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Some of the most interesting and important questions in ecology require ex-
amnination of the strength of different processes across environmental gradients
and among organisms with different traits (Quinn and Dunham 1983; Tilman
1989; Cooper et al. 1990; Sarnelle 1992; Osenberg and Mittelbach 1996). Meta-
analysis (see, e.g., Gurevitch et al. 1992; Gurevitch and Hedges 1993; Arnqvist
and Wooster 1995; Curtis 1996) combines results from independent studies to
examine patterns of effect across taxa or environments and, thus, may represent
a powerful tool to test ecological theory. A meta-analysis requires that a com-
mon metric of effect size be extracted from each of the studies. Here, we focus
on choosing a metric that best facilitates ecological inferences. We begin with a
brief description of the standard definition of effect size in meta-analysis, as
used in recent papers. We then discuss potential problems with this approach
and suggest an alternative that is more explicitly tied to the dynamics of ecologi-
cal systems. Using two examples drawn from predator-prey experiments, we
then illustrate the limitations of the standard metric and the conceptual advan-
tages of one ecologically based alternative. We conclude by discussing the link
between metrics of effect size and ecological models.

EFFECT SIZE IN META-ANALYSIS

The Classic Approach

In most ecological applications of meta-analysis to date, effect size has been
defined as the difference between two treatments—experimental and control—
standardized by the pooled within-treatment standard deviation (Glass 1976;
Hedges and Olkin 1985; see Gurevitch et al. 1992; VanderWerf 1992; Tonhasca
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and Byme 1994; Wooster 1994; Arnqvist and Wooster 1995; and Curtis 1996
for ecological examples):
Ne - N,
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N, is the mean, n; the sample size, and s? the variance within the experimental
(i = E) or control (i = C) groups, and J corrects for bias due to small sample
size (Hedges and Olkin 1985). Note that d is mathematically related to the ¢
statistic and its companion meta-analytic metric, the correlation coefficient, r
(e.g., Rosenthal 1994). One potential problem with d (or ¢ or r) is that patterns
may emerge that have little to do with the actual strength of a process but, in-
stead, reflect differences in s. For example, suppose that invertebrate predators
have larger effects as measured by d on stream invertebrate prey than do verte-
brate predators (Wooster 1994). It is possible that vertebrates reduce prey den-
sity to the same degree (or more) as invertebrates but that studies with verte-
brates were characterized by larger values of s. The latter could arise for several
plausible reasons, including greater individual variation in feeding behavior,
which would be more pronounced when lower densities of predators are used
(as is likely with vertebrates), and the use of larger cages to enclose vertebrate
predators, which might result in the cages being dispersed over a larger and
more heterogeneous landscape. In these scenarios, the use of d confounds the
effect of the treatments with aspects of the sampling design and the degree of
spatial heterogeneity that differ among studies. Related metrics, such as r or r?,
have similar problems (Petraitis 1998).

An Alternative Approach

As an alternative to d (and related statistically derived metrics), we suggest
that the choice of a metric in meta-analysis should be based on clear specifica-
tion of the process being studied and the spatial and temporal scales over which
the experiments were conducted. This will often require specification of a bio-
logical model or conceptual framework (see related arguments in Adler and
Morris 1994; Billick and Case 1994; Wootton 1994; Laska and Wootton 1998).

For example, consider two treatments: a control, representing ambient condi-
tions, and an experimental treatment, in which one factor has been manipulated.
Assuming that the resulting dynamics of the target species can be described by
an exponential model, the effect of the treatment on the target’s per capita dy-
namics can be estimated as:

Ar = re—re= ch/cht - dNE/NEdt = [ln(M,C/NO,C) - ln‘(M_E/No.E)]/I, (3)

where r¢ and rg are the per capita rates of change for the target populations; N, ¢
and N, (and Ny and Ny g) are the densities of the target at the end (or start) of
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the experiment in the control and experimental treatments; and ¢ is the duration
of the experiment. If we assume that the initial conditions are similar (i.e., Noc
= Ny), equation (3) simplifies to a more familiar form (e.g., Osenberg and Mit-
telbach 1996):

Ar = In(N,o/N,g)/t. (4)

An index analogous to equation (4), but defined from a discrete time model,
would yield (N,¢/N,£)", which gives the proportionate change in the finite
growth rate of the target caused by the treatment. Equation 4 can also be ex-
pressed as a per-unit effect on the target by dividing the effect on the target’s
per capita growth rate by the size of the manipulation. For example, if the study
focuses on the effects of predation, and the ambient (control) predator density is
P whereas the experimental density is 0, then the per-predator effect is:

ArlP = In(N,¢/N,)/(tP). (5)

EXAMPLES FROM STUDIES OF PREDATION

To highlight the distinction between d and Ar (eq. 4), we analyzed two sets
of data exploring the effects of fish on freshwater invertebrates. The experiments
are typical of many conducted in aquatic environments: cages were used to ma-
nipulate the densities of fish, and prey densities were assessed at the end of the
experiment.

Bluegill Effects on Odonates: Comparisons within a Single Study

The first example is taken from Morin’s (1984) classic experiment examining
the effects of fish predation on a larval odonate assemblage. In this case, our
analysis is concerned not with results from multiple studies but, rather, with the
results from a single experiment that documented the responses of different taxa.
Although this is not a meta-analysis per se, this analysis provides a clear distinc-
tion between d and Ar and illustrates that our arguments are relevant to infer-
ences drawn from individuals studies as well as meta-analyses.

In our analysis, we focused on the proposed relationship between odonate
body size and the magnitude of the fish effect on odonate prey. This hypothesis,
one explicitly addressed by Morin, was motivated by the observation that blue-
gill selectivity increases with prey size (e.g., Mittelbach 1981, 1988; Olson et al.
1995). We calculated effect sizes, d and Ar (using eqq. [1] and [4)), for the
seven most abundant odonate species, whose densities in cages with and without
fish (primarily bluegill) were reported in table 2 of Morin (1984). We then asked
whether effect sizes varied significantly with odonate body size (Morin 1984,
table 1).

Although d was not significantly correlated with odonate size (fig. 1A: r =
06,n =8, P= 88), Arwas (r = —.84,n =17, P = .017). The analysis using
Ar was somewhat conservative because, although the largest species incurred the
greatest effect, this datum was dropped from the analysis because its density
was 0 in the presence of fish (i.e., Ar = —eo). This analysis with Ar suggests
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Fi1G. 1.—Relationship between fish effects and prey size using two metrics of effect size:
(A) d (eq. [1]) and (B) Ar (eq. [4]). Data are from Morin’s (1984) study of fish predation on
larval odonates. Each point represents the response of one odonate species to the manipula-
tion of fish density (presence/absence). Final odonate densities (number/cage) were calcu-
lated as the sum of the number of metamorphs and overwintering larvae reported in Morin’s
table 2. One very rare species (Epicordulia regina) was excluded from the analysis because
its average density was <1 animal cage™'. Standard deviations of final density (needed to
estimate d) were estimated as the square root of the sum of the variance in metamorphs and
overwintering larval numbers. Body size is the mean final instar body length and was taken
from Morin’s table 1. The regression in B excludes the point for the largest species (Tramea
lacerata), which was not recorded in any cage with fish (thus, the effect size was undefined
and noted here with a value of —eo).

that larger prey incurred greater per capita mortality rates from bluegill preda-
tion than did smaller prey (fig. 1B). Not only did Ar yield a clear pattern of re-
sponse (fig. 1B vs. A), it also provided a quantitative assessment of the relation-
ship between fish effects on prey dynamics and prey size. For example, based
on the fitted regression, the effect of fish on the per capita mortality rate of a
large odonate (say, 25-mm body length) is over five times greater than that for
a species of half the size (12.5-mm body length).

Effects of Specialist and Generalist Molluscivores:
Comparisons across Studies

The second example is a meta-analysis in which we synthesized data from
multiple studies that examined the effects of fish on freshwater gastropods. The
experiments in these studies varied in their duration, which can influence the
choice of a metric as well as the set of studies that can be appropriately com-
bined. For example, under conditions of exponential growth, many metrics—
such as In(N,¢/N,g) or N, — N, (or in many cases, d)—will assume values
close to zero at the start of the experiment and increase in magnitude as the ex-
periment progresses. Thus, two studies, with exactly the same dynamics and re-
sponse to predation, would yield different effect sizes using any of these metrics
if the studies had different durations. However, in this scenario Ar would be
time invariant because it focuses on differences in rates and would thus be suit-
able for a meta-analysis. This would not be the case, however, if studies lasted
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sufficiently long to reequilibrate. In these cases, Ar would vary with duration,
while other metrics (such as In(N, ¢/N,g) or N,c — N,g) would be time invari-
ant. The challenge then is to select a metric that is appropriate to the question
and the timescale of the experiments being compared. For studies that are brief,
relative to the speed of feedbacks in the system, a metric that focuses on rates
(such as Ar) seems most appropriate (Billick and Case 1994). For long-term
studies that measure equilibrial responses, other metrics, based on state variables
(such as In(N, ¢/N,g) or N,c — N, &), will probably be best.

To illustrate this point and assess the timescale over which Ar is likely to be
time invariant in the molluscivore analysis, we used data from Martin et al.’s
(1992) study in which gastropod densities were sampled over 2 yr following the
manipulation of sunfish. Martin et al. (1992) had four treatments: zero fish, five
small fish m~2, 0.5 large fish m~2 and five small + 0.5 large fish m~2 We esti-
mated Ar by comparing each of the three ‘‘fish’’ treatments with the ‘‘no fish®’
treatment and examined the behavior of Ar through time. Effect size, Ar,
showed no consistent trends through time for approximately the first 100 d of
the experiment (fig. 2). After that time, and as expected, Ar decayed toward 0.
Other metrics more suitable to long-term responses (e.g., In(N, /N, g), or N,c —
N g) showed a different pattern; for example, In(N,c/N, ) decreased linearly
from 0 to ~ —4 over the first 100 d but then appeared to stabilize after longer
time periods.

We found 10 experiments that reported snail density responses to manipula-
tions of fish density. Some experiments were only sampled once, after 43-93 d.
For experiments that were sampled on more than one date, we restricted our
analysis to a single date per study, chosen at a timescale (i.e., 43-86 d) compa-
rable to the studies lacking multiple sampling dates. Given the duration of these
studies, and our analysis of Martin et al.’s (1992) data (fig. 2), we used Ar as
our ecologically derived metric of effect size.

We categorized the studies based on the functional morphology of the fish
species that were manipulated. Fish were labeled as ‘‘specialists’ if they pos-
sessed a specialized feeding morphology that allowed them to crush snails or
“‘generalists’’ if they were incapable of crushing snails. Specialists consisted of
tench, redear, and large pumpkinseed, whereas generalists consisted of bluegill,
largemouth bass, Eurasian perch, and small pumpkinseed. Each study yielded
more than one estimate of effect size because the studies included multiple lev-
els of fish density or additional factors that were crossed with the fish manipula-
tions.

In all cases, we defined effect size based on comparisons of one treatment
with fish to another treatment (often without fish) that best isolated the effects
of generalist or specialist predators. In most studies snail biomass in plots
(cages) with versus without fish were compared; however, in some cases, the
comparisons were more complex (e.g., five bluegill vs. five bluegill + 10 pump-
kinseed yielded the effect of 10 pumpkinseed). In several cases effects of spe-
cialists and generalists could not be isolated from one another; we refer to these
cases as ‘‘mixtures.”’ For each study, we also quantified the strength of the ex-
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Fig. 2.—Effect size (Ar) as a function of duration using data from Martin et al.’s (1992)
study of fish effects on snail density. A, Small fish (5 fish m™2); B, large fish (0.5 fish m"?;
C, small and large fish together (5 + 0.5 fish m™?). Confidence intervals for Ar were approxi-
mated as (1.96/1) V(SEX/N% + SEZ/NZ), where SE is the standard error of the mean density
(N) of snails in the control or experimental treatments, and £ is the time that had elapsed from
the start of the experiment to the chosen sampling date (A. Stewart-Oaten, personal commu-
nication). Results for the first posttreatment survey (¢ = 16 d) gave confidence intervals ~3
times greater than for any other date and are not shown. Data from ¢ = 170 d is not shown
in B and C because Ar was undefined (no snails were collected in the cages with fish).
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perimental perturbation as the difference in fish density (individuals m™?) be-
tween the two treatments.

For each study we obtained estimates of mean snail biomass (grams/area) and
standard deviations for each treatment, as well as experimental duration and
magnitude of the manipulation. From these data we estimated effect sizes, de-
fined as d or Ar, and examined how effect size differed among fish groups (gen-
eralists vs. specialists vs. mixtures) using magnitude of the manipulation (i.e.,
fish density differential) as a covariate. If the per-predator effect of fish on prey
is constant, then the effect of the predator population (Ar) should be zero when
fish density has not been manipulated and should decrease linearly as the fish
density differential increases. Deviations from this expectation might suggest
important biological mechanisms, such as predator interference or shifts in prey
vulnerability with fish density.

In the analysis using d, one study was an extreme outlier (d = —32.7) be-
cause of unusually low among-replicate variance. The study was not an outlier
in the analysis using Ar (fig. 3B), indicating that the study was exceptional in
its variance, not the effect of predators on prey. To facilitate subsequent compar-
isons, we excluded this study from all analyses involving d (its inclusion only
worsens the case for d).

Both metrics of effect size showed similar qualitative results (fig. 3), owing
in part to the relatively high correlation between the two metrics (Ar = .71, n
= 25, P = .0001). On average, specialists had greater (more negative) effects
on snails than did generalists based on both d (specialists: —1.91 * 0.96 [mean
* 95% confidence interval (CI)]; generalists: —0.13 * 0.31) and Ar (eq. [4};
=0.031 * 0.010 d' vs. —0.0024 = 0.0039 d"), and the few points for the
‘“‘mixtures’” fell between the other two groups. Despite this crude similarity,
there were critical differences between the two analyses concerning the relation-
ships between effect size and fish density (fig. 3). Using ANOVA—with dietary
group as the class variable, fish density differential as the covariate, and an in-
teraction term to reflect the expected difference in the impact of generalists and
specialists across predator densities—we found that d was unable to detect the
expected relationships. There was neither a significant interaction between di-
etary group and fish density (F = 0.75, df = 2, 19, P = .49) nor a significant
effect of fish density after dropping the nonsignificant interaction term (F = .68,
df = 2, 21, P = .42). The analysis using Ar did, however, detect a significant
interaction between dietary group and fish density (F = 5.57, df = 2, 20, P =
.012). The slope for specialists was steeper than for generalists, and the effects
of specialists (at any given fish density) were stronger (i.e., more negative) than
those of generalists (i.e., a specialist imposed a greater effect on snails than did
a generalist).

The conceptual advantages of Ar, in this context, are further highlighted by
the ease with which this metric facilitates additional analyses and estimation.
For example, we fit linear relationships (with zero intercepts) to the generalist
and specialist data shown in figure 3B. This yielded estimates of the slope of the
relationships (i.e., the per-fish effect on snail dynamics): by, pispeciating = —.0595
+ .0184 d7! fish™; by, pgeneriny = —-00127 = .00123 d~! fish~! (95% CI). Alter-
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FiG. 3.—Meta-analyses of the effects of different groups of fish on snails using (4) d (eq.
[1]) and (B) Ar (eq. [4]). The X-axis gives the difference in fish density between the two
treatments. Each estimate was categorized by the type of fish whose density was manipu-
lated: specialists (circles), generalists (squares), and mixtures of the two (triangles). A total
of 10 experiments reported in nine publications (Crowder and Cooper 1982; Mittelbach 1988;
Osenberg 1988; Bronmark et al. 1992; Martin et al. 1992; Osenberg et al. 1992; Bronmark
1994; Olson et al. 1995; Huckins 1996) were used. Most experiments yielded two estimates
of effect size either because multiple densities of fish were used (thus, more than one density
was compared to the ‘‘no fish’’ treatment) or an additional factor was crossed with the fish
manipulation (thus, effect size was calculated for each level of the other factor). With one
exception, data were provided by the primary investigators. For Crowder and Cooper (1982)
snail densities were estimated from their figures 1 and 6; standard deviations, which were not
available, were assumed equal to the standard deviation in total invertebrate density taken
from their figure 1. Snail biomass per unit area was used in all calculations.

natively, these estimates can be obtained using equation (5) (i.e., by dividing
each estimate in fig. 3B by the associated fish density differential and then
averaging within a dietary group: Ar/Pgeung = —.0798 £ .0240 d7! fish™!;
Ar/Poyereriis = —.0014 * .0036 d™' fish™'; means * 95% CI). Assuming most
of these effects arise from the direct consumption of snails by fish, these two
procedures indicate that a specialist imposes a mortality rate ~50 times greater
than does a generalist. These results provide an expeditious way to use meta-
analytic results to generalize to new situations or to summarize the entire data
set. For example, say that in a particular lake, generalists outnumber specialists
by 10:1, then these results indicate that the specialist population (despite their
numerical inferiority) imposes five times the mortality on snails than do the gen-
eralists (10 X 1:1 X 50 = 1:5).

To further illustrate the advantages of an ecologically based metric and to ex-
plore the experimental dataset, we defined a new variable, ‘‘effective predator
density,”” based on a linear combination of the specialist and generalist density
differentials in each experiment. Specialists were given a weight of 1, whereas
generalists were given a weight of 1/50 (see analyses above). Weighting fish by
their relative ecological impacts enabled us to put all studies (including those
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Fic. 4.—The relationship between the effect of fish on snails (Ar) and the effective preda-
tor density (i.e., total fish density expressed as the equivalent density of *‘specialists,”” which
was obtained by a weighted sum of generalists [weight = 1/50] and specialists {weight =
11). Squares = generalists; circles = specialists; triangles = mixtures of the two.

with mixtures of specialists and generalists) onto a common scale so that all re-
sults could be combined into a single relationship. The relationship between ef-
fect size (Ar) and effective predator density appeared nonlinear (fig. 4); there-
fore, we fit the data with a nonlinear function that had a zero intercept and
reached an asymptote at high fish densities: ¥ = b,X/(1 + b,X);, n = 26, rr=
0.78, b, = —0.186 * 0.120, b, = 3.32 * 3.28 (estimates + 95% CI). This rep-
resents a significant improvement over the linear model (with a zero intercept),
which accounted for only 54% of the variance. The nonlinearity in this relation-
ship suggested that the per capita effect of the predators decreased as predator
density increased, indicating that our previous linear models may have underes-
timated fish effects at low densities (especially for specialists). This nonlinearity
might arise because of interference among the predators or because of shifts in
the size structure, species composition, or behavior of snails leading to a de-
crease in the vulnerability of survivors as fish density increases (e.g., Osenberg
and Mittelbach 1996; Turner 1996, 1997). These ideas could be tested with ad-
ditional data gleaned from the surveyed studies or by performing new experi-
ments.
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LINKING EFFECT SIZE TO BIOLOGICAL MODELS

Population-Level Responses

Under some conditions, we can more explicitly relate Ar (or Ar/P, or other
selected metrics) to parameters or terms in ecological models and then relate the
patterns observed across studies to changes in these parameters. For example,
consider the previous examples of predator-prey interactions and assume that the
effects of predators on prey dynamics are driven by mortality imposed by the
predator and that these effects are measured before any indirect effects occur. In
this situation, Ar/P provides an estimate of the interaction strength of the preda-
tor on the prey (e.g., d(dN/Ndr)/dP, which is also the attack coefficient [anp] in
the Lotka-Volterra predator-prey equations). In this situation, interaction
strength is a subset of what we have termed effect size (see Laska and Wootton
1998). Quantifying interaction strength and its variation across systems and spe-
cies is critical to the development and tests of many ecological hypotheses
(Paine 1992; Laska and Wootton 1998). Meta-analysis, with an appropriate
definition of effect size, will help facilitate these goals, but only if we are ex-
plicit about how our metrics relate to models and how (or if) such models are
appropriate for the particular types of experiments that are being synthesized.

We have cautioned that the selection of a metric is a difficult task and that no
single metric will be appropriate for all analyses. Timescale will be a critical
element to consider in defining and interpreting effect-size metrics (e.g., fig. 2).
Here we provide a more explicit consideration of the issues that we empirically
addressed in figure 2. Consider a simple example in which the dynamics of a
focal species (e.g., the prey) can be modeled as a linear combination of its own
density and that of its predator:

dN/Ndt = r + aNNN + aNpP. (6)

Following the removal of the predator, the prey population density will initially
diverge (relative to the control) at a rate given by aye. If prey densities are sam-
pled early in this trajectory, Ar/P provides an estimate of ayp, the direct effect
of the predator (i.e., d(dN/Ndr)/dP). However, as time goes by, prey density
will increase, thus increasing the strength of intraspecific competition relative to
the control. Under these conditions, Ar/P no longer estimates ayp, and this met-
ric can no longer be interpreted clearly (i.e., it confounds direct effects with
changes in the intensity of intraspecific competition in the prey population). If
the experiment’s duration is sufficiently long that the prey species has reequili-
brated, then we can take an alternate approach that focuses on a balance between
opposing processes of predation and intraspecific competition rather than on the
short-term responses themselves. Following reequilibration, the direct effect of
the predator (i.e., anpP) must be completely compensated by increased intraspe-
cific competition (i.e., anw[Ng — Nc)):

anpP = ann(Ng — N¢), @)

where Ng and N, are equilibrial prey densities in the absence and presence of
the predator, respectively. Thus, we can estimate:
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ony = anp/any = (Ng — No)/P. 6]
This metric is conceptually identical to the standardized competition coefficients
of the Lotka-Volterra equations (but defined for a predator rather than a compet-
itor). In other words, it provides a measure of the number of predators that are
required to impose the same effect on the prey’s per capita growth rate as one
prey.

If this system had consisted of k additional species (effects of which could be
modeled with linear terms), all of which went to a new equilibrium following
the predator removal, then the direct effect of the predator on the prey would
eventually be balanced by changes in the direct effect of the focal species on
itself plus changes in the direct effects of the other k species on the focal species
(Levine 1976; Lawlor 1979; Bender et al. 1984). In this case, (Ng — Nc)/P (eq.
8) still estimates the per capita effect of the predator on the equilibrium prey
density, but it now includes a multitude of indirect effects mediated through the
k other species.

Appropriately chosen metrics should also help link studies of individual attri-
butes with their consequences for population or community dynamics. For ex-
ample, there have been numerous studies of the feeding behavior and prey pref-
erences of predators. Because preference is a measure of the relative mortality
rates imposed by a predator (Chesson 1978; Osenberg and Mittelbach 1989),
these studies of individual behavior can be used to help interpret the results of
field experiments that measure the effect of predators on the rate of change of
prey populations or variation in the impacts of the predator on different prey
species (Peckarsky et al. 1997). To illustrate this, we used Mittelbach’s (1981)
model of encounter rates between bluegill and invertebrates to generate a quanti-
tative prediction for the impact of bluegill on odonates in Morin’s (1984) experi-
ment (see fig. 1). Bluegill were the most abundant fish in Morin’s study; other
fish species in the pond probably had similar effects on odonates (Olson et al.
1995). Based on Mittelbach’s model, and assuming that encounter rates primar-
ily determine feeding rates (Mittelbach and Osenberg 1994), per capita mortality
rates should be proportional to odonate size raised to the 1.045 power (Mittel-
bach 1981). The observed effect (using Ar) was highly correlated with the pre-
dicted effect (using Mittelbach’s model) (r = 0.84, n = 7, P = .017). However,
the scaling of the observed effect to prey size (exponent of power function =
2.31 + 1.64 [95% CI]) was twice as large as that predicted based on Mittel-
bach’s laboratory studies (i.e., 1.045). Although the large confidence interval on
the scaling parameter includes the estimate from Mittelbach’s model, the results
suggest that additional size-specific mechanisms might further accentuate fish
effects on large odonate species (e.g., large prey might incur even greater mor-
tality rates because of greater attack probabilities as well as greater encounter
rates; Werner et al. 1983). Such insights could not be gained by use of d or any
other metric lacking a biological basis.

Individual-Level Responses

In many cases ecological experiments focus specifically on individual-based
responses, such as habitat use, diet composition, and individual size or growth
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rate. This is particularly common in studies of interspecific competition (Gure-
vitch et al. 1992) and physiological responses to environmental factors (e.g.,
Curtis 1996). In these cases, the above metrics (derived by consideration of pop-
ulation phenomenon) must be replaced by metrics that are tied to models de-
scribing the response of individuals. For example, consider the common situa-
tion where the response variable reported in a set of experimental studies is
body size (e.g., in studies manipulating competitor densities; Gurevitch et al.
1992). A standard option might be to compare body size in the treatments; how-
ever, this approach focuses on a state variable, rather than a rate, and thus does
not isolate a parameter in a dynamic model (see also Billick and Case 1994;
Wootton 1994). Furthermore, the effect size based on the difference in body size
between a treatment and control group would not be time invariant because the
difference would, in most cases, increase through time. Instead of analyzing
body size directly, the data might instead be used to estimate individual growth
rates or growth curves. If a specific growth model were applicable to the studies,
then treatment effects could be defined by changes in the parameters of the
model. For example, assume that an organism grows according to the VonBerta-
lanfy growth equation:

L = Ll ~ esw), ©

where L, is the length of the organism at time ¢, L., is the asymptotic maximum
length, g is the growth constant, and f, a fitted constant that defines the time at
which the organism had zero length. The parameters L.. and g might both be
expected to vary as a function of treatments and environmental features of a
study. If measurements of size were made at several times over the experiment,
such that these parameters could be estimated, then a meta-analysis could be
based on the effect of the treatment on these parameters. For example, possible
metrics of effect size include L., g/L..c, which quantifies the effect of the treat-
ment on asymptotic size relative to the control or gz — gc, which quantifies the
absolute difference in the observed growth constants. Note that the raw data
(i.e., individual sizes) are not directly analyzed in the meta-analysis; instead, the
raw data must be used indirectly to estimate the parameter of interest (e.g., g or
L..), which is then used to calculate the effect size (e.g., g¢ — gc). The link be-
tween the raw data and the framework for defining effect size emerged only
after a model was specified. The development of such models, their link to ex-
perimental designs, and their relationship to biologically interpretable metrics of
effect size should be a goal of future research.

CONCLUSIONS

Meta-analysis holds much promise for providing a rigorous, quantitative ap-
proach to the synthesis of experimental results. Its future applications and its
successes, however, will depend on our ability to extract a suitable metric, com-
mon to a collection of studies. Although we are optimistic, extracting suitable
metrics poses a difficult problem, one that we emphasize cannot be solved by
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reference to generic metrics such as d or by reliance on a single biologically de-
rived metric (e.g., Ar). Not all studies that address a particular process (such as
effects of predation or competition) should be combined because they often ad-
dress different questions, apply different approaches, or operate on vastly differ-
ent temporal (or spatial) scales. Defining and justifying a particular metric is an
important and difficult task that will often require specification of a biological
model, which will (and should) lead to the exclusion of many potential studies
from a meta-analysis. The future success of meta-analysis will likely be decided
not by the number of studies that can be amassed but by the specificity with
which metrics can be defined, studies can be selected, and questions can be re-
solved.
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