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Abstract

Concern is growing about the potential effects of interacting multiple stressors, especially as the global climate
changes. We provide a comprehensive review of multiple stressor interactions in coral reef ecosystems, which are
widely considered to be one of the most sensitive ecosystems to global change. First, we synthesized coral reef studies
that examined interactions of two or more stressors, highlighting stressor interactions (where one stressor directly
influences another) and potentially synergistic effects on response variables (where two stressors interact to produce
an effect that is greater than purely additive). For stressor-stressor interactions, we found 176 studies that examined
at least 2 of the 13 stressors of interest. Applying network analysis to analyze relationships between stressors, we
found that pathogens were exacerbated by more costressors than any other stressor, with ca. 78% of studies reporting
an enhancing effect by another stressor. Sedimentation, storms, and water temperature directly affected the largest
number of other stressors. Pathogens, nutrients, and crown-of-thorns starfish were the most-influenced stressors. We
found 187 studies that examined the effects of two or more stressors on a third dependent variable. The interaction of
irradiance and temperature on corals has been the subject of more research (62 studies, 33% of the total) than any
other combination of stressors, with many studies reporting a synergistic effect on coral symbiont photosynthetic per-
formance (n = 19). Second, we performed a quantitative meta-analysis of existing literature on this most-studied
interaction (irradiance and temperature). We found that the mean effect size of combined treatments was statistically
indistinguishable from a purely additive interaction, although it should be noted that the sample size was relatively
small (n = 26). Overall, although in aggregate a large body of literature examines stressor effects on coral reefs and
coral organisms, considerable gaps remain for numerous stressor interactions and effects, and insufficient quantita-
tive evidence exists to suggest that the prevailing type of stressor interaction is synergistic.
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have received (Sutherland et al., 2009; Blackwood et al.,

Introduction 2011; Melbourne-Thomas et al., 2011), our knowledge

Globally, biodiversity and ecosystem services are under
threat from a suite of human activities (Dawson et al.,
2011), with climate change likely exacerbating existing
stressors (Halpern et al., 2008). The increased sense of
urgency associated with these global threats adds to a
long-standing call for a better understanding of the
effect of multiple stressors on biodiversity and ecosys-
tem function (Breitburg et al., 1999). A stressor has been
defined as any environmental change in a factor that
causes some response by a population of interest
(whether beneficial or deleterious) (Underwood, 1989);
here we focus on deleterious effects at the community,
population, or individual (including physiological)
level, whether natural or anthropogenic in origin. How-
ever, despite the additional attention multiple stressors
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about their interactions remains nascent (Halpern et al.,
2008).

Much of the concern over multiple stressors stems
from the potential for their combined effects to exceed
their individual effects — often referred to as synergism
(Folt et al., 1999). If the combined effect of stressors is
less than the sum of their individual effects, this is con-
sidered antagonistic. Additive effects occur when the
combined effects are equal to the sum of the individual
effects. Reviewing evidence for synergistic and antago-
nistic effects, Crain et al. (2008) found 202 experiments
assessing direct impacts of multiple stressors in marine
systems (33 of which applied to coral reefs), while
Darling & Coté (2008) found 23 studies (112 experi-
ments) across the terrestrial, marine, and freshwater
ecological literature (although none pertained to coral
reefs) that featured controlled factorial experiments
with two stressors and mortality as the response
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variable. Both of these reviews concluded that the
majority of studies investigating stressor interactions
found nonadditive (i.e. either synergistic or antagonis-
tic) effects. Crain et al. (2008) found synergistic effects
in 36% of studies and antagonistic effects in 38%, with
26% additive. By contrast, Darling & Coté (2008) found
synergistic effects in 35% of their sample and antago-
nistic effects in 23%, with 42% being additive. Further-
more, evidence for the existence of ecological surprises
— where the behavior of a natural system sometimes
drastically deviates from expectations or historic condi-
tions — continues to mount (Lindenmayer et al., 2010).
In many cases, synergistic effects may have played a
role in these ecological surprises (Hecky et al., 2010).
For example, Christensen et al. (2006) found that the
interaction between temperature, dissolved organic car-
bon, and pH in temperate lakes had a positive, syner-
gistic effect on consumer biomass, even though
individually each variable exerted negative effects. In
another example, Davis et al. (2010) found the
combined effects of eutrophication, acidification, and
salinization led to regime shifts between macrophyte-
dominated and phytoplankton-dominated lentic
(standing-water) systems.

Effective management responses to growing anthro-
pogenic impacts on ecosystems requires an under-
standing of how stressors interact, and coral reefs are a
particularly good example of the interplay between glo-
bal and local stressors. Coral reefs are widely believed
to be one of the world’s most stressed ecosystems
(Walther et al., 2002; Hughes et al., 2003; Carpenter
et al., 2008; Hoegh-Guldberg & Bruno, 2010), and hence
understanding — and managing — multiple stressor
interactions is particularly urgent. Coral reefs are also
among the most biologically diverse and socioeconomi-
cally valuable biomes (Moberg & Folke, 1999), and face
many natural, anthropogenic, and anthropogenically
enhanced natural stresses. Identifying synergisms
between stressors would allow prioritization of man-
agement to mitigate the most severe interactions, such
as reducing sedimentation or fishing pressure to poten-
tially enhance recovery from bleaching (e.g., Carilli
et al., 2009; Graham et al., 2011), or improving water
quality to enhance resistance to thermal bleaching
(Wooldridge, 2009; Carilli et al., 2010). Similarly, if signs
or precursors of ecological surprises can be reliably
detected, managers may be able to take early preventa-
tive action such as reducing fisheries catches (McClana-
han et al., 2011) or prohibiting fertilizer application in
upstream watersheds (Brodie ef al., 2012). Thus, inter-
actions of multiple stressors, and the resulting cumula-
tive impacts, have been identified as a research priority
or necessity by management and regulatory bodies
(NOAA, 2012; PICES (North Pacific Marine Science

Association) (2012), Great Barrier Reef Marine Park
Authority, 2009; Fisheries & Oceans Canada, 2008;
Council on Environmental Quality, 2005; Office of
Research & Development, 2005) and researchers (Paine
et al., 1998; Vinebrooke et al., 2004; Salbu et al., 2005)
alike. While the phenomenon of multiple stressors in
coral reef ecosystems has been studied previously
(Coles & Jokiel, 1978; Lesser et al., 1990; Shick et al.,
1996; Darling et al., 2010), to date little agreement exists
about which stressors are likely to act synergistically, or
how they should be managed where they do occur (Folt
et al., 1999; Dunne, 2010). Thus far, no reviews have
specifically focused on the coral reef literature to assess
the prevalence of synergistic effects.

The purpose of this study is to review the research
on multiple stressor interactions in coral reef ecosys-
tems, and we use two approaches to examine the prob-
lem of multiple stressors. First, we synthesize coral reef
studies that examined interactions of two or more stres-
sors and differentiate between stressor interactions
(where one stressor directly influences another) and the
effects of multiple stressors on another response vari-
able. Our qualitative overview provides the state of
current knowledge of multiple stressor interactions
on coral reefs, allows for identification of research
gaps, and highlights areas where sufficient data may
exist for future meta-analyses. We apply a network-
analysis approach to analyzing stressor interactions
(Wenger et al., 1999) to identify the most influential or
most-influenced stressors. This approach may allow
managers to focus on reducing those stressors whose
interactions with other stressors are likely to have the
most deleterious effects. Second, we perform a quanti-
tative meta-analysis on one of the most-studied stressor
interaction effects on coral organisms - irradiance and
temperature - and assess whether sufficient evidence
exists to draw general conclusions about this interac-
tion. In this analysis, we consider three of the most
commonly and consistently measured stress response
variables from the coral reef literature: coral symbi-
ont (zooxanthellae) density, photosynthetic efficiency
(Fy/Fy), and chlorophyll a concentration.

Study Selection

To categorize research on stressor interactions, we
identified 13 stressor categories through key review
papers in the coral reef and multiple-stressor literature
(Hoegh-Guldberg, 1999; Halpern et al., 2007; Keller
et al., 2009) (Table 1). Some potential stressor categories
[e.g., ocean mining, ecotourism, coastal development:
(Halpern et al., 2007)] manifest their effects indirectly
through other stressors (e.g., nutrient loading, sedimen-
tation), and hence we excluded these categories as
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Table 1 List of stressor categories used to examine potential
interactions between stressors

Stressor Selected references

Ocean acidification (Anthony et al., 2008,
Kleypas et al., 1999)
Crown-of-thorns (Done, 1992, Moran, 1986)
starfish outbreaks

(Bell, 1992, Szmant, 2002)
(Jackson et al., 2001, Valentine &
Heck Jr, 2005)

(Carpenter et al., 2008; Goreau &

Eutrophication
Fishing pressure

Increased ocean

temperatures Hayes, 1994)
Irradiance (Brown et al., 1994)
Pathogen-induced (Willis ef al., 2004)
disease
Pollution (Lewis et al., 2009)
Reduced salinity (Brown, 1997; Kerswell & Jones, 2003)
Storms (Cheal et al., 2002, van

Woesik et al., 1991)
Terrestrial (Dubinsky & Stambler, 1996,
sedimentation Fabricius, 2005)

(Dunne & Brown, 1996, Lesser, 1997)
(Przeslawski et al., 2008,
Selkoe et al., 2009)

Ultraviolet radiation
Sea level rise

stressors per se. In the case of disease, to avoid conflat-
ing the stressor (i.e. pathogens) with the response of the
host to the stressor (infection and associated symptoms)
we differentiated studies that directly measured
changes in pathogen abundance or virulence factors
from those that observed disease symptoms or host
mortality that were presumed to be disease-related. We
searched each combination of stressors (using a combi-
nation of the Booleans and with or for synonymous
terms — see Table S1) using the Topic search feature on
ISI Web of Knowledge using the Science Citation Index
(SCI-Expanded, 1972-Present) and the Conference Pro-
ceedings Citation Index (CPCI-S, 1990-Present). We
used the Topic search because it is more comprehensive
than using title or keyword searches. All studies up to
September 2013 were included.

The studies returned from the searches were exam-
ined for their applicability, and entered into a database.
If more than 150 results were returned from the topic
search, we imported the search results into Endnote X4
(Thomson Reuters, New York, NY, USA, 1988-2010)
and then filtered the results by searching only the key-
word field. We manually screened this subset of results,
and discarded studies that were outside the purview of
our analysis (e.g., studies concerning ‘sediment’ in a
geological context). If 150 or fewer results were
returned, we manually screened each abstract to pro-
duce a subset of studies that explicitly examined (i.e.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 20, 681-697

MULTIPLE STRESSORS ON CORAL REEFS 683

either manipulated or controlled for) the stressors of
interest. To keep the number of search term permuta-
tions tractable, we confined our search to studies that
pertained in some way to tropical or temperate herma-
typic coral reefs or scleractinian coral organisms. Thus,
studies on deep water and cold-water corals were
excluded, as were organisms such as macroalgae, fora-
minifera, etc. Because marine reserves and no-take
areas are a common management mechanism in coral
reefs, we also included the effects of reef fisheries and
stressors affecting reef-associated fish. We also disre-
garded studies that did not measure at least two stres-
sors of interest. Both field and laboratory studies
(including mesocosm studies) were included. Reviews
and modeling studies without an experimental compo-
nent were excluded. In this article, all of the response
variables we discuss pertain to corals unless otherwise
specified.

Meta-analysis approach

Qualitative meta-analysis. Studies were divided into two
groups: those that reported the effect of one stressor on
another, and those that reported the effect of two (or
more) stressors on a response variable. In the first
group, for each stressor combination, we first created a
table where the number of studies examining a specific
interaction were tallied according to the direction of
effect one stressor had on another. We did not evaluate
synergistic or antagonistic effects in these interactions,
merely whether one stressor increases (reinforces) or
reduces (mitigates) the level or incidence of another.
These interactions were considered asymmetrically
(e.g., sediment loading is typically associated with
increased nutrients, but the converse cannot be
assumed). To examine the relative stressor influences,
we imported an unweighted (i.e. relationships were not
weighted by the number of studies) version of the table
into the software UCINET (Borgatti ef al., 2002) and
NetDraw (Borgatti, 2002) for analysis and network
diagram creation. Using this stressor ‘network’ of inter-
actions, we calculated both in-degree centrality, out-
degree, and betweenness to determine stressors with
either the most influence on other stressors or that were
affected by the highest number of stressors. In-degree
centrality calculated the number of stressors that have a
direct influence on each stressor; out-degree is the num-
ber of stressors influenced by a particular stressor, and
betweenness is an indicator of how central a stressor is
in terms of relationships to other stressors via indirect
pathways.

For the studies that examined the effect of multiple
stressors on a response variable, we identified the
response variable for each stressor combination and the
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net direction of the response variable when stressor
effects were combined. We also noted whether or not
the experimental design (statistically and/or methodo-
logically) allowed synergistic or antagonistic interac-
tions to be detected quantitatively.

11Bleaching (0)

21 Coral mortality
)

1| Growth rate (0)
7|Photosynthesis (6)
1Photosynthesis (1)

Temperature

Quantitative meta-analysis. Using the database of multi-
ple stressor studies, we tabulated the number of stud-
ies by dependent variable type to identify candidates
for quantitative meta-analysis. We segregated studies
by response variable to keep analysis subgroups as
homogenous as possible. We also recorded genus,
species, geographical region, and biographical infor-
mation for each study. We then picked one of the
most numerous response types (n = 31) to carry out a
quantitative meta-analysis: the effect of temperature
and irradiance on coral symbiont photosynthesis.
Within this category, photosynthetic performance was
most commonly measured by three different parame-

Sedimentation

(Reduced)
Salinity

ters. These parameters were (i) dark-adapted maximal
chlorophyll fluorescence (F,/Fy) (n =20); (i) symbi-
otic zooxanthellae density (n = 6); and (iii) chlorophyll
a concentration (1 = 16). We extracted data from elec-
tronic (PDF) versions of manuscripts using either
Adobe Acrobat’s on-screen measuring tools or directly
from reported results. For studies reporting time ser-
ies data, we used the last point in the experimental
time series except in cases where complete mortality
occurred before the end of the experiment, in which
case we used the last nonzero point. If an experiment

11 Coral mortality (1)
1/ Photosynthesis (1)

Pollution

Nutrients

was long-term, we only used results from the acute
stress phase of the experiment (i.e. we did not use
values from a recovery phase). If multiple treatment
levels (e.g., high and moderate temperature treat-
ments) were applied, we only used the largest treat-
ment differential to calculate effect size. In studies
that included multiple species, we treated each spe-
cies as a separate experiment. We discarded studies
that were missing information about sample error,
sample size, or did not manipulate each stressor both

35| Photosynthesis (25)
11 Photosynthesis (1)
5 Photosynthesis (4)
1< Symbiont clade (0)
1| Community

productivity (0)
1+ Photosynthesis (0)

1| [Polyunsaturated

1> Disease (1)
FAs] (1)

Irradiance
41 Disease (4)
21 [MAA] (0)

Fishing

Disease

jointly and independently. After these screening steps,
17 studies for F,/F,, 6 studies for zooxanthellae
density, and 3 studies for chlorophyll a concentration
remained that were suitable for meta-analysis.

Ideally, meta-analysis of synergistic effects would
analyze, from each study, an estimate of the interaction
term from a statistical model (e.g., ANOvA or other linear
model), and its associated SE. Unfortunately, most
studies do not report this statistic. Consequently, previ-
ous meta-analyses have tended to use a ‘two-interval’

CoTS

17Bioerosion (0)

1/ Fertilization (1)

1 Fertilization (1)
l<Photosynthesis (1)
1Coral mortality (1)
11Coral mortality (1)
1| Calcification (1)
1] Photosynthesis (1)

Acidification

approach: inferring synergistic effects when the confi-
dence intervals on the meta-analysis estimate of the
combined treatment effect does not overlap with
the confidence intervals on the estimate of the

*This experiment compared subsaturating irradiance with saturating irradiance; the effects of higher irradiances were not tested.

tPossibly confounded by poaching in ostensibly protected areas.
1This study was not unable to disentangle the effects of sedimentation from the effects of nutrient loading.

Table 2 (Continued)

Stressor
uv

© 2013 John Wiley & Sons Ltd, Global Change Biology, 20, 681-697
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additive effect (Crain et al., 2008; Darling & Coté, 2008).
However, this approach is subject to potentially large
Type II error—failure to detect a synergistic effect when
one is, in fact, present (Schenker & Gentleman, 2001;
Payton et al., 2003)(see Appendix S1 and Table S2 for
an illustration).

As an alternative to the two-interval approach, we
instead use a Monte Carlo method, the parametric
bootstrap (Efron & Tibshirani, 1994), to approximate
the SE of the interaction term from each study, and
we use those as our test statistics in the meta-analy-
sis. The approach is similar to the better-known non-
parametric bootstrap, but values are drawn from a
probability distribution, rather than being resampled
from actual observations. Specifically, we randomly
draw a mean value for each treatment (control, irra-
diance only, temperature only, irradiance & tempera-
ture), from a normal distribution with a mean equal
to the observed treatment mean, and a SD equal to
the SD of the mean (i.e. the SE). We then calculate
temperature, irradiance, and combined effects by tak-
ing the difference between the relevant Monte Carlo-
sampled treatment mean value and the sampled
mean of the control. The interaction term is then the
difference between the combined treatment effect and
the additive effect (temperature effect + irradiance
effect). If the combined effect is larger than the addi-
tive effect (i.e. the interaction term is positive), this
indicates synergy; if it is smaller than the additive
effect, then antagonism is indicated. Finally, we con-
vert this to an estimate of Hedges’ ¢ (Hedges, 1981),
a measure of effect size, by dividing this interaction
term by the pooled SD. We repeat this procedure
1000 times for each study, producing a frequency dis-
tribution of interaction term values. The SD of this
statistic is the SE that we use in our meta-analysis for
that study.

We calculated these bootstrap estimates of interac-
tion terms for each response variable (i.e. maximal
chlorophyll fluorescence (F,/F), zooxanthellae den-
sity, chlorophyll a concentration), and evaluated
subgroup heterogeneity using the I* index (Higgins &
Thompson, 2002) in R (R Core Team, 2012) with the
‘metafor’ package (Viechtbauer, 2010). Heterogeneity
measures provide an indication of whether the varia-
tion in effect size between studies is entirely due to
measurement error around a single true effect size, or
whether the true effect sizes being measured in each
study actually vary around an overall mean (e.g., due
to difference in how treatments were administered or
to choice of study organism). As species and treat-
ment conditions varied from study to study, we used
a random-effects model (see Chan & Connolly, 2012
for more details) to estimate the combined effect size

for each group of response variables and treatments.
We also explored possible explanations for any heter-
ogeneity by performing a meta-regression on the
study characteristics of region of origin, genus of
study species, and magnitude of temperature and
irradiance treatments (absolute difference between
treatment condition and control condition). Finally,
we assessed whether a publication bias may exist (i.e.
whether studies reporting large or significant effect
sizes may be overrepresented relative to studies
reporting no effect), by plotting reported effect sizes
against the SE of each study to produce a funnel plot
(Moller & Jennions, 2001). If no publication bias is
present, this plot should show a larger variation in
effect size as the SE increases (Fig. S1).

Multiple stressors on coral reefs: Much interest, few
quantitatively comparable findings

Taken as a whole, there is an extensive body of litera-
ture concerning single and multiple stressor effects on
coral reef ecosystems. However, we found that the
number of studies that quantitatively examined com-
bined stressor effects in a way that clearly demonstrates
the presence or absence of synergistic effects was quite
low (e.g., in the case of photosynthesis, only three stud-
ies examining temperature and nutrient interactions,
and only one examining temperature and salinity inter-
actions — see Table S3). Further complicating attempts
to synthesize the literature is the diversity of response
variables measured and the lack of consensus on what
indicators or metrics best represent the state of coral
reef health (e.g., coral cover, mortality, fecundity;
Hughes et al., 2010). Here, we describe some of the
interactions between stressors themselves and between
stressors and response variables in terms of their sup-
port (or lack thereof) in the literature. We also propose
some ways in which managers could use these findings
to assist in quantifying stressor interactions and help to
identify those stressors with the most wide-reaching
potential effects.

Qualitative Meta-analysis: Stressor-Stressor Interactions

Using our search criteria, we found 176 studies that
examined the interaction of at least two of the 13 stres-
sors (Table S4). The most frequently studied stressors
were nutrient loading (37 studies, 21% of all studies),
pathogen growth and virulence (32 studies, 18%), sedi-
mentation (29 studies, 17%) and fishing pressure (29
studies, 17%). Some of the notable data gaps regard-
ing stress-stressor interactions concern irradiance
(other than interactions with sedimentation), salinity
(other than interactions with nutrients), pollution, and

© 2013 John Wiley & Sons Ltd, Global Change Biology, 20, 681-697
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[(QPollution

Salinity

Fig. 1 Network diagram of stressor-stressor relationships. Node size reflects betweenness measure for that node, i.e. the number of
other stressors that are directly or indirectly mediated by that node. Unidirectional relationships are depicted with solid lines; bidirec-

tional relationships are depicted with dashed lines.

ultraviolet radiation. Converting the table into a net-
work diagram (Fig. 1) and calculating the in-degree
centrality (i.e. the number of other stressors directly
affecting each stressor) and betweenness (i.e. number of
other stressors that are directly or indirectly mediated
by that node) of each node showed that pathogen load-
ing had the highest in-degree and the highest between-
ness measure. Nutrients also had a high in-degree, but
a relatively low betweenness measure. Stressors with a
high out-degree measure (i.e. those influencing the
highest number of other stressors) were sedimentation,
storms, and temperature. Weighting the network by the
number of studies would reflect a bias in the topics that
attract the most research interest, rather than the weight
of evidence for (or against) a particular stressor interac-
tion. In a weighted network, the degree centrality and
betweenness metrics would be biased toward nodes
that had a larger number of studies contributing to the
linkages between nodes. Thus, in an unweighted net-
work, both degree centrality and betweenness provide
an unbiased way of quantifying the degree to which a
stressor mediates or influences other stressors. How-
ever, betweenness reflects both direct and indirect
linkages to other stressors, whereas in-degree and out-
degree only measure direct linkages. The limitation of
all these metrics is that additional interactions may
exist that have not been reported in the literature. For
example, increased irradiance is physically linked with
increased water temperature, but this fundamental
linkage is unlikely to be reported in the biological liter-
ature as a key finding. In addition, other linkages may
exist that have not been reported simply because the
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studies have not been performed to test or verify their
existence.

Most influential stressors: Sedimentation, storms,
temperature

According to our network analysis of stressor relation-
ships as reported in published studies, the stressors
that were most influential on other stressors were
sedimentation, storms, and temperature (Fig. 1). Sedi-
mentation directly affected fishing (by affecting
catches), irradiance, nutrient loading, pathogen load-
ing, pollution, and ultraviolet exposure. Sedimentation
correlates with or reinforces the effects of nutrients,
disease, and pollution, but mitigates irradiance and
UV exposure. Sedimentation effects on reef-associated
fish and fisheries vary depending on the habitat asso-
ciation and prey composition of fish species. Storms
(variously called cyclones, hurricanes, and typhoons,
depending on the ocean basin in which they occur)
directly influenced three of the same stressors as
sedimentation (nutrients, ultraviolet exposure, and
fishing) and three others (salinity, temperature, sedi-
mentation). Storms, while causing direct and indirect
damage to reefs, also potentially mitigate some stres-
sors: they can reduce water temperatures (Manzello
et al., 2007; Carrigan & Puotinen, 2011), decrease irra-
diance (van Woesik et al.,, 1995), and potentially
reduce sediment burial (Manzello et al., 2007; Carrigan
& Puotinen, 2011).

Temperature was the most-studied influencing stres-
sor, with ca. 23% of studies considering temperature
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and 57% of those reporting a reinforcing effect on
another stressor. These reinforcing effects were seen
with ultraviolet radiation (Anderson et al., 2001) and
pathogen growth (Bally & Garrabou, 2007) and viru-
lence (Banin et al., 2003) as well as fishing (by causing
shifts in community structure or abundance; however,
the aggregate response of reef fish populations to tem-
perature increases appears to be complex and variable,
resulting in changes in physiology, behavior, and
recruitment (Lo-Yat ef al., 2011; Feary et al., 2010;
Gardiner ef al., 2010)). Potentially reinforcing effects
were seen between increased temperature and cyclone
and hurricane frequency (Pielke, 2005; Anthes
et al., 2006), and for low-salinity stress (Faxneld et al.,
2010), although the former is controversial (Hayne &
Chappell, 2001; Hetzinger et al., 2008; Kumar et al.,
2009) and there is conflicting evidence of the latter
(Porter et al., 1999). Potentially mitigating stressor inter-
actions were seen for crown-of-thorns starfish, which
appear to have a relatively narrow temperature toler-
ance during their larval stage (Johnson & Babcock,
1994), with adult mortality occurring at temperatures of
33-34 °C (Yamaguchi, 1974). In short, increasing water
temperatures have a suite of effects on other stressors
affecting coral reefs; on balance, most of these effects
appear to be deleterious.

Most-influenced stressors: nutrients, crown-of-thorns
starfish, pathogens

The stressors that were influenced by the greatest num-
ber of other stressors were nutrients, crown-of-thorns
starfish, and pathogens (Fig. 1). Most of the stressors
influencing nutrient loading were associated either
directly or indirectly with flood events due to terrestrial
runoff, and also sediment resuspension by storms
(Delesalle et al., 1993). Nutrient loading has been
hypothesized to contribute to crown-of-thorns out-
breaks (also known as the ‘terrestrial runoff hypothesis’
or ‘larval survival hypothesis’) (Birkeland, 1982), but
evidence to date is mainly correlative (Brodie et al.,
2005; Fabricius, 2005). Pathogen growth and virulence
can be enhanced by increased temperature (Ward et al.,
2007) and increased nutrient availability (Richardson &
Ragoonath, 2008), while host susceptibility to infection
can also be affected by stress due to increased
irradiance (Griffin, 1998), acidification (Thurber et al.,
2008), pollution (Arboleda & Reichardt, 2009), and sedi-
mentation (Vargas-Angel et al., 2007) in addition to
temperature stress (Ward et al., 2007).

Although the network analysis is unweighted, it nev-
ertheless will reflect any bias in research effort and sub-
sequent publication. Thus, the stressors we have
deemed as most-influential or most-influenced may not

necessarily indicate the strength or ubiquity of these
interactions. Furthermore, some stressors are difficult
to quantify and measure due to their multifaceted and
complex nature (such as crown-of-thorns outbreaks or
fishing pressure), whereas others are more straightfor-
ward to measure and manipulate — at least in a labora-
tory setting (such as temperature and salinity). Thus,
there is likely to be a bias in the literature toward stres-
sors that lend themselves to experimental manipula-
tion. This division between complex and simple
stressors may partially explain why two of the most-
influenced stressors are complex biological phenomena
(crown-of-thorns and pathogens), whereas two of the
most-influential stressors are relatively simple physical
factors (sedimentation and temperature).

Qualitative Meta-analysis: Coral reef responses to
multiple stressors

We found 187 experiments (some studies contained
multiple experiments and thus contributed to more
than one category) that examined the effects of two or
more stressors on a third dependent variable (Table 2;
Table S5). Coral calcification, coral bleaching/symbiont
photosynthesis, coral cover, observations of coral dis-
ease symptoms, and coral mortality were among the
most commonly studied response variables (Fig. 2) in
multiple-stressor studies. Of the 187 experiments, 111
were assessed quantitatively in the original studies.
Nearly all of the studies used an aNova to detect inter-
action effects, with some using techniques such as
boosted regression trees (Cervino et al., 2003), discrimi-
nant function analysis (Mumby et al., 2001), or multi-
model selection (Yee et al., 2008; Yee & Barron, 2010).
Of these 111 experiments with a quantitative basis, 60
reported a synergistic effect, 17 reported an antagonis-
tic effect, and 33 reported an additive effect or no
significant interaction (and one did not report either
way regarding an interaction despite being designed to
do so).

Examples of reported synergistic effects included
nutrients and acidification enhancing the growth of the
white plague pathogen Aurantimonas coralicida (Remily
& Richardson, 2006), and increased sediment interact-
ing with hyposaline conditions to depress fertilization
and development of Acropora millepora (Humphrey
et al., 2008). Examples of antagonistic effects included
increased nutrients offsetting the effects of acidification
on coral calcification (Langdon & Atkinson, 2005;
Holcomb et al., 2010; Chauvin et al., 2011), although the
opposite effect has been more commonly reported (see
Suggett et al., 2013 for a list of all such studies). Simi-
larly, sedimentation can reduce the effects of increased
temperature and irradiance, either by augmenting
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Fig. 2 Category of response variable of studies that fit two or more of the stressor search criteria listed in Table 1. Studies conducted in
the field, lab or both are depicted by the different shading in the bars. Note that studies with response variables that we considered to
be stressors in themselves (e.g., temperature, irradiance), are excluded. Search results are from ISI Web of Science from 1965 to Septem-
ber 2013. Note that if a study included more than one response variable category, it will contribute to the frequency distribution in all

relevant Categories.

heterotrophy or reducing light penetration (Anthony
et al., 2007). The relatively low proportion of studies
reporting either a strictly additive effect or no signifi-
cant interaction at all may be due at least in part to
publication bias, where studies that do not find devia-
tions from additivity may be less likely to be submit-
ted or published (although, as we note in the
following section, we did not find evidence for such a
bias in the case of temperature-irradiance-photosyn-
thesis studies). Crain et al. (2008) also suggest that the
literature in general is likely to be biased toward
stressors that are amenable to factorial experiments
(e.g., temperature is easier to manipulate than fishing
pressure), and that stressors that are known or sus-
pected to be synergistic (e.g., ultraviolet light and tox-
ins) are more likely to attract research attention than
those that are not.

The interaction of irradiance and temperature has
been the subject of more research (62 studies, 33% of
the total number of experiments) than any other combi-
nation of stressors. Including studies that examined the
combination of ultraviolet radiation and temperature
(n = 12), there are more than 10 times as many studies
on the combined effects of irradiance and temperature
than the next highest stressor combination of nutrients
and sedimentation (n = 6 studies). Of these 62 irradi-
ance-temperature studies, 47 used either qualitative
bleaching or quantitative measures of photosynthesis
as a response variable, and 27 of these 47 employed a
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fully factorial design. Most of the quantitative studies
in the irradiance and temperature category reported a
synergistic effect on photosynthetic performance
(n = 19). Two studies found an antagonistic effect asso-
ciated with conditioning or pre-exposure to stressful
conditions (Dunne & Brown, 2001; Brown ef al., 2002)
and two (Venn et al., 2006; Yee et al., 2008) found that
the response varied with either species or experimental
conditions. Certain coral species such as Porites astreo-
ides (Venn et al., 2006), Porites porites (Venn et al., 2006),
Pachyseris rugosa (Yakovleva & Hidaka, 2004), and Pavo-
na divaricata (Yakovleva & Hidaka, 2004) were resistant
to bleaching even under the combination of high light
and temperature. A similar variability in responses was
found for ultraviolet radiation and temperature, with
five studies finding synergistic increases in bleaching
and mortality, but some finding no effect of UV on
bleaching (Fitt & Warner, 1995) or even a mitigating
effect (Fine et al., 2002). Again, conditioning or acclima-
tion to stressful conditions appears to play a role in
subsequent responses to these stressors (Rogers et al.,
2010).

Bleaching was the most commonly reported response
variable, with 52 studies reporting either a qualitative
or quantitative bleaching metric. Many other studies
measured other parameters that are either direct or
indirect proxies for bleaching, such as mycosporine
amino acid (MAA) composition, photosynthetic perfor-
mance, or oxidative stress. While bleaching clearly has
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deleterious effects on individual coral organisms, even
when it does not cause mortality, disagreement still
exists about whether nonlethal bleaching may also play
a role as an adaptive response to environmental stress
(Fautin & Buddemeier, 2004; Jones, 2008).

The complex interactions between bleaching and dis-
ease are unusual in that they could be considered an
example of an interaction between stressor responses.
Some have hypothesized that bleaching is actually a
result of infection by a pathogen that is facilitated by
corals’ response to environmental stress (Ben-Haim
et al., 2003; Rosenberg et al., 2009), but reports of such a
relationship are confined mainly to the Mediterranean
region. In addition, there is some evidence — primarily
from the Caribbean — that bleaching episodes may facil-
itate disease outbreaks, and vice-versa (Miller et al.,
2006; Brandt & McManus, 2009; Mydlarz et al., 2009), or
that sequential bleaching and disease outbreaks could
have a synergistic effect on coral mortality (Harvell
et al., 2001; Miller et al., 2006). However, it is unclear
whether bleaching and disease are as tightly coupled in
other regions, such as the Indo-Pacific (Maynard et al.,
2011; Ban et al., 2013).

We found few studies that examined the effect on
any response variable of interactions of any other
stressor with pathogens (17 =1), crown-of-thorns
(n=2), sea level rise (n=2), storms (n=4), or
pollution (1 = 6). Thus, these areas may represent a
potential research gap in terms of coral responses to
multiple stressors. In addition, as with our stressor-
stressor analysis, there are categories where it is rea-
sonable to assume that interactions occur based on
physical principles. For example, increased irradiance
will increase temperatures, and sea-level rise will
decrease irradiance for photosynthetic organisms with
accretion rates slower than the rate of rise — as has
occurred in the geologic past (Kendall & Schlager,
1981; Blanchon & Shaw, 1995; Zhao et al., 2008) and
may again in the future (Pittock, 1999; Knowlton,
2001; Grigg et al., 2002). Indeed, Table 2 makes it clear
that conspicuous gaps exist in the literature with
respect to numerous interaction pairs. Some of these
gaps include the interaction between nutrients and
irradiance (including UV radiation), and between
nutrients and pollution. The broad categories also
belie the shortage of studies that examine interactions
between stressors of the same type, e.g., between dif-
ferent herbicides, or between heavy metals and pesti-
cides. One exceptional study (Negri et al., 2011) not
only examined the interaction between temperature
and three different herbicides (diuron, atrazine, and
hexazinone) independently, but also investigated the
interaction between temperature and the simultaneous
application of all three herbicides. Nevertheless, all of

the herbicides in this study used the same mechanism
of action, namely photosystem II inhibitors. Thus, as is
the case with toxicology in general, much work
remains to be done investigating interaction effects
between specific compounds and even entire classes of
compounds (Thompson, 1996). Given the paucity of
studies on most interactions, relative to those concern-
ing irradiance, temperature, and bleaching, there is a
clear need to further explore many of these less well-
understood stressors and responses.

Quantitative meta-analysis: Combined effect of irradiance
and temperature on photosynthesis in corals

Of the 114 studies that measured one or more photo-
synthetic parameters of scleractinian corals as the
response variable, 72 controlled or manipulated at least
two factors and 45 examined the interaction between
temperature and irradiance. Of these 45 studies, 26
used a fully factorial design that made them suitable
for meta-analysis (see Table S3). From this quantitative
meta-analysis, we found that although the mean of
combined stressor effects predicted from the random-
effect models tended to be larger than the predicted
mean additive effect for each of the three response vari-
ables (F,/Fy, [chl al, zooxanthellae density, Fig. 3a),
the Monte Carlo estimate of the difference between
these effect sizes was not significantly different from a
purely additive effect for any of the response variables
(Fig. 3b). Pooling all of the response variables (1 = 26)
also showed that the combined effect of temperature
and irradiance stresses were not significantly different
from the effect that would be predicted from the sum
of the individual effects. Within this pooled group,
there was a significant degree of heterogeneity
(7 = 89.2%); however, this heterogeneity was not well-
explained by the magnitude of the temperature treat-
ment, irradiance treatment, region of origin, nor genus
of the study organism (Table S6). Given the relatively
small sample size, though, the lack of statistical signifi-
cance of the region and genus-level analyses should be
interpreted with caution.

It is surprising to find a lack of statistical evidence for
a synergistic effect between irradiance and temperature
for the three photosynthetic variables we examined,
given that photosystems that are already damaged or
impaired by high temperatures are known to be more
susceptible to photoinhibition at lower temperatures
(Fitt et al., 2001). However, there is considerable variety
in species-specific responses (e.g., Abramovitch-Gottlib
et al., 2003; Zhu et al., 2004; Abrego et al., 2008; Yee
et al., 2008), as well as evidence for a possible mitigat-
ing effect of pre-exposure to irradiance on subsequent
temperature exposure (Brown et al., 2002; Brown &
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Fig. 3 (a) Mean effect sizes by response variable and stressor type, as predicted by a random effect model. Error bars represent 95% confi-
dence interval. F,/F,, is a measure of Photosystem II photosynthetic efficiency; [chl a] is chlorophyll a concentration; Zooxanthellae den-
sity is the density of symbiotic zooxanthellae contained within coral tissue. (b) Effect-size difference between observed and predicted (i.e.
additive) combined effect using Monte Carlo simulation. Differences greater than zero indicate synergistic effect; differences less than

zero indicate antagonistic effect.

Dunne, 2008), and acclimation to both temperature and
irradiance (Robison & Warner, 2006; Visram & Douglas,
2007; Armoza-Zvuloni et al.,, 2011). Factors such as
heating rate (Middlebrook et al., 2010) and precondi-
tioning (Bellantuono et al., 2012) also introduce addi-
tional variation into the stress response. Outside of a
laboratory setting, temperature and particularly irradi-
ance can be difficult to control (Brown, 1997).
Thus, drawing broad conclusions about the irradiance-
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temperature-photosynthesis relationship poses a con-
siderable challenge. Furthermore, given that few stud-
ies use more than one treatment temperature and/or
irradiance level, determining the shape of an almost
certainly nonlinear dose-response curve between these
two factors will require more sophisticated experimen-
tal designs.

Lack of evidence for a synergistic effect at an aggre-
gate level does not mean that synergistic effects were
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not present in individual studies or that synergistic
effects do not exist. For example, in Darling & Coté’s
(2008) meta-analysis, the overall effect of multiple
stressors was not synergistic despite more than a third
of the individual experiments finding synergistic
effects. In contrast, Crain et al. (2008) found evidence
for an overall synergistic effect between stressors,
despite the majority of individual stressor pairs hav-
ing an additive effect. Both Crain et al. (2008) and
Darling & Coté (2008) used the two-interval method,
which increases the risk of type II error; hence, both
may actually have underestimated the strength of evi-
dence for an overall tendency toward synergistic
effects. Here, we find that of the 45 studies that exam-
ined combined temperature and irradiance effects, 14
(31%) reported a synergistic effect on at least one of
the response variables; seven reported no synergistic
effect, and four reported a combination of synergistic
and additive effects (Table S3). A further 18 stud-
ies had experimental designs that did not allow for
the detection of potentially synergistic effects — gener-
ally because the stressors were not independently
manipulated or controlled.

Conclusions

In general, the majority of stressor-stressor interactions
— whether through reinforcing the incidence of another
stressor or resulting in a synergistic effect on a response
variable — have deleterious consequences for corals at
both the organismal and ecosystem level, but consider-
able gaps in our understanding remain for numerous
stressor interactions and interaction effects. There is
some evidence of interactions between chemical pollu-
tants (e.g., herbicides, pesticides, and heavy metals)
and physical stressors such as increased temperature
and irradiance, and between pathogen virulence and
these physical environmental factors. We did not find
any studies that quantitatively examined interactions
between different kinds of the same type of pollutant
(e.g., interactions between two herbicides). By contrast,
irradiance and temperature effects are well-studied for
a variety of response variables (e.g., bleaching, photo-
synthesis). However, differences in experimental
design, protocols, and lack of consistency in choice of
specific measures of response variables makes synthe-
sizing the results of even well-studied interactions diffi-
cult. For example, we found only three studies that
studied the effect of irradiance and temperature on
chlorophyll a concentration using a fully factorial
design.

Despite our study being one of the most comprehen-
sive reviews on multiple-stressor effects in coral reef
ecosystems to date, we found little data for many types

of stressor interactions, particularly of the quality
needed to perform quantitative meta-analyses. Thus,
while the impacts of some stressor interactions have
been well-described in the literature, many others
remain unstudied and considerable knowledge-gaps
remain, with particularly few studies examining inter-
actions between crown-of-thorns starfish, disease,
pollution, low-salinity events, and other stressors. In
addition, interactions between (and within types of)
nutrients and pollutants, and between both of these
stressors and irradiance remain largely unstudied.

Despite more than a decade of research interest in
multiple stressors across a variety of ecosystems and
in both field and laboratory settings, it remains diffi-
cult to predict when and where synergistic effects may
occur (Breitburg et al.,, 1999; Folt et al., 1999; Crain
et al., 2008; Darling & Coté, 2008; Dunne, 2010). Since
our review was deliberately focused on stressors that
affect corals and coral reefs, it likely under-sampled
the body of literature concerning other reef-associated
organisms (such as other invertebrate taxa and algae)
that may have as-yet unknown interactions and effects
on coral reef ecosystems. Furthermore, although we
did include papers concerning reef-associated fish and
fisheries where they met our search criteria, we did
not extensively sample the considerable body of physi-
ological, ethological, and fisheries science literature
specific to coral reef fishes. It would thus be instruc-
tive to conduct reviews of multiple-stressor interac-
tions for other specific coral reef-associated taxa to
extend both our stressor-stressor and stressor-response
matrices.

Relying on published literature to determine the rela-
tive importance of stressors is constrained by the exis-
tence of publication bias; although we attempted to
minimize this by using an unweighted network analy-
sis, there may be stressor interactions that exist that are
not reflected in our network if no studies exist (or could
be found) documenting these interactions. A lack of
literature documenting a specific interaction could be
due either to the difficulty or complexity associated
with studying it, or due to the apparent self-evident
nature of an interaction — such as between irradiance
and temperature. Examples of gaps that deserve further
investigation are whether changes in salinity, ultravio-
let exposure, crown-of-thorns abundance, and fish
abundance or diversity affect either disease pathogenic-
ity or susceptibility. Salinity changes could affect the
growth rate of pathogens or make corals more suscepti-
ble to disease through stress. Similarly, ultraviolet
exposure could reduce pathogenicity by either causing
DNA damage or inhibiting pathogen growth and/or
increase host susceptibility. Finally, changes in fish
community diversity and abundance (particularly
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corallivores) - as well as crown-of-thorns abundance -
could affect the transmission of coral diseases if either
fish or A. planci serve as carriers.

Additional attention also needs to be given to the
question of whether the types of responses observed
are sensitive to the choice of variables measured, and if
so, whether the ways these variables are measured
should be standardized. For example, Chan & Connolly
(2012) demonstrated that the apparent response of cal-
cification to acidification varied between studies
depending on whether calcification was measured
using the alkalinity anomaly or buoyant weighting
technique, a difference they attributed to the time frame
over which such measurements are typically taken.

Even though global climate change is an urgent issue,
coral reef managers are mainly able to carry out local-
scale management actions, and thus have to rely on
local interventions to maximize coral reef resilience to
climate change (Hughes et al., 2007; Carilli et al., 2009;
Brown et al., 2013; Graham et al., 2013). Using local
management actions to increase the potential resilience
of an ecosystem is not limited just to coral reefs, how-
ever; others have recognized the utility of such an
approach in rocky subtidal habitats (e.g., Przeslawski
et al., 2005; Russell et al., 2009). Treating stressors as
components of a network that is interconnected by rein-
forcing and mitigating relationships may help to iden-
tify the most influential components. By focusing
management efforts on stressors that have a leverage
effect on other stressors (e.g., sedimentation) and those
that exert the largest or most frequent synergistic
effects, it may be possible to maximize the effectiveness
of those actions. Such efforts should include manage-
ment of coral reef fisheries that considers effects
beyond only target species’ abundance (Mumby &
Steneck, 2008). This will require broader implementa-
tion of ecosystem-based management and possibly
management across multiple spatial scales (Hughes
et al., 2005). Future research should not only attempt to
fill the gaps with regard to under-studied stressors, but
also investigate community-level responses to multiple
stressors and whether synergistic effects are evident
(e.g., Graham et al., 2011; Darling et al., 2013).

Identifying the most-influenced or most influential
stressors at either an organismal or ecosystem level
may be a useful monitoring and management tool. For
example, our finding that disease is linked with so
many other stressors means that disease outbreaks may
serve as an early indicator of nonspecific ecosystem
stress when it is otherwise difficult to determine when
an individual stressor or combination of stressors are at
harmful levels (e.g.,, Harvell et al., 1999; Knowlton,
2001). This approach of identifying indirect stressor
effects has been used in both lacustrine and estuarine
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systems, where the recognition that eutrophication was
directly or indirectly linked with issues of high turbid-
ity, harmful algal blooms, anoxia, and loss of seagrasses
allowed for rapid and effective ecosystem recovery fol-
lowing reductions in both phosphorus and nitrogen
loading (Cloern, 2001). This recognition was partly a
consequence of a shift in conceptual and management
models that were based on single, direct responses to
those that accommodated multiple, indirect responses
(Cloern, 2001). A similar approach could be useful in
coral reef systems. For example, nutrient loading and
sedimentation could be managed to reduce susceptibil-
ity to bleaching (Wooldridge, 2009; Carilli et al., 2010).
We are not the first to propose such an approach: a
graph-theoretic analysis of ecosystem stressors was first
proposed over a decade ago (Wenger et al., 1999), but it
has seen little uptake thus far in management applica-
tions.

While our findings underscore both the lack of con-
sensus about interacting stressor effects and the need
for more consistency and structure in experimental
design, they may also point a way forward by high-
lighting key research gaps on specific stressor interac-
tions pertaining to coral reefs as well as the general
need for study designs and protocols that allow for the
identification of synergistic and antagonistic effects in
all types of ecosystems. We believe that both the quali-
tative and quantitative approaches we have used are
also readily applicable to the general problem of identi-
fying and quantifying multiple stressor interactions.
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Appendix S1. Type II error and the two-interval method.

Figure S1. Funnel plot of the light-temperature interaction term from studies with F,/F,,, zooxanthellae density, or [chlorophyll a]
as the response variable.

Table S1. Search terms used to identify studies using the Web of Science database.

Table S2. Table of hypothetical values illustrating the Type II error associated with using overlapping confidence intervals as indi-
cator of significant differences.

Table S3. Multiple-stressor studies with photosynthesis as the response variable. N.f.f. = not fully factorial, i.e. experiment not
designed to detected synergistic effects.

Table S4. Stressor-stressor interactions and direction of influence (1 reinforcing, | mitigating, «<» mixed or no-effect). Empty rows/
columns/rows omitted.

Table S5. Summary of multiple-stressor studies as listed in Table 2.

Table S6. Meta-regression of effect size for all photosynthetic response variables from multiple-stressor studies that examined both
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