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abstract: Disturbances often lead to changes in average values of
community properties; however, disturbances can also affect the predictability of a community’s response. We performed a meta-analysis
to determine how response predictability, defined as among-replicate
variance in diversity and community abundance, is affected by species
removals, species invasions, nutrient addition, temperature increase,
and habitat loss/fragmentation, and we further determined whether
response predictability differed according to habitat and trophic role.
Species removals and nutrient addition decreased response predictability, while species invasions increased response predictability. In
aquatic habitats, disturbances generally led to a decrease in response
predictability, whereas terrestrial habitats showed no overall change
in response predictability, suggesting that differences in food web
and ecosystem structure affect how communities respond to disturbance. Producers were also more likely to show decreases in response
predictability, particularly following species removals, highlighting
widespread destabilizing effects of species loss at the producer level.
Overall, our results show that whether disturbances cause changes
in response predictability is highly contingent on disturbance type,
habitat, and trophic role. The nature of changes in response predictability—for example, strong decreases following species invasions
and increases following species removals—will likely play a major
role in how communities recover from disturbance.
Keywords: disturbance, invasive species, predictability, nutrient addition, species loss.

Introduction
The structural properties of communities subjected to disturbances often differ from those of undisturbed communities. This includes differences in diversity and abundance as well as in the dynamic nature of population and
community fluctuations (Syms and Jones 2000; Keitt
2008). The changes that occur following disturbances can
have major impacts on community functioning (Ives and
Carpenter 2007). Most studies that have examined how
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disturbance affects community structure have focused on
how average values of community properties, such as diversity or abundance, change with disturbance. However,
disturbance can also affect the consistency, or predictability, of a response (Fraterrigo and Rusak 2008). Response predictability, which measures the extent of divergence in community structure, is defined as the variation
among replicates of the same experimental treatment
(McGrady-Steed et al. 1997; Carpenter and Brock 2006)
and is most often represented as the standard error (Forrest and Arnott 2007).
The recent emphasis in ecology on the relationship between biodiversity and ecosystem functioning has highlighted the importance of determining how disturbances
affect stability or predictability in structure and function
over time (Loreau 2000; Cottingham et al. 2001; Cardinale
et al. 2006; Jiang and Pu 2009; Campbell et al. 2011).
Disturbance also affects the predictability of communities
in space, such that structural and functional features of
disturbed communities can become more or less predictable relative to communities that have not been subjected
to disturbance (Naeem and Li 1997; Morin and McGradySteed 2004).
A change in variability among replicates is a relatively
unexplored consequence of disturbance but is an important outcome both ecologically and in terms of interpreting
the results of experiments. Response predictability can be
thought of as a form of ecosystem reliability, such that
changes in response predictability will affect the consistency of the level of ecosystem performance (Naeem 1998).
Response predictability can therefore be used as an indicator of the resistance of ecosystems to disturbance
(Naeem and Li 1997; Morin and McGrady-Steed 2004;
Carpenter and Brock 2006), where a change in response
predictability following disturbance indicates low resistance to disturbance. Response predictability may also be
an important metric for assessing potential for recovery
following disturbance. For example, disturbances such as
species invasions that result in reductions in beta diversity

This content downloaded from 129.173.074.049 on January 28, 2016 04:01:49 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

Disturbance and Response Predictability 317
or biotic homogenization (Olden et al. 2004) may reduce
opportunities for recolonization of native species.
We conducted a meta-analysis to determine how response predictability is affected by species extinction and
by four additional anthropogenic disturbances (species invasions, nutrient addition, temperature increase, and habitat loss/fragmentation). These disturbances have all been
identified as major drivers of biodiversity decline. We further determined whether response predictability differed
in aquatic versus terrestrial habitats and between producers and consumers.
We developed three major predictions for how response
predictability would be affected by the specific type of
disturbance and across different habitat types and trophic
roles. First, biotic disturbances, which directly affect species interactions, will lead to higher magnitude changes in
response predictability than abiotic disturbances (Van
Cleve et al. 1991; Chapin et al. 2000). Second, potentially
stronger species interactions and shorter turnover times
in aquatic systems compared with terrestrial systems will
lead to higher magnitude change in response predictability
in aquatic systems (Shurin et al. 2002). Third, disturbances
that involve species at the base of food webs will lead to
higher magnitude changes in response predictability than
disturbances that involve higher trophic levels (Brett and
Goldman 1997; Marczak et al. 2007). The five disturbances
included here may also result in differences in the direction
of the response. Species-poor communities are more temporally variable than species-rich communities (Jiang and
Pu 2009). Because spatial and temporal variability are typically highly correlated (Wiens 1989), it is likely that species
removals will lead to decreases in response predictability.
Species invasions have been shown to lead to widespread
biotic homogenization (Rahel 2002), suggesting that species invasions might increase response predictability. Nutrient addition is often associated with temporal destabilization of both population and community properties;
thus, it is likely to lead to decreases in response predictability. Habitat loss/fragmentation is a primary cause of
species loss; thus, it may lead to decreases in response
predictability through its negative effect on diversity. Habitat loss/fragmentation may also lead to increases in response predictability, since smaller patches are more likely
to be similar to each other in composition than larger
patches. Finally, increases in temperature could lead to
either increases or decreases in response predictability. Increased response predictability could result as species respond more similarly under stressful conditions due to
weaker inter- and intraspecies interactions (Van der Putten
et al. 2010). However, higher temperatures might also lead
to decreases in response predictability, particularly if local
extinctions occur and species ranges change (Pounds et
al. 1999; Wake and Vredenburg 2008).

Methods
We performed a literature search for studies that experimentally manipulated abiotic or biotic disturbances. We
focused specifically on manipulations of common anthropogenic disturbances. We found articles by both using the
ISI Web of Knowledge database and reviewing the references of appropriate articles. A total of 91 articles that
included 345 experimental manipulations were included
in the final analysis. All articles reported a mean measure
of abundance, biomass, density, species diversity, or species
richness in both a control and a disturbance treatment.
No significant difference was found between responses for
species richness and diversity or between abundance, density, or biomass (see fig. A1, available online). As a result,
we grouped these measures into two main response variables to assess response predictability (RP). The diversity
group (RPdiversity) included responses for species richness,
number of species, as well as various measures of abundance weighted diversity (e.g., H ). The abundance group
(RPabundance) included numerical counts (abundance, density) and biomass.
The studies chosen reported experimental manipulations spanning five abiotic and biotic disturbance types:
temperature increase, nutrient addition, habitat loss/fragmentation, species removals, or species invasions. We categorized habitat loss/fragmentation, temperature increase,
and nutrient addition as abiotic disturbances and species
invasions and removals as biotic disturbances. All experimental manipulations had either two or more replicates
per treatment, and the standard error of the response variable for each treatment either was reported in the article
(33 articles) or could be easily measured from the figures
(58 articles). Articles where the standard error bar values
displayed in the figures were too difficult to extrapolate
were not included in our analysis. For studies that manipulated disturbance over a range of disturbance intensities, we used the average value across all treatments rather
than including each intensity’s response value (complete
data set available in Dryad; http://dx.doi.org/10.5061
/dryad.2js47).
We followed strict guidelines in choosing the types of
disturbance manipulation studies to be included in the
analysis. For the temperature increase category, we included only studies that increased temperature per se (e.g.,
Chapin et al. 1995). Studies that combined other climate
change effects, such as altered light and precipitation, with
increases in temperature were not included (e.g., Zhou et
al. 2006). Additionally, observational studies that compared natural communities growing in areas that differ in
ambient temperature (e.g., Kennedy 1996) were not included. For nutrient addition, we included studies that
enriched the experimental community with nitrogen (e.g.,
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Figure 1: Average response ratios (ln[disturbance/control treatment]) and 95% confidence intervals of abundance and diversity responses
to experimental disturbance manipulations across all disturbance types. The values below each point represent the number of results included
in the analysis and, in parentheses, the number of articles from which those results were taken. Values that significantly differ from 0
(P p .05) are indicated with an asterisk, and different letters indicate significant differences between two values (P p .05 ). A, Average
response ratios for the mean and response predictability across all disturbances B, Average response ratios for response predictability for
abiotic versus biotic disturbance, habitat type, and trophic role of affected species.

Bonanomi et al. 2009), phosphorus (e.g., Cherwin et al.
2008), or a fertilizer solution containing one or both of
these nutrients (e.g., Lindberg and Persson 2004). For habitat loss and fragmentation, we included studies that fragmented experimental plots (e.g., Gonzalez and Chaneton
2002) or those that compared communities present in control sites with those that had been clear cut or logged (e.g.,
Dumbrell et al. 2008; Biswas and Mallik 2010). We did
not include studies that examined abundance and diversity
in different-sized patches without actually fragmenting the
patches experimentally, nor did we include studies that
combined corridor effects with fragmentation (e.g., Rantalainen et al. 2004). The only studies included in the
species removal category were those in which a single species or group of species was removed from the experimental community. We did not include studies that created
communities based on biodiversity gradients (e.g., Symstad et al. 1998) or those that decreased the abundances
of species without completely removing them. Finally, for
species invasions, we included only studies in which a
nonnative species or group of nonnative species was added
to an established community. We did not include studies
that examined the effects of removing nonnative species
from previously invaded communities (e.g., Ostertag et al.
2009).
We converted standard errors to variance and calculated

response ratios (RR p ln disturbance/control). The response ratio is a common effect size measure in ecological
meta-analyses (Hedges et al. 1999). Response ratios that
are significantly greater than or less than 0 indicate a larger
change in the response between the control and disturbance treatments. The direction of change indicates
whether the disturbance treatment had a positive (decreased response predictability) or negative (increased response predictability) response relative to the control treatment. Response ratios were calculated for the mean
response in diversity and abundance for both the control
and the disturbed groups across all studies (see fig. 1) and
for a standardized measure of the variance: the ratio of
the lnRR variance and the mean lnRR (the variance-mean
ratio).
We calculated the effect sizes using average values of the
response ratios. We determined significant differences from
0 using t-tests and significant differences between categories
using one-way ANOVA. A common practice in meta-analyses is to weigh the effect sizes based on standard error, so
that studies with less variance have a higher weighting in
the analysis. Since our study uses variance : mean ratios as
the measure of effect size and we did not want variance to
be a factor in how the effect sizes were weighted, we did
not weight effect sizes.
Studies were grouped on the basis of the response var-
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iable, either abundance or diversity, for all factors. Five
factors were used in the meta-analysis. (1) Mean versus
variance: (a) the total mean effect size, (b) the total variance : mean effect size (RP). (2) Disturbance type: disturbance types were grouped into abiotic disturbances
(habitat loss/fragmentation, temperature increases, nutrient addition) or biotic disturbances (invasive species, species removal) and further grouped into one of the five
specific disturbance types: habitat loss/fragmentation, nutrient addition, temperature increase, invasion by a nonnative species, and removal of a species. (3) Habitat:
whether the disturbance manipulation was conducted in
an aquatic or terrestrial system. Habitat was further separated into the different disturbance types. (4) Response
trophic role: whether the species or group of species being
measured in the study was a producer or consumer. Response trophic role was further separated into the different
disturbance types. (5) Effect trophic role: whether the species invading or being removed from the system was a
producer or consumer.
Results
Effects on Response Predictability (RP)
Disturbance had a strong negative effect on mean diversity
(P p .016) and mean abundance (P p .013), showing significantly lower diversity and abundance in disturbed
treatments relative to the control across all disturbance
types. In contrast to these consistent changes in community structure for average values, response predictability
for both RPabundance and RPdiversity did not differ significantly
between control and disturbed treatments (fig. 1; table 1).
This lack of an overall change in response predictability
with disturbance was due to the presence of a strong bimodal pattern, with 42 negative and 56 positive RPabundance
effect sizes and 16 negative and 13 positive RPdiversity effect
sizes. Despite these directionally different responses within
RPabundance and RPdiversity, RPabundance showed a trend toward
a decrease in response predictability in disturbed treatments, and RPdiversity showed a trend toward an increase in
response predictability in disturbed treatments (fig. 1; table
1). The mean effect size for RPabundance and RPdiversity differed
significantly (P p .049), with RPabundance showing reductions and RPdiversity showing increases in RP with
disturbance.
Across all disturbances, RPdiversity was significantly greater
in aquatic systems than in terrestrial systems (P p .001),
while RPabundance did not differ significantly between the
two habitat types (P p .534; table 2). Both RPabundance and
RPdiversity did not significantly differ between producer and
consumer species across all disturbances (RPabundance:
P p .88; RPdiversity: P p .36; table 2).

Disturbance Type
Due to strong habitat differences (fig. 3), RPabundance and
RPdiversity did not show significant changes for any of the
disturbance types (fig. 2); however, two trends are of significant interest. Species invasions led to a marginally significant increase in RPdiversity (P p .055), and species removals led to a marginally significant decrease in RPdiversity
(P p .069). Neither of these disturbances led to changes
in RPabundance. RPabundance and RPdiversity both did not differ
between each of the five disturbances (RPabundance: P p
.63; RPdiversity: P p .08). RPabundance was significantly lower
following abiotic disturbances than biotic disturbances
(P p .03), while RPdiversity did not significantly differ between abiotic and biotic disturbances (P p .4).

Disturbance # Habitat Type
When disturbance was separated according to habitat, a
number of significant changes in RP were observed. In
aquatic habitats, nutrient addition decreased RPabundance
(P p .005), and invasive species increased RPdiversity
(P p .036; fig. 3). In terrestrial habitats, species removal
decreased both RPabundance (P p .021) and RPdiversity (P p
.02). RPabundance differed significantly between disturbances
when separated by habitat (P p .0006). Post hoc analysis
showed that this difference was driven by a significant
difference in temperature increase between aquatic and
terrestrial systems. However, this difference was likely due
to low sample sizes within all the terrestrial study comparisons. RPdiversity did not differ between disturbances
when separated according to habitat (P p .69).

Disturbance # Trophic Role
When separated according to the trophic role of the species
for which the response was measured, the only significant
change in RP was for producers, which showed an increase
in RPdiversity with species invasions (P p .029; fig. 4). When
separated according to the trophic role of the invading or
removed species, disturbances involving producers had
stronger effects than disturbances involving consumers
(fig. 5). There was a significant decrease in RPabundance
(P p .007) and RPdiversity (P p .01) for producer removals.
Invasions by producers led to marginal increases in
RPabundance (P p .099) and RPdiversity (P p .08). None of the
five disturbances differed significantly from one another
for either RPabundance or RPdiversity when disturbances were
separated according to trophic role (RPabundance: P p .34;
RPdiversity: P p .52).
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Table 1: Sample sizes, effect sizes, and t-test P values for each of the comparisons included in the meta-analysis for response
predictability in abundance and diversity
Abundance
n
Across all disturbances (fig. 1):
Overall mean response ratio
Overall response predictability
Abiotic
Biotic
Aquatic
Terrestrial
Consumer
Producer
Disturbance types (fig. 2):
Habitat loss
Nutrient addition
Invasive species
Species removal
Temperature increase
Habitat with disturbance type (fig. 3):
Aquatic:
Habitat loss
Invasive species
Nutrient addition
Species removal
Temperature increase
Terrestrial:
Habitat loss
Invasive species
Nutrient addition
Species removal
Temperature increase
Trophic role of response species with disturbance type (fig. 4):
Consumer:
Habitat loss
Invasive species
Nutrient addition
Species removal
Temperature increase
Producer:
Habitat loss
Invasive species
Nutrient addition
Species removal
Temperature increase
Trophic role of invasive or removed species (fig. 5):
Consumer:
Invasive species
Species removal
Producer:
Invasive species
Species removal

Mean effect size

Diversity
P

n

Mean effect size

P

242
242
103
116
111
131
123
115

.14
.183
.342
.002
.249
.127
.169
.139

.004
.17
.01
.99
.115
.304
.305
.184

103
103
37
66
34
69
46
53

.096
⫺.141
.239
⫺.086
⫺.632
.101
⫺.058
⫺.291

.009
.24
.147
.513
.003
.348
.688
.056

24
74
54
52
36

.45
⫺.031
.286
.225
.241

.328
.869
.127
.179
.326

20
36
19
15
4

⫺.034
⫺.393
⫺.211
.306
⫺.755

.871
.055
.335
.069
.329

1
69
14
24
3

⫺1.372
.071
1.252
⫺.077
2.82

...
.718
.005
.775
.211

1
23
4
5
1

⫺2.086
.595
.767
.268
⫺1.3

...
.036
.231
.322
...

23
7
40
28
33

.529
⫺1.038
⫺.051
.484
.006

.265
.066
.785
.021
.973

19
13
15
19
3

.074
⫺.036
⫺.063
.456
⫺.572

.693
.894
.785
.02
.582

20
45
22
27
9

.606
⫺.24
.364
.229
.582

.258
.337
.365
.347
.519

17
12
10
7
0

.002
⫺.046
.245
.047
...

.995
.891
.416
.899
...

4
31
32
21
27

⫺.334
.273
.233
⫺.096
.127

.668
.336
.159
.633
.443

3
24
9
13
4

⫺.235
⫺.567
⫺.174
.267
⫺.755

.651
.029
.618
.228
.329

62
36

.092
⫺.015

.671
.943

7
9

.099
.007

.477
.803

14
16

⫺.573
.764

.099
.007

14
7

⫺.392
.531

.008
.01
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Table 2: ANOVA results for each of the main effects and interaction effects included in the meta-analysis for response predictability in abundance and diversity

Abundance:
Disturbance type
Abiotic vs. biotic
Aquatic vs. terrestrial
Consumer vs. producer
Diversity:
Disturbance type
Abiotic vs. biotic
Aquatic vs. terrestrial
Consumer vs. producer
Abundance:
Habitat # disturbance
Trophic # disturbance
Diversity:
Habitat # disturbance
Trophic # disturbance

SS

df

MS

F

P

5.97
10.75
.904
.05

4
1
1
1

1.49
10.75
.905
.05

.64
4.7
.389
.02

.63
.03
.534
.88

8.9
.78
11.34
.94

4
1
1
1

2.23
.78
11.34
.94

2.18
.71
11.45
.85

.08
.4
.001
.36

43.66
10.53

4
4

10.92
2.63

5.08
1.14

.0006
.34

2.2
2.42

4
4

.55
.81

.57
.75

.69
.52

Discussion
Response predictability is an important ecological response
to disturbance and has major implications for understanding how disturbances affect ecological communities. It can
also be used as a metric when assessing the potential for
recovery following disturbance and for interpreting the
results of experiments.
Average values of diversity and abundance decreased
across all disturbance types, showing a significant widespread reduction in the complexity of communities following disturbance (fig. 1). In contrast to this clear negative effect of disturbance on average values, which we do
not consider here further, we did not detect a significant
difference in response predictability for either abundance
or diversity across all disturbance types (fig. 1). This lack
of an overall effect of disturbance on response predictability was due to the highly dichotomous nature of the
response ratios, which included 169 negative and 175 positive response ratios, showing that disturbances can both
increase and decrease response predictability. This strong
dichotomy arose as a result of the opposite effects of species invasions, which led to increased response predictability, versus nutrient addition and species removal, which
led to decreases in response predictability.
Whether community structure converges (response predictability increases) or diverges (response predictability
decreases) following a disturbance may be partly due to
the role that deterministic versus stochastic processes play
in restructuring communities following disturbance
(Houseman et al. 2008; Chase and Myers 2011; Myers and
Harms 2011). For example, Chase (2007) showed that var-

iance in species composition between replicate ponds decreased (became more predictable) in ponds exposed to
drought compared with ponds not exposed to drought.
Chase (2007) attributed this increase in similarity to an
increase in deterministic processes structuring the
drought-affected communities. While both deterministic
and stochastic processes interact to structure communities
(Chase 2007), the importance and strength of each process
may differ on the basis of different environmental stresses.
Deterministic—or niche assembly—processes, where community structure results from the niche requirements of
species, may be associated with increases in response predictability. On the other hand, stochastic—or dispersal assembly—processes, which structure communities through
variations in dispersal and demographic stochasticity, may
be associated with decreases in response predictability
(Myers and Harms 2011).
The decrease in diversity response predictability caused
by removals and increase caused by invasions that we
found suggest that during community restructuring, species invasions may lead to a stronger role for deterministic
processes, while species loss may lead to stronger roles for
stochastic processes. For example, the increase in response
predictability we observed for species invasions is suggestive of the reductions in beta diversity or biotic homogenization that is considered a major consequence of nonnative species invasions (McKinney and Lockwood 1999;
Rahel 2002; Olden et al. 2004). In contrast, the decrease
in diversity response predictability, and thus divergence in
composition, following species removals suggests that removing species may increase the importance of stochastic
processes. That species loss can increase variability within
ecosystems has been widely documented (Loreau 2000;
Ives and Carpenter 2007; Campbell et al. 2011); however,
the majority of studies have focused on temporal variability. Those studies that have focused on variability
among replicates have found a trend of decreased variability (increased response predictability) in more speciesrich treatments (Naeem and Li 1997), suggesting that response predictability is correlated with species richness.
While species richness may be an important determinant
of response predictability within experiments, we found
no correlation between species richness and response predictability overall or within any of the disturbance types
(see fig. A2, available online).
The potential for a stronger role for deterministic processes following species invasions and stochastic processes
following species removals could lead to differences in how
communities restructure following a disturbance. Invasions appear to lead to greater similarity in diversity among
replicates, whereas species loss leads to divergence in community structure. Whether an invading species will be successful depends on the niche requirements of the species
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Figure 2: Average response ratios (ln[disturbance/control treatment]) and 95% confidence intervals of abundance and diversity response
predictability to experimental disturbance manipulations for groups of studies differing with regard to type of disturbance. The values below
each point represent the number of results included in the analysis and, in parentheses, the number of articles from which those results
were taken.

as well as competition for resources or space with local
species. In contrast, species loss opens space in a community or increases availability of resources. Thus, the
relative importance of the roles of deterministic and stochastic processes operating following species invasion and
loss should shift on the basis of the type of biotic disturbance. While we observed a strong effect of direct species
removal on response predictability, we did not observe a
significant effect of temperature or habitat loss/fragmentation on response predictability. These disturbances affect
many aspects of ecosystem functioning as well as lead to
changes in species richness. Interestingly, we did not observe a significant change in response predictability for
temperature increase or habitat loss. The most likely explanation for the lack of significant effects of temperature
and habitat loss on response predictability is that the outcome of these disturbances differs strongly across habitats,
trophic roles of the disturbed taxa, and environmental
conditions. Broad ranges in effect sizes were observed for
both of these disturbances (fig. 4). Furthermore, for temperature (n p 3) and habitat loss (n p 1) in aquatic systems in particular, fewer appropriate studies were included
in our meta-analysis than for the other disturbances. Thus,
it is likely that a finer level of categorization, such as across

biomes (e.g., Sala et al. 2000), is necessary to determine
how response predictability is affected by habitat loss or
temperature. However, on the basis of our results for species invasions and species loss, it is likely that if temperature increase or habitat loss affects the numbers of species
in the system, by increasing rates of invasions or rates of
species loss, an increase or decrease in response predictability may result on the basis of how diversity is affected.
That stochastic processes might play a stronger role in
restructuring communities following nutrient addition is
particularly intriguing. We observed a strong decrease in
response predictability in abundance with nutrient addition in aquatic communities. That increased productivity
often drives decreases in predictability has long been recognized (Warwick and Clarke 1992; Chase and Leibold
2002). Slight variations in initial species composition or
stochastic priority effects that become magnified with fertilization are two primary mechanisms that have been suggested to underlie this pattern (Steiner and Leibold 2004;
Soininen et al. 2005; Houseman et al. 2008). These mechanisms highlight the importance of stochastic processes in
community restructuring following nutrient addition.
We predicted that biotic disturbances (species invasions
and extinctions) would lead to higher magnitude changes
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Figure 3: Average response ratios (ln[disturbance/control treatment]) and 95% confidence intervals of abundance and diversity response
predictability to experimental disturbance manipulations for groups of studies differing with regard to type of disturbance combined with
habitat type. The values below each point represent the number of results included in the analysis and, in parentheses, the number of
articles from which those results were taken. Values that significantly differ from 0 (P p .05 ) are indicated with an asterisk, and different
letters indicate significant differences between two values (P p .05).

in response predictability than abiotic disturbances (nutrient addition, temperature increase, habitat loss), since
biotic disturbances have a more direct and potentially
stronger impact on species interactions (Van Cleve et al.
1991; Chapin et al. 2000). Support for this prediction was
mixed. Across habitat and trophic categories, abiotic disturbances led to significant decreases in response predictability in abundance. Abundance response predictability
was also significantly lower following abiotic disturbances
than following biotic disturbances (table 2). As discussed
previously, this lack of effect for biotic disturbances was
due to the strongly dichotomous trends in response predictability for species invasions and species removals.
When separated by disturbance type, only species invasions and species removals led to changes in response predictability; however, these effects were not consistent
across habitat types (figs. 2, 3). The significant decrease
in response predictability for abiotic disturbances was
driven by the results from the aquatic nutrient addition
studies, since no significant changes in response predictability were observed for either habitat loss or temperature
increase.

That changes in response predictability can differ for
similar disturbances in different habitats was strongly supported by our results. Aquatic and terrestrial systems differ
in terms of food web structure and ecosystem properties.
Terrestrial systems are generally more productive and complex with shorter food chain lengths, while aquatic systems
have shorter timescales and potentially stronger interactions between species (Shurin et al. 2002). These differences suggest that aquatic and terrestrial systems will differ
in at least some aspects of their response to different disturbances. In support of this prediction, we found a significant increase in response predictability in diversity in
aquatic communities across all disturbances types. This
trend was not observed for terrestrial systems (fig. 1; table
1). Diversity response predictability was also significantly
greater in aquatic systems than in terrestrial systems across
all disturbances (table 2). Therefore, across all disturbances, aquatic systems appear to be more susceptible to
changes in response predictability than terrestrial systems.
A similar trend was also observed for species invasions,
with an increase in response predictability in diversity observed for invasions in aquatic but not terrestrial habitats.
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Figure 4: Average response ratios (ln[disturbance/control treatment]) and 95% confidence intervals of abundance and diversity response
predictability to experimental disturbance manipulations for groups of studies differing with regard to type of disturbance combined with
trophic role of the affected species. The values below each point represent the number of results included in the analysis and, in parentheses,
the number of articles from which those results were taken. Values that significantly differ from 0 (P p .05 ) are indicated with an asterisk.

This suggests that biotic homogenization resulting from
invasions may be more prevalent in aquatic ecosystems
(Qian and Guo 2010). In contrast, in terrestrial systems,
invasions increased response predictability in abundance.
While this latter result could be an artifact of low sample
size (n p 7), mechanisms underlying invasion success
have been shown to differ between terrestrial and aquatic
habitats. For example, positive diversity-invasibility relations are often observed at larger scales in terrestrial habitats (Levine 2000), and greater evolutionary differences
between native and nonnative species have been proposed
as one reason why aquatic habitats are more easily invaded
than terrestrial habitats (Mooney and Cleland 2001).
Broad habitat differences were also observed for species
removals. When separated by habitat, the trend of decreased predictability following a species removal was significant only for terrestrial systems. The question of why
species removals would decrease response predictability in
terrestrial systems but not in aquatic systems is of significant interest. It suggests that, in general, terrestrial systems
may be destabilized by species loss more so than aquatic
systems. It has previously been suggested that the stabi-

lizing effects of diversity may differ in terrestrial versus
aquatic systems (Jiang and Pu 2009). Studies conducted
in terrestrial systems typically manipulate and measure
responses in plant guilds, while studies conducted in
aquatic systems manipulate and measure responses in consumer guilds.
The one other disturbance for which a habitat difference
was observed was for nutrient addition, which significantly
decreased in response predictability in abundance only in
aquatic systems. We attribute this difference in habitat
response to more pronounced effects of nutrient enrichment in aquatic systems due to the shorter timescales and
higher rates of herbivory, which allow nutrients to recycle
faster in aquatic as compared with terrestrial systems (Shurin et al. 2002)
Along with habitat differences, we also found that
trophic status had a major effect on whether response
predictability changed significantly following disturbance
(fig. 4). While neither abundance nor diversity response
predictability differed significantly between producer and
consumer species across all disturbances (table 2), we
found significant changes in response predictability ac-
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Figure 5: Average response ratios (ln[disturbance/control treatment]) and 95% confidence intervals of abundance and diversity response
predictability to experimental disturbance manipulations for groups of studies differing with regard to trophic role of the invading or
removed species in invasive species and species removal disturbance types. The values below each point represent the number of results
included in the analysis and, in parentheses, the number of articles from which those results were taken. Values that significantly differ
from 0 (P p .05) are indicated with an asterisk.

cording to trophic status for specific disturbances. When
considering the producer-consumer distinction in terms
of the response to disturbance, our results suggest that
biotic homogenization following species invasions is particularly strong for producers. This is because response
predictability in producer diversity was the only metric to
decrease significantly following species invasions. When
considering whether the invasive species or species removed was a producer or consumer, two additional trends
were observed. First, only invasions or removals of producers led to significant changes in response predictability.
Producer invasions led to significant increases in diversity
response predictability, while producer removals led to significant decreases in both abundance and diversity response predictability. These results suggest that alterations
at the base of the food web may lead to more consistent
effects than disturbances involving consumers. That producer invaders have greater ecological effects than consumer invaders was recently shown by Vila et al. (2010)
in a cross-taxa study in Europe. Additionally, loss of species
in lower trophic levels has been hypothesized to cause

stronger changes throughout a food web than loss of
higher trophic levels.
The meta-analysis presented here is the first attempt to
summarize how response predictability changes following
disturbance in ecological communities. Many additional
patterns and trends not discussed here may be of considerable interest in understanding how disturbance affects
response predictability and for assessing the implications
of characteristic changes in response predictability in ecosystem management. One pattern that we did not discuss
in detail is why some disturbances affect response predictability in abundance only, others diversity only, and
some both. For example, species removals decreased both
abundance and diversity response predictability in terrestrial systems, while the effect of species invasions was limited to diversity in aquatic systems and abundance in terrestrial systems. These types of differences provide
potentially important information for predicting the consequences of a disturbance, and future studies that focus
on the significance of these patterns are needed. Likewise,
the implication of different directional changes in response
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predictability in assessing the potential for ecosystem recovery (Benayas et al. 2009) holds considerable promise.
The directional differences in response predictability observed suggest that effective methods to manage ecosystems recovering from a disturbance such as species loss
may be very different from management needed following
species invasions. This is due to differences in postdisturbance community assembly processes and the reduction
in spatial variability in diversity that would inhibit natural
recolonization. Finally, the strong effects we observed for
response predictability in three out of five disturbances
and the overall increase in response predictability across
all disturbances in aquatic systems reinforce the importance of addressing changes in variance along with average
values when interpreting the results of experiments. In
conclusion, response predictability is a useful metric that
can provide a wide range of information on how disturbance affects ecological communities that is overlooked
when considering average values alone.
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