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Anna Koester1,2*, Cesc Gordó−Vilaseca1,3, Nancy Bunbury2,4,
Sebastian C. A. Ferse1,5, Amanda Ford6, Philip Haupt2,7,
Luke A’Bear2, Maria Bielsa2, April Jasmine Burt2, Jake Letori2,
Emma Mederic2, Ella Nancy2, Cheryl Sanchez2,8,
Matt Waller2,9,10 and Christian Wild1

1Marine Ecology Department, Faculty of Biology & Chemistry, University of Bremen, Bremen, Germany,
2Seychelles Islands Foundation (SIF), Victoria, Seychelles, 3Faculty of Biosciences and Aquaculture, Nord
University, Bodø, Norway, 4Centre for Ecology and Conservation, University of Exeter, Penryn, United
Kingdom, 5Leibniz Centre for Tropical Marine Research (ZMT), Bremen, Germany, 6Discipline of Marine
Studies, School of Agriculture, Geography, Environment, Ocean and Natural Sciences, The University of
the South Pacific, Suva, Fiji, 7Kent and Essex Inshore Fisheries Conservation Authority, Ramsgate, United
Kingdom, 8Department of Biology, University of Pisa, Pisa, Italy, 9Marine Biological Association, The
Laboratory, Plymouth, United Kingdom, 10Ocean and Earth Science, National Oceanography Centre
Southampton, University of Southampton, Southampton, United Kingdom
Introduction: Coral bleaching immediately impacts the reef benthos, but effects

on fish communities are less well understood because they are often delayed

and confounded by anthropogenic interactions.

Methods: We assessed changes in fish abundance, biomass and community

composition before and after the 2015/16 coral bleaching event at Aldabra Atoll,

Seychelles, where local human impacts are minimal, but reefs suffered 50%

bleaching-induced coral mortality. We monitored 12 shallow (2–5 m water

depth) and nine deep (15 m water depth) permanent survey sites using two

survey methods: indicator surveys recording 84 taxa over six years (pre-: 2014;

post-bleaching: 2016–2019, 2021), sizing fish based on six size-class categories,

and extended fish surveys recording 198 taxa over two years (pre-: 2015; post-

bleaching: 2020) with size estimates to the nearest cm (excluding fish < 8 cm).

Results: During indicator surveys, mean fish abundance did not change on deep

reefs. However, abundance increased by 77% on shallow reefs between 2014 and

2016, which wasmainly driven by increases in herbivores and omnivores, likely as

a response to elevated turf algae cover following coral mortality. Overall (and

functional group-specific) indicator fish biomass did not differ between 2014 and

2016 and remained at or above pre-bleaching levels throughout 2016–2021. In

contrast, extended fish surveys in 2015 and 2020 showed a 55–60% reduction in

overall abundance on shallow and deep reefs, and a 69% reduction in biomass on
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2023.1230717/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1230717/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1230717/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1230717/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1230717/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1230717/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2023.1230717&domain=pdf&date_stamp=2023-09-25
mailto:anna.koester@uni-bremen.de
https://doi.org/10.3389/fmars.2023.1230717
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2023.1230717
https://www.frontiersin.org/journals/marine-science


Koester et al. 10.3389/fmars.2023.1230717

Frontiers in Marine Science
shallow reefs, with decreases in biomass occurring in all functional groups.

Biomass on deep reefs did not differ between 2015 and 2020. Multivariate

analysis of both data sets revealed immediate and long-lasting differences

between pre- and post-bleaching fish community compositions, driven largely

by herbivorous, omnivorous and piscivorous taxa.

Discussion: Results from the indicator surveys suggest that the bleaching event

had limited impact on fish abundance and biomass, while the extended surveys

recorded changes in abundance and biomass which would otherwise have gone

undetected. Our findings improve understanding of the shift a broad community

of fish undergoes following a mass coral bleaching event and highlights the value

of survey methods that include the full suite of species to detect ecological

responses to environmental drivers.
KEYWORDS

fish visual census, fish community, climate change, MPA management, indicator
species, biodiversity, ecosystem functions, UNESCO Marine World Heritage Site
1 Introduction

Coastal communities worldwide rely on reef fish for nutrition

and income via fisheries and tourism but reef fish are subject to a

range of local and global pressures of natural and anthropogenic

origins (Pratchett et al., 2014; Hughes et al., 2017; Cinner et al.,

2020). Reef fish assemblages are especially vulnerable to changes in

coral reef habitat, e.g. via climate change-induced coral bleaching

and coral mortality (Wilson et al., 2006; Pratchett et al., 2008;

Pratchett et al., 2014). The loss of live coral and the subsequent

erosion of the physical reef structure can cause declines in fish

abundance and diversity (Anderson et al., 2012). Fish species

specialised on live corals for food and habitat are usually affected

immediately or in the short-term (i.e., within ca. 3 years post-

disturbance; Wilson et al., 2006), while recruitment failure due to

loss of reef structure can impact fish assemblages and biomass in the

longer term (Graham et al., 2007). In contrast, the abundance of

herbivorous and detritivorous fish may increase as declines in coral

cover are often linked to increases in algae cover and associated

detritus (Lindahl, 2001; Sheppard et al., 2002). Herbivorous fish are

therefore one of the most important functional groups of coral reef

fishes. By regulating the abundance of algae on coral reefs, and thus

facilitating the availability of suitable substrate for recruitment of

reef-forming corals, they promote coral reef resilience and post-

disturbance reef recovery (Bellwood et al., 2004).

Habitat degradation usually co-occurs with localised fishing

pressure, which can lead to substantial declines of fish abundance

and biomass, especially in heavily populated regions (Wilson et al.,

2006). Several studies have documented rapid depletion offish biomass

even at relatively low fishing pressure (Dulvy et al., 2004; Wilson et al.,

2010), with large, slow-growing, late-maturing fish species being

particularly vulnerable as these are the first to be targeted (Jennings

and Polunin, 1996). Consequently, heavily fished communities are
02
often dominated by small-bodied individuals and species of lower and

mid-level trophic groups (Dulvy et al., 2004; Graham et al., 2005;

McClanahan, 2008; Graham et al., 2017). To counteract declines and

restore fish assemblages, marine protected areas (MPAs) — ranging

from no-take to multi-use managed areas — have become a standard

conservation and management tool (Halpern, 2003).

Indeed, research from well-enforced no-take MPAs shows that

abundance, biomass and, sometimes, diversity of reef fish

communities can be enhanced compared to adjacent areas open

to fishing (McClanahan et al., 2007b; Stockwell et al., 2009; Edgar

et al., 2014). Nevertheless, recent work suggests that the benefits of

relatively small (<15 km2) MPAs are declining and/or shifting in the

face of climate change, benefitting altered fish assemblages

dominated by lower trophic levels (Graham et al., 2020). It is

therefore useful to understand how reef fish communities respond

to the effects of climate change at remote and large MPAs where

direct anthropogenic impacts are minimal.

Aldabra Atoll in the Republic of Seychelles is one such area.

Aldabra is located 407 km north and 700 km east of the nearest

inhabited land (Madagascar and Tanzania, respectively), and more

than 1000 km from the Seychelles Inner Islands, where most of the

country’s population resides. It was designated as a Special Reserve in

1981 (i.e., the highest level of national protection under Seychelles’

legislation) and inscribed as a UNESCOWorld Heritage Site in 1982,

with its protective boundaries encompassing 2559 km2 since 2018

(439 km2 prior to that). Aldabra’s marine ecosystem has therefore

been protected from commercial fishing pressure for almost 40 years,

and comparative surveys identified Aldabra’s reef fish biomass of

4.8 kg/ha to be amongst the highest within Seychelles (Friedlander

et al., 2015). In addition, as Aldabra’s reefs are an important source

for coral larvae in the region (Burt, 2022), it is likely that it also acts as

valuable source for fish larvae spill-over, thereby contribution to

regional fisheries, nutrition and tourism.
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The Seychelles Islands Foundation (SIF), the public trust tasked

with the management and protection of Aldabra, uses annual

marine monitoring as a standard tool to track changes and

inform management. This monitoring has revealed high coral

mortality at Aldabra after the 2015/16 bleaching event (34–62%

coral loss at 2–15 m water depth; Cerutti et al., 2020; Koester et al.,

2020), followed by substantial recovery during 2016–2019 with

reefs ≤ 5 m water depth reaching 54–93% of their pre-bleaching

hard coral cover by 2019 (Koester et al., 2020). Here, we utilise reef

fish monitoring data collected during two survey periods before,

and six survey periods following, the coral bleaching event to assess

the effect of bleaching-induced benthic changes on Aldabra’s reef

fish communities. Data has been collected meeting resource

constraints, with the annual monitoring surveying a set list of

indicator taxa, allowing inexperienced surveyors to partake after

basic training, and extended surveys every five years. We specifically

explore: (1) How did the 2016 coral bleaching event affect fish

abundance and biomass at Aldabra? (2) How did this change in the

six years following the bleaching? (3) How did fish assemblage

structure change during the study period? And (4), to what extent

are the two survey methods appropriate to inform management?

Remote and strictly protected areas like Aldabra serve as valuable

reference sites for comparisons with other locations where local and

substantial human impacts confound our understanding of the role of

environmental drivers, like mass bleaching events. Ecological and

environmental research and monitoring at locations like Aldabra is

therefore crucial to enhance our understanding of the effects of

climate change on coral reef ecosystems, and paramount for their

continued protection.
2 Materials and methods

2.1 Study site

The Republic of Seychelles is situated in the Western Indian

Ocean (WIO) between 4° and 10° south of the equator. The

Seychelles consist of more than 150 islands and atolls that are

scattered across its 1,400,000 km2 exclusive economic zone

(Kawaley, 1998). More than 99% of the country’s population

reside on the granitic (‘Inner’) islands in the north of the

archipelago (Seychelles National Bureau of Statistics, 2021), whilst

the coralline islands and atolls in the south and south-west (‘Outer

islands’) are not, or only sparsely populated.

Aldabra (46°20’E, 9°24’S), in the far southwest of the Seychelles,

is an elevated coral atoll with a large lagoon (196 km2) encircled by

four main islands, spanning 34 × 14.5 km (Figure 1). SIF maintains

a small research station (10–20 staff) to facilitate research and

monitoring of Aldabra’s terrestrial and marine habitats, and

protection of the atoll. A small and strictly regulated staff-run

subsistence fishery is permitted, whereby handline bottom fishing

of reef fish is only allowed within dedicated fishing zones in

maximum 50 m water depth (Figure 1).

Between December 2015 and June 2016, reefs at Aldabra

experienced continued bleaching risk, with Degree Heating Week

values peaking at 6.0°C-weeks (temperature measured by satellite
Frontiers in Marine Science 03
ca. 5 km north of Aldabra: 9°19’30.0”S 46°19’30.0”E; NOAA Coral

Reef Watch, 2023). Between December 2015 and December 2016,

live hard coral cover decreased by 51–62% on the seaward reefs and

by 34% in the lagoon (Cerutti et al., 2020; Koester et al., 2020).
2.2 Data collection

Twelve survey sites are located around Aldabra (Figure 1): nine

sites are on the seaward reef with permanently marked 50-m

transects at both 5 m and 15 m water depth (i.e., surveys are

done at two depths at each of these sites), while three sites are inside

the lagoon with permanently marked 50-m transects at 2–3 m water

depth (Figure 1, Table S1). Fish surveys were conducted along

between one and three 50 × 4 m belt transects (i.e., one transect =

200 m2; 10 m gap between replicate transects) marked by surveyors

with tape measures. The first transect was always the permanently

marked transect; subsequent replicate transects were surveyed along

the same compass bearing and following the same depth contour as

the permanent transect. All transects of the same depth at each site

were surveyed during the same dive. Surveys were done during

November 2014–January 2015 (hereafter, ‘2014’), December 2015

(immediately before the bleaching event), December 2016 (6

months following the end of the bleaching event), December

2018–January 2019 (hereafter, ‘2018’), November 2019–January

2020 (hereafter, ‘2019’), November 2020–January 2021 (hereafter,

‘2020’) and November–December 2021 (hereafter, ‘2021’).

Due to differing resource availability, the number of survey sites

visited and number of transects completed varied during 2014–2021

(Table S1). In addition, due to varying institutional capacity, two

survey methods were employed (Table S2). In 2014, 2016–2019 and

2021 all fishes of a pre-defined list of 84 taxa (63 of which were

identified to species-, six to genus- and 14 to family/sub-family

level; Table S3) were counted and classified into one of five size

classes based on total length (i.e., < 10 cm, 10–19 cm, 20–29 cm, 30–

39 cm, > 39 cm). Selection of taxa for these surveys (hereafter,

‘indicator’ surveys) followed Obura and Grimsditch (2009) and

included taxa that represent major functional groups, and are

sensitive to either anthropogenic pressures, e.g. fishing, or to

environmental change, e.g. coral bleaching. In 2015 and 2020, all

diurnally active, reef-associated fishes were identified to species

level whenever possible (Table S4; 198 taxa in total, 182 of which

were identified to species-, six to genus- and 10 to family-level),

counted and estimated to the nearest cm when ≥ 8 cm (hereafter,

‘extended’ surveys). Fish < 8 cm where not recorded to reduce bias

arising from differing surveyor experience, which may lead to

surveyors being overwhelmed by large numbers of small fish

(Willis, 2001; Williams et al., 2006). With both survey methods,

large, more mobile fish were surveyed on the first pass of the

transect, while smaller more site-attached fish were surveyed on the

return pass. Each year, surveys were done by different surveyors;

however, all surveyors underwent basic (indicator surveys) or

extensive training (extended surveys; whereby the 2015 surveyor

had substantial prior survey experience). Training for both methods

included desk-based fish identification training, a written fish

identification exam (which all surveyors passed with ≥ 97%
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correct fish ID), and in-water practical survey training of fish

identification, size estimation and surveying, which is done more

frequently and intensively for the extended surveys.
2.3 Data processing

Fish taxa were assigned to one of six functional groups based on

broad feeding habits (piscivores, omnivores, invertivores,

corallivores, planktivores, herbivores) following Samoilys et al.

(2018) and Froese and Pauly (2022). The number of families

surveyed within each functional group are the same for both

survey methods, apart from omnivores (indicator data set: six

families surveyed; extended data set: 14 families surveyed) and

piscivores (indicator data set: five families surveyed; extended data

set: six families surveyed; Tables S3, S4).

Fish biomass was estimated using the length-weight equation

W = a × Lb (Le Cren, 1951), where W is weight, L is length and a

and b are published species-specific constants (Froese and Pauly,
Frontiers in Marine Science 04
2022). For data obtained through the indicator surveys, the

midpoint of each size class was used as length estimation. To

approximate the length of fishes within the largest size class (i.e.,

> 39 cm), the median size within that size class was calculated from

the size estimates of the extended surveys. To obtain the species-

specific constants (a and b) for fish that could not be identified to

species level but only to genus or family, constants from all species

of that genus or family present at Aldabra (based on Friedlander

et al., 2015) were averaged.
2.4 Statistical analysis

Data obtained through the indicator and extended surveys were

analysed separately. This was done because standardising these two

datasets requires the removal of 32% of data obtained from the

extended surveys (by removing fish species not on the indicator

survey list) and 26% of the data obtained from the indicator surveys

(by removing fish < 8 cm total length, as these were not counted
FIGURE 1

Location of Aldabra Atoll in the Indian Ocean and within Seychelles, with its four main islands and 12 marine survey sites. Sites 1–8 and 12 are
outside the lagoon on the seaward reefs, with permanently marked transects at both 5 and 15 m water depth, while sites 9–11 are inside the lagoon,
with permanently marked transects at 2–3 m water depth. Grey polygons on the seaward reefs demark zones within which SIF permits handline
bottom fishing of its subsistence fishery (trolling of pelagic fish is allowed outside these zones but not inside the lagoon). Figure modified after
Koester et al., (2021) and included under a CC BY license, with permission from the Seychelles Islands Foundation (copyright 2021).
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during extended surveys). Preliminary analysis of the community

composition of this standardised dataset showed that differences

between the two pre-bleaching datasets of 2014 (indicator surveys)

and 2015 (extended surveys) were largely driven by ten taxa

(Acanthuridae, other parrotfish, Lutjanus bohar, Balistidae,

Variola louti, other grouper, Ctenochaetus spp., Naso spp.,

Pomacanthidae, Plectorhinchus albovittatus, Cephalopholis

nigripinnis, Mullidae; Tables S5, S6). In addition, communities

recorded in 2015 and 2020 (extended surveys) cluster together

and away from the communities of the remaining years (indicator

surveys), showing that these two datasets are not directly

comparable, even after standardisation (Figure S1; see also work

by Cheal and Emslie [2020] on the introduction of different biases

when changing from surveying a subset of fish to the full suite and

the influence on comparability of counts from different methods).

Although benthic communities differ across locations (i.e.,

lagoon, western outer reefs and eastern outer reefs; Koester et al.,

2020), fish abundance and biomass were only assessed across water

depths due to the varying number of replicates conducted at each

location across years. In addition, due to the lower number of

transects surveyed in the lagoon (in some years only three transects;

Table S1), data from the lagoonal sites were pooled with the 5 m

survey sites of the seaward reefs (i.e., shallow water depth).

Throughout the manuscript, all reported descriptive summary

statistics were calculated on the level of transects (e.g., to obtain

overall means per depth, transect values were not first averaged

by site).

2.4.1 Differences in fish abundance and biomass
Generalised Linear Mixed Models (GLMM; R version 4.1.2, R

Core Team, 2021; glmmTMB package, Brooks et al., 2017),

developed to account for unbalanced study designs, were used to

test for differences in fish abundance overall and biomass (overall

and for each functional group) across years (indicator surveys: 2014,

2016–2019, 2021; extended surveys: 2015, 2020) and water depths

(shallow: 2–5 m depth; and deep: 15 m depth). Fixed factors of all

initial models included ‘year’, ‘depth’ and their interaction, but

where initial models had poor fit (identified through model

validation, see below), data of shallow and deep sites were

modelled separately and only ‘year’ was set as fixed factor (Tables

S7, S8). In all models, ‘site’ was set as a random factor to account for

possible autocorrelation between transects across years. Initially,

abundance data were modelled with negative binomial error

distributions and biomass data were modelled with Gamma error

distributions with logarithmic link function. As zero-inflation is a

typical feature of count data, fitted models were tested for zero

inflation (including those modelling fish biomass as it is a direct

derivation from fish counts) with the DHARMa package (Hartig,

2022). Where zero inflation was detected, final abundance models

were specified for zero-inflation with negative binomial distribution

and final biomass models were specified as two-component models

(hurdle models), whereby the zero- and non-zero values were

modelled separately using Gamma error distributions with a

logarithmic link function for the non-zero model component

(Tables S7, S8). Validation of model residuals were also done with
Frontiers in Marine Science 05
the DHARMa package, which includes additional test functions to

identify common model specification issues and creates

standardised residuals for generalised linear (mixed) models using

a simulation-based methodology (Hartig, 2022). Pairwise

differences in significant models were identified using a post-hoc

analysis based on least square means with Bonferroni adjustment

(lsmean package, Lenth, 2016).

As changes in the coral reef habitat can induce altered

variability in fish communities (Plass-Johnson et al., 2016), which

can be another measure of identifying coral bleaching impact, we

tested for differences in homogeneity of variances of fish abundance

and biomass across years. We used ANOVA on sample residuals

(obtained by subtracting the median abundance/biomass per year

and depth from the total abundance/biomass per transect) as

response variable and the interaction between ‘year’ and ‘depth’

as fixed factors. To identify pairwise differences in significant

models, a Tukey post-hoc analysis was run (stats package; R Core

Team, 2021; Table S9). This approach is equivalent to the Levene’s

test, but allows for inclusion of interactive factors (in our case ‘year’

and ‘depth’).

2.4.2 Change in fish size distribution
To assess whether reef degradation influenced the size

distribution of fish communities, we conducted (1) size spectra

analysis across years and (2) size-class specific analysis of fish

abundance across years and depths. For both analyses, the same

size class categories were used for the extended dataset as for the

indicator data set, except for the smallest size class category as

extended surveys only surveyed fish ≥ 8 cm.

For the size spectra analysis, we measured the size distribution

as the slope and midpoint of a linear regression fitted to the size

frequency distribution of the fish community. Prior to analysis, size

frequency data was log10(x + 1)-transformed to establish a linear

relationship. To remove the correlation between midpoint and

slope, the midpoints of size classes were rescaled to the size range

and kept at zero (Rochet and Trenkel, 2003; Graham et al., 2005).

When evaluating size spectra results, a steepening of the slope (i.e.,

becoming more negative) indicates an increase in small fish, a

decrease in large fish, or both. The midpoint height serves as proxy

of primary production and overall community biomass, with higher

values indicating greater community biomass (Graham et al., 2005).

Change in the slope and midpoint height of the size spectra across

years were analysed with Kruskal-Wallis Rank Sum Tests as slope

and midpoint data was not normally distributed (tested with

Shapiro-Wilk normality test). Where differences among years

were significant, pairwise Wilcoxon Rank Sum Tests with

Bonferroni adjustment were performed to identify different

groups (all analyses done with the stats package; R Core

Team, 2021).

Size-class specific analysis offish abundance of the indicator fish

data followed the same GLMM procedures as described above, i.e.,

abundance within individual size classes were set as response

variables and ‘year’, ‘depth’ and their interaction were set as fixed

factors and ‘site’ was set as random factor (error distribution:

negative binomial). Where model fit was poor, abundances of
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shallow and deep reefs were tested separately and only ‘year’ was set

as a fixed factor, with ‘site’ set as random factor (Table S10). As the

extended dataset had fewer years, enabling more complex models to

be fitted, abundances of deep and shallow reefs were set as response

variables, with ‘year’, ‘size class’ and their interaction set as fixed

factors and ‘site’ as random factor (error distribution: negative

binomial with zero inflation specification; Table S11).

2.4.3 Change in community composition
To test for differences in fish community composition and

dispersion among years and to assess which taxa contribute to

differences, Analysis of Similarity (ANOSIM), Permutational

Analysis of Multivariate Dispersions (PERMDISP) and Similarity

Percentages (SIMPER) analysis (using PRIMER 6 Version 1.1.16

with the PERMANOVA add-on; Clarke and Gorley, 2006;

Anderson et al., 2008) were performed on a) the Bray–Curtis

dissimilarity matrix of the fish community (square root

transformed site-level average fish biomass per depth) for

ANOSIM and PERMDISP and b) the fish community (square

root transformed site-level average fish biomass per depth)

for SIMPER.

To visualise differences in community compositions across

years, non-metric multidimensional scaling was run on the same

Bray–Curtis dissimilarity matrix as described above (nMDS; vegan

package, Oksanen et al., 2022). To validate the nMDS ordination fit,

the method of permutation-based ecological null models (Dexter

et al., 2018) was followed (Figure S2), using the R code provided by

Dexter et al. (2018) for the oecosimu function of the vegan package.
3 Results

3.1 Spatio-temporal changes in fish
abundance and biomass

3.1.1 Indicator surveys
Whilst overall fish biomass and its variance did not change

during the study period (Figure 2B; Tables S7, S9), overall fish

abundance differed across years, with patterns varying across depths

(Figure 2A). Fish abundance on shallow reefs increased by 77%

between 2014 (5954 ± 1083 ind/ha, mean ± SE) and 2016 (10557 ±

1304 ind/ha, driven mainly by increases in abundance of

herbivorous and omnivorous fish: Figures S3, S4), with

abundance in 2016 being the highest recorded within the study

period. By 2017, fish abundance had returned to pre-bleaching

levels and was similar in 2018 and 2021. In 2019, abundance

dropped to the lowest recorded in the study period (3677 ± 349

ind/ha), which differed significantly from fish abundance in 2014,

2016 and 2018. On deep reefs, pre-bleaching fish abundance (2014:

5144 ± 872 ind/ha) did not differ from any of the post-bleaching

years. Fish abundance in 2018 (18524 ± 5752 ind/ha) was 147%,

240% and 127% higher than in 2017, 2019 and 2021, respectively

(largely driven by omnivores and piscivores [Figure S3], although

changes in their absolute abundance were not significant, or could
Frontiers in Marine Science 06
not be modelled; Figure S4, Table S7). Variances in fish abundance

did not differ among years at shallow reefs, but on deep reefs

variance in 2018 was higher than in all other years, except 2016

(Table S9).

Although fish biomass of functional groups fluctuated during

the study period, records of the post-bleaching years (2016–2021)

did not significantly differ from pre-bleaching values (2014) for any

of the functional groups at any depth (Figure S5). Fluctuations were

limited to the post-bleaching period, with the majority of differences

being restricted to individual years without clear trends over

multiple years. For example, at shallow reefs, corallivore biomass

in 2016 (5 ± 1.2 kg/ha) was lower than in 2018 (11.3 ± 1.4 kg/ha),

while at both depths, herbivore biomass in 2016 (534–1226 kg/ha)

was higher than in 2019 (304–540 kg/ha; Figure S4). Similar

differences among individual years were recorded for all other

groups, except for omnivores on deep reefs, which did not change

throughout the study period (Figure S5). Variances in fish biomass

remained similar for all functional groups across all years at both

depths (i.e., no significant Year × Depth interactions; Table S9).

3.1.2 Extended surveys
Overall fish abundance was 55% and 60% lower in 2020 than

2015 on shallow and deep reefs, respectively (shallow 2015: 6190 ±

296 ind/ha; shallow 2020: 2793 ± 618 ind/ha; deep 2015: 4587 ± 698:

deep 2020: 1838 ± 299 ind/ha; Figure 2C, Table S8), with reductions

being driven mainly by herbivores, planktivores, omnivores and

invertivores (Figures S3, S6). Biomass differed between years at the

shallow reefs (Figure 2D), where it was 69% lower in 2020 (865 ±

228 kg/ha) than 2015 (2800 ± 456 kg/ha). On deep reefs, fish

biomass did not differ between 2015 (1076 ± 273 kg/ha) and 2020

(776 ± 275 kg/ha; Figure 2D, Table S8).

Fish biomass of all functional groups was higher in 2015 than

2020, except for invertivore and piscivore biomass at deep sites,

which did not differ between 2015 and 2020 (Figure S7). There were

no differences in variance of overall fish abundance and biomass

and for all functional groups across all years at both depths (i.e., no

significant Year × Depth interactions; Table S9).
3.2 Change in fish community
size structure

3.2.1 Indicator surveys
The size structure of fish communities, measured as the slope

and midpoint from size-spectra analysis, varied across years

(Kruskal-Wallis test — slope: c2 = 36.3, dF = 5, p < 0.001;

midpoint: c2 = 43.7, dF = 5, p < 0.001), with the slope being

steeper and midpoints larger in 2016 and 2018 compared to all

other years (except from the 2021 slope, which had a value that did

not differ from that in 2018; Figure 3A). These differences reflect the

higher abundance of smaller and medium-sized fish in 2016 and

2018 and a larger community biomass, with mainly < 10 cm and

10–19 cm sized herbivores and omnivores in 2016 (shallow)

and 10–19 cm sized omnivores in 2018 (deep; Figures 4A, B).
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The abundance of 20–29 cm sized fish was also elevated between

2016 and 2018 on shallow reefs (mainly due to herbivores and

omnivores), whilst their abundance on deep reefs only differed

between 2017 and 2021 due to high abundance of omnivores in

2017 (Figure 4C). Fish abundance in the 30–39 cm size class

fluctuated more on the deep reefs than the shallow reefs

(Figure 4D), but differences could not be assessed statistically due

to poor model fit (Table S10). Abundance of fish > 39 cm did not

change on shallow reefs, but on deep reefs, abundance in 2019 was
Frontiers in Marine Science 07
more than twice as high as in 2016 and 2017 (largely due to

piscivores and omnivores; Figure 4E; Table S10).

3.2.2 Extended surveys
Slopes and midpoints of the size spectra differed, with the slope

being steeper and the midpoint higher in 2015 than in 2020

(Kruskal-Wallis test — slope: c2 = 4.9, dF = 1, p < 0.05;

midpoint: c2 = 15.7, dF = 1, p < 0.001; Figure 3B). This is

reflective of higher fish biomass in 2015, largely due to higher
A

B

D

C

FIGURE 2

Overall fish abundance and biomass in kg per hectare obtained from (A, B) indicator and (C, D) extended surveys displayed as median and
interquartile range (outliers: small black dots; means: larger red dots) at shallow (2–5 m depth) and deep (15 m depth) water depths at Aldabra.
Shaded areas (violin plots) show kernel density estimation and represent data distribution. Letters above boxplots indicate significant differences (p <
0.05) between years (Tables S7, S8). For improved readability, very large outliers were not plotted and are shown in grey font for the respective year.
Dashed line indicates the bleaching event.
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abundance of 8–19 cm and 20–29 cm sized herbivores, omnivores

and invertivores in 2015 than 2020 (Figures 5A, B). In contrast, the

abundance of 30–39 cm sized fish did not differ across years at

either depth (Figure 5C, Table S11). Fish > 39 cm were equally

abundant on deep reefs in both years, whilst having a lower

abundance on shallow reefs in 2020 (Figure 5D).
3.3 Change in community composition

3.3.1 Indicator surveys
Community composition differed among years (ANOSIM:

p = 0.001), but with low overall dissimilarity (global R = 0.16;

Table S12). The community in 2014 differed from all other years

(p = 0.001 for all combinations; Figure 6A), with largest

dissimilarity between 2014 and 2018 (R = 0.38) and lowest

dissimilarity between 2014 and 2021 (R = 0.19). Differences

were largely driven by 16–20, mainly piscivorous, omnivorous

and herbivorous taxa, which combined contributed ca. 60% to

overall dissimilarity (SIMPER; Table S13). Ten taxa (Acanthurus

sp., Ctenochaetus sp., Lutjanus bohar, other grouper, other

parrotfish, other snapper, other soldierfish, other triggerfish,

Plectorhinchus albovittatus and Variola louti) consistently

contributed to the differences between 2014 and all other years

(Table S13).

The variability of fish assemblages across sites was similar in

each year, i.e., there were no differences in multivariate dispersion

across years (PERMDISP: p = 0.2, F = 1.7).
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3.3.2 Extended surveys
Fish community composition in 2020 differed from 2015

(ANOSIM: global R = 0.29, p = 0.001; Figure 6B). This was

largely driven by 45 taxa (mainly herbivores, omnivores and

piscivores) that combined contributed 60% to the overall

dissimilarity between 2015 and 2020 (SIMPER, Table S14). In

addition, the variability in fish assemblages across sites was larger

in 2020 than in 2015 (PERMDISP: p = 0.01, F = 6.6; mean distance

to centroid ± SE: 2020 = 57.6 ± 2.3; 2015 = 50.9 ± 1.4; Figure 6B).

4 Discussion

4.1 Immediate effects of bleaching

Prolonged periods of elevated water temperatures during 2014–

2017 caused unprecedented thermal stress to reefs worldwide

(Lough et al., 2018), resulting in widespread and severe coral

bleaching and mortality (Eakin et al., 2019), and, at Aldabra, a

50% reduction of overall hard coral cover (Cerutti et al., 2020;

Koester et al., 2020). The six-year indicator fish data set we present

here shows that whilst absolute fish biomass did not differ between

2014 and 2016, absolute fish abundance increased by 77% on

shallow reefs, fuelled largely by increases of small (< 20 cm) and

medium (20–29 cm) sized herbivorous and omnivorous fish. This

has been reported elsewhere (Lindahl, 2001; Sheppard et al., 2002;

Robinson et al., 2019), and is likely due to the elevated turf algae

cover at Aldabra’s reefs following the bleaching event (Koester et al.,

2020; Figure S8) and the associated increases in habitat

homogeneity, which may benefit generalist species (Wilson et al.,
A B

FIGURE 3

Slope and midpoint of size spectra of the fish assemblages per year obtained from (A) indicator and (B) extended surveys displayed as median and
interquartile range (outliers: small black dots). Letters indicate significant differences (p < 0.05) between years.
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2008; Pratchett et al., 2012). In contrast, other functional groups,

most notably corallivores, which utilise live corals for food, were not

immediately affected in terms of absolute biomass or proportional

abundance. Typically, corallivores are heavily affected by the loss of

live corals (Wilson et al., 2006; Graham et al., 2007), but magnitude

and duration of responses can vary substantially within and among

species and locations, indicating that the abundance of corallivores

is not always determined by live coral cover (Wilson et al., 2006).

Despite a similar loss of hard coral cover on the deeper reefs,

neither fish abundance nor biomass differed between 2014 and

2016. This could suggest that, despite high loss of live coral, the

remaining coral coverage and structure may still have been able to
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support the resident fish community, or that the fish communities

at deeper reefs were more resistant to the immediate impacts of

bleaching, for example by migrating to less affected areas (e.g., to

water depths beyond our surveys).
4.2 Longer-term trends

Looking beyond the immediate effects of the 2015/16 bleaching

event, the indicator fish data set shows constant overall fish biomass

throughout 2014–2021, while overall fish abundance and biomass

of functional groups fluctuated. Notably, biomass of all functional
A

B

D

E

C

FIGURE 4

Fish abundance per size class (A-E) per year obtained from indicator surveys. Values represent mean abundance for each size class with error bars
indicating standard error. The proportional contribution of functional groups to each size class per year is shown in coloured shades. Note the
different y-axis scaling. Letters indicate significant differences (p < 0.05) between years for overall abundance per size class (Table S10).
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groups remained at or exceeded pre-bleaching levels in all post-

bleaching years, with major variations only seen for herbivores

(predominantly < 29 cm body size), whose abundance increased

immediately following the bleaching event and rapidly returned to

pre-bleaching levels by 2017. Herbivorous fish play an important

role in reef recovery (Graham et al., 2015), and herbivore biomass is

known to be a good proxy for the process of herbivory on reefs and

potential for post-bleaching reef recovery (Lokrantz et al., 2008;

Graham et al., 2015). A minimum threshold of 177 kg/ha herbivore

biomass reduced the risk of reefs in the Inner Seychelles

transitioning to fleshy algae-dominated states following the 1998

bleaching event (Graham et al., 2015), a value two to five times

below Aldabra’s during 2014–2021 (means in kg/ha – 2014: 401;

2016: 970, 2017: 596, 2018: 508, 2019: 437, 2021: 597).

Previous work on Aldabra’s reefs postulated herbivory was an

important driver of the rapid coral recovery during 2016–2019,

when shallow reefs recovered up to 93% of their pre-bleaching coral

cover (Koester et al., 2020) and coral juvenile densities at all water
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depths doubled or tripled (Koester et al., 2021, see also Gilmour

et al., 2013). The indicator data set supports this as abundance of

herbivorous fish (Figures S3, S4) and turf algae cover (Figure S8)

both increased in 2016 and had returned to pre-bleaching levels by

2017. Such a rapid increase and reduction of herbivores is more

likely to be caused by fish migrating to areas of increased food

availability, than actual population growth and decline (Welsh and

Bellwood, 2015).

In contrast, the extended data set detected marked reductions

(55–69%) in overall fish abundance and biomass and functional

group-specific biomass between pre-bleaching data from 2015 and

post-bleaching data from 2020, accompanied by changes in the

abundances of herbivores, omnivores and planktivores. A wealth of

literature is available on the effects of mass coral bleaching on fish

communities (e.g., Lindahl, 2001; Wilson et al., 2006; Graham et al.,

2008; Pratchett et al., 2008; Robinson et al., 2019), and the results of

both our indicator fish and extended datasets have similarities to

these studies. As mentioned, several studies found increases in
A

B

D

C

FIGURE 5

Fish abundance per size class (A-D) per year obtained from extended surveys. Values represent mean abundance for each size class with error bars
indicating standard error. The proportional contribution of functional groups to each size class per year is shown in coloured shades. Note the
different y-axis scaling. Letters indicate significant differences (p < 0.05) between years for overall abundance per size class (Table S11).
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herbivores shortly following (i.e., < 3 years) coral bleaching

(Shibuno et al., 1999; Lindahl, 2001; Pratchett et al., 2008),

matching the trends seen in our indicator fish data. Other

research showed that following an initial increase in herbivores a

few months post-1998 bleaching, abundances declined several years

later (Garpe et al., 2006). The majority of studies that compare data

collected pre- with that collected several years ( > 3 years) post-

bleaching (equivalent to our extended data set) report overall

functional group and/or size-specific changes in fish abundance

or biomass, i.e. declines of corallivores, fish < 30 cm size and
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herbivorous fish < 20 cm (Graham et al., 2007; Graham et al., 2008),

increases of fish > 30 cm size (Graham et al., 2008), or increasing

dominance of herbivorous fish (Robinson et al., 2019).

For both, the indicator and extended surveys, one pre-bleaching

data set was available, which we took as our pre-bleaching baselines.

It is therefore not possible to consider natural annual variation in

fish abundance and biomass prior to the bleaching event. Spatial

and temporal variations in estimates of reef fish abundance and

biomass are ubiquitous and arise on scales of minutes to years, with

effects varying across taxa (McClanahan et al., 2007a; Thompson
A

B

FIGURE 6

Non-metric multidimensional scaling (nMDS) of (A) fish communities in 2014, 2016–2019 and 2021 (indicator data set) and in (B) 2015 and 2020
(extended data set). Labels of years in the plots indicate annual centroids, shaded areas indicate 95% confidence regions. To improve readability,
overlapping labels (2016, 2017) in (A) where manually moved apart. Permutation-based ecological null models were used to validate the nMDS
ordination fit (see Methods and Figure S2).
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and Mapstone, 2002). Potential natural sources of variation include

temporal migration and actual changes of population size and

structure. Several studies indicate that population size and

structure of adult fish communities are largely determined by the

initial community of juvenile fish that successfully recruited to a

reef (Adjeroud et al., 2002; Armsworth, 2002; Shima et al., 2018).

Fish recruitment, in turn, undergoes large spatio-temporal variation

(Sale, 2004; Wetmore et al., 2020), governed by multiple

mechanisms (e.g., environmental conditions, seasonal cycles, reef

connectivity, habitat and food availability, predator abundance;

(Sale, 2004; McLeod et al., 2015; Shima et al., 2018). Although

surveys for this study were conducted during the same season each

year (north-west monsoon), natural causes for annual fluctuations

in the post-bleaching-data presented in this study cannot be

excluded entirely, which represents an analytical difficulty

typically faced by studies of this kind (McClanahan et al., 2007a).

In addition, sampling error (McClanahan et al., 2007a;

Thompson and Mapstone, 2002) and differences in surveyor

experience, the latter of which can substantially influence species

richness and abundance estimates (Thompson and Mapstone, 1997;

Williams et al., 2006) cause variations in estimates of reef fish

abundance and biomass. Although some bias is inevitable (e.g. due

to varying sea conditions), efforts to reduce sampling error generally

include the standardised training of observers (which cannot

entirely address differences in surveyor experience; Thompson

and Mapstone, 1997; Williams et al., 2006) and conducting

surveys at similar tidal states and time of day (Thompson and

Mapstone, 2002; Bach and Smith, 2021). For our study, training of

surveyors was standardised and surveys were only done during the

daytime, well after dawn and before dusk. However, standardisation

across tidal states was not always possible, and surveyor experience

differed, particularly for the extended surveys, which likely also

contributed to temporal variation in this data set.

Nevertheless, our findings from both datasets sit well within the

context of the available literature, but they tell two very different

stories when considered separately. Publishing only one of these

two datasets would have told either the story of a resilient fish

community, or that of substantial degradation. Instead, our study

revealed that extended surveys showed changes to a well-protected

and remote reef fish community that are not apparent from

indicator surveys. However, in both cases, community

composition was observed to have shifted, and these shifts

persisted throughout the post-bleaching years which suggests that

the effects of bleaching overshadowed those of natural fluctuations.

It also suggests that any changes in the standard measures of

abundance and biomass, which are presumably masked or not

detected by the indicator dataset, are still reflected in pre- to post-

bleaching community compositional shifts found by both methods.

Strong and persistent shifts in fish community composition post-

bleaching are widely reported (e.g. Bellwood et al., 2006; Garpe

et al., 2006; Robinson et al., 2019). In particular, Bellwood et al.’s

(2006) study highlighted that conventional measures (in their case,

fish abundance, richness and diversity) may show limited responses

to the effects of coral bleaching, despite substantial changes in

community composition.
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4.3 Considerations on survey methods

Restricting reef fish monitoring to indicator species, i.e., those

that represent certain functions and are particularly sensitive to

localised pressures or environmental changes, is practical, common

practice (e.g., Reef Check: Freiwald et al., 2021, Atlantic Gulf Rapid

Reef Assessments: AGGRA, 2023, programmes in the Pacific and

Indian Ocean: Obura et al., 2017; Moritz et al., 2018), and may in

some cases be the only option to enable surveys to be conducted at

all. Despite considerable research on various aspects on fish visual

census methodologies (e.g., Thompson and Mapstone, 1997; Willis,

2001; Thompson and Mapstone, 2002; Coker et al., 2017; Cheal and

Emslie, 2020; Bach and Smith, 2021), no studies investigate the

influence of number of target species on interpretation of results, in

terms of ecosystem ecology. Since we have not done a direct

comparison of methods (i.e., utilising both survey methods

simultaneously in the same year), and since the extended data set

only spans two years, our study cannot determine which of these

methods more accurately reflects the impacts of the 2015/16

bleaching event on Aldabra’s fish communities. It is thus

recommended that future studies at Aldabra assess fish

communities to higher taxonomic resolution (i.e., equivalent to

the extended surveys), allowing not only longer-term changes to be

identified, but also spatial differences and subtler variations in

taxonomic and functional composition (Cheal and Emslie, 2020).

To minimise observer bias and counteract issues related to varying

surveyor experience (Thompson and Mapstone, 1997; Williams

et al., 2006), switching to diver-operated stereo-video surveys

should be considered (Goetze et al., 2019).
5 Conclusion

In this study, we show: (1) only subtle responses of fish

abundance and biomass to the 2015/16 bleaching event at

Aldabra from a six-year indicator fish data set; (2) marked

differences in pre- and post-bleaching fish abundance and

biomass from an extended fish data set across two years; and (3)

long-lasting differences in pre- and post-bleaching fish community

compositions from multivariate analyses of both data sets.

Our findings pose considerable questions for SIF as the

management authority of Aldabra, but are also relevant to MPA

managers elsewhere. Agencies responsible for monitoring and

protecting coral reefs are often resource-limited, not only with

regards to funding, but also personnel, capacity and time. Ecological

survey procedures thus need to be cost-effective and robust to be

conducted regularly whilst yielding the data quality and resolution

necessary to serve their purpose and inform management. Indicator

fish surveys are commonly used to survey fish community status

and changes over time, have relatively low resource demand and are

easy to implement, particularly where experienced surveyors are not

readily available. Nevertheless, where more extensive survey

training or switching to diver-operated stereo-video surveys is

possible, the additional time and effort spend on more extensive

surveys or post-survey data analysis may provide managers with
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critical information on the wider ecological status of their coral reef

systems, even if surveys can only be conducted less frequently.
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