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The structures, functions, and services provided by coral reef ecosystems are
deteriorating worldwide. However, not all coral reefs are affected the same way, with
some showing signs of resistance and/or recovery from disturbances. Understanding
the drivers and feedbacks that contribute to shifts in community structure is valuable
to support resilience-based management. In this study, key community variables that
influence the resilience of coral reef ecosystems were examined in 64 sites of the
Mesoamerican Reef (MAR) monitored in both 2006 and 2016, as part of the Healthy
Reef Initiative (HRI), using the Atlantic and Gulf Rapid Reef Assessment (AGRRA)
monitoring protocol. Based on benthic cover thresholds, sites were classified into three
different states: coral state (CS) with >10% live coral and <5% fleshy macroalgae;
stressed coral state (SCS) with >10% live coral and >5% fleshy macroalgae and;
depauperate coral state (DCS) <10% live coral. The associations between site
states and the density of different fish functional groups were analyzed to determine
their effects on coral reef resilience. The results highlight that territorial herbivores
(algal-gardening damselfish) may play a key role in maintaining feedbacks toward
macroalgae-stressed states. This supports the recommendation of reinforcing Marine
Replenishment Zones (MRZ) in order to promote healthy populations of resident
predator fish (like groupers and snappers), which could potentially regulate algal-
gardening damselfish populations and diminish negative cascade effects on coral
reefs. Collaborative and resilience-based management will continue to be promoted
by the HRI partners, supporting the establishment of additional MRZs along with
ongoing efforts to directly protect herbivorous fish (surgeonfish and parrotfish) and to
improve water quality, through better wastewater treatment, watershed management,
and coastal development plans, with the purpose of continuing to build coral reef
resilience in the MAR.
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INTRODUCTION

Over the last four decades, degradation of coral reef ecosystem
structures and functions have been reported worldwide (Gardner
et al., 2003; De’ath et al.,, 2012; Birkeland, 2015; Bruno and
Valdivia, 2016; Hughes et al., 2017) impacting human well-
being through the erosion of ecosystems services (Moberg and
Folke, 1999; Birkeland, 2015; Norstrom et al., 2016). This global
trend is due to a combination of anthropogenic stressors acting
both on large scales (e.g., ocean acidification, sea level rise,
and increases in seawater temperature) as well as locally (e.g.,
dredging, pollution, and overfishing). Of even greater concern
are the cumulative interactions between these multiple stressors,
leading to quicker and more severe reef degradation than
previously anticipated (Pendleton et al., 2016) and the loss of
coral reef resilience: the capacity of an ecological system to persist
with change (through resistance and/or recovery) and to retain
essential structures, processes and feedbacks (Walker et al., 2004;
Folke et al., 2010).

Pelling (2011) suggested that managing ecosystems with a
resilience focus facilitates the protection of important ecosystem
functions in the face of external threats. Lately, resilience
has become a conceptual cornerstone in the management of
tropical coral reefs (Darling and Coté, 2018) and one approach
to confronting the coral reef crisis is to consider coral reefs
under the lens of ecological resilience. From a resilience-based
management perspective and in order to overcome “wicked”
resilience dynamics (sensu Glaser et al, 2018), it is key to
understand changes in critical feedbacks of the system, which
diminish coral reef resilience and drive the reorganization to
undesirable and strongly resilient states (Walker et al., 2004;
Graham et al., 2013; Glaser et al., 2018).

Loss of resilience in these ecosystems is generally associated
with a reduction in coral cover and a general increase in fleshy
macroalgae cover, referred to as a coral-macroalgal phase shift
(Done, 1992; Bellwood et al, 2004), with higher severity of
these phase shifts in the Caribbean as compared to the Indo-
Pacific (Connell, 1997; Mumby et al., 2007; Bruno et al., 2009).
Before 1980, the upper reef slopes of most Caribbean reefs
were dominated by the fast-growing Acropora spp. (Bellwood
et al., 2004). Currently, however, 80-98% of these species’
regional populations have been decimated (Kline and Vollmer,
2011). Furthermore, the Caribbean is a region that might be
fundamentally predisposed to macroalgal growth, which can
partly be explained by a combination of: (i) stochastic events,
such as the pervasive role of disease dramatically reducing
acroporid corals (Aronson and Precht, 2001) and Diadema
urchins (Lessios et al., 1984); (ii) bottom-up nutrification
effects, such as inadequate wastewater management, coastal
development, poor land cultivation practices and even Saharan
dust (Mora, 2008; Roff and Mumby, 2012; Martinez-Rendis
et al., 2016; Arias-Gonzélez et al., 2017); and (iii) the limited
scope for top-down control, in terms of low herbivore and
predator biomass and diversity (Mumby et al., 2012; Jackson
etal,, 2014). Moreover, these cumulative factors may help explain
the low coral resilience of the region, increasing vulnerability
shifting from a coral state to a stressed coral state (sensu

Bellwood et al., 2004) or to a depauperated coral state (sensu
Mumby, 2009).

However, not all reefs have experienced a shift in benthic
community. Some “reefs of hope” (sensu Darling and Coté, 2018)
in the Caribbean still harbor high coral cover, including Acropora
spp., particularly in specific sites of the Mesoamerican Reef
(MAR), located in the Caribbean waters of Honduras, Guatemala,
Belize, and Mexico. The MAR ecoregion has an overall land
and sea surface area of 464,263 km? (Kramer and Kramer,
2002) and includes a variety of marine and coastal ecosystems,
including coral reefs, seagrasses, mangroves, and their associated
watersheds. This region is considered to be one of the most
complex coral reef systems in the Northern Hemisphere and
since 2006, has been regularly monitored by the Healthy Reefs
Initiative (HRI), in order to evaluate the health of its coral reefs
(Mcfield et al., 2018).

Eutrophication (Arias-Gonzalez et al., 2017) and loss of
herbivore controls (Mumby, 2009, 2016) have been identified as
drivers of fleshy macroalgal increase in the MAR, although not
always producing a clear direct relationship (Suchley et al., 2016).
Another less-explored question is the role of algal-gardening
damselfish in amplifying macroalgal increases. Theoretically,
overfishing leads to the direct loss of larger fishes (Glaser
et al., 2018) and eventually, the loss of mesopredators such as
small groupers and snappers when the system is heavily fished
(Mumby et al., 2012). The loss of mesopredators can result in
a greater number of algal-gardening damselfishes that cultivate
more turf algae (Glaser et al., 2018). Damselfish gardening activity
will increase nutrient loads and this mechanism will facilitate
fleshy macroalgal cover (Blanchette et al., 2019), resulting in a
decrease of hard corals and structural complexity (Glaser et al.,
2018). Understanding these community drivers and feedbacks is
valuable to support resilience-based management strategies, to
develop practical tools for managers to anticipate ecosystem shifts
(Norstrom et al.,, 2016) and promote strategic interventions to
prevent undesirable processes that decrease coral reef resilience
(Glaser et al., 2018).

This study integrates theoretical effects and feedbacks between
key benthic and fish variables in different benthic states in the
MAR (Figure 1). A coral state (Figure 1A) is characterized
by adequate hard coral cover and low fleshy macroalgae cover,
providing the three-dimensional spatial structure supporting
diverse fish communities (Gratwicke and Speight, 2005; O’Brien
and Scheibling, 2018), by mediating predator-prey interactions,
enhancing food availability, as well as nursery and spawning sites
(Mumby, 2016). Fish are known to be functionally important
as they control other organisms through predation, mediate
nutrient fluxes, and can act as ecosystem engineers (Villéger
etal., 2017). Moreover, key processes that have been identified to
contribute to coral reefs resilience include fish herbivory (Mumby
and Harborne, 2010; Roff et al., 2019) and predators’ regulatory
effects (Villéger et al., 2017).

A stressed coral state (Figure 1B) is driven by bottom-up
feedback control, such as nutrients/sediments (Smith et al., 2010)
and CO;, (Hughes et al., 2018) and/or top-down feedback control
such as fishing pressure increases, provoking negative trophic
cascades effects (Mumby et al., 2012). This change from a coral
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FIGURE 1 | Feedbacks and interactions in two different coral states in the Mesoamerican Reef (MAR); (A) coral state (left) and (B) stressed coral state (right). The
signs represent (+) positive (mutualism or commensalism) and (-) negative (competitive or predation) effects. The solid arrows represent strong effects and the
dashed arrows weak ones. Blue arrows describe the effects and feedbacks in a healthy coral state. Green arrows describe the drivers inducing a loss of coral reef
resilience in the system when levels of CO», nutrients (Nitrogen and Phosphorus: N+P) and fishing pressure (represented by a red fishhook) increase. Red arrows
describe the stressed coral state effects and feedbacks, with a positive feedback loop between macroalgae, damselfish, and herbivorous fishes, amplifying coral reef

Resilience in the MAR

resilience loss.

state to a stressed coral state (i.e., coral reef resilience loss) will
weaken the positive effect of corals over fish by eroding habitat
complexity, thereby diminishing the herbivores’ regulatory effects
on turf and fleshy macroalgae (Suchley et al., 2016), and the
predator effects on algal-gardening damselfish (Vermeij et al.,
2015), which will increasingly amplify the stressed state and
decrease the coral reef system’s resilience (Glaser et al., 2018).
Indeed, the territorial and gardening activities of some damselfish
species have been recognized to cause direct mortality to corals
(Schopmeyer and Lirman, 2015) and once algal lawns become too
large, they fuel the overgrowth by larger undesirable macroalgae
(Schopmeyer and Lirman, 2015).

The main objective of this study, which uses HRI long term
spatially expansive dataset, is to examine the association of
key functional fish groups (algal-gardening herbivores, grazers,
scrapers, browsers, and resident predators) and different coral
states, hypothesizing that some functional fish groups may
amplify reef degradation (i.e., coral reef resilience loss) in the
Mesoamerican Reef (MAR).

MATERIALS AND METHODS

Study Site and Data Collection

All data were collected according to the Atlantic and Gulf Rapid
Reef Assessment (AGRRA) protocol (Marks, 2018), with trained
survey teams coordinated by HRI. AGRRA protocol materials
can be downloaded at http://www.agrra.org/training-tools/agrra-
method/. Under this protocol, 300 different sites have been
monitored in the MAR during five HRI surveys from 2006 to
2016. For this study 64 sampling sites were selected (Figure 2)
because they fulfill two criteria: (1) they were monitored in 2006

and had live coral cover higher than 10% (positive accretion
rate for the Caribbean according to Perry et al, 2013) and
(2) they were monitored again in 2016. This timeframe is
considered to be sufficient to study ecologically meaningful
changes (Babcock et al., 2010).

The monitoring was canceled in poor visibility conditions
(established to <5 m). The amount of inter-observer variability
was reduced by the standardized aspect of the methodology in
space and time, and because local biologists were trained during
an entire week training course, including lectures and testing
in theory and in the field, in order to conform to the protocol.
Each AGRRA site is situated in a homogeneous geomorphic zone
of a reef on an insular or continental shelf, with a surface of
roughly 200 m x 200 m (Marks and Lang, 2018). These sites were
selected through stratified randomized sampling, based on reef
area extension and habitat (e.g., cross-shelf position, orientation,
depth, and slope) in order to be representative of the reef region
studied (Marks and Lang, 2018). In this study, 33 sites are fore
reefs, 14 are crests, 10 are patch reefs and 7 are banks. The average
depth of the sites is 6.6 m with a range between 0.9 m and 19 m.

All AGRRA data are available online: http://www.agrra.org/
database-and-related- products/ and MAR data is also displayed
and available at www.healthyreefs.org under data explorer tool.
The two AGRRA data products analyzed through this research
include benthic cover collected through linear point intercept in
six haphazardly chosen 10 m transects per site (each with 100 data
points) and fish density collected through visual census along
ten haphazardly chosen 30 m x 2 m belt transects per site. The
benthic and fish data were selected for this study, as they are key
variables linked to reef health (McField and Kramer, 2008) and
to some extent may influence coral reef resilience in the MAR
region, as proposed in Figure 1.
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FIGURE 2 | Sites selected (n = 64) in the Mesoamerican Reef ecoregion based on two criteria: (1) their live coral cover was higher than 10% in 2006 and (2) they
were monitored both in 2006 and in 2016 by the Healthy Reefs Initiative.

The averaged percentage of live hard coral cover and fleshy
macroalgae cover were used to assess coral state per site.
In addition, fish density averages (expressed as a number of
individuals per 100 m?) were used to evaluate key fish community
per site. The choice of fish variables includes prominent
herbivorous fishes in the MAR, namely parrotfish (mainly
scrapers), surgeonfish (grazers), chubs (browsers), and damselfish
(territorial algal-gardening herbivores). In addition, the principal
resident predator fish are groupers, snappers and invasive
lionfish (with the latter suspected to have become increasingly
functionally important since 2009). The coral, algae, and fish
species included are presented in Supplementary Tables 1, 2.

Data Analysis

All data analysis was performed using R software 3.5.1 (R Core
Team, 2019) and followed two steps for each site: (i) description
of benthic state changes between 2006 and 2016; (ii) association
of benthic states and fish key functional groups.

Regarding the first step, changes were examined in benthic
cover (live coral vs. fleshy macroalgae cover). Benthic thresholds
were used to characterize sites state in 2006 and 2016, using a
>10% of live coral (LC), which was found to be the positive
accretion rate for the Caribbean (Perry et al.,, 2013), and <5%
of fleshy macroalgae (FMA), which characterized a healthy coral

condition (Kramer et al., 2015). Sites were then separated into
three categories: Coral State (CS) with >10% LC and <5% FMA,
Stressed Coral State (SCS) with >10% LC and >5% FMA and,
Depauperate Coral State (DCS) <10% LC.

Coral state describes a resilient state which in theory maintain
the structure, functions, and feedbacks of a coral reef, while SCS
is a coral state which has loss resilience, and as a consequence,
the structures, functions, and feedbacks are degrading. Finally,
in a DCS the structure, functions, and feedbacks have changed
and are no longer similar to a coral reef. Moreover, for each
coral state, LC and FMA cover mean and standard deviation
(sd) were calculated. A permutational multivariate analysis of
variance, function “adonis” from the “vegan” library (Oksanen
etal,, 2018), using 9999 permutations, was done to test coral state
on both benthic variables (hard coral and fleshy macroalgae).
Also, paired t-tests, function “t-test” from the “stats” library (R
Core Team, 2019), were carried out comparing hard corals and
macroalgae, between 2006 and 2016.

Regarding the second step aiming at exploring the association
between benthic states and the density of key fish groups,
sites were classified in CS, SCS, and DCS (n = 128), and
the monitoring year was considered as a factor variable. For
each key functional fish group, mean, and standard deviation
(sd) density were calculated for coral state and stressed state
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(n = 122). Due to the unbalanced number of samples, a non-
parametric alternative to the paired t-test was calculated to
identify significative changes in fish density between Coral State
and Stressed Coral State, using function “wilcox test” from the
“stats” library (R Core Team, 2019).

Canonical Analysis of Principal Coordinates (CAP) was
used to correlate each key functional fish group with benthic
variables. CAP performs a constrained ordination analysis in
two steps (Anderson and Willis, 2003). In a first step, a
Principal Coordinate Analysis (PCoA) was computed, using
the coefficient of percentage difference (Bray-Curtis), on
the benthic data matrix, which was previously transformed
using Hellinger transformation allowing to preserve Euclidian
distances (Legendre and De Cdceres, 2013). In a second step a
Redundancy Analysis (RDA) of the PCoA created above (acting
as the response data) was run, constrained by each fish group
density (Borcard et al., 2018; Oksanen et al., 2018). For the CAP
analysis, we used the function capscale of the vegan library, which
uses all axes with positive eigenvalues, and axes are weighted by
corresponding eigenvalues so that the ordination distances are
the best approximations of original dissimilarities (Borcard et al.,
2018; Oksanen et al., 2018).

Finally, a classification tree model, which is a non-parametric
regression model, was used to predict the coral state depending
on fish variables, using rpart function in rpart library (Therneau
and Atkinson, 2018). This analysis is defined by recursive binary
partitioning of the dataset into subgroups that are successively
more homogeneous in relation to the values of the response

variable. At each partitioning step, one predictor variable is
used, maximizing homogeneity in the resulting subgroups by
minimizing the sum of squared errors. A cross-validation
procedure is used to determine the optimum size of the tree, using
only a subset of the available data, while the remaining subset is
used to assess the performance of the assembled tree.

RESULTS
Coral State Changes in the MAR

In 2006, all the 64 sites were selected based on their LC cover
>10% in order to have an initial positive accretion rate. However,
only 23% of the sites were in a coral state (CS), and 77%
were in a stressed coral state (SCS), considering the <5% FMA
threshold (Figures 3A,B). In contrast, in 2016 (Figures 3C,D),
only 4% of all sites were found in the CS. There was an 8%
increase in sites in SCS representing 85% of total sites and 9%
of total sites moved to a DCS. Benthic variables (hard coral and
fleshy macroalgae) had significant differences between the three
states (p = 0.001). In summary, 27% of the sites (n = 17) have
degraded (Table 1).

In the 64 MAR sites included in this analysis, coral cover
average was similar for both benthic states (Table 2), varying
between 17.3% (£5.60) to 22% (£10.14). Yet a significative
difference was found between hard corals in 2006 and 2016
(t = 2.0635, df = 63, p = 0.04319), with a mean increase of
3% in coral cover. Additionally, at sites belonging to a stressed
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TABLE 1 | Summary of state trends between 2006 and 2016 and the number of
sites belonging to each trend.

State trend 2006 2016 n
Remains stable (45 sites) CS CS 2
SCS SCS 43
DCS DCS 0
Degradation (17 sites) CS SCS 11
CS DCS 2
SCS DCS 4
Improvement (2 sites) DCS SCS 0
DCS CS 0
SCS CS 2

CS, coral state; SCS, stressed coral state; DCS, depauperate coral state; n,
numbers of sites.

coral state, mean fleshy macroalgae cover increased from 15.53%
(£8.16) in 2006 to 23.76% (£10.44) in 2016 (Table 2). Effectively,
for fleshy macroalgae cover a significant mean increase of
11% in the 10 years period was found (t = 7.2911, df = 63,
p=6.203e"10).

Association Between Benthic States and
Key Functional Fish Groups in the MAR

Significative differences between coral and stressed coral states
were found for algal-gardening damselfish (p = 0.004564) and
parrotfish (p = 0.01818) and these groups were on average less
abundant in sites classified as “coral state” than in a “stressed

coral state” (Table 3). Other key functional groups were far
less abundant, and exhibited similar density patterns in both
states, as in the case of chubs, lionfish, and groupers (Table 3).
However, fish density variability is generally high, particularly
for herbivores belonging to parrotfish and surgeonfish families
as these groups can either be seen solitary or forming schools.

The fish groups that are associated significantly to the
changes in benthic variables are in order of importance
(Table 4): algal-gardening damselfish (9%), parrotfish (6%),
and surgeonfish (5%). Algal-gardening damselfish (DAMS) and
parrotfish (PARR) densities had a positive correlation with fleshy
macroalgae cover (FMA) and were related to stressed coral state
and the year 2016. On the other hand, snappers (SNAP) and
surgeonfish (SURG) density had a positive correlation with coral
cover (LC) and were related to coral state and the year 2006
(Figure 4). Depauperate state was not correlated with any fish
density. Moreover, benthic cover variation is better explained by
the state than by the year (Table 4).

The more parsimonious classification tree model (Figure 5)
includes just three functional herbivorous fish groups: algal-
gardening damselfishes, scraper parrotfishes, and grazer
surgeonfishes. It did not include chubs and resident predators
(lionfish, groupers, and snappers), in order to enhance the model
predictions. Higher values of damselfish predicted with a high
level of accuracy (between 0.81 and 1.00 of accuracy) that a site
belonged to a stressed coral state (Figure 5). Nevertheless, the
prediction of a coral state with this model is not good (between
0.55 and 0.57 of accuracy). This could be related to the lower
number of coral state sites (n = 19 out of 122).

TABLE 2 | The mean and the standard deviation (sd) of hard coral cover and fleshy macroalgae in 2006 and 2016 in the number of sites (n) belonging to

each benthic state.

2006 2016

State Function Cover (%) mean + sd n Cover (%) mean + sd n

Coral state Hard coral 19.00 £ 7.10 15 22.02 £10.14 4
Fleshy macroalgae 2.28+0.88 2.38 +£1.45

Stressed coral state Hard Coral 17.30 £ 5.60 49 21.61 +£8.87 54
Fleshy macroalgae 156.63 £ 8.16 23.76 £ 10.44

Depauperate coral state Hard coral 0 6.40 £ 1.96 6
Fleshy macroalgae 35.62 + 18.22

TABLE 3 | Mean and standard deviation (sd) of key fish density in each coral state, present at an n number of sites for both years combined.

Function Family Coral state, n = 19 Stressed coral state, n = 103 p-value
Density (individuals/100 m2) mean + sd Density (individuals/100 m2) mean + sd

Territorial herbivore Damselfish 1.66 + 3.14 4.69 + 5.55 0.004564**
Browser Chubs 0.09 £ 0.28 0.52 +£2.44 0.7892
Scraper Parrotfish 10.32 £ 7.42 19.31 + 18.04 0.01818*
Grazer Surgeonfish 9.82 + 8.66 9.72 £ 6.94 0.5648
Invasive predator Lionfish 0.02 +0.07 0.03 £0.12 0.5648
Resident predator Snapper 3.49 + 6.31 2.50 + 4.07 0.5455
Resident predator Grouper 0.78 £ 0.72 0.75 £ 0.80 0.6419

Significant codes: 0.001 **’, 0.01 *".
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TABLE 4 | Results of the Canonical Analysis of Principal Coordinates used to
correlate each key functional fish group with benthic variables.

Fish density CAP1 CAP2 r? Pr (>r)
Damselfish 0.99312 —0.11708 0.0899 0.003**
Chubs 0.99791 0.06460 0.0049 0.741
Parrotfish 0.99588  —0.09069 0.0649 0.016*
Surgeonfish 0.66212 —0.74940 0.0466 0.044*
Lionfish 0.96936  —0.24563 0.0101 0.546
Snapper —0.05670  —0.99839 0.0248 0.218
Grouper —0.70562 0.70859 0.0006 0.965
Coral State —1.9882 —1.5786
Stressed coral state 0.2736 0.0621 0.2691 0.0071#**
Depauperate coral state 1.65987 3.9323
2006 —0.2837 0.0199

0.0723 0.0071#**
2016 0.2837 —0.0199

CAP1 and CAP2 are the coordinates in the PCoA space, r? is the correlation
coefficient and Pr (>r) is the statistical significance of each descriptor (fish densities,
state, and year). Significant codes: 0 ***’, 0.001 **’, and 0.07 *’.

1 &V
— s
% » L FMA &3
GRPU CHuB PARR
o 0 - 2016 DAMS <<
2006 LION &
Lc
1 [
Coral
SNAR
2 SURG
| &
T T 1 T T
-2 -1 o 1 2
CAP1

FIGURE 4 | Canonical Analysis of Principal Coordinates of benthic cover
dissimilarities represented by live coral (LC) and fleshy macroalgae (FMA)
explained by key functional fish density, integrating the benthic state: coral,
stressed or depauperate; and the monitoring year: 2006 or 2016. DAMS,
algal-gardening damselfish; CHUB, chubs; PARR, parrotfish; SURG,
surgeonfish; LION, lionfish; GROU, groupers; SNAP, snappers.

DISCUSSION

In contrast to the global context of coral reef ecosystem
degradation, slight improvements in reef health have been
reported in the MAR over the last decade when the full set
of over 300 monitoring sites are included (2006-2016), linked
with coral cover and herbivorous fish increases (Mcfield et al.,
2018). These results are actually an encouraging example of
the potential benefits of science-based management. Since the
signing of the Tulum agreement in 1997, this high-level political
collaboration has been reinforced by the growing number of

partner institutions within HRI, cooperating with science-based
reef management since 2004 (Mcfield et al., 2018). The one reef
health indicator that consistently shows negative changes, is the
fleshy macroalgal cover which increased two-fold from 12 to 23%
over this decade and is a widely used characteristic of a stressed
coral state (Mcfield et al., 2018).

Developing research on the drivers and feedbacks that
maintain undesirable -less resilient- coral states is a field
of opportunity to improve coral reef management (Nystrom
et al, 2012). Our study uses benthic thresholds established
by previous studies (Perry et al., 2013; Kramer et al., 2015),
to distinguish a desirable coral state from undesirable SCS
or DCS. We highlight that most of the desirable coral state
in 2006 have moved toward a stressed coral state, but have
not changed still to a depauperated coral state and coral
cover has even increased on average, which can be related
to the management actions undertaken in the MAR. Three
well documented anthropogenic drivers (Hughes et al.,, 2018)
that push a coral state to lose resilience are pollution and
overfishing (at the local scale), and climate change (at the
global scale). However, less is known about the precise
fish community drivers and feedbacks which favor fleshy
macroalgal increases.

To improve our understanding of fish community effects
on coral state changes, it is then fundamental to systematically
follow benthic and fish community key variables over time
and space as it is done in the MAR by HRI, and couple
monitoring with additional experimentation and modeling.
Despite the limitations of our analyses, which does not
include all potential drivers of resilience loss in coral reefs
such as nutrient enrichment, overfishing, and climate change
stressors, some patterns have emerged. Our findings highlight
differential associations between herbivores and resident
predators to states with different degrees of coral reef
resilience (a more resilient coral state and a less resilient
stressed coral state), suggesting that some key functional fish
play a more important role than others in influencing coral
reef resilience.

For instance, algal-gardening damselfish density was
correlated with fleshy macroalgae cover and predicted with
accuracy in sites characterized as stressed. Moreover, snappers’
density was correlated to live coral cover, but other predators’
density had a very low correlation, independently of the site
category (coral or stressed coral state). In the functional absence
of other predators, snappers are likely playing an important role
in regulating territorial algal-gardening damselfish and diminish
a stress factor on the coral system. In addition, surgeonfish
were also correlated to live coral cover, suggesting that this
herbivorous group could be more capable than other herbivores
of breaking algal-gardening damselfish territorial defenses,
providing better control of turf algae and ultimately of fleshy
macroalgae, associated with a stress state.

The abundance of damselfish has been increasing in
Caribbean reefs (Ceccarelli et al., 2001), possibly due to the
low abundance of damselfish predators, including groupers
and snappers (Robertson, 1996; Mumby et al., 2012; Vermeij
et al, 2015; Rivera-Sosa et al, 2018). Consequently, when
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FIGURE 5 | Classification tree model to predict the coral state (coral or stressed) explained by key functional fish density (number of individuals per 100 m?). DAMS,
algal-gardening damselfish; PARR, parrotfish; SURG, surgeonfish. Numbers in the nodes correspond to fish density values when this condition is true, one must
follow the left path of the classification tree model. The proportion between 0 and 1 in each rectangle correspond to the number of sites predicted in a coral state
(left) and a stressed coral state (right) during the cross-validation. The percentage in the rectangle is the proportion of sites characterized by one of the states and the
density fish conditions used in the construction of the classification model. The node error is 0.16, which means that 19/122 sites were not predicted in the state

SURG >=4

predator abundance is low, it may lead to decreasing reef
health (Vermeij et al., 2015). Overall, our results emphasize
that territorial herbivores (algal-gardening damselfish) may
play a key role in maintaining feedbacks toward fleshy
macroalgae-dominated states (Arnold et al, 2010). There are
multiple mechanisms through which algal-gardening damselfish
can amplify macroalgal increases. These territorial fish can
actively bite and remove living coral tissue, cultivating dense
algal lawns on coral skeletons (Kaufman, 1977), and are
important mediators for interactions between corals, algae, and
herbivores (Precht et al., 2010). This gardening activity has
many feedbacks which amplify fleshy macroalgal abundance
and domination, by provoking changes in coral composition
(Precht et al., 2010), promoting coral predation (Schopmeyer
and Lirman, 2015), increasing nutrient loads (Blanchette et al.,
2019), acting as reservoirs for microbes related to coral
diseases (Casey et al., 2014), decreasing coral recruitment and
deterring predators and herbivores (Aronson and Precht, 2001;
Eurich et al., 2018).

The high abundance of these territorial algal-gardening
damselfish may be an ecological indicator of coral reef’s
ongoing degradation. Consequently, our study suggests that
it is important to continue improving our understanding of
all potential reef health stressors (e.g., the multiple effects of
nutrification, fishing, and CO; increase) which may provoke a
loss of coral reef resilience, but it is also vital to pay attention
to community interactions and feedbacks, which are direct
consequences of the stressors affecting coral reefs and may

amplify “wicked” resilient regimes dominated by, for example,
fleshy macroalgae. Additional studies are needed to investigate
interactive effects between damselfish and their coral hosts
to determine potential thresholds for algal farming activities
(Schopmeyer and Lirman, 2015).

We therefore recommend the integration of all territorial
algal-gardening damselfish in future AGRRA monitoring
(Stegastes planifrons, S. diencaeus, S. fuscus, and Microspathodon
crysurus) as it would not require additional cost, as well as to
create in situ experiments to assess the density of algal-gardening
damselfish provoking benthic shifts in the MAR, in order
to both define a threshold for remaining in a safe operating
system (sensu Norstrom et al, 2016), and to advance our
understanding of predator-prey interactions. Monitoring and
experimental studies coupled with feedbacks and interactions
modeling will lead to a more integrated understanding of coral
reef resilience loss driven by communities in the MAR and
will continue to contribute to adaptive management based
on rigorous science. Moreover, in further studies, it will be
interesting to go beyond fish communities’ interactions and
integrate as well other key functional groups of the MAR,
such as is the case of sea urchins and crabs, which are also
known to play an important role in regulating fleshy macroalgae
(Mcfield et al., 2018).

Finally, our research strengthens the recommendation
made by HRI partners for the reinforcement of Marine
Replenishment Zones (Mcfield et al., 2018), in order to promote
a healthy population of resident predator fish (like groupers
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and snappers), which may in turn regulate algal-gardening
damselfish populations to levels that can maintain the reef’s
ecological integrity and reduce negative top-down cascade effects.
In a context where reefs are affected by a cumulation of
stressors and feedbacks, this recommendation may go hand-
in-hand with other recommendations put forward by previous
studies promoting the preservation of herbivorous assemblages
(parrotfish and surgeonfish) and good water quality to maintain
desirable reef conditions. All these actions reinforced by
collaborative management may contribute to building overall
coral reef resilience in the MAR.
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