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Abstract

Human activities and climate change have accelerated species losses and degrada-
tion of ecosystems to unprecedented levels. Both theoretical and empirical evidence
suggest that extinction cascades contribute substantially to global species loss. The
effects of extinction cascades can ripple across levels of ecological organization,
causing not only the secondary loss of taxonomic diversity but also functional di-
versity erosion. Here, we take a step forward in coextinction analysis by estimating
the functional robustness of reef fish communities to species loss. We built a tri-
partite network with nodes and links based on a model output predicting reef fish
occupancy (113 species) as a function of coral and turf algae cover in Southwestern
Atlantic reefs. This network comprised coral species, coral-associated fish (site oc-
cupancy directly related to coral cover), and co-occurring fish (occupancy indirectly
related to coral cover). We used attack-tolerance curves and estimated network ro-
bustness (R) to quantify the cascading loss of reef fish taxonomic and functional diver-
sity along three scenarios of coral species loss: degree centrality (removing first corals
with more coral-associated fish), bleaching vulnerability and post-bleaching mortality
(most vulnerable removed first), and random removal. Degree centrality produced the
greatest losses (lowest R) in comparison with other scenarios. In this scenario, while
functional diversity was robust to the direct loss of coral-associated fish (R=0.85),
the taxonomic diversity was not robust to coral loss (R=0.54). Both taxonomic and

functional diversity showed low robustness to indirect fish extinctions (R=0.31 and
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1 | INTRODUCTION

We are facing an unprecedented biodiversity crisis, with species ex-
tinction occurring at a much faster rate than those inferred from fos-
sil records (Ceballos et al., 2015; Pimm et al., 2014). Understanding
the processes driving species extinction could help us anticipate and
mitigate the anthropogenic impacts eroding ecosystems (Ceballos
et al., 2015). For example, ecologists have long recognized that the
primary loss of species might trigger cascading effects that ripple
across ecological communities, through waves of secondary ex-
tinctions (e.g., Bastazini et al., 2022; Doherty et al., 2023; Estes
et al., 1998; Strona & Bradshaw, 2022). This occurs because species
in natural communities are linked to one another based on different
kinds of ecological interactions (e.g., predator-prey, cleaner-clients,
host-parasites, plant-pollinators) forming multi-dimensional net-
works (Estes et al., 2011). Thus, coextinctions will likely be common
in future ecosystems if we keep the pace of ecosystem exploitation
and the broad scale of impacts (Strona & Bradshaw, 2022). The ex-
tinction of large terrestrial mammals during the Pleistocene, for in-
stance, resulted in the loss of fundamental ecological interactions,
triggering a reorganization of ecological networks and the restruc-
turing of terrestrial ecosystems (Pires, 2024). This process had far-
reaching effects on ecosystem-scale processes such as energy flow
and nutrient cycling (Pires, 2024). In marine ecosystems, there are
notable examples of cascading extinctions following the loss of
apex predators (Estes et al., 2011). Despite being under high human-
induced threats (Blowes et al., 2019), knowledge on coextinctions
in coral and rocky reef ecosystems is still incipient. Reefs hold intri-
cate networks of interactions among species and between species
and their habitat (Cantor et al., 2018; Capitani et al., 2022; Strona
et al., 2021; Wilson et al., 2006), yielding one of the most diverse
and productive ecosystems on Earth (Sheppard et al., 2018). Thus,
determining how reef communities will respond to the current envi-
ronmental crisis is crucial to accurately forecast reef functioning and
resilience (Hughes et al., 2018).

Reef fish are connected to their habitat to different degrees,
which can include the use of reef corals and macroalgae for shelter-
ing, breeding, and foraging (Sheppard et al., 2018). Other fish can in
turn associate or co-occur with coral-associated fish due to preda-
tor-prey relationships (Capitani et al., 2022), facilitation cascades,

R=0.57, respectively). Projections of 100% coral species loss caused a reduction of
69% of the regional trait space area. The effects of coral loss in Southwestern Atlantic
reefs went beyond the direct coral-fish relationships. Ever-growing human impacts on
reef ecosystems can cause extinction cascades with detrimental consequences for

fish assemblages that benefit from corals.

cascading extinctions, coextinction, coral-fish association, ecological networks, species-

habitat engineering, and mutualistic interactions (Quimbayo
et al., 2018). Reefs and the interactions they host are under threat
due to global-scale climate change (Burke et al., 2023; Giglio
et al., 2023), and numerous local impacts from unregulated harvest-
ing to pollution (Bellwood et al., 2004; Giglio et al., 2023). Recent
global estimates of the cumulative effect of these impacts show a
striking 36% decline in global-scale coral cover from 1997 to 2018
(Tebbett et al., 2023). Complex reef architecture provides import-
ant habitat and refuge for many fish and invertebrates, and the ero-
sion of reef complexity has important consequences for critical reef
functions and processes (Alvarez-Filip et al., 2011). The degradation
of reef habitats might impair the ecosystem's robustness to extinc-
tions, creating cascading effects that could lead the entire system to
collapse (Strona & Bradshaw, 2022). Despite this scenario, the con-
sequences of coextinction cascades caused by coral loss are virtually
unknown.

A useful approach to determine how coral loss can lead to cas-
cading extinctions in reef ecosystems are the widely used “knockout
extinction models”, which are simulations of species or area removal
aiming to estimate the robustness of ecological networks either
formed by interspecific interactions (Bane et al., 2018) or by species-
habitat associations (Evans et al., 2013; Marini et al., 2019). Cascading
extinctions were unveiled through multi-taxa species-habitat net-
works from tropical forests facing deforestation, whereby forest
species declined to extinction when deprived from their preferred
habitat (Palmeirim et al., 2022). Following the species-habitat ap-
proach (Marini et al., 2019), corals are distributed as habitat patches
to which fish species are linked. While corals are not predominantly
distributed in homogeneous patches—they rather coexist with a
number of taxa such as algae, sponges, ascidians (Aued et al., 2018)—
they do constitute critical habitat structures adding heterogeneity
and resources to reef organisms, most notably to reef fish (Anderson
etal., 2022; Coker et al., 2014; Luza et al., 2022; Wilson et al., 2006).
The coral-fish association can be so specialized that coral mortal-
ity, cover loss and local species extinction causes direct population
decline and even local extinction of coral-associated fish (Coker
et al., 2014; Wilson et al., 2006). Yet, the strength of this relationship
is still debated (recently reviewed by Muruga et al., 2024), and geo-
graphic variations underlying fish sensitivity to coral extinction were
recently uncovered (Luza et al., 2022; Parravicini et al., 2014; Strona
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et al., 2021). In this context, the examination of potential cascading
effects, that is the indirect fish extinctions that may happen as a
consequence of direct fish extinctions caused by coral species loss,
is a topic that remains virtually unexplored to date.

The effects of coextinction cascades can ripple across levels
of ecological complexity, causing not only the loss of taxonomic
diversity but also the erosion of functional diversity (Bastazini
et al., 2022; Srivastava et al., 2009; Valiente-Banuet et al., 2015), af-
fecting ecosystem functioning and the provision of services that we
depend upon (Giglio et al., 2023). The simulated loss of all coral spe-
cies from tropical reefs could cause the decline of 50% of fish spe-
cies and 23% of functional entities, indicating significant changes to
taxonomic and functional diversity (Strona et al., 2021). However,
these analyses excluded Southwestern (SW) Atlantic reefs. For
these reefs, the total loss of coral species caused the loss of 37%
of fish species and 5% of its functional diversity (Luza et al., 2022).
Both studies involved the removal of either single coral species or
all coral species simultaneously, which limited their ability to assess
the potential influence of cascading extinctions on the structure of
reef fish communities. Climate change will likely affect coral species
differently and perhaps sequentially along a gradient of bleaching
vulnerability and post bleaching mortality, with a more deleterious
impact expected for branching corals (acroporids) and hydrocorals
(milleporids; Hughes et al., 2018; McWilliam et al., 2018). These
coral groups confer exceptionally high habitat complexity and het-
erogeneity to reefs, and their decline could lead to the loss of sev-
eral reef fish species (Coker et al., 2014; Wilson et al., 2006). Also,
secondary extinctions can happen because other fish can interact
indirectly with corals through predator-prey (Capitani et al., 2022)
and/or mutualistic interactions (Quimbayo et al., 2018) established
with coral-associated fish.

Here, beyond using a tripartite network to estimate direct and
indirect effects of coral loss to taxonomic diversity, we take a step
forward in coextinction analysis and design an algorithm that eval-
uates network functional robustness. We applied this approach for
corals and fish of Southwestern Atlantic reefs, and considered three
scenarios of coral (habitat) species loss: degree centrality, vulnerabil-
ity to bleaching and post-bleaching mortality, and random removal.
The degree centrality reflects a scenario entirely based on the net-
work structure, where the most connected species are considered
more critical for network stability (Bastazini et al., 2019). The bleach-
ing vulnerability scenario, where corals more susceptible to bleach
and die facing thermal stress events are removed first, introduces
a mechanistic influence on network robustness, considering real-
world observations of coral vulnerability in Southwestern Atlantic
reefs (Braz et al., 2022; Corazza et al., 2024; Pereira et al., 2022;
Teixeira et al., 2019). Finally, corals were removed randomly, with-
out imposing a specific order. Thus, the random scenario represents
situations where corals might be lost due to unpredictable events
or unknown factors, providing a baseline to compare against the
other more realistic scenarios. We expected that the degree central-
ity scenario would result in the lowest network robustness to coral
loss, since coral species with the highest degree centrality might
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provide the preferred habitat for reef fish. We anticipated identify-
ing functional robustness following the removal of fish directly and
indirectly associated with corals, as the diversity of functions within
the assemblage could be maintained through functional redundancy
among species (Luza et al., 2022; Mouillot et al., 2013).

2 | MATERIALS AND METHODS

We used the species-habitat network approach (Marini
et al., 2019) coupled with attack-tolerance curves (ATC; Albert &
Barabasi, 2002) and the reduction in functional space approach
(RFS, Luza et al., 2022) to quantify the cascading loss of reef fish
species and functions as a response to coral loss. More specifi-
cally, we tested the robustness, defined as the area under the ATC
(Burgos et al., 2007), of the species-habitat network by building a
tripartite network composed of two bipartite subnetworks. Then
we simulated three scenarios of coral extinction and used the ATCs
to show how many species and functions (trait space area) would
persist in the network following coral species removal and used a
trait-based approach (Mammola & Cardoso, 2020) to explore the
consequences of cascading extinctions on trait space area (or func-
tional diversity (FD), Villéger et al., 2008) and occupancy (Carvalho
& Cardoso, 2020; Mammola & Cardoso, 2020). The illustrated

framework is shown in Figure 1.

2.1 | Model predictions and the ecological network

The tripartite network structure was built using data and esti-
mates of a Bayesian community occupancy model produced by
Luza et al. (2022). This model was used to gauge the relative in-
fluence of coral and turf algae cover on 113 reef fish species de-
tected in video plots deployed in 36 sites distributed throughout the
Brazilian Province (Figure S1.1; data from Aued et al., 2018; Longo
et al., 2019). In essence, these community models are a class of hier-
archical models consisting of two interconnected Generalized Linear
Mixed Models (GLMMs). These models simultaneously estimate
site occupancy probability, denoted as w; (i.e., the probability that
a species k will occupy site i based on its environmental conditions,
specifically cover of corals and turf algae), and detection probability
Pyij (i.e., the probability of detecting species k, on sampling occasion
j and site i where it truly exists; Kéry & Royle, 2016). In this model,
the 113 reef fish species were treated as random effects via random
slopes and intercepts, ensuring that estimates for all species con-
form to a common statistical distribution. One relevant aspect not
considered in this model is the spatial configuration of coral or turf
patches and their effects on fish occupancy. Although we did not
estimate the exact size or isolation of the sampled reefs, all sam-
pled reefs are considered large and well-connected environments.
Therefore, we assumed that each sample for each site had an equal
chance of capturing the full spectrum of associations among fish
species and benthic organisms.
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(a) Site occupancy modeling

Coral-associated fish Co-occurring fish
Positive effect of coral cover, and Pearson’s correlation coefficient
neutral or negative effect of turf cover between species site occupancy

probabilities equal or higher than 0.8

(b) Habitat - species network (under attack) “eo"
Subnetwork 1 Subnetwork 2
to t1 ... |A]

(¢) Fish composition (node IDs) + fish functional traits

(d) Trait space analysis (e) Network robustness
(Area and occupancy)

D --———---~
a - 2
= 3
%) )
P = )
X " c &
< = —
y E %
(O]
iz O
Axis 1 to, t1, . Al

Proportion of corals eliminated

FIGURE 1 Study framework. In (a), we modeled the occupancy probability of fish as a function of coral and turf algae cover using site
occupancy modeling. Based on the model output, we classified species as either coral-associated or co-occurring fish. In (b), coral and fish
species were connected based on the predicted site occupancy probability of each coral-associated fish (fish with different colors in the
center of the network) relative to the cover of each coral species (corals with different colors, in the left). Then, coral-associated and co-
occurring fish in subnetwork 2 were connected based on Pearson's correlation values between fish site occupancy probability. With the
networks established, we applied a removal algorithm that eliminated corals and subsequently calculated the direct and indirect effects of
coral species removal on network robustness at each elimination step (tO, t1, to |Al). Lost links are shown in red. In (c), we related fish species
composition and species traits at each elimination step. In (d), we computed the loss in trait space area following corals and fish removal. The
area delimited by the black polygon depicts the trait space area at t0O, and the area delimited by the red polygon depicts the trait space area at
t1. Finally, in (e), we applied a hyperbolic function (non-linear model) to the robustness data, analyzing both the remaining taxonomic diversity
(TD, represented on the first y-axis with a solid curve) and functional diversity (FD, represented on the second y-axis with a dashed curve)
along the gradient of coral elimination (x-axis). Source of pictures to draw silhouettes: Coral, picture by Vinicius J Giglio; fish, FishBase.
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Using the estimates in the model output, we built the two bipartite
subnetworks composing the tripartite network (Figure 2). We classi-
fied species into two groups. The “coral-associated fish” group com-
prised fish positively influenced by the cover of the coral species c on
their site occupancy probability. The relationship between each fish
species occupancy and coral (84,) and turf cover (8,) was character-
ized using the regression coefficients. Fish species were categorized as
“coral-associated” to the coral species c if f;, depicting the effect of the
cover of coral c on fish k was positive and the 95% Credible Intervals of

B4 did not overlap zero, and if they exhibited either a neutral (5, =0)

SUBNETWORK 1
Partite A Parite B

(CORALS) (CORAL-ASSOCIATED FISH)

Millepora alcicornis

Mussismilia hispida

Mussismilia harttii

3 -
Siderastrea spp N\ Y /

Acanthurus coeruleus

Sparisoma axillare

Anisotremus virginicus

Haemulon squamipinna
Mycteroperca bonaci

Sparisoma radians

Acanthurus chirurgus
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or negative (85, <0) association with turf algae cover (from now on, the
subscript k is used to define the coral-associated fish). “Co-occurring
fish” were those fish f whose site occupancy probabilities were cor-
related with the site occupancy probabilities of coral-associated fish (at
Pearson's correlation coefficient p; > 0.8).

Based on this classification, the first subnetwork comprised coral
species and coral-associated fish, and the second one comprised coral-
associated fish and co-occurring fish (Figure 2). The thickness of the
links connecting the nodes (species) in subnetwork 1 (partite A and B)

was determined by predicting site occupancy probabilities based on

SUBNETWORK 2

Partite C
(CO-OCURRING FISH)

Acanthurus bahianus

Amblycirrhitus pinos

Aulostomus maculatus
Scarus zelindae

Canthidermis maculata

Carangoides bartholomaei

Lutjanus jocu Caranx crysos

Caranx latus

Chaetodon ocellatus

Chaetodon sedentarius

Chaetodon striatus

Ocyurus chrysurus

Diodon hystrix

Scarus trispinosus

Haemulon aurolineatum

/0
AY. /]
W\ ; Halichoeres radiatus

RS A \ ///
& N0 Q ‘///
“ \ / N \\%\:\A Heteromiacanthuscruenlalus 4 / y
NS \// 2ANA ‘\ ” j /)
A7 /

Halichoeres bivittatus

Myrichthys ocellatus
Halichoeres penrosei

Holacanthus ciliaris

Microspathodon chrysurus B
Holacanthus tricolor

Haemulon parra

Spari frond \ :
parisoma frondosum /i A;I
Halichoeres dimidiatus //'5/// /' S

D
Cantherhines pullus V) 715 ‘\ ’

Acanthostracion polygonius
Acanthostracion quadricornis l Melichth .
Apogon americanus 74 N lelichthys niger
Balistes vetula // ‘\
Caranx ruber )
Elacatinus figaro 77 < . . .
Halichoeres brasiliensis 7/ 5 ‘ Ophioblennius macclurei
Lutjanus apodus
Mugil curema
Mulloidichthys martinicus 3
Sparisoma amplum 7 Scomberomorus regalis
Sphoeroides greeleyi -
Stegastes variabilis
Epinephelus adscensionis
Coryphopterus glaucofraenum
Sparisoma tuiupiranga Sphyraena barracuda
Stegastes rocasensis <

Haemulon plumierii

Lutjanus analis

Chilomycterus spinosus spinosus
Pomacanthus paru
Cephalopholis fulva Stegastes fuscus
Thalassoma noronhanum

FIGURE 2 Corals and fish tripartite network, its two subnetworks and their partite. The network is organized in a descending order
of coral degree. In subnetwork 1, link width denotes the predicted site occupancy probability of each fish species () as a function of
coral cover (while maintaining turf algae cover constant), and in subnetwork 2, it represents the correlation between the site occupancy
probability of coral associated fish and co-occurring fish (py). In Partite A, bar height (black) depicts the number of fishes associated with
each coral species. In Partite B, bar height (grey) represents the number of corals that each fish was associated with, and orange bars and

bold scientific names highlight coral-associated fish that establish relationships with co-occurring fish. Finally, in Partite C, blue bars denote
the number of coral-associated fish that each co-occurring fish is associated with (only pairwise correlations p,¢> 0.8 were projected in the
figure and used in data analysis). Source of pictures to draw silhouettes (from top to the bottom): Millepora alcicornis: Coralpedia (https://
coralpedia.bio.warwick.ac.uk/en/corals/millepora_alcicornis); Mussismilia hispida: Vinicius J Giglio; Mussismilia harttii: Ronaldo Francini-Filho;
Siderastrea spp.: Ronaldo Francini-Filho; Montastrea cavernosa: Corals of the World (http://www.coralsoftheworld.org/species_factsheets/
species_factsheet_summary/montastraea-cavernosa/); Favia gravida: Corals of the World (http://www.coralsoftheworld.org/species_facts
heets/species_factsheet_summary/favia-gravida/); Agaricia spp.: Nhobgood Nick Hobgood (https://commons.wikimedia.org/wiki/File:Agari

cia_fragilis_(Fragile_Saucer_Coral).jpg).
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coral cover variation while holding turf algae cover constant. To make
these predictions, we used the model's intercept and regression coef-
ficients to predict site occupancy probabilities at four standard devi-
ations from the mean coral cover (which translates to approximately
10% cover for more abundant corals like Siderastrea spp. and Millepora
alcicornis, and around 1% cover for less abundant species such as
Agaricia spp., Porites astreoides, and Favia gravida) and zero standard
deviations from the mean for turf algae cover (about 18% cover). In
essence, this yielded one predicted probability i, per fish species k,
which represents the expected proportion of sites occupied by each
coral-associated fish species given the coral cover.

To establish the links between nodes in subnetwork 2 (partite B and
C), we computed the Pearson's correlation coefficient (ﬂkf) between oc-
cupancy probabilities y; for each coral-associated fish (42 species) and
the remaining species (71 species) at the site level (n=36 sites). We then
applied a correlation threshold of p,;20.8 to define co-occurring spe-
cies f. In total, 21 species met this criterion. To understand the nature
of the connections in subnetwork 2, we tested whether co-occurring
fish belonged to higher trophic levels and had larger body sizes than
coral-associated fish using ANOVA. Co-occurring fish belonged to
higher trophic levels than coral-associated fish (§ = 0.58, F; 4y = 7.66
,P =.007; Figure S1.2), indicating that nodes in subnetwork 2 are con-
nected through trophic relationships. No differences in fish body size
were found between the two bipartite networks (Figure 51.2).

2.2 | Attack-tolerance curves, removal
algorithm, and robustness analyses

We assessed the direct and indirect effects of coral loss in reef fish
communities using the tripartite network. Robustness (R) was esti-
mated based on the area below the attack-tolerance curves (ATC;
Albert & Barabdsi, 2002, Burgos et al., 2007). This metric reflects
the network's potential to maintain its structure under attack, with R
values ranging from O to 1. A value of 1 indicates maximum network
robustness, meaning that fish taxonomic and functional diversity are
highly tolerant to coral species removal. To assess this, we simulated
coral species extinctions within the network and evaluated the di-

rect and indirect effects using the following algorithm:

1. Let G be a bipartite network (subnetwork) with two sets of
nodes each:

a. Subnetwork 1: coral species (A) and coral-associated fish (B).

b. Subnetwork 2: Coral-associated fish (B) and co-occurring fish (C).

The links between A and B were defined by ¢, and the Pearson's
correlation coefficient p;; was used to connect B and C (Figure 2).

2. Let f(B| A) be the function to estimate taxonomic and functional
diversity for species in the set B given losses in A. Let f(C|B)
be the function to estimate taxonomic and functional diversity
for species in C given losses in the set B.

3. Reduction in taxonomic diversity (TD) is the proportion of fish
species being lost in B and C along eliminations of coral species in
A

4. The reduction in functional space (RFS) of partite B and C is then
calculated using traits and node identities (see below, Section 2.4,
Trait space area and occupancy):

FD;_qn
f(BI A) = RFS_y = FI; Al
t=0
FD_1
f(CIB) = RFS,_y 0 = F[; A
t=0

Time is defined in terms of coral removal order, where t = O rep-
resents the baseline time step with no coral removal.| A |depicts the
number of corals in the partite A. From t = 1 onwards, the algorithm
will run while t < |Al. In other words, the algorithm will run while
there are nodes remaining in the subnetwork 1 as follows:

1. Select a coral species ¢ in A based on one specific criterion
(see Scenario analyses), and remove it from the network G
at time t.

2. Update the network by removing the links associated with spe-

ciesc:
Gt+1 =G - {c}

3. Estimate the taxonomic and functional diversity for species in the
partite B and C (f(B| A) and f(C| B), respectively).

4. Add the values of f(B| A) and f(C| B) to the cumulative sum of the
area under the attack curve (ATC):

ATC,,, = ATC, +f(B|A) or f(C| B).

5. Increment the time step until t = | A | The algorithm then ends
when all coral species from subnetwork 1 have been removed

from the network.

To measure the decay of taxonomic and functional robustness
following coral loss, we fitted a hyperbolic function to ATC data
obtained across the time steps. This step involves attempting to
fit a non-linear least squares' model of the form y =1 — x? to the
ATC data, represented as y. The variable x depicts the time (from
t=0to|A|), and the exponent a is the decay function to be esti-
mated by the model. If the fitting fails, we added a small amount
of random noise (s = 0.01) to y to enable the fitting process to con-
verge, and set a =1 as the starting value of the maximum likeli-
hood algorithm.

Finally, robustness R was quantified for taxonomic and functional
diversity of node sets Band C separately by integrating (summing up)
infinitesimally small values of the spline interpolated using the fitted
hyperbolic function S(x) applied over the interval x, (t = 0, no coral

removed) to X, (| A |, all corals removed):

R= J ™ S(0dx

Xemin

85UB0| 7 SUOWILLOD BAIERID 8gedldde auy Aq pausenob are sappie YO ‘88N Josa|ni oy Ariqi8uljuo 48] UO (SUORIPUOD-PLR-SLUBH WD A3 IM"ARe.q U1 |UO//SANY) SUORIPUOD PUe SWIB L 8L 885 *[7202/60/G2] Uo ARiqiauliuo A8|Im ‘eioAT 8@ dpepsieAlun - INIZV.ISYE OYATYD OLSNONY SNIDINIA AQ €TSLT GoB/TTTT'0T/10p/wod A 1M Akig1jul|uo//sdny woiy papeojumod ‘6 ‘4202 ‘98r2S9ET



LUZA ET AL.

To simulate extinctions, we worked in parallel with the two
subnetworks. Operationally, the subnetworks were represented as
matrices, whose manipulation of rows and columns represented the
consequences of losing nodes in each subnetwork. The first matrix
had corals as rows (partite A) and coral-associated fish as columns
(partite B). One coral-associated fish k could be removed if it was
associated with coral c in time step t. In the second matrix, with
coral-associated fish as rows (partite B) and co-occurring fish as col-
umns (partite C), one co-occurring fish f could be removed if the re-
moval of a coral-associated fish k in time step t results in its column
sum being zero (i.e., no positive correlation between site occupancy
probabilities of these fish remains).

Taxonomic diversity (TD) was measured as the ratio of the
number of columns (fish species) remaining in each matrix at each
time step t, relative to the total number of columns at t =0. As
with the taxonomic counterpart, our functional ATC is constrained
within the unit square, starting at a value of 1 in the y-axis when
there is no area loss and the entire fish trait space is intact. As
coral removal proceeds, the hyperbolic curve decreases mono-
tonically to 1 on the x-axis as the functional space shrinks with the

removal of all corals.

2.3 | Scenario analyses

We performed analyses using different criterion of coral removal in
subnetwork 1 (step 1 of the algorithm). In the first scenario, coral
species were removed according to their degree centrality, which
was measured as the number of links between each coral and coral-
associated fish species. In this scenario, coral removal followed a
decreasing order, from the highest to the lowest degree centrality.
Therefore, the coral with the largest number of associated fishes
was the first to be eliminated.

The second scenario involved the random removal of coral spe-
cies in step 1, where we shuffled the rows in partite A one thousand
times. Then, we ran the algorithm steps 2-7 as described above for
each random dataset. Further, we obtained the average robustness
R and associated 95% confidence intervals.

The third scenario involved the removal of corals based on their
vulnerability to bleaching and post-bleaching mortality. The key
drivers of coral mortality and eventual loss are their vulnerability
to bleaching and ability to recover from bleaching events (Bleuel
et al., 2021; Freeman et al., 2013; Hoegh-Guldberg et al., 2007).
Nonetheless, bleaching vulnerability and post-bleaching mortal-
ity vary with biological species traits such as occurrence depth,
symbiotic association, growth rate and competitive ability (to
endure against competition with algae and zoanthids). Using this
background information, we gathered data from the literature to
build a vulnerability-based scenario, in which corals with higher
bleaching probability and post-bleaching mortality and lower
growth rates and competitive ability were removed first from the
network. The vulnerability-based scenario respected the follow-
ing order:
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= Global Change Biology g%\ ]_EYJ—

1. Mussismilia harttii—High bleaching levels, high post-bleaching
mortality levels (see Corazza et al., 2024; Pereira et al., 2022;
Teixeira et al., 2019), low recovery rates leading to colony
erosion (Braz et al., 2022).

2. Millepora alcicornis—High bleaching levels, high post-bleaching
mortality levels (see Corazza et al., 2024; Pereira et al., 2022;
Teixeira et al., 2019). The species has high competitive ability and
growth rates, often considered a weedy species in the Caribbean
(Cramer et al., 2021), therefore with a higher recovery potential
compared to M. harttii.

3. Agaricia spp.—High bleaching levels and post-bleaching mortal-
ity (Corazza et al., 2024; Pereira et al., 2022; Teixeira et al., 2019),
and low recovery potential (Longo unpublished data; Cramer
et al.,, 2021).

4. Mussismilia hispida—High bleaching levels, low post bleaching
mortality (Banha et al., 2020), slow growth, and recovery rates
(Corazza et al., 2024).

5. Montastraea cavernosa—Medium bleaching levels and low post
bleaching mortality (Teixeira et al., 2019), considered a stress tol-
erant species (Cramer et al., 2021). This species is very important
for the benthic community structure in turbid and deeper reefs in
SW Atlantic (Santana et al., 2023).

6. Porites astreoides—Medium bleaching levels and low post bleach-
ing mortality, considered a weedy coral in the Caribbean with a
high reproductive output (Cramer et al., 2021).

7. Favia gravida—High bleaching levels and post-bleaching mortality
(Corazzaetal., 2024; Pereira et al., 2022; Teixeira et al., 2019). The
species is a monthly spawner with good recovery potential (Longo
unpublished data; Pereira et al., 2020).

8. Siderastrea spp.—High bleaching levels but extremely low post-
bleaching mortality (Mello et al., 2023), considered a stress toler-

ant species (Cramer et al., 2021).

2.4 | Trait space area and occupancy

We applied a trait-based approach to assess the direct and indirect
effects of coral species loss on the functional structure of reef fish
assemblages for the scenario with lowest network robustness. The
trait-based approach considers the relationship between fish species
composition (node identities) and traits to produce a measurement
of diversity (the trait space area; Villéger et al., 2008) and frequency/
density (trait space occupancy) of species across trait combinations
(Mammola & Cardoso, 2020; Figure 1).

Functional robustness to cascading extinctions was measured
through the reduction in functional space approach (RFS, cf. Luza
et al., 2022). The taxonomic and functional diversity at t = 0 com-
prised the number of fish species and trait-space area occupied by
all coral-associated and co-occurring fish, respectively (n=63 spe-
cies). For trait space occupancy analysis, a provincial trait space
(=113 species, all species in the fish dataset) was built, as we
were aiming to detect which portions of the Provincial trait space
could be most affected by fish loss with coral species removal.
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Based on this, subsequent spaces (polygons) were built for the fol-

lowing set of species:

. Coral-associated fish (n=42),
. Coral-associated + co-occurring fish (=63 species),
. All fish except coral-associated + co-occurring (n=50),

A WO N -

. Vulnerable species (n=5), based on IUCN status and price value
(data from Quimbayo et al., 2021).

We used six fish ecological traits in trait space analysis: total
length (cm), trophic level (the position in the food web, unitless), fin
aspect ratio (unitless), group size (categories from solitary to large
sized groups), maximum tolerated temperature (T°C), and depth (m).
All traits, except for total body length, which was obtained directly
from the video estimates (Longo et al., 2019), were gathered from
Quimbayo et al. (2021). These traits were chosen not only due to
their availability and affordability (dataset compiled by one of the
authors (J.P. Quimbayo)) but also for their relevance for fish species
and reef ecosystems (Hadj-Hammou et al., 2021).

Total length informs on fitness variation across species, re-
flecting their metabolism, growth, reproduction, and mortality
(Parravicini et al., 2021). Trophic level represents species' food
web position and informs on species' diets, while group size de-
notes gregariousness, which can influence predation rates on the
benthos and other organisms (Parravicini et al., 2021; Tavares
et al., 2019). Collectively, these traits shape reef habitats and im-
pact ecosystem-scale processes such as energy flow, nutrient cy-
cling, and storage (Tavares et al., 2019). Fin aspect ratio indicates
mobility and dispersal capacity, affecting species distribution and
their ability to exploit different habitats, thereby influencing gene
flow and ecosystem resilience (Tavares et al., 2019). Maximum tol-
erated temperature and depth represent preferred habitats and
water column position, informing on the distribution of species
(Tavares et al., 2019) and energy cycles across water layers (Silva
et al., 2023). Also, these traits can indicate a species' vulnera-
bility to temperature fluctuations and habitat degradation (Silva
et al., 2023). While these traits capture significant aspects of
ecosystem function, it is acknowledged that other traits, such as
metabolic rates, energy transfer, and nutrient excretion, might be
needed to fully capture ecosystem functioning (Luza, Barneche,
etal.,, 2023; Tavares et al., 2019). However, as for other taxa (Luza,
Barneche, et al., 2023), these data are currently unavailable for
most of the studied species.

Using these traits, we performed a principal coordinate analysis
(PCoA\) to project, in a quasi-Euclidean multidimensional space, the
matrix of trait dissimilarities based on the Gower distance between
pairs of species applied to scaled trait values. The Gower distance
was obtained using the daisy function of the “cluster” R package
(Maechler et al., 2023), and PCoA was done using the dudi.pco
function of the “ade4” R package (Dray & Dufour, 2007). Total body
length, aspect ratio, trophic level, maximum preferred temperature,
and depth were treated as quantitative traits, whereas group size
was treated as an ordered trait (schooling fishes had higher ranks

than solitary fishes). Functional trait space area was calculated using
the convex-hull approach of (Cornwell et al., 2006) and (Villéger
et al., 2008), making use of the first two ordination axes. The cor-
relation of each trait with the eigenvectors of each PCoA axis was
calculated through the Pearson's correlation coefficient, and pro-
jected in the trait space to explore the relationship between traits
and ordination axes.

Trait space occupancy (density) was estimated by applying a
kernel density estimation (KDE; Duong, 2007) to the eigenvec-
tors of the two first PCoA axes, which revealed areas of high and
low species density in the trait space. We estimated the KDEs for
each period using the ‘kde’ function (‘ks’ package), and produced
plots using the ‘ggplot2’ R package (Wickham, 2016). We used un-
constrained bandwidth selectors for building the KDE, once the
results depend on the choice of bandwidth used for smoothing
kernels (Duong, 2007). The selected bandwidths were 0.5, 0.9,
and 0.99 quantiles, representing 50%, 90%, and 99% probabil-
ity of species occupancy in different portions of the trait space.
Finally, we used histograms (plotted along the PCoA axes) to de-
pict the density of species in the PCoA area. All analyses were run
in the R programming environment (R Core Team, 2023). Data and
code used to produce the results are available on Zenodo (Luza
et al., 2024).

3 | RESULTS

Out of 113 reef fish, 37% (n=42) were coral-associated fish and 19%
(n=21) were co-occurring fish (Figure 2). In total, the probability of
site occupancy of 56% of the fish species (n=63) had both direct
and indirect relationship with coral cover. Thus, the tripartite net-
work comprised 71 species (eight corals, 63 reef fish species). The
corals establishing more links with fish were Millepora alcicornis and
Mussismilia hispida (13 and 12, respectively), and coral-associated
fish establishing links with more coral species were Acanthurus
coeruleus, Sparisoma axillare, and Scarus zelindae (6, 5 and 5, re-
spectively; Figure 2). Co-occurring fish establishing more links with
coral-associated fish were Lutjanus analis, Amblycirrhitus pinos, and
Sphyraena barracuda (8, 7, and 5, respectively; Figure 2).

Coral removal based on degree centrality had the greater im-
pact on network robustness, considering both its direct and indi-
rect effects on fish taxonomic (TD) and functional diversity (FD;
Figures 3 and 4). In the case of TD, these effects (direct and indi-
rect) were lower than 75% and 76% of the robustness resulting from
the random removals of coral species, and for FD, robustness was
lower than 67% and 58% of the random removals (Figure 3). In con-
trast, the robustness of TD and FD under the vulnerability-based
scenario was generally higher when contrasted with robustness
to random removals (Figure 3). We hereby focus the forthcoming
results on the degree centrality scenario that yielded the lower ro-
bustness to coral loss.

Despite the removal of corals and of 42 directly associated fish
species, functional diversity of the fish assemblage showed greater
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vulnerability (blue). R and associated 95% Confidence Intervals
based on 1000 randomizations (error bars) are shown for the
random removal scenario. Direct effects comprise the loss of fish
taxonomic and functional diversity directly caused by coral species
removal. Indirect effects comprise the loss of co-occurring fish
whose site occupancy probability was correlated with the site
occupancy probability of coral-associated fish.
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robustness (R=0.82) to coral loss when compared with taxonomic
diversity (R=0.52). Additionally, the removal of corals and of 63 fish
species directly and indirectly related to corals resulted in limited
robustness of both taxonomic and functional diversity (R=0.31 and
R=0.57, respectively; Figure 4).

Along a gradient of coral species removal, the loss of 25% of the
coral species reduced 50% of the TD of coral-associated fish, but did
not affect FD. The steepest decline in the FD of coral-associated fish
followed the loss of 40% of the coral species (Figure 4). The curves
showed a 50% decline in fish FD from 40% to 87% of coral species
loss (Figure 4). For secondary extinctions, the loss of corals caused
a linear decrease in the TD and FD of co-occurring fish (Figure 4),
showing overall low network robustness to indirect effects of coral
species removal.

Our trait-space analysis reveals that the complete loss of coral
species could reduce the provincial trait area of fish assemblages by
69% (Figure 5a). However, this estimation only considers total trait
space area and does not account for the trait redundancy observed
between coral-associated and co-occurring fish species (n=63) and
the remaining fish species (n=50). Specifically, coral-associated and
co-occurring fish occupy 69% of the provincial trait space area, while
the remaining fish occupy 87% of provincial trait space area, with a
significant overlap between these two sets of species (Figure 5a). An
area of 11% of the provincial trait space area is exclusively occupied
by coral-associated and co-occurring fish. Furthermore, our analyses
also show that 43% of the provincial trait space is occupied by spe-
cies that are vulnerable to extinction, including Epinephelus margi-

natus, Lutjanus cyanopterus, Mycteroperca interstitialis, Rhomboplites

(c) Bleaching vulnerability
Indirect loss of taxonomic diversity

1.00 F1.00
0.75 0.75
0.50 0.50
0.75
0.25 0.25

0.00 0.25 0.50 0.75

Indirect loss of fish functional diversity
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S
8

Aysianip [euonouny ysy Bulureway

0.25

FIGURE 4 Attack tolerance curves (ATC) depicting direct and indirect effects of coral loss on fish taxonomic and functional diversity
along three scenarios of coral loss: (a) degree centrality, (b) random (1000 curves), (c) bleaching vulnerability. The shaded area below each
curve depicts the hyperbolic function curve fitted to the data shown in the two y-axes. Direct effects comprise the loss of fish taxonomic
and functional diversity caused by coral loss. Indirect effects comprise the loss of co-occurring fish whose site occupancy probability was
correlated with the site occupancy probability of coral-associated fish. Orange tones represent losses in functional diversity, while grey and
black represent losses in taxonomic diversity. Diamonds and circles denote the direct and indirect effects of coral species extinction on such

biodiversity dimensions.
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FIGURE 5 The occupancy of the trait space by Brazilian reef fishes. The trait space was produced by summarizing trait data with a
principal coordinate analysis (PCoA) with the variance explained by the axes indicated in panel (a). In (a), the first trait space depicts all
Brazilian Province fish (n=113 species, white polygon with dashed line), coral-associated fish (=42, orange, 64% of the trait space area),
coral-associated + co-occurring fish (n=63, dark orange, 69% of the trait space area), remaining species (n=50, inner light gray polygon, 87%
of the trait space area). The bottom panel in (a) depicts the correlation of each trait with the first two ordination axes, along with polygons
representing threatened species (brown polygon, 43% area) and areas vulnerable to cascading extinctions (red polygon, 11% area). Panel

(b) illustrates the Provincial trait space occupancy (1), and the trait space occupancy after simulating the direct (2) and indirect effects of
coral loss according to the degree centrality scenario (3). Density (trait space occupancy) is visualized using kernel density estimation, with
contours depicting 50%, 95%, and 99% density bands. Panel (c) shows the changes in trait space occupancy after simulating the direct
(comparison of 1 vs. 2) and the indirect effects (comparison of 2 vs. 3) of coral loss. Marginal histograms (with density curves) in all plots
illustrate the distribution of species concentrations within trait spaces.

aurorubens, and Scarus trispinosus (which is also a coral-associated
fish). Notably, these species are situated in peripheral areas of the
trait space occupied by few species (Figure 5a).

Beyond the effects on trait space area (FD), cascading extinc-
tions lead to less densely filled trait spaces (hot colors, Figure 5b-
3). There is a high concentration of species in the core of the trait
space (Figure 5b-3), and the direct and indirect effects of coral
loss affected fish species distributed within and along the edge
of this core, resulting in lower functional variation among species
(as shown by the marginal histograms). Regarding the traits per se,
coral loss directly affected species belonging to low trophic levels,
with both small and large body sizes, occupying shallow and warm
waters, and with small group sizes and aspect ratios (red areas in
Figure 5c¢, 1 vs. 2). While also affecting species in similar trait space
zones, the indirect effect additionally influenced species with large
body sizes and aspect ratios (red areas in Figure 5c, 2 vs. 3).

4 | DISCUSSION

Coextinctions are difficult to observe in nature as they are hard to de-
tect or unfold over long time scales (Estes et al., 2011). Using simulated
cascade extinctions in a tripartite species-habitat network, we showed
that cascading loss of reef fish species and functions can occur as a re-
sponse to coral species loss in Southwestern Atlantic reefs. Network
and ecological trait space had limited robustness to the direct and in-
direct influence of coral loss. By assessing network robustness across
a gradient of coral species loss, our co-extinction analyses represent
a more realistic scenario in terms of conservation when compared
with previous results deriving from direct extinction scenarios (Luza
et al., 2022). Notably, fish TD and FD were more robust to the re-
moval of sensitive corals, showing a weak relationship between coral
bleaching vulnerability and fish assemblage vulnerability. The removal
of corals with more associated fish (highest degree centrality, Millepora
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alcicornis, Mussismilia hispida) caused the largest direct and indirect im-
pacts on the network's robustness. This was also revealed for a seed
dispersal network where species with a high degree centrality confer
network robustness and stability (Bastazini et al., 2019). Such results
are particularly useful for management and conservation actions,
informing on key conservation targets considering the major coral
loss scenarios projected over the next 76years (Bleuel et al., 2021,
Freeman et al., 2013; Hoegh-Guldberg et al., 2007).

4.1 | Robustness of coral-fish species-habitat
network

Reefs comprise the most biodiverse and threatened marine ecosys-
tem, and much of their biodiversity is due to the central role that cor-
als play in building tridimensional reef habitats that support diverse
communities of other organisms (Coker et al., 2014; McWilliam
et al., 2018; Sheppard et al., 2018; Wilson et al., 2006; Woodhead
etal.,, 2019). Coral survival and persistence in the Anthropocene are
uncertain (Bleuel et al., 2021; Freeman et al., 2013), posing threats
to the complex network of species relying on corals (Bellwood
et al., 2004; Strona et al., 2021; Tebbett et al., 2023; Woodhead
et al., 2019). Cascading loss of reef fish species and functions as
a response to coral loss in Southwestern Atlantic reefs revealed
by the Attack-Tolerance Curves (ATC) is a worrisome scenario.
Southwestern Atlantic reefs are overlooked marginal reefs, charac-
terized by low coral cover (Aued et al., 2018; Kleypas et al., 1999;
Schoepf et al., 2023), and are typically excluded from discussions
and analyses addressing biodiversity loss resulting from coral de-
cline (Giglio et al., 2023). This exclusion can have multiple causes,
including the lower diversity of corals and fish when compared to
coral reefs found in other biogeographic regions, and the generalist
relationships between corals and fish in the region. Despite this, the
loss of habitat patches with low overall coverage can have a dispro-
portionate impact on ecological networks, as shown in other sys-
tems such as plant-insect networks in farmlands (Evans et al., 2013).
The steep declines in taxonomic diversity (for direct and indirect
scenarios) and functional diversity (only the indirect scenario) in-
ferred from the shape of the ATC curves depict two interesting as-
pects concerning the robustness of this network.

The studied fish assemblages demonstrated some ability to
sustain functional diversity even in the face of direct losses of
coral-associated fish. This might indicate functional resistance of
coral-associated fish to direct coral losses. Coral-associated fish may
exhibit a limited and generalized reliance on coral habitats (Muruga
et al., 2024; Wismer et al., 2019), showcasing redundancy in their
ecological traits (Luza et al., 2022) and functions (Brandl et al., 2019)
when compared to other reef fish. Theoretically, such low spec-
ificity in the interactions between corals and fish might prevent
co-extinctions (Brodie et al., 2014). However, while the loss of a
single species does not necessarily exclude the presence of certain
combinations of fish traits in reef sites, the delivery of a particular
function could be affected (Bellwood et al., 2019). Alternatively, fish
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communities may present extinction debt, with the potential for re-
lationships to weaken and species, as well as their functions, to be
lost over time (Anderson et al., 2022). Therefore, assumptions about
the resilience or ability to maintain functions in disturbed communi-
ties that preserve similar ecological traits need caution.

Our comprehensive analysis of the tripartite network, includ-
ing both direct and indirect links with corals, revealed a concern-
ing low robustness of fish assemblages in the Brazilian Province.
The loss of coral species had a profound impact on the network
structure, with indirect losses proving to be even more detrimen-
tal to the fish assemblage than direct ones. Remarkably, the influ-
ence of coral loss extends beyond taxonomic diversity, affecting
even those fish indirectly related to coral cover. We attribute this
to two key factors: first, most fish with a higher likelihood of in-
habiting areas with high coral cover often present a set of eco-
logical traits (e.g., small body size, low trophic level, small group
size) that are spread across several species in the assemblage and
not taxonomically constrained. These traits define a resilient core
group of species within the trait space (i.e., functionally redun-
dant) that remains relatively stable to the direct loss of corals.
Second, this core group plays essential roles in forging vital links,
connecting peripheral fish within the network, with species hav-
ing a more restricted set of traits (few species sharing similar
combinations), which then become susceptible to coral loss. As
such, these core species that interact with vulnerable links are
themselves theoretically susceptible to exhibit declines (Brodie
et al., 2014). This dual function of coral-associated fish is crucial
for maintaining ecosystem integrity, bridging benthic community-
level processes (like carbon accretion and prey populations con-
trol) with broader nutrient cycling facilitated by mobile organisms
(Brandl et al., 2019).

4.2 | Network structure and ecosystem
functioning

We observed that the low estimated robustness to coral loss sig-
nals a potential threat to ecosystem functioning. It is important to
recognize that direct and indirect drivers of environmental change
do not act in isolation; rather, they interact, creating synergies and
antagonisms (Giglio et al., 2023; Hernadndez Ruiz et al., 2021; Soares
etal, 2021). For example, ocean warming and acidification can lead
to significant coral mortality (Sully et al., 2019; Tebbett et al., 2023).
In conjunction with overfishing, they can adversely affect fish pop-
ulations by altering habitat structures and the abiotic environment,
as well as trait composition within an assemblage (Silva et al., 2023).
These synergistic stressors can destabilize the trophic structure of
ecological communities, exerting intense pressure on species that
play a disproportionate role in maintaining network structure. This
impact is observed in both land (Vidal et al., 2014) and marine net-
works (Bascompte et al., 2005; Marquez-Veldsquez et al., 2021).
A case in point comprises the tropical eastern Pacific food webs
(coast of Colombia), where key species such as the hammerhead
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shark (Sphyrna spp.), which faces a high extinction risk and inter-
acts with small-scale fisheries, have an expressive impact on the
network structure (Marquez-Velasquez et al., 2021). Similarly, in
the Caribbean, sharks and groupers, both threatened by fisheries,
engage in the strongest interactions within food webs (Bascompte
et al., 2005). While distinct from food webs, the species-habitat
network approach is a valuable tool in identifying vulnerable links
within the ecosystem, as it allows us to estimate the importance of
habitat-forming species to the maintenance of local and regional
biodiversity (Marini et al., 2019).

In the Southwestern Atlantic reefs, species like the endemic
and endangered greenbeak parrotfish (Scarus trispinosus), the near-
threatened yellowtail snapper (Ocyurus chrysurus) and the mutton
snapper (Lutjanus analis), and the black grouper (Mycteroperca bonaci),
fulfill crucial ecological roles and occupy regions of the trait space
with low species density. Serving as major biomass consumers, they
actively circulate nutrients and materials throughout the ecosystem.
The former species, which feeds on turf and endolithic algae on the
reef matrix, and the three latter species, which primarily feed on
vertebrates and invertebrates, show increased site occupancy (and
likely greater abundance) with greater coral cover (Luza et al., 2022;
Moura et al., 2013; Roos et al., 2019). Furthermore, these species are
heavily targeted by fisheries in Brazil and exhibit marked population
declines across their geographical range (Eggertsen et al., 2024; Roos
et al., 2019). Their extinction, severing links between corals and co-
occurring fish, could affect coral health and reef structure (McCook
et al., 2001), while potentially easing competition for smaller preda-
tors and removing a vital food source for larger ones. This suggests
that redundancy, concentrated in the densely populated core of the
trait space, may not suffice to sustain ecosystem functionality if
these at-risk network nodes are lost. This is particularly concerning
given the synergistic threats posed by coral loss, overfishing, and cli-

mate change, which exacerbate the situation.

4.3 | Assumptions, potential caveats, and
perspectives

In evaluating network robustness, we relied on broad generaliza-
tions. First, the primary dataset was designed to elucidate feed-
ing interactions between reef fish and benthic organisms (Inagaki
et al., 2020; Longo et al., 2019), which may not fully capture the
nuances of fish-to-fish interactions (but see Fontoura et al., 2020).
Similarly, pairwise correlations of site occupancy probability be-
tween species may not capture the full spectrum of fish-to-fish
relationships. Relying on these correlations demand cautious inter-
pretation (reviewed by Blanchet et al., 2020) even in species-habitat
networks. For instance, two species may be linked because they pre-
fer or avoid the same factor not included in the model (i.e., they like
or dislike a factor beyond coral and turf cover, such as temperature,
pollution), or because they are interacting with other species pre-
sent in the system (Blanchet et al., 2020). However, we lack data to
measure the relevance of these caveats.

We revealed processes at the regional scale, integrating data from
various species and sites across the entire Brazilian marine biogeo-
graphical province. At this scale, extinctions are expected to be less
frequent, as some populations of threatened species can persist lo-
cally. This means that a function might persist regionally, albeit in a
significantly reduced capacity in small to large geographic scales (i.e.,
functional extinction, Brodie et al., 2014; Valiente-Banuet et al., 2015).
As the goal here was to evaluate robustness and present a new algo-
rithm for functional robustness evaluation, the possibility of adaptive
rewiring (i.e., interaction partner switch through time) was not ac-
counted for. The redundancy between removed and remaining spe-
cies may partially alleviate the loss of functional diversity caused by
cascading extinctions from coral-associated to co-occurring fish, de-
spite significant declines in taxonomic diversity (Mouillot et al., 2013).
The ability of species to adapt to the absence of the interaction, or
even interact with a different habitat or species, is an important com-
ponent of the resistance to cascading extinctions (Brodie et al., 2014;
Vizentin-Bugoni et al., 2020). Indeed, the majority of fishes inhabiting
the Brazilian Province tropical and subtropical reefs, besides being
broadly distributed (Pinheiro et al., 2018), have a large level of trophic
generalism (Cardozo-Ferreira et al., 2023; Liedke et al., 2016). Further
examination of rewiring potential is warranted, as many fish species
that were not associated with corals persisted following simulated ex-
tinctions. Hence, we emphasize that the 11% reduction should not be
disregarded, as it assumes that the remaining species will fulfill similar
interactions and ecological functions as those directly and indirectly
impacted by coral removal. This is not guaranteed, because despite
its similar functional diversity, fish assemblages not associated with
corals could not provide the same ecological functions (Bellwood
et al., 2019). Furthermore, we still do not fully understand the mech-
anisms underlying the reorganization of ecological networks in re-
sponse to species losses (Bastazini et al., 2019). Thus, our approach
provides a useful and conservative scenario, ignoring species rewiring.
Future developments in our understanding of the nature of ecological
interactions and the driving mechanisms of network reorganization in
coral systems will certainly improve our ability to forecast the effects
of species loss and provide more accurate scenarios of network ro-
bustness and resilience in a changing ocean.

Despite such generalizations, our inference about species-
habitat links derives from fine-scale resolution and the close match-
ing of fish and coral sampling (Aued et al., 2018; Longo et al., 2019),
considered a positive remark (Blanchet et al., 2020). These insights
underscore the need for future research with sampling designs
tailored to detect multi-level interactions (Bascompte et al., 2005;
Marquez-Velasquez et al., 2021) and emphasize the importance of

local-scale assessments of species-habitat networks.
4.4 | Concluding remarks
Tropical and subtropical reefs of the Brazilian Province are nominally

marginal compared to the nearby Caribbean, with different evo-
lutionary histories (Pinheiro et al., 2018), and with environmental
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conditions considered suboptimal for most tropical coral species
(Schoepf et al., 2023), including high turbidity and nutrient-rich wa-
ters (Mies et al., 2020; Santana et al., 2023). These reefs hold a rela-
tively species-poor coral fauna with low redundancy, which makes
coral-fish associations less obvious when compared to the Great
Caribbean and for the Indo-Pacific realm, but still existent (Coni
et al., 2013; Luza, Aued, et al., 2023). Despite offering numerous
functions and ecosystem services, Brazilian reef environments are
increasingly under the strain of escalating anthropogenic pressures
at various scales (Soares et al., 2021). Here we detected a limited
ability of reef fish assemblages to endure one of the main changes of
the Anthropocene: the possible loss of coral diversity. We observed
higher levels of robustness of functional diversity to direct species
loss, yet the indirect effects of coral loss on the species-habitat
network structure were expressive. Such coral loss stems from
both global-scale factors, such as ocean warming, and local-scale
impacts, including pollution and overfishing (Tebbett et al., 2023).
Coral-associated fishes exhibit a resilient functional structure in
healthy reefs, potentially due to adaptation to marginal conditions
(Wismer et al., 2019). However, it remains an open question whether
this resilience holds in scenarios where coral loss is driven by an-
thropogenic impacts. Human influence in the Brazilian province has
been long-standing (Eggertsen et al., 2024; Fogliarini et al., 2022),
and there is scant historical data on what may have already been lost
(Fogliarini et al., 2022, 2024). Furthermore, many coral-associated
and co-occurring fishes are also directly affected by overfishing or
the aquarium trade (Carvalho et al., 2022; Eggertsen et al., 2024;
Gasparini et al., 2005). This combination of factors can lead to ad-
ditive effects, potentially setting off a cycle of extinction capable of
eroding critical ecological processes mediated by unique species and
functional entities. Our study represents a significant conceptual
advancement in coextinction analysis for two reasons: it evaluates
network robustness within a biodiverse, complex, and threatened
ecosystem, and it delves deeper than just the taxonomic dimension
of biodiversity to include a functional perspective. Overall, ecologi-
cal networks offer a rich theoretical and empirical basis for grappling

with the complex implications of the Anthropocene crisis.
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