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These are essentially the arguments levied by Whittaker (2010, from now on W2010). W2010 strongly
criticizes the use of meta-analyses in ecology, and uses
three syntheses of a fundamentally important ecological
pattern (the productivity-diversity relationship, PDR) to
illustrate why he believes there are ﬂaws in the use of this
tool. He especially criticizes the ﬁrst of these analyses by
Mittelbach et al. (2001) (from now on M2001). He
argues that these meta-analyses have lacked stringent
and transparent criteria in study selection, have ignored
important correlates of the relevant independent and
response variables (e.g., spatial scale), and have been
inconsistent in their categorization of studies to the
extent that the authors of the different syntheses have
reached divergent conclusions.
We agree with certain elements of Whittaker’s
criticism, including the need for improved quality
control and transparency in the selection and analysis
of data. We also agree with W2010’s general sentiment
that those who are performing meta-analyses have an
obligation to read each paper included in their analyses
carefully and to understand the unique features of a
study that might inﬂuence one’s conclusions. There is no
substitute for thoroughly understanding the natural
history of the system(s) from which one is drawing
inference, and no substitute for characterizing the
unique and shared features of the studies included in a
synthesis (for example, see Foster et al. 2006’s response
to Halpern et al.’s 2006 meta-analysis, or the comments
on Worm et al. 2006, including those by Holker et al.
2007, Jaenike 2007, and Wilberg and Miller 2007). We
detail comments on these points in the section Quality
issues in meta-analysis.
However, beyond his relatively straight-forward call
to improve the way we conduct meta-analyses, there is
little in W2010 that we agree with. We are especially
worried that W2010 proposes that we throw out the
baby with the bathwater, calling for a halt in metaanalyses so that we can refocus attention on the
intricacies of each case study. This proposition thoroughly neglects the many improvements in the handling
and analyses of data that have been developed for metaanalyses over the last 15 years (see accompanying
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It is an exciting time to be an ecologist. Over the past
several decades, our discipline has matured from one
focused on the assembly of case studies based on natural
history, to one that has seen improved conceptual
frameworks and mathematical models that help explain
ecological phenomena from species coexistence to
elemental cycling. The maturation of our discipline has
been fostered by many things, including improved
technology, increased availability of data, and emergent
methods for analyzing large data sets. One factor that
has played a central role in the modern synthesis is metaanalyses. Gurevitch et al. (1992) introduced metaanalyses to ecologists and catalyzed their entrance into
the ecological literature as a powerful statistical means
to assess the generality of pattern and process. Soon
after, the U.S. National Science Foundation established
the National Center for Ecological Analysis and
Synthesis (NCEAS) whose mission it is to bring together
ecological data sets so that we could synthesize pattern
and process using meta-analysis and many other
analytical tools. NCEAS was so successful that it was
soon after mimicked by other scientiﬁc disciplines (e.g.,
NESCent, the National Evolutionary Synthesis Center).
However, when our initial honeymoon with ‘‘synthesis’’ was over, criticisms began to surface, exposing the
inherent warts and ﬂaws of a growing discipline. Some
argued that data sets were now being analyzed, and
syntheses performed, by researchers who knew little
about (or perhaps had never even seen) the systems they
were trying to understand. Such ‘‘remote ecology’’
reduces an appreciation for natural history, and may
lead to incorrect conclusions because one doesn’t
understand the intricacies and contingencies of each
system that reveal how pattern is linked to process.
Some argued that meta-analyses were proliferating more
rapidly than the methods needed for quality control, and
that the concatenation of data sets was leading to a
propagation of errors.
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comments by Ellison [2010] and Gurevitch and Mengersen [2010]). It also suggests that ecological patterns and
processes are so highly system speciﬁc that it is difﬁcult,
perhaps impossible, to extract general trends amid the
background of natural variation. We couldn’t disagree
more, and we are generally enthusiastic that ecology as a
discipline has moved beyond the case studies and
contingencies of individual systems to seek generality
(see A general critique for meta-analysis).
In our ﬁnal section, Moving beyond patterns, we add
to W2010’s commentary by suggesting that much of the
confusion and disparity in conclusions among those
seeking to synthesize the PDR stems from a lack of clear
mechanistic thinking. Summarizing patterns without a
clear mechanistic understanding of theoretically plausible relationships does nothing other than lead to
confusion, no matter how rigorous and technically
sound a meta-analysis might be. Therefore, we end with
an appeal to those who might perform further metaanalyses to think more deeply about what should,
according to ecological theory, be the dependent and
independent variables behind the productivity–diversity
relationship.
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QUALITY ISSUES

IN

META-ANALYSES

Objective and clear criteria for data inclusion are the
cornerstone of any endeavor to synthesize data. A metaanalysis has to be based on the most comprising and
unbiased set of studies afﬁliated with the research
question at hand. W2010 is justiﬁed in stating that
those performing meta-analyses sometimes do not do a
very good job in stating their search and inclusion
criteria. Based on the ‘‘Methods’’ section in a metaanalysis, a researcher should be able to redo the entire
analysis starting with the literature search and database
build-up, proceeding with the statistical analysis, and
ﬁnally coming to the same conclusions. Of course, these
criteria are no different than the standards that should
be imposed by reviewers on any publishable research.
W2010 details what he believes are ﬂaws in the three
analyses investigated by him, and goes on to propose
seven ‘‘improved’’ criteria for the inclusion of studies in
future meta-analyses. We do not take issue with his
claim about ﬂaws: for example, that authors have
selected and categorized data in different ways that are
sometimes not transparent and repeatable, and that
authors have occasionally made mistakes or double
entries into their data sets, which have led researchers to
divergent conclusions. Moreover, subsequent papers
criticized the original meta-analysis for ﬂaws not only
in the database, but also that the statistical models used
to analyze the data were inappropriate. Such issues are
clearly important to resolve. We agree that there needs
to be improved standards for quality control in metaanalytic data sets. This is an issue that has been
discussed at length (Osenberg et al. 1997, Englund et
al. 1999, Gurevitch and Hedges 1999, LaJeunesse and
Forbes 2003, Rosenberg 2005), and there are ongoing
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attempts to develop the cyber-infrastructure needed to
improve the management, sharing, and analysis of data
in the next century (for example, the International
Knowledge Network for Biocomplexity and accompanying management software Morpho). We also believe that
debate over the nature and validity of different analyses
is a normal, healthy part of the scientiﬁc process, and
that this debate gradually leads to an improvement in
conclusions. As such, W2010’s comment helps promote
a worthwhile debate.
However, we think it would be a tragedy to adopt
W2010’s strict criteria for how to overcome these
problems. It generally strikes us as dangerous and naı̈ve
when a researcher suggests there is a single best, or
optimal way to gain knowledge. Rather than trying to
force researchers into a narrow mold, we believe that the
primary constraints on a meta-analysis should be (1)
clarity, researchers need to clearly state how the data is
being used and why; (2) transparency, researchers to
make abundantly clear how the data were collected,
which data were included, and why; (3) technical
accuracy, researchers need to be sure that the assumptions of their statistical tools match the structure of the
data; and (4) availability, researchers need to make all
data and technical code from their analyses available
along with the published results so that the accuracy,
reliability, and repeatability of the data set can be
checked.
Although we have no doubt that W2010’s comment
was written in an attempt to promote clarity, accuracy,
transparency and availability, his proposed criteria
overshoot this aim by restricting analyses to very narrow
grounds at the expense of the larger picture potentially
gained by meta-analyses. For example, in criterion 1
W2010 argues that plant species richness is the only
reasonable response variable that should be used as a
measure of diversity. Although we agree that richness is
the focus of many theories about productivity–diversity
relationships, and although we agree that researchers
should take great care to measure variables that are
mechanistically consistent with ecological theory, there
is no reason to believe species richness is the sole aspect
of diversity that should be related to productivity. Not
only is species richness itself a proxy for how other
aspects of biodiversity are packaged (e.g., genetic or
evolutionary divergence), several of the mechanisms by
which productivity is thought to inﬂuence richness occur
through changes in species evenness (Hillebrand et al.
2007), spatial turnover of taxa (b diversity; Chase and
Leibold 2002, Gross and Cardinale 2007), or changes in
functional group dominance (Declerck et al. 2007).
Rather than argue that ecologists focus narrowly on just
one response variable, it would be more constructive to
emphasize that the focal variable should be motivated
by the question, and that the question itself should be
constructed so that there is a clear mechanistic
underpinning or theoretical justiﬁcation for expecting
the response variable to change with productivity.
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expect a reanalysis of the M2001 database to change this
general outcome.
A GENERAL CRITIQUE

FOR

META-ANALYSIS

Aside from the detailed arguments about the criteria
that should be used to guide meta-analyses, our
strongest point of dissent with W2010 is with his calling
for a halt in conducting meta-analyses. It almost goes
without saying that ecological data tend to be highly
contingent on scaling issues, on seasonal and other
intra-annual patterns, on inter-annual differences in
abiotic constraints, on the type of experimental or
observational approach, the chosen measure for a
certain biological variable, and so on. But those who
focus all their attention on such contingencies will
inevitably miss the forest for the trees, and fail to see
generality in ecological phenomena (Lawton 1999).
Meta-analyses are the remote-sensing tools of ecology. They allow us to step back from small-scale
contingencies and see a broader, albeit less detailed,
overview of how a system operates. A meta-analysis can
give a baseline result for a certain process (e.g., the
impact of grazing on plant biomass) to which new
experimental studies can be compared. A meta-analysis
can give a central tendency for a process, pattern or
effect, which is debated in the literature and in cases
show why results are different between studies. In the
best cases, meta-analyses create new research hypotheses
by showing what we do not know. It is immanent in this
kind of analysis that peculiarities of certain ecosystems
and organisms are not reﬂected. However, the goal of
meta-analyses is to reveal pattern and process of the
whole forest, not to show what’s happening on the
individual trees.
W2010 claims there are a number of technical
shortcomings in three analyses of the PDR. His claims
suggest that reevaluation and improvement of these
meta-analyses might be useful. However, his suggestion
that we halt meta-analyses is, in our opinion, short
sighted. Not only does it neglect the power and
usefulness of this tool, it ignores the many improvements
of meta-analytical approaches achieved during the last
decade. Ecologists have adopted different types of effect
sizes (Osenberg et al. 1997, Gurevitch and Hedges 2001,
LaJeunesse and Forbes 2003), have analyzed the
statistical properties of these effect sizes (Hedges et al.
1999), and have improved their criteria for the inclusion
of data (Englund et al. 1999). There is also increased
awareness about the interdependency of data derived
from one study and the importance of weighted metaanalyses. If these ‘‘best techniques’’ are not used
correctly or reproducibly, then commenting on analyses
and reanalyzing data is an integral part of the scientiﬁc
process. However, calling for a halt in meta-analyses is
like calling for cessation of cancer research simply
because one drug didn’t live up to everyone’s expectations.
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In criteria 2 and 5, W2010 argues that the studies
included in an analysis should be completely homogeneous with respect to the scales at which they are
performed, and with respect to the wide variety of
potentially confounding variables that might inﬂuence
species richness and productivity. Aside from the fact
that this demand is incredibly unrealistic and would
prevent us from summarizing more than a handful of
studies at any one time, this argument ignores the fact
that it is often a far more powerful approach in synthesis
efforts to maximize variation among studies so that
one can determine which co-varying factors actually
‘‘matter’’ in a way that they alter conclusions about the
form of productivity-diversity relationships. A metaanalysis is especially useful if it reveals that a conclusion
holds across a broad variety of empirical approaches or,
alternatively, if it shows how a process or pattern is
altered by a certain co-varying factor. It would be tragic
to ignore or lose these new insights, as would happen if
we adopted W2010’s criteria.
In criterion 6, W2010 proposes a cutoff for the
number of observations along an x-axis needed to
differentiate linear from nonlinear relationships. We
agree that one’s ability to differentiate linear from
nonlinear relationships can be an important issue when
trying to understand productivity–diversity relationships. Detecting unimodality compared to a monotonically increasing relationship requires the occurrence of
signiﬁcant estimates of linear and quadratic regression
terms, the detection of an internal maximum in the
regression (e.g., Mitchell-Olds and Shaw 1987), and tests
of whether the quadratic regression is a more parsimonious model than the simple linear one (e.g., by using
Akaike information criteria, AIC, or log-likelihood
methods; Burnham and Andersson 2002). However, we
disagree with the need to impose some arbitrary cutoff
for the number of observations needed to make a study
useful. This criterion ignores the fact that metaanalytical techniques allow one to weight or reduce the
impact of a study that is not well replicated, or to assign
levels of conﬁdence to studies that may be data poor
(Gurevitch and Hedges 2001).
It becomes obvious from W2010 that the metaanalyses on productivity diversity relationships (PDR)
by M2001 and others can be critically evaluated for
including (or not including) certain studies or using
certain methods. However, these problems remain
unresolved by a very arbitrary list of ‘‘quality’’ criteria.
Instead, the discussion should be by reanalysis of these
data and the existence of this forum section reﬂects such
a scientiﬁc progress. Although we share some points of
criticism with W2010 on the lack of rigor in conducting
these meta-analyses, we remain convinced that M2001
contributed much to the debate of PDR, as their
analysis showed that the paradigm-like statement of a
single universal hump-shaped PDR (Rosenzweig and
Abramsky 1993) lacks empirical evidence. We do not

2547

2548

FORUM

FORUM

MOVING BEYOND PATTERN
W2010 discussed what he sees as limitations of the
different meta-analyses on PDR. While we accept his
argument that there have been shortcomings and ﬂaws
in meta-analyses that require a second look, we have
disagreed with his vision for how synthesis via metaanalyses should proceed. We also believe that W2010
misses an important point in his comment that, in our
opinion, is one of the primary limitations with research
on PDR, that is, the lack of focus on the mechanisms
that are presumed to generate PDR. With the possible
exception of the debate over how diversity is related to
stability (see Ives and Carpenter 2008), few discussions
in ecology are in a worse state of understanding
mechanisms than the discussion on PDR. There are
numerous reasons for this. Here we discuss just two.
First, empiricists have used a plethora of different
variables to represent ‘‘diversity’’ and ‘‘productivity.’’
For example, consider that estimates of ‘‘productivity’’
range from variables as divergent as direct estimates of
the rate of carbon ﬂux through plants or animals, to the
standing stock biomass of these same organisms, to the
standing stock availability of resources used by these
organisms, to the rates at which those resources are
supplied, to highly derived covariates of resources or
biomass such as latitude, depth, or elevation (M2001).
Researchers often assume that the aforementioned
variables are all mechanistically interchangeable, and
that they operate consistently across varied trophic
levels. Yet, the ecological theories on which predictions
of PDR are often based suggest that species richness
should be a function of (1) the supply rate of limiting
resources that regulates species population sizes and
stochastic rates of extinction (i.e., species–energy theory;
see Wright 1983, Abrams 1995, Srivastava and Lawton
1998) and/or (2) the relative ratios of different resources
that mediate competitive interactions and coexistence
among species that share resources in a local community
(resource-ratio theory; Tilman 1977, 1982). Empiricists
tend to measure production and biomass as proxies for
resource supply, which assumes there is a linear
relationship between the availability of resources (what
one might call the ‘‘potential’’ productivity of a system)
and the conversion of those resources into new biomass
(that is, the ‘‘actual’’ production of biomass). This may,
at times and in some systems, be a legitimate assumption. However, it frequently is not: otherwise, why
would we study things like Type-II functional response
curves, compensatory feeding, assimilation efﬁciencies,
and so on?
A second problem is that there is considerable
confusion about whether productivity is the cause or
the consequence of species diversity. Obviously, the
supply rate of limiting resources, and the ratios at which
different limiting resources are supplied, inﬂuence both
the amount of biomass that can be achieved by a local
community as well as the number of species it can
support. As a result, species richness and productivity
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are often associated with one another. However, as
discussed in the last paragraph, theory argues it is the
supply rate of one or more resources, not productivity
per se, that is the direct proximate cause of species
richness. Plants don’t generally consume or compete for
their own tissue, and as such, theory doesn’t predict a
direct causal link from biomass or production of plants
to species richness of plants. If anything, the causal link
between richness and production goes in the opposite
direction. Over the past two decades, there has been a
wealth of experiments that have manipulated the
richness of primary producers in terrestrial, marine,
and freshwater ecosystems and shown that more speciesrich communities capture limited inorganic resources
more efﬁciently (reviewed in Balvanera et al. 2006,
Cardinale et al. 2006). As a result, diverse communities
tend to achieve higher biomass because species use
limiting resources in ways that are complementary in
space or time (see meta-analysis of Cardinale et al.
2007).
The contrast between the perspective that productivity-drives-diversity vs. the perspective that diversitydrives-productivity has led several authors to propose
conceptual frameworks (Loreau et al. 2001, Schmid
2002, Cardinale et al. 2009) and mathematical models
(Gross and Cardinale 2007) to explain how these views
can be merged. These models share the common feature
that the rates and/or ratios of resource supply (i.e.,
potential productivity) are what directly limit species
richness in a local community. However, it is species
richness that regulates the efﬁciency by which resources
are captured and converted into new tissue. Importantly, these frameworks have also shown that when
pathways of causality are mixed up, or biomass and
resource supply are assumed to be interchangeable, one
can observe spurious relationships between species
richness and biomass that change as a function of
spatial scale (Gross and Cardinale 2007). The key point
here is that, if one is not careful to correctly identify the
proximate causal and response variables, you can get a
totally different picture of what the species richness–
productivity relationship (SRPR) looks like.
Perhaps it is no surprise that ecologist have yet to
produce a consensus view on the qualitative nature of
SRPR. In our opinion, one of the primary contributions
of M2001 was to illustrate the lack of a dominant and
generalizable pattern of SRPR, which overturned a
paradigm of a single unimodal PDR applying to all
kinds of organisms and ecosystems (Rosenzweig and
Abramsky 1993). This lack of generality almost certainly
reﬂects to one degree or another the widespread use of
proxies and lack of direct causal mechanisms linking the
measured variables that have hampered our understanding.
If the M2001 analysis can be improved by quantifying
studies more rigorously, then this would be a useful part
of the normal scientiﬁc process But this does not justify
suggesting to throw the baby out with the bathwater by
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halting meta-analyses on PDR or other important issues
in ecology. Before any researcher undertakes a new
synthesis of PDR, we hope s/he will think deeply about
what direct proximate causal and response variables are
involved in these relationships, and consider testing the
improved conceptual frameworks that have been developed to help us better understand these relationships.
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