrative reviews. Most importantly,
MA is quantitative, and thus more informative, by nature;
the results are a set of numbers and probabilities that can
provide reference points for development of general theory
and for comparisons with other studies. Knowledge of over-
all effect size is also key if new studies are planned and the
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required number of repli-
cates is estimated!!. Further-
more, MA acknowledges and
takes into account that all
studies are not equally re-
liable, by quantitative weight-
ing of studies by sample size
and/or categorical measures
of reliability.

Meta-analysis is in several
ways a very powerful method
of analysis. In areas where

Box 1. The general problem

Consider a field in ecology/evolution where 15 experimental studies (see table below) have tested for effects of a factor x
on a response variable y. Only some of the studies show significant effects. Furthermore, experimental designs are not
identical across studies, and different statistical methods are involved in different studies (see table). This hypothetical
example is, in many ways, typical for the body of empirical work within specific research domains. The problem any reviewer
of this type of data faces is to choose a method that provides the most informative and accurate summary of the results.
In narrative reviews, the results below would typically be considered as ‘inconsistent’, ‘inconclusive’ or even ‘conflicting’.
However, the results across these different studies may actually be fully consistent, even expected, and MA provides sev-
eral tractable methods for integrating the findings of these studies, which allow us actually to test for an overall effect of x
on y as well as for consistency and patterns across studies (see Box 2 for a simple MA of these data).

ff, . Sample Direction Estimate of
€ ect]sme{s are l(?V:l?md/ Ol;jt.he Environment size (N) Test statistic of effect P-value statistical power Effect size (r,)
sample sizes within studies
are restricted, MA is es- Terrestrial 48 t=2.224 + 0.031 0.41 0.31
pecially useful since it allows 66 t=1.661 * 0112 0.53 0.20
. . 24 F=5.719 + 0.010 0.16 0.52
a highly improved control of % F-1543 N 0.934 018 094
Type Il statistical errors (see 12 t=0.515 - 0.617 0.14 -0.15
Box 4). Meta-analysis is a 22 t=1.766 + 0.092 0.22 0.36
ops 24 F=5.879 + 0.009 0.16 0.52
set of statistical procedures, 14 Fo 1251 N 0.321 011 028
which also makes it flexible. 72 t=2071 + 0.042 0.56 0.24
For example, it allows tests of 16 t=0.359 - 0.724 0.17 -0.09
factors that might influence Marine 1‘21 F=§%§3 + 8-111;2 8-11 0.39
t=0. - . . -0.21
r
o TOdters.te the re?lu]ts of a4 2=7273 + 0.007 0.51 0.40
single studies, as well as as- 28 t=2.570 + 0.016 0.26 0.44

sessments of the robustness
of higher-order conclusions
(see Box 3). Finally, even if a
number of decisions have to be made when conducting an
MA, it is less subjective than narrative reviews, since it is
based on a formal, predetermined set of statistical pro-

Box 2. A meta-analysis

First, it is important to realize that we cannot expect all studies to yield significant

cedures rather than individual interpretations of the data?.
Because of the quantitative and more objective qualities of
MA4, it also may provide insights into research domains in
which empirical data provide no clear ‘consensus’. Ac-
cordingly, MA has proven to be a critical component in
resolving conflicts in other fields of science!13,

There are also several problems and pitfalls involved
with MA, most of which are shared by other types of re-
views and summaries, that can potentially lead to mislead-
ing conclusions. In contrast to narrative reviews, however,
MA often offers quantitative methods to address these
problems. Perhaps the most universal problem is the po-
tential bias that will result when the studies included in the
MA are not representative of all studies conducteds4. This
may result from biases either in publication rates or in
selection/retrieval of studies. Meta-analysis offers several
methods for evaluating these problems and assessing the
robustness of conclusions (see Box 3). If the elements syn-
thesized in a review are not independent, this may intro-
duce bias in the overall analysis. Such bias may be due to a
number of factors, from dependence within studies when
multiple tests are reported in single studies, to more diffuse
reasons such as patterns of dependence among researchers,
environments or taxa. Meta-analysis allows for assessment
and correction for some of these problems, primarily by
focused or hierarchical tests of homogeneity (analogous to
ANOVAs). However, the statistical and conceptual impli-
cations of non-independence are not fully understood even
in conventional statistics!3, and this is certainly also the case
in MAI-5, Meta-analysis has also been criticized for a poten-
tial loss of information, when a research domain is summar-
ized by a single value!. This criticism is not severe, however,
because a proper MA not only summarizes effect size and its
significance, but also offers direct statistical methods to
evaluate the role of variables that may potentially influence
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results, even if there is a common ‘true’ effect. For single studies, the probability
of obtaining a significant result, the statistical power, is determined primarily by the
magnitude of the effect under study (effect size) and the sample size. Thus, when
summarizing studies where the ‘true’ effect size is relatively low and/or the sample
sizes are small, we would actually expect most studies to yield non-significant
results (a high Type |l error rate, see Box 4). This is the case in our hypothetical
example, where many estimates of the statistical power of single tests, based on
‘medium’ effect sizest, show very low power (see Box 1).

In a simple MA of the data in Box 1, we first transform the outcomes of dif-
ferent studies to a common measure of effect size429, in this case, the Pearson
product moment correlation coefficient. We then (1) compute a weighted average
effect size, where each study is weighted by its sample size, (2) combine the prob-
abilities to see whether this common effect size differs from zero, and (3) assess
the homogeneity of effect sizes across studies. In our case, we obtain an average
weighted effect size of r, = 0.28, which is highly significantly different from zero
(P < 0.001). We then test for heterogeneity across studies by performing a diffuse
test of homogeneity, but the null hypothesis that all studies share a common effect
size [x%14=13.43, P>0.5] cannot be rejected.

A full MA would also include a set of more-focused tests of homogeneity
among categorical variables, analogous to ANOVAS, such as tests for differences in
effect size between studies performed in different environments or between studies
using different experimental designs?-38. To conclude, this simple MA has (1) led
us to conclude that there is an overall highly significant effect of x on y, (2) yielded
a quantitative estimate of the magnitude of this effect, and (3) indicated that the
outcome of the 15 studies are statistically indistinguishable and thus, in that
sense, indeed ‘consistent’.

the effect size by diffuse and focused tests of homogeneity
across studies.

Meta-analysis has further been criticized for mixing
‘apples and oranges’; that is, there is, as a rule, a lack of uni-
formity across studies. First, studies may differ in exper-
imental condition, design or sampling unit, which may affect
the results. Rosenthal® argued that generalizing over studies
is not essentially different from generalizing over subjects
within studies: mixing ‘apples and oranges’ is appropriate
if we wish to generalize to the level of ‘fruit’. More import-
antly, focused tests of homogeneity in an MA will, again,
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Box 3. The file drawer problem

The most general problem in reviews, irrespective of which method is used, is that
the studies retrieved may not be fully representative of all studies that have been
carried out. This is the case if the review is based on published studies, and the
probability of publication of a given study increases with increased statistical
significance of its results. An extreme version of this problem, the file drawer prob-
lem, holds that the journals are filled with the 5% of the studies that show Type |
statistical errors, while the file drawers in the Iabs contain the remaining 95% that
show non-significant results.

One of the strengths of MA is that it offers methods for addressing this prob-
lem, in contrast to non-quantitative reviews30-33, For example, because an MA
yields a quantitative estimate of the effect size and its leve! of significance, it
allows us to calculate the number of studies showing an average zero effect size
that must be in the file drawers before the overall probability is brought below
P=0.05 (Refs 2,4). This number of studies represents the review's tolerance for
null results, and the conclusions of the review can then be assessed by evaluating
whether the tolerance level, in relation to the number of studies on which the
review is based, is small enough to constitute a file drawer ‘threat’. The tolerance
level can be assessed either by comparing it to recommended tolerance limits24,
or by comparing it to surveys of the actual number of studies in the file drawers of
researchers within the domain. [n our hypothetical case (see Boxes 1 and 2), 121
zero-result studies must be hidden in file drawers, which exceeds recommended
tolerance leve! limits, and we may thus regard our conclusion of an effect of x on
y as robust to the file drawer problem.

Box 4. Meta-analysis and Type Il error rates

The primary concern in conventional statistics is to avoid cases where true null
hypotheses are rejected (Type | errors). Consequently, most procedures for stat-
istical inference have been more or less designed to control for Type | error rates.
In contrast, dealing with cases where we fail to reject false null hypotheses (Type i
errors) is much more problematic. This poses a huge potential problem, and there
is little doubt that Type Il errors are far more frequent than Type | errors, not only in
our domain34, but in most areas of science2.11, A major step towards understanding
the importance of Type Il errors is consideration of the statistical power of single
tests (see Box 2), but the methods for actually controlling for Type Il errors are still
crude. This fact is especially troublesome in areas where failure to reject false null
hypotheses may have large and important impacts, such as in conservation biology
and medicine, where Type il errors could lead to usage of detrimental exploitation
policies of natural resources or rejection of effective medical treatments21.34,

A major beneficial feature of MA is that it offers a unique and highly improved
control of Type Il error rates24:5, Even if the number of studies in the MA is modest,
Type Il error rate is drastically reduced. As an illustration, an overall effect size may
be significant in an MA of a set of consistent studies, even if none of the single
studies shows significant results (i.e. all show Type Il errors)22. In our hypothetical
example (Boxes 1 and 2), we found an overall effect of x on y that was consistent
across studies. Since nine of the 15 studies showed non-significant results, our MA
indicates a Type Il error rate of roughly 60% among single studies. Because of its
ability to deal with Type il error rates, MA is especially attractive when the Type |l
errors are either detrimental (see above) or frequent (low statistical power of single
studies for some reason).
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enable assessments and tests of differences between sub-
groups of studies261617_ Second, MA has been criticized for
mixing ‘good’ and ‘bad’ studies. But MA actually offers for-
mal methods both for defining reliability of single studies and
for accounting for differences in reliability across studies.
Because of its ability to control for Type Il error rates, MA
has also been criticized for exaggerating the significance
level in a combined analysis. Even though a decrease in stat-
istical error rate cannot be viewed as a legitimate criticism
(Box 4), various methods for combining probabilities are
available and should nevertheless be chosen carefully, since
any given method may be more or less appropriate in special
cases* It is crucial to realize that MA has important concep-
tual limitations. It has been suggested that MA may actually
offer an alternative to complex experimental designs, and
that a summary of several simple experiments may be more
informative than conducting a few complex ones!6. How-
ever, while MA may be complementary to multifactorial ex-
periments, it cannot replace such studies: it is not, for

instance, possible to disentangle the separate effects of two
correlated independent variables (e.g. age and size) by an
MA of multiple studies that each deal with either of these
two variables.

In conclusion, MA offers several profound advantages
over narrative reviews. Furthermore, most of the potentially
serious problems involved in MA are shared with other
forms of reviews, but can be at least partly ameliorated in MA
by (1) detailed consideration of how studies are selected/
retrieved for the MA, (2) tests of robustness of conclusions
(see Box 3), (3) careful consideration of potential inter-
dependences across studies, and (4) assessments of dif-
ferences between subgroups of studies by focused tests of
homogeneity.

Meta-analysis in ecology and evolution

To date, MA has been used in only a handful of reviews
in ecology and evolution (see Box 5). Below, we briefly re-
view three of these papers, to illustrate the range of topics
and questions amenable to MA and the types of results that
an MA provides. These papers follow a common general out-
line; identification of a critical hypothesis or controversy,
determination of the effect size of the factor in question, and
examination of the role that various ecological and method-
ological factors play in explaining variability in effect sizes.

Competition is a key concept in population and com-
munity ecology. Two narrative reviews of competition con-
cluded that it occurs ‘frequently’ in natural systems!819,
Neither review was able to make statements about the mag-
nitude of the effect that competition has on organisms. Thus,
the question remained, to what extent does competition
affect density/biomass of competing organisms? Gurevitch
et al.1$ performed an extensive MA of field studies on com-
petition, and were able to show that competition had a
strong and highly significant impact on plant and animal
biomass across all comparisons. The studies used in this
review were partitioned into subgroups, to enable assess-
ments of the role of various ecological and methodological
factors. For example, effect sizes were compared across tro-
phic levels, revealing the effect of competition among her-
bivores to be stronger and more variable compared to
primary producers and carnivores. This pattern actually
conflicts with standard theory, which predicts that car-
nivores and primary producers should show strong ef-
fects of competition, whereas herbivores should not because
of predator limitation®. Gurevitch et al also showed an
impact of the experimental design on the observed effect
sizes. Studies of high reliability (i.e. long-term, well-planned
studies, large sample size) showed a lower variability in
effect size compared to less-reliable studies, in accordance
with MA expectations.

Meta-analysis has also been used to test classic theories
in ecology/evolution. David Lack’s clutch size hypothesis
states that animals should tend to produce optimal clutches,
defined as the clutch size that produces the highest number
of surviving offspring!?. Empirical results of studies that
manipulate clutch size in birds have produced variable re-
sults: some studies show that birds are capable of rearing
additional offspring, while others suggest that they are not.
A narrative review would most likely conclude that because
of the inconsistent results of experiments, no general con-
clusions can be drawn. Using MA, VanderWerf!” compared
the standardized results of clutch-size manipulation exper-
iments, and contrary to Lack’s hypothesis found that, in
general, birds are capable of raising enlarged broods.
Further analyses revealed two key features of offspring pro-
duction in birds. First, studies conducted over more than
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one nesting season were less
likely to show that adults were
capable of raising enlarged
clutches, indicating that birds
might optimize clutch size
over periods greater than one
year. Second, altricial birds
were less likely to raise en-

Box 5. Meta-analysis in ecology and evolution

Although only a handful of reviews in ecology and evolution have used MA to date, those that have address a wide variety
of questions. Furthermore, the use of MA in our field seems to be rapidly increasing: the publication rate so far is one
published paper in 1991, two in 1992 and four in 1994. To illustrate the conceptual range of these reviews, we provide their
major question asked and the subsequent results (see below). Effect sizes are the standardized difference between control
and treatment means (d). As benchmarks, effect sizes of 0.80 are considered as strong effects, 0.50 as moderate effects,
and 0.20 as weak effectsit. All effect sizes given are significant (P <0.05).

larged clutches than pre- Question

Conclusion

cocial birds, suggesting that
altricial young place greater
demands on parents than
precocial young.
Meta-analysis has a large
potential value in applied
ecology as well?1.22, A poten-
tial method of insect pest
control in agriculture is crop
diversification, which should
lead to lower densities of
insect pests that specialize

stream communities?

great tits and pied flycatchers?

breeding birds?

Does competition affect biomass?
Do predators influence the density of benthic prey in

Does age influence laying date and clutch size in

Does Lack's clutch size hypothesis hold for birds?
Do helminth parasites induce changes in host behavior?

Does crop diversification cause a decline in the
population density of insect pests?
Does selective logging decrease the density of

Yes, a strong but variable effect!® (d = 0.80).
Yes, a weak to moderate effect3s (d = 0.39).

have smaller clutches3® (d = 0.31 and d = 0.81).

microhabitat choice3” (d = 0.50 and d = 0.59).
Yes, a moderate effect?2 (d=0.27-0.50).

Yes, young females lay later (d = 0.30 and d = 0.45) and

No, birds are capable of raising enlarged broods?? (d = 0.55).
Yes, parasites have moderate effects on host activity and

Yes, undisturbed forests have higher densities?! (d = 0.59).

on any single plant species.

Empirical tests of the impact that crop diversification has
on insect pest populations have shown variable results:
some studies suggest that crop diversification does lead to
smaller insect populations, while others have failed to
detect such an effect. Tonhasca and Byrne?? used MA to
assess the value of crop diversification as a means of bio-
logical control. The analysis revealed that crop diversifi-
cation indeed leads to a moderate but significant decline in
insect pest densities. This result suggests that while crop
diversification helps limit crop damage, its effect alone may
be too weak, and additional methods may be needed to
achieve the desired effects.

These studies all illustrate three important benefits pro-
vided by MA: their conclusions were reached by applying
predetermined statistical procedures, they provide quanti-
tative measures of the magnitude of effects, and they were
able to test for effects of ecological and methodological fac-
tors by analyzing subgroups of studies.

The potential for meta-analysis in ecology and
evolution

Meta-analysis will prove most useful in areas of ecology
and evolution where (1) there is a moderate to large amount
of empirical work available, (2) the results are variable across
studies, (3) the expected magnitude of the effect is relatively
weak, and/or (4) the sample sizes of individual studies are
limited for some reason. Many ecologists and evolutionary
biologists most likely will recognize subjects in their own
research area in which these circumstances apply. Since
MA is also fairly easy to perform, we anticipate that MA will
rapidly become a common and important method of summar-
izing research in ecology and evolution!. Below, we suggest
some broad areas in which MA might be applied success-
fully, to illustrate the variety of areas in which MA would
prove helpful.

Behavioral ecology is an area rich in theory and empiri-
cal studies, and many areas in behavioral ecology qualify for
MA. For example, optimal foraging theory has received a lot
of theoretical and empirical attention. It should be possible
to use MA to determine whether, across numerous studies,
organisms seem to conform to predictions made by opti-
mality theory (e.g. rate maximizing, switching). Meta-analysis
might also be useful to determine how social behavior influ-
ences foraging rates or reproductive success. For example,
is dominance rank generally correlated with foraging and/or
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number of matings? Such a correlation has been found in pri-
mates?, but it would be enlightening to expand this analysis
to include other taxa.

Community ecology is an area of research in which MA
has already been successfully applied to examine the impact
of competition on biomass!16. We believe that there are
many more areas in community ecology that would equally
benefit from MA. For example, there are many interactions
between species that theoretically, and in some cases em-
pirically, have important impacts on community structure
(e.g. higher order interactions, indirect effects, parasitism,
mutualism). MA could allow determinations of the strengths
of these interactions and how they vary under different eco-
logical and methodological conditions.

Meta-analysis should also prove useful in a variety of
subdisciplines of evolutionary biology, including life history
theory. General life history theory predicts negative covari-
ances between life history characters, owing to evolutionary
limitations and trade-offs. Empirical evaluations of whether
or not such trade-offs exist are often considered to be ‘in-
consistent’. For example, some field and laboratory evidence
suggests a negative correlation between reproduction and
survival, while other studies suggest a positive correlation,
and a third group fail to find any correlation?4. Here, MA
would certainly help in testing for general effects as well as
for differences between taxa or methods. Also, MA could be
used to compare the degree of additive genetic variation
among traits of various types. Traits closely related to fit-
ness are expected to show less variability, but empirical
results are inconsistent?26, Furthermore, several areas of
sexual selection should be suitable for MA. For example, MA
could enable detection and analysis of weak patterns of non-
random mating across multiple studies. A future MA could
also help resolve the debate over whether female mate pref-
erences and male sexual ornamentations are genetically
correlated?’. Another dispute that may be suitable for MA is
whether females in general choose males with certain pheno-
typic characteristics (e.g. low parasite loads or low levels of
fluctuating asymmetry) as mates?s.

Conclusions

Reviews are at the heart of scientific development: they
provide general conclusions and guidance for future re-
search. Meta-analysis is in many ways a superior method of
comparing and summatrizing the results of multiple studies.
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There are, however, several potential pitfalls involved when
performing an MA, most of which are shared with other re-
view methods, and great care should be taken to avoid and
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