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Abstract Positive interactions are important drivers of
community structure and ecosystem function worldwide.
This is perhaps best exemplified on coral reefs, where facili-
tative interactions are thought to contribute to the reefs’ high
biodiversity. Here we review and evaluate global research on
positive interactions within the warm water coral reefs with
specific focus on climate change. We conducted a systematic
review of 160 coral reef studies where positive interactions
(including mutualisms and facilitation) were quantified to
examine trends in publication rate and geographic focus (i.e.,
geographic home range of involved taxa), taxonomic iden-
tity, interaction type, and context dependence of interaction
strength. We found that research regarding positive inter-
actions on coral reefs is accelerating, with the majority of
studies (78%) published since 2009. Two sites in the Pacific
Ocean specifically were heavily studied comprising 26% of
all studies: Mo’orea, French Polynesia and Lizard Island,
Australia. Fish and/or corals were an interacting partner in
65% of papers, suggesting a bias toward taxa with known
temperature sensitivities. Foundation species, as expected,
were important positive interactors and were assessed in
60% of studies. Although positive interactions have long
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been regarded as a hallmark of coral reef communities, we
found the detection and strength of positive interactions to be
inconsistent and highly dependent on environmental condi-
tions, especially in response to climate-related factors. Only
36% of studies explicitly mentioned climate change or meas-
ured a related climate factor, and even fewer (16%) directly
tested the response of positive interactions to variation in
environmental stress. Future studies should emphasize the
use of theoretical frameworks for experimental study design
and leverage novel computation modeling approaches when
possible. Given increasing pressures on coral reefs, such as
the global heat stress event of 2023-2024, more work is
urgently needed to develop a predictive understanding of
the potential and mechanisms for positive interactions to
contribute to the survival of coral reef communities in the
Anthropocene.

Keywords Coral reef - Climate change - Mutualism -
Facilitation - Stress gradient hypothesis

Introduction

Species interactions are critical components of ecological
communities (Wootton 1994; Bruno et al. 2003; Bronstein
2009). Predation and competition are well-defined negative
interactions that drive community structure and function.
In addition to these negative interactions, positive and neu-
tral interactions greatly impact the structure and function of
communities. Specifically, the direct and indirect effects of
positive interactions can increase species growth, fitness,
and survivorship, resulting in powerful effects on commu-
nity assembly, species diversity, and ecosystem function
(Palmer et al. 2003). Much of the research on positive spe-
cies interactions has focused on terrestrial or intertidal plants
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(Lortie and Callaway 2006; He et al. 2013), but coral reefs
stand out as a textbook example of ecosystems for which
positive interactions play a critical role. Due to the high bio-
diversity found in coral reef systems, there are many inter-
specific interactions and thus a greater abundance of positive
interactions compared to systems with fewer species (Black-
all et al. 2015; Pozas-Schacre et al. 2021). These interac-
tions underpin community structure and range from obligate
mutualisms at the cellular level, such as corals and their
symbiodiniaceae partners, to facultative facilitative transient
interaction, for example cleaner fishes and their large preda-
tory clients (Douglas 2003; Armstrong et al. 2021).

It is increasingly important to understand how commu-
nity interactions will respond to predicted climate change,
especially in at-risk ecosystems with complex interaction
networks like coral reefs (Masson-Delmotte et al. 2018). It
is now recognized that the magnitude and directionality of
species interactions are context dependent and can vary over
temporal or spatial scales (Gilman et al. 2010). Thus several
theoretical models and frameworks have been put forward
to predict the occurrence and strength of positive interac-
tions and how they are likely to respond to changes in envi-
ronmental conditions (Turner 1983; Bertness and Callaway
1994; Jones et al. 1994; Lovejoy and Hannah 2005; Tirado
and Pugnaire 2005). In many instances, the relative role of
facilitation appears to be stronger when environmental stress
or predation pressures are high, as formally proposed in the
stress gradient hypothesis (SGH) (Bertness and Callaway
1994, Silliman and He 2018). However, it has also been
suggested that stress, such as that brought on by climate
change in particular, will destabilize positive interactions
and lead to an accelerated decline in biodiversity and eco-
system function (Kiers et al. 2010). This may occur when a
positive interaction breaks down under climate-related stress
such as corals expelling their Symbiodiniaceae during heat
stress (Gilman et al. 2010; Hughes et al. 2018a; Lewis and
Cook 2023).

These factors have led to a pressing question: Will the
importance of positive interactions in coral reefs be amplified
by climate change and buffer coral reefs from the associated
stressors, or will positive interactions collapse under climate
change stress leading to accelerated demise? The ability to
answer this question is critical for understanding the resil-
ience of the system. Corals are considered climate vulnerable
given that they are characterized by relatively narrow tem-
perature ranges and have been subject to large-scale bleach-
ing events at increasing frequency in recent decades (Glynn
1993; Crabbe 2008; De’Ath et al. 2012; Masson-Delmotte
et al. 2018). Corals, along with other reef foundation species
such as sponges and algae, create the base of the coral reef
food web and provide biogenic habitat; thus drastic decreases
in abundance will have severe cascading effects throughout the
rest of the system (Dayton 1972; Ellison et al. 2005; Castorani
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et al. 2018). Coral reef communities are threatened by several
near-field stressors such as increased land-based sources of
pollution, overfishing, and disease (Cook et al. 2014; Walton
et al. 2018; Raven et al. 2020). Compounding these stressors
are far-field climate-related stressors such as storms, ocean
warming, deoxygenation, and acidification, all of which are
contributing to overall degradation of the system and species
loss (Pandolfi et al. 2011; Breitburg et al. 2018; Hughes et al.
2018a; Newman 2019; Heinze et al. 2021). Numerous stud-
ies have assessed positive interactions on coral reefs, yet we
lack a broad understanding of how positive interactions at the
“macrobiome” scale are likely to respond to climate change
(Ainsworth et al. 2020). To address this knowledge gap, we
assessed how positive interactions on coral reefs are respond-
ing to chronic stress, acute disturbance, and related environ-
mental shifts to set expectations of reef resilience as climate
change accelerates (Lewis et al. 2022).

Here, we present a systematic review of research on positive
interactions in warm water coral reef systems (i.e., occurring
in the tropics and adjacent warm subtropical areas) to assess
global patterns and common interactors. We also identify areas
where additional research is needed to establish how positive
interactions may contribute to resilience of reefs under climate
change. Specifically, we evaluated the literature to answer the
following questions:

1. To evaluate whether there are biases that discount our
ability to predict how reefs are going to respond in the
long-term change, we asked: What are the temporal and
geographic trends in the study of positive interactions
on coral reefs?

2. To inform conservation policy and determine whether
research on positive interactions is representative of the
whole reef community, we asked: Which taxonomic
groups are commonly the focus of studies on positive
interactions?

3. To understand how positive interactions are likely
to respond to climate change, we asked: Are positive
interactions on coral reefs context dependent, and in
particular, do they show consistent responses to varia-
tion in climate change stressors? Here the stress gradient
hypothesis was specifically assessed as a model frame-
work.

We then conclude by highlighting the knowledge gaps
revealed by our review and identify promising future research
directions.
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Methods
Search criteria for systematic review

An IST Web of Science search was completed and included
publications up to January 1, 2023. The search terms within
the abstract included: (coral*) AND (facil* OR mutual*
OR positive interaction® OR commens* OR symbio*).
This initial search returned 5,262 publications which were
then evaluated and retained if they met the following seven
criteria: (1) primary literature, (2) not duplicates, (3) study
organisms were extant species, (4) conducted on warm water
coral reefs, (5) taxa involved in focal interactions were not
microbial, (6) interactions were quantified numerically (e.g.,
empirically measured) in a laboratory or field setting, and (7)
interactions were at the community level, i.e., interspecific.
Studies that focused on intraspecific interactions were not
assessed as these interactions may be driven by other con-
trols such as Allee effects. Following the PRISMA frame-
work, after screening all abstracts for criteria 1-3, entire
manuscripts were reviewed for criteria 4-7 (Appendix 1;
Page et al. 2021b). One reviewer screened all publications
for criteria 1-7, and no automation was used. Taxa along
with their microbiome were regarded as single organisms
(a holobiont) in this study as the scope of our study was
focused on assessing exosymbiont interspecific interactions
(see Bourne et al. 2009; van Oppen and Blackall 2019;
Ainsworth et al. 2020; Clements and Hay 2023 for reviews
of coral reef microbiome and endosymbiont interactions).
Mesophotic and deep cold-water reefs were excluded from
this analysis; therefore, the terms "coral reefs" and "warm
water coral reefs" will be used interchangeably throughout
the remainder of this text. Several studies were excluded
from this review that were detected by the key word search
because the study mentioned or inferred an interaction, but
upon review did not quantify said interaction. Of the 5262
studies returned by our Web of Science search, 160 studies
met all seven criteria and were included in the systematic
review (Appendix 2). The 160 publications that met all cri-
teria were reviewed in depth to extract details required to
address our specific research questions. Please note, some
relevant publications may not have been screened for this
review as only publications found in the Web of Science
database were considered.

Analyses

Publication years for studies were recorded and assessed
to identify temporal trends. Geographic locations were
recorded for each study based on either field experiment
location or the species home range/collection site, and
from these data, a point density analysis (i.e., hotspot
analysis) was conducted to assess study coverage and

identify spatial hotspots for the reviewed articles (QGIS
3.28.2). The studies were then categorized by the type
of interaction being assessed, as defined by the authors
of the publications. Generally, terms were defined as the
following: “mutualism” where all interacting species
benefited; “facilitation” where at least one interacting
species benefited and none were harmed; or “undefined
positive interaction” where at least one species benefited
in an interaction deemed to be positive by the authors,
but which was not defined by the authors as specifically
facilitation or mutualism. The term and concept of “com-
mensalism” was included in our search criteria, but all
such studies ultimately fell into one of the other interaction
types defined above.

The identities of interacting species were recorded for
each study. Species were then grouped into higher level
similarly functioning taxon groups to enable comparisons
among studies. All stony coral species were grouped into
“coral.” “Crustaceans” represent crabs and shrimps. Crus-
tose coralline algae, referred to as “CCA,” were grouped
separately from fleshy and turf macroalgae (from here on
referred to as “algae”), because CCA often have different
functions on coral reefs than macroalgae. All bony fishes
are referred to as “fish.” All animals from the Phylum Por-
ifera were grouped into “sponges.” “Echinoderms” include
animals from the Phylum Echinodermata, namely starfish
and holothurians, but exclude for sea urchins. Sea urchins
were grouped separately due to a high number of studies
that specifically assessed “urchins.” All animals from the
Order Actinaria were grouped into the taxa group “anemo-
nes.” All remaining taxa did not fall into one of the above
groups, were only present in one study, and thus these taxa
were study specific. Each pairwise interaction was recorded
separately (e.g., where there were more than two interact-
ing species, as in a three-way interaction of species a—b—c,
the interactions were recorded as a-b, b—c, a—c). The taxa
involved in all pairwise interactions were enumerated across
studies, and a network analysis was conducted to identify
key interactors.

The publications were evaluated to ascertain whether
the positive interactions were quantified across a stress gra-
dient. If a gradient was present in the study, the gradients
were categorized into two groups: biotic (i.e., predation) and
environmental. We also noted the subset of environmental
stress gradient papers that examined a climate change factor
(i.e., temperature, acidification, deoxygenation). Addition-
ally, a general word search was conducted in each of the 160
publications to quantify the proportion of papers that men-
tioned climate change or a climate change factor using key
words/prefixes: “climate,” “warm,” “temp,” “acid,” “deox,”
“hypox,” and “disturb.” If a key word was found in the word
search, the section was read to ensure climate change or a
related factor was being discussed. This assessment gauged
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the relative attention climate change was given in papers
regarding positive interactions on coral reefs.

Results

What are the temporal and geographic trends
in the study of positive interactions on coral reefs?

The earliest study was from 1976, with an approximate
doubling of publications each decade such that a major-
ity of studies (78%) were published after 2009 (Fig. 1). A
mutualistic relationship was measured for the first time in
coral reefs in 1976, whereas studies on interspecific facili-
tation, as defined by authors, first began in 2004 aside from
a single study in 1995. There were also trends in the type
of interaction described in studies, with mutualisms as the
most common interaction type measured (41%), but nearly
as many studies assessed facilitation (38%), (Fig. 1). In
the remaining 21% of studies, the focal interactions were
regarded generally as positive interactions or both mutual-
isms (2-way positive interaction) and facilitation (1-way
interaction). In some cases, the expected beneficial rela-
tionship between taxa under investigation was actually
found to be exclusively detrimental (e.g., competitive or
predator—prey, 4%) or no interaction was detected between
species (6%). However, in most cases the results matched

the expected outcome of the positive relationship that
was predicted among focal species (65%). The remaining
studies (25%) had either (1) multiple outcomes of a given
interaction (i.e., both beneficial and detrimental interac-
tions were observed), (2) results that were presented in a
way that did not indicate unequivocally if the interaction
was beneficial, detrimental, or ineffective, or (3) multiple
interaction types within a given species pair with oppos-
ing responses (e.g., CCA increasing coral settlement but
negatively impacting coral growth following settlement).

This review had broad spatial coverage and at least one
study was identified from every ocean basin where warm
water corals are found (Fig. 2). Two research hotspots
were evident: Mo’orea, French Polynesia (14% of studies)
and Lizard Island, Australia (12%; Fig. 2). Both locations
have long-running field research programs, with multiple
research groups utilizing facilities on site including the
Mo’orea Long Term Ecological Research (LTER) site and
Australian Museum Lizard Island Research Station. The
greater Caribbean region (including outlying areas such as
Florida and the Bahamas) was also heavily studied (30%
of studies), with sites distributed across the basin. The
highly diverse Coral Triangle appeared relatively under-
studied (4% of studies; Fig. 2). Finally, most of these stud-
ies occurred within a day’s boat ride from an urbanized
mainland.
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Fig. 1 Number of studies over time by interaction type. Color relates to type of interaction that was stated by the authors as being measured
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Which taxonomic groups are commonly the focus
of studies on positive interactions?

Within the 160 studies, interactions of 30 different taxon-
taxon pairs were examined, and of those, eight taxa were
represented in a single study (Fig. 3). In approximately
40% of interactions fish were an interaction partner, fol-
lowed by corals (26%) and crustaceans (12%; Fig. 3).
The most common positive interactions assessed were

fish—coral interactions (28%), fis-hfish interactions (21%),
coral—-crustacean (11%), and anemone—fish interactions
(11%, Fig. 4). Seven studies focused on a three-way
interaction, with three of those studies focusing on the
anemone—crustacean—fish combination, and no studies had
more than a three-way interaction. The majority of studies
(59%) included a foundation species (i.e., coral, soft coral,
algae, CCA, sponge) as one or more of the interacting taxa
(Fig. 4).

Fig. 3 Relative frequency of
taxa involved in interactions
with colors corresponding to
interaction type, (CCA stands
for crustose coralline algae).
Each study had at least two
interacting taxa. Singleton

taxa: facilitation (invertebrates
diversity [in this context,
’invertebrates’ refers to multiple
species whose abundances and
overall diversity were measured
collectively in a single study
and are therefore grouped 50
together], fireworms, plankton),

mutualism (amphipod, jellyfish,

scallop, soft coral), and positive

interactions (cephalopod)
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Fig. 4 Interaction network of
positive interactions among
taxa, each of which is repre-
sented by a node. Thicker lines
between nodes indicate a higher
number of studies assessed that
interaction. A loop indicates a
study measured the interaction
of two species of the same taxa
(e.g., the mutualistic interac-

client fishes). In this context,
’invertebrates’ refers to multiple
species whose abundances and

collectively in a single study
and are therefore grouped
together. CCA stands for crus-

tose coralline algae . .
= 1 interaction

= 20 interactions

= 40 interactions

Table 1 Numbers of positive interaction studies on coral reefs that
tested the strength or occurrence of positive interactions along an
ecological gradient (i.e., abiotic or biotic) or did not incorporate a
gradient. Studies were also delineated by those that mentioned cli-
mate change or a climate change factor (e.g., temperature, pH, dis-
solved oxygen)

Studies that do not  Studies that Total
mention climate mention climate
change change
Ecological gradient 21 20 41
No ecological 82 37 119
gradient
Total 103 57 160

Are positive interactions on coral reefs context
dependent, and in particular do they show consistent
responses to variation in climate change stressors?

Of the 160 studies that empirically measured positive spe-
cies interactions, only 57 papers (36%) mentioned climate
change or a climate change-related stress (i.e., temperature,
ocean deoxygenation, ocean acidification), and the first
was published in 2005 (Table 1). Of those 57 studies, only
15 examined positive interactions along climate-related
stress gradients, and of those: five interactions decreased
in strength with stress, five increased in strength or became
more important with stress, and five showed no quantifiable
relationship with stress.

Of the 160 studies that quantified positive interactions,
a total of 41 studies (26%) examined them along a gradi-
ent, but only 4% explicitly mentioned the Stress Gradient
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Hypothesis and/or referenced the Bertness and Callaway
(1994) paper that first proposed that conceptual model
(Table 1). Of those 41 studies of positive interactions along a
stress gradient, 63% (n=26) examined environmental stress
(e.g., wave action, sedimentation, temperature), 15% (n=6)
examined gradients in biotic stress (i.e., predation includ-
ing the one study that examined fishing pressure), and 22%
(n=9) examined an environmental gradient that was not
considered directly stressful in the given study (e.g., depth,
light, sound, distance from shore). Of the 26 papers that
empirically measured interaction strength across a gradient
of increasing environmental stress, interaction strength or
likelihood of positive interaction decreased in seven stud-
ies, increased in seven studies, was unaffected by increas-
ing stress in eight studies (i.e., there was no change in the
interaction across the gradient), and was inconclusive in five
studies (i.e., the interaction strength was nonlinear across a
stress gradient). In the studies where there was an environ-
mental gradient unrelated to stress (n=9), neither a depth
gradient nor nearness to shore influenced the interaction
strength or direction. Shifts in light or diel pattern increased
the strength and importance of the positive interaction in
two of the three studies. An increase in noise, specifically
boat noise, decreased the strength of the positive interac-
tion (n=1). Finally, half of the studies found the positive
interaction was more important for survival of at least one of
the taxa as biotic pressure increased. Of the six papers that
explicitly tested the SGH, three had results consistent with
the predictions of the SGH, one study found stress decreased
interaction strength, and the remaining two had results that
were inconclusive.
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Discussion

Our review of 160 studies that assessed positive interspe-
cific interactions in coral reefs revealed that interest in the
topic is increasing, with a near doubling of papers on the
topic each decade over the past half-century since the first
publication. Although the research appears widespread, with
studies across the globe in every major ocean basin and sea
with coral reef ecosystems, the research activity has mainly
been focused on a few geographic areas. Moreover, positive
interactions were found to be important across dozens of
interacting taxonomic pairs, but research has focused on pri-
marily two groups, fish and corals. In two-thirds of studies
(66%), positive interactions were documented that benefited
at least one species, reinforcing the perception that posi-
tive interactions play an important role in coral reef com-
munities. The majority of studies that assessed an interac-
tion in varied contexts or gradients found either strength or
occurrence of positive interactions were context dependent.
Although this trend held for climate change factors where
they were considered, overall, most studies (64%) failed to
mention climate change or a climate change-related factor
at all. The disproportionate focus on a subset of regions and
taxa, as well as the context dependence of positive interac-
tions, suggests that additional research is urgently needed
given that the evidence to date suggests positive interactions
are important in mediating the impacts of climate change on
coral reefs.

Temporal and geographic trends and potential bias

Over time studies examining positive interactions on coral
reefs increased overall (Fig. 1), reflecting increased atten-
tion to the topic in the literature. While mutualism and
facilitation research was expanding in terrestrial and inter-
tidal systems throughout the 1900s, subtidal systems were
only relatively recently becoming more accessible and thus
more heavily studied. The approximate doubling of coral
reef publications each decade over the past half-century
appear to have begun to keep pace with the overall increase
in publication rates on the topic of positive interactions, rein-
forcing the perception that coral reefs are characterized by
the integral role of positive interactions. There was a near
even split in the number of studies that looked at facilitation
(38%) and mutualism (41%), and a smaller proportion that
either did not clearly indicate study type (referred to here
as “positive interaction’) or contained both facilitative and
mutualistic interactions (21%), with no meaningful trends in
these proportions over time. While we categorized publica-
tions as facilitative (generally positive 1-way) or mutualis-
tic (generally positive 2-way) interactions based on authors’
descriptions of hypotheses and their own terminology, the
challenges of adhering to strict definitions and conceptual

use became apparent as studies with a stated goal of examin-
ing a given interaction type stumbled onto a broader set of
interactions and/or outcomes. For example, three-way spe-
cies interactions often had both negative and positive effects
but quantifying the net result was complex and led to use
of additional specific terminology such as indirect positive
interactions (Kayal et al. 2011). Authors often stuck to estab-
lished vernacular through time or exclusively to a specific
term in a publication where multiple types of interactions
occurred. This sometimes led to apparent blurring of lines
in the definitions of terms, and comparisons among studies.
To address the nuances that accompany evolving word use
habits, we suggest two important foci for future studies: (1)
assess looser facultative relationships and pay close attention
to specific term use through time, (2) focus on tightly co-
evolved mutualisms that are well-studied model systems. For
example, the mutualistic relationships between coral—crusta-
ceans and anemone—fish were both quantified 11 times each
over the span of time considered in this review. The earliest
studies on the coral-crustacean mutualism were published
in 1976 and on anemone—fish mutualism were published in
2006, and the most recent studies occurred in 2022. Ulti-
mately, 90% of the papers that examined these textbook rela-
tionships found the mutualistic association was beneficial for
both partners, indicating consistent mutualism over time.
Studies on positive interactions have been conducted
in every ocean basin and sea containing warm water coral
reefs, demonstrating the global generality of their impor-
tance. However, some regions received disproportionate
focus and thus may incur some bias in the particulars of
our understanding. This increased regional or site-specific
focus can be explained by a concentration around biological
research stations and/or the presence of a long-term eco-
logical research sites: approximately 26% of the 160 studies
were conducted at two long-term research sites (Mo’orea,
French Polynesia and Lizard Island, Australia) across mul-
tiple decades (Fig. 2). Both of these sites have relatively
high coral cover, and have recovered following bleaching
(prior to the 2023-2024 mass bleaching events; Hughes
et al. 2018a; Sully et al. 2022). Moreover, these sites are in
the Pacific Ocean basin which has greater marine biologi-
cal diversity and has warmed more slowly compared to the
global average, but it has seen the largest changes in the fre-
quency of marine heatwaves (Masson-Delmotte et al. 2021).
Thus, our understanding of these positive interactions under
climate change may be skewed toward Pacific coral reefs,
with relatively lower applicability in other ocean basins.
This geographic bias is further compounded by inequitable
taxonomic focus; for example, 45% of the 33 fish-fish posi-
tive interaction studies were completed in Mo’orea, mean-
ing nearly half of our understanding of these interactions
occurred under analogous fishing and environmental pres-
sures. Similarly, 30% of studies regarding coral-crustacean
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interactions were conducted near Lizard Island, all of which
quantified a mutualistic relationship between cleaner crabs
and their coral hosts. Therefore, the consistency across
studies of these ecological partnerships may be partially
due to redundant selection of study organisms, consistent
environmental setting, and overlapping research traditions.
That being said, the high concentration of studies at rela-
tively few sites does provide a unique opportunity to eluci-
date long-term trends in positive interactions at these focal
sites while incorporating comparative work in understudied
regions. Ultimately, from a numerical standpoint, we would
expect regions and sites with higher biological diversity
to have more complex interaction networks, and hence a
greater relative number of species with positive interactions.
Within the context of the stress gradient hypothesis, this
would suggest a comparison of relatively low and high diver-
sity regions experiencing comparable levels of stress would
yield a greater relative abundance of positive interactions
in the more species rich region. However, we expect the
abundance of positive interactions to increase with species
diversity generally, but the relative importance of positive
interactions itself would be a function of local stress lev-
els, with positive interactions becoming more important as
environmental stress levels increase. To examine this more
rigorously would require comparative studies of specific spe-
cies pairs along stress gradients as described in the SGH. To
explore this further, future studies should compare relatively
depauperate regions such as the Florida Keys with relatively
species rich regions such as the Coral Triangle.

Taxonomic groups most commonly documented
in positive interactions

Studies on positive interactions were heavily skewed toward
certain taxonomic groups, with studies on fish (40%) and
corals (26%) dominating the literature (Fig. 3). While argu-
ably these two groups deserve the attention given their criti-
cal functional roles such as in trophic dynamics and habitat
creation, respectively, there is the potential for biases in our
understanding of the impacts of climate change on coral
reef positive interactions. Coral and fish are known to be
particularly sensitive to climate change variables includ-
ing temperature, dissolved oxygen, and ocean acidification
due in part to metabolic demands in fish and photosynthetic
and calcification processes in corals (Johansen et al. 2014;
Hughes et al. 2018a). As a consequence, their involvement
in positive interactions, and cooperation with one another,
could be especially responsive to climate change. For exam-
ple, fish presence or increased abundance was shown to have
positive effects on coral photosynthesis, growth, abundance,
and respiration (Gochfeld 2009; Garcia-Herrera et al. 2017,
Shantz et al. 2022). The fish—coral interaction was impacted
by stress in the three studies where the interaction was
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quantified across a temperature or bleaching gradient. The
reciprocal nature of some coral-fish interactions should be
noted, as corals provide habitat to many fish species, and
in return many herbivorous fishes have been noted to help
decrease algal competitors and thus indirectly benefit corals
(Fig. 4; Idjadi et al. 2006; Bozec et al. 2013; Roff et al. 2015;
Ladd et al. 2019; Munsterman et al. 2021). Many studies
have highlighted interactions between these taxa but have
not always labeled the interaction as facilitation, mutual-
ism, or a positive interaction and thus would potentially have
been left out of this review (Thomsen et al. 2010). While not
necessarily representative of the sensitivity of other taxa, the
accumulating literature that focuses on these two sensitive
groups makes them especially valuable as sentinel positive
interactors for understanding responses to climate change.
However, fish and corals are multi-faceted and do represent
some complexity in the mechanisms of positive interactions
that could make it challenging to make predictions. While
competitive interactions between coral and algae are driv-
ers of abundance of these taxa, positive interactions often
likely contribute to relative prevalence. Specifically, fish
were found to benefit corals by preying on algal competi-
tors but if coral abundance decreased too greatly, nutrients
excreted by fishes facilitated algal growth (Burkepile et al.
2013). Understanding how the strength of these interaction
mechanisms respond independently to climate change fac-
tors and contribute to net outcomes in relationships will
require targeted species specific experiments. Finally, while
fish—fish interactions are often competitive or predatory,
fish are also useful as an example of interspecific positive
interactions that occur within a taxonomic group. Overall,
18% of all studies included in this review were document-
ing interspecific fish—fish positive interactions, often through
cleaning mutualisms.

Foundation species were found to have positive inter-
actions with a variety of taxa including both smaller reef
inhabitants and other foundation species. On tropical reef
systems, where corals are the dominant foundation spe-
cies, they interact positively with multiple taxa, frequently
mutualistic relationships including with fish or crustaceans.
Coral—crab and coral-fish were found to be the two most
common types of documented mutualistic relationships.
In several studies, ‘guard’ crustaceans and damselfish that
sheltered among coral were shown to provide corals with
protection from multiple types of corallivorous species
including cushion stars, butterflyfish, and snails, decreas-
ing the number of bites and tissue loss experience by cor-
als (Gochfeld 2009; Stier et al. 2010; McKeon et al. 2012).
The other foundation species found in the literature search
with positive effects on coral reef inhabitants were sponges,
CCA, octocorals (i.e., gorgonians), and macroalgae. Notably,
on occasion positive interactions can exist between founda-
tion species that were presumed to always be competitors.
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For example, in one study no competition was found in a
three-way coral-algae—sponge interaction. Specifically,
corals and sponges had facilitative relationships with algae,
and sponges and corals had no effect on one another under
increased acidification (Page et al. 2021a). In other species
pairs, the interaction was more complex, such as where algal
presence indirectly benefited coral by reducing predation
stress, but ultimately the direct competitive effects through
allelopathy outweighed any benefits (Venera-Ponton et al.
2011). This revealed how net negative effects may obscure
underlying mechanisms of positive interactions (Thomsen
et al. 2010). Of the 95 studies that included a foundation
species as an interactor, the interactions were confirmed to
be positive in 75% of studies, neutral in 4% of studies, nega-
tive in 5%, and the remaining 15% of studies had more com-
plex results. While these findings are from studies generally
focused on positive interactions, the results suggest foun-
dation species benefit numerous taxa on coral reefs. This
community-wide reliance on the positive interactions with
foundation species may put coral reefs further at risk to cli-
mate change given that coral reef foundation species are ses-
sile and thus without the potential for behavioral mitigation
of environmental stressors. Therefore, the widespread loss of
climate sensitive foundation species could have large nega-
tive cascading effects throughout the system. These effects
may manifest as a decreased abundance of taxa that are less
climate sensitive but rely heavily on foundation species for
habitat, etc. (Atkins and Travis 2010; Hughes et al. 2018b).

Context dependence and climate change

Positive interactions were found inconsistently where their
existence was investigated. Of the 160 studies, only 66%
found empirical evidence of a positive interaction where the
authors had reason to believe they were important or likely
to occur, with slight variation among studies of mutualisms
(64%) and facilitation (70%). There has been recognition that
occurrence and strength of species interactions in general,
and positive interactions in particular can be highly context
dependent, varying in association with factors such as loca-
tion and life stage (Loh and Pawlik 2012; Roff et al. 2015;
Babcock et al. 2016; Mumby et al. 2016). For example, Loh
& Pawlik (2012) investigated the sponge Mycale laevis and
scleractinian corals which they found to coexist in a mutual-
ism on the Florida Reef Tract but competed with one another
on Panamanian coral reefs where the sponges overgrow cor-
als—with the interaction mediated by intensity of consumer
pressure. In another example involving sponges, Hultgren
(2014), assessing a crustacean-sponge interaction, found the
strength of positive effects of shrimp depended on whether a
sponge was decreasing or increasing in size—with variation
in sponge growth attributed to stress. Both studies exemplify
the likely importance of environmental context in the form

of biotic or environmental stress in determining the strength
and/or occurrence of positive interactions on coral reefs.

The generality of the relationship between positive inter-
actions and stress was formally described and explained in
the stress gradient hypothesis (Bertness and Callaway 1994),
and while 21% of our studies structured their experiment to
examine biotic or environmental gradients in stress, only
4% explicitly mentioned the SGH (Table 1). In 54% of the
35 studies where some type of environmental gradient was
tested, there was an effect on the interaction strength or
benefit of the interaction. Of the six studies that explicitly
tested the stress gradient hypothesis, three studies found
the interaction strength increased across the stress gradi-
ent, and the importance of the interaction to the health,
growth, or abundance of each taxa also increased in the same
three studies (Kayal et al. 2011; Chase et al. 2020; Shantz
et al. 2022). For example, Shantz et al. (2022) conducted
a study that directly measured the effect of nutrient input
from damselfish on their host under increasing tempera-
ture stress. Results from this study indicated corals which
hosted damselfish had higher endosymbiont density, tissue
protein content, and calcification rates when thermal stress
was higher, directly supporting the SGH. While a concep-
tual or theoretical framework is not necessary to include in
every study, explicitly incorporating a framework, such as
the SGH, can help disentangle the relative importance of
multiple interacting mechanisms and context dependence
(i.e., facilitation, competition), and provide a more robust
rationale for interpreting results that may lead to apparent
discrepancies (He and Bertness 2014).

The effects of increased stress on interaction strength or
occurrence appear to be variable. Results from 10 of the 15
climate-related stress gradient studies indicated an effect of
stress on the strength or occurrence of the positive inter-
action, although directionality was inconsistent; five stud-
ies indicated an increase in positive interaction strength or
occurrence and five studies indicated a decrease. In some
scenarios, positive interactions were clearly likely to become
more important as stress increased. For example, in mutu-
alistic relationships where one taxa removed sediment from
a sessile partner, the relationship became more important
to the sessile partner’s survival as sedimentation rates were
artificially enhanced in multiple instances (Price 2010;
Stewart et al. 2013; Chase et al. 2020). Similarly, resident
fish continued to prevent deoxygenation of their anemone
partner as light levels were experimentally decreased (Szc-
zebak et al. 2013; Herbert et al. 2017). However, in other
scenarios, the strength or occurrence of positive interac-
tions decreased at higher stress (Besson et al. 2023). In one
example by Stella et al. (2014), when higher temperatures
reduced coral host condition, male crabs forcefully evicted
female crabs and shrimp that were once cooperatively inter-
acting on the coral host. Multiple studies similarly found the
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mutualistic or facultative relationship present during periods
of relatively low-stress broke down or decreased in strength
with increased temperatures, wave energy, nutrient input,
and sedimentation (Burkepile and Hay 2009; Bergsma and
Martinez 2011; Stella et al. 2014; Doropoulos et al. 2017;
Triki et al. 2018; Akita et al. 2022). It should be noted this
trend also occurs at the microbiome level: As heat stress
increases, the vital mutualism between corals and their pho-
tosymbionts similarly breaks down (Glynn 1993). Based on
our review, determining whether a positive interaction will
increase in importance with climate stress or disturbance is
difficult and can yield complex results (Grutter et al. 2002;
Briones-Fourzan et al. 2012; O’Leary et al. 2013; Paula et al.
2019).

Facilitative interactions, especially those which are
indirect, are complicated to test and require more complex
experimental studies to disentangle how an interaction may
vary with increasing stress relative to direct relationships.
Multiple examples of indirect positive interactions exist;
for instance, herbivores were found to have indirect posi-
tive effects on coral recruitment by decreasing fleshy algal
growth and thus promoting CCA growth and enhancing
coral settlement cues provided by CCA (Doropoulos et al.
2017; Evensen et al. 2021). More experimental studies on
coral reefs across a stress gradient which quantify facilitation
cascades are needed to further assess how these relation-
ships may be impacted by climate change. In a few studies,
mutualisms were found to have negative indirect effects on
species outside the mutualistic relationship. For example,
Adam (2012) found indirect negative impacts on corals
due to cleaner wrasses attracting coralivorous clients. Less
preferred corals (i.e., not frequently preyed upon species)
located within cleaner stations experienced higher predation
by butterfly fishes than corals outside of cleaner stations.
Thus, indirect effects of mutualistic interactions should be
considered at the community level as the net effect for the
overall community may not be positive. Ultimately, we sug-
gest adopting a broader community/biodiversity perspective
when assessing positive interactions and when possible,
quantifying the impacts of positive interactions outside of
the two or three species that are typically examined. The use
of quantitative approaches, such as network-based models
and structural equation models, which account for com-
munity-level interactions, can provide valuable context for
understanding interactions among multiple groups (Pichler
et al. 2020; Lewis et al. 2021).

Future directions
The results of this review suggest that the relative benefits

and strength of facilitative and mutualistic interactions are
shifting with climatic change, but that the direction and
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magnitude of these responses varies with taxa and stress. As
such, we propose there is the potential for ‘climate-related
positive interaction compensation’ in which a facilitative or
mutualistic interaction is strengthened or emerges amidst
stress or unprecedented disturbance while other positive
interactions within the community might decline. If so, it
is conceivable that the cumulative positive impact of these
novel and strengthened species interactions due to climate
change may outweigh, and collectively offset, the adverse
effects of climate change-related stress. These unprece-
dented interactions could result from species appearing in
new areas due to range shifts or from previously occurring
species engaging in new interactions due to increased co-
occurrence. For example, novel cleaning partnerships could
occur as heat stress increases and thus potentially offset
increasing risk of parasitic infection/intensity (Demairé et al.
2020; Byers 2021; Triki et al. 2022). Additionally, increased
oxygenation from a fish resident, previously unnecessary
in a well oxygenated system, may allow for normal growth
of corals and counteract ocean deoxygenation (Goldshmid
et al. 2004). Positive interaction compensation should be
tested, particularly where the system appears to remain sta-
ble despite facing unprecedented stress. In these systems,
novel or strengthened positive interactions could account
for relatively stable species richness, abundances, or eco-
system functions, despite changes in community composi-
tion. However, we hypothesize there may be limits to cli-
mate-related positive interaction compensation, particularly
where the environmental tolerance of a foundation species,
or of another strong facilitator that underlies the hierarchi-
cal organization of the community, is exceeded. Ultimately,
this perspective of positive interaction compensation takes
the idea of the SGH and examines the net response of the
full set of interactions within a community due to climate
change-related stress.

Theoretical models are widely used to assess negative
interactions (e.g., competition and predator—prey dynam-
ics), and there have been recent efforts to adapt such mod-
els for assessing positive interactions, with the potential for
application to warm water coral reef systems. For example,
Mittelbach and McGill (2019) modified the Lotka—Volterra
(LV) model by replacing negative signs with positive signs
for mutualism. Alternatively, Holland and DeAngelis (2010)
expanded consumer resource theory to include mutualism.
This study constructed a model which mirrored natural sta-
ble mutualistic relationships and allowed for interactions to
shift from mutualism to parasitism (Holland and De Angelis
2010). Theoretical and quantitative models can incorporate
future climatic scenarios, assess large-scale trends, and test
empirical data, thereby offering a complementary approach
to experimental studies of facilitation (Holland and Deange-
lis 2010; Buenau et al. 2012; Rogers et al. 2014; Cheung
et al. 2021; Tekwa et al. 2021). As computational power
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increases, increased model complexity and the incorpora-
tion of global climate data are increasingly accessible. Thus,
network analyses and novel modeling approaches such as
machine learning may prove useful tools to forecast climate-
related shifts in the magnitude and directionality of species
interactions (Lewis et al. 2021).

The effects of stress, especially climate-related stress,
cannot always be tested easily on coral reefs, especially
in situ (Bonin et al. 2011; Neal et al. 2017), so there may
be limits to what can be achieved experimentally. Thus, a
combination of theoretical and empirical studies is necessary
to advance our mechanistic and predictive understanding
of positive species interactions in a dynamic environment.
When theory is explicitly tested using empirical data (e.g.,
Dizon and Yap 2005; Chase et al. 2020; Shantz et al. 2022),
results are often easier to interpret and reproduce. Our find-
ings suggest quantifying positive interactions under these
frameworks can uncover indirect effects that account for pre-
viously unexplained variance in the system as well as allow
comparison between systems (Webster and Almany 2002;
Bozec et al. 2013; Mumby et al. 2016). Further assessment
of theoretical models using basins of attraction to predict
fundamental shifts of communities appear to be a promis-
ing approach (Holland and Deangelis 2010; Cheung et al.
2021). While empirical data are necessary to test and tune
models, many computational approaches incorporate both
positive and negative interactions, thus yielding a predictive
understanding that may not be possible with more traditional
experimental designs. For example, qualitative mathemat-
ical models based in graph theory have proven useful in
assessing drivers of crown-of-thorns starfish population out-
breaks by measuring the relative importance of facilitation
by corals (Babcock et al. 2016). Analytical modeling studies
can incorporate empirical data to make predictions based
on multiple levels of herbivory, disturbance, and warm-
ing. Thus, computational modeling enables researchers to
determine alternative stable states and assess coexistence
following disturbances at temporal and spatial scales not
feasible with in situ experiments (Cheung et al. 2021; Tekwa
et al. 2021).

Finally, when possible, positive interactions should be
considered when designing restoration and conservation
plans, especially considering the pressures of a changing
climate. Restoration efforts that amplify mutualistic and
facilitative interactions could lead to more successful out-
comes (Nystrom et al. 2012; Shaver and Silliman 2017,
Ladd et al. 2018). For example, outplanting corals in areas
with high abundances of facilitative herbivores may result
in better restoration outcomes. However, leveraging posi-
tive interactions is not possible without an understanding
of the community-level interactions in the system under
consideration. Therefore, further studies are required to
advance our understanding of positive interactions and

how this knowledge can be used strategically by restora-
tion practitioners and resource managers. When restora-
tion efforts targeting foundation species are implemented,
long-term monitoring should be incorporated into resto-
ration plans at the ecosystem level; often monitoring is
only at the species level or ceases before the full benefits
can be measured (Mahoney et al. 2021). Furthermore, a
retrospective analysis of positive interactions could offer
valuable insights into the success or failure of restoration
projects. For example, identifying the absence of a key
mutualist that resulted in restoration failure, or the pres-
ence of a novel facilitator that contributed to unexpected
restoration success. Overall, contributors to restoration
success and reef resilience, such as facilitative and mutu-
alistic relationships, will impact the long-term persistence
of restored coral reefs under climate change.

Conclusion

Ultimately, climate change appears to be affecting many
positive interactions on coral reefs. However, whether
changes in pH, dissolved oxygen, or temperature increases
the strength of positive interactions or destabilizes them
varies from study to study. Based on our review, we recom-
mend that accurately quantifying how climate change will
affect a given taxon pair likely needs to be assessed on a
case-by-case basis. Given the relatively small sample size
of studies on specific climate-related stressors, we believe
more targeted studies on positive interspecific interactions
across stress gradients are warranted (Hoegh-Guldberg
et al. 2007; Trisos et al. 2020). Computational modeling
and simulation should also be used to bolster experimental
findings and define expectations to better project future
changes. While climate change and thus increased stress
on coral reefs is inevitable, assessing shifts in interaction
strength and directionality can help guide and support con-
servation efforts by identifying strong or at-risk interac-
tors in need of protection, disentangle mechanisms driving
community structure, and preserve coral reefs from further
degradation.
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