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ABSTRACT
Coral reefs are exposedworldwide to several global and local human pressures including
climate change and coastal development. Assessing the effects of such pressures on coral
reef communities and the changes they undergo over time is mandatory to understand
their possible future trends. Nonetheless, some coral reefs receive no or little scientific
attention, as in the case of Huvadhoo Atoll that is an under-studied region in the
southernmost area of the Maldives (Indian Ocean). This study analyzes the changes
occurring over time in eight coral reefs (four inner reefs within the atoll lagoon and
four outer reefs on the ocean side) at Huvadhoo Atoll, firstly surveyed in 2009 and
revisited in 2020 using the same field methods. The cover of 23 morphological benthic
descriptors (including different growth forms of Acropora) was taken into account and
then grouped into three categories (i.e., hard coral, other benthic taxa and abiotic
descriptors) to analyze the change in the composition of the coral reef community.
Significant changes (e.g., increase in hard coral cover and decrease in abiotic descriptors)
were observed in the inner reefs as compared to the outer reefs, which showed less
variability. A significant decrease in tabular Acropora cover was observed in both inner
and outer reefs, with possible negative effects on reef complexity and functioning. By
comparing two time periods and two reef types, this study provides novel information
on the change over time in the community composition of Maldivian coral reefs.

Subjects Ecology, Marine Biology, Climate Change Biology
Keywords Benthic community composition, Remote atoll, Change over time, Coral reefs,
Maldives, Indian Ocean

INTRODUCTION
Coral reefs are one of the most biodiverse ecosystems in the world, but also one of the
most highly threatened. The synergistic effect of climate change and local human pressures
(e.g., thermal anomalies, coastal development, tourism, fisheries) is leading to a global
decrease in coral cover and diversity (Souter et al., 2021). The increasing frequency and
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intensity of such pressures is raising concerns about the long-term survival of coral reefs
and the ecosystem goods and services they provide (Pratchett, Hoey & Wilson, 2014).

In the face of severe disturbances due to climate change (e.g., associated with El Niño
events), coral reefs are generally able to recover within a time frame of one or two decades
(Connell, 1997; Done et al., 2007). However, in more anthropized areas, their ability to
recover is reduced by local human impact (Van Woesik, 2000; Bruno & Selig, 2007; De’ath
& Fabricius, 2010; Birkeland, 2019). More remote coral reefs, farther from the source of
such pressures, represent less vulnerable and more resilient ecosystems that can recover
faster from disturbances than reefs altered by human activities (Fabricius, 2005; Lotze et al.,
2011; Zaneveld et al., 2016; Wear, 2019; Abelson, 2020).

The reduction in coral abundance and diversity results in a decrease in associated fish
and invertebrate communities and may lead to dramatic consequences for the structural
complexity of reefs (Alvarez-Filip et al., 2013; Hughes et al., 2018; Gissi et al., 2021). Low
reef structural complexity is reflected in a reduction of microhabitats and refugia (Alvarez-
Filip et al., 2013; Perry & Alvarez-Filip, 2019) as well as food for corallivorous taxa (Cole,
Pratchett & Jones, 2008), leading to a decline in reef productivity (Alvarez-Filip et al., 2013;
Graham & Nash, 2013; Rogers, Blanchard & Mumby, 2014). Such changes in the benthic
and taxonomic composition of coral reefs are increasingly common in several regions
of the world including the Indo-Pacific (Ledlie et al., 2007; Bozec et al., 2019), the Great
Barrier Reef (Hughes et al., 2007), and the Atlantic Ocean (Roff & Mumby, 2012).

The Maldivian archipelago (Indian Ocean) is one of four atoll nations in the world,
and with a maximum elevation of 2.4 m above sea level (Graham & Nash, 2013; Stevens
& Froman, 2019) is particularly subject to the negative effects of coral reef decline and sea
level rise (Gerrard & Wannier, 2013). In the central atolls of the Maldives, local human
pressures are rapidly increasing due to population growth, tourism intensification, and
coastal works such as land reclamation and filling (Pancrazi et al., 2020). Under these
pressures, Maldivian coral reefs are becoming increasingly vulnerable to the effects of
climate change (Nepote et al., 2016).

Huvadhoo Atoll, located in the southernmost area of the Maldives, can be considered
‘‘remote’’ due to less tourism and lower levels of anthropization compared to the central
atolls (National Bureau of Statistics, 2014; National Bureau of Statistics, 2020). Huvadhoo
Atoll is divided into two administrative provinces: Gaafu Alifu in the north and Gaafu
Dhaalu in the south. The first tourist facilities were built in 2009 and 2011, respectively,
with a slight increase in recent years. Moreover, the population has not grown significantly,
unlike it has in the central atolls of the Maldives (National Bureau of Statistics, 2020).

A profound understanding of the effects of climate change and human pressures on
coral reefs requires data and monitoring over long periods of time (Gross & Edmunds,
2015;Morri et al., 2015;Mellin et al., 2020). In the absence of such historical data, revisiting
sites already surveyed in the past represents a useful tool to assess change over time of coral
reef benthic communities (McClanahan, 2017; Bianchi et al., 2022 and references therein).

In the present study, eight coral reefs of Huvadhoo Atoll, first surveyed in 2009, were
revisited in 2020 using the same field methods in an effort to investigate the changes over
time in the benthic community composition. As the second survey was carried out only
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four years after the 2016 bleaching event, one of the most severe ever recorded (Hughes
et al., 2018), our expectation was that hard coral (HC) cover was reduced with respect to
the first survey. In both surveys, two different types of reefs were considered: inner reefs,
on the side of the atoll facing the lagoon, and outer reefs, on the side facing the ocean,
under the hypothesis that they respond differently to potential drivers of change, as already
observed in the central atolls of Maldives (Montefalcone, Morri & Bianchi, 2020). The latter,
however, are more anthropized than the remote atoll of Huvadhoo: might it therefore show
a different pattern of change with respect to the central atolls?

MATERIALS & METHODS
Study area
Huvadhoo Atoll, located in the southern part of the Maldives (0.533333◦N; 73.283333◦E),
is the largest atoll of the archipelago, including 241 coral reefs and having a total area of
437.9 km2 (Naseer & Hatcher, 2004). Reaching a depth of 80 m, its lagoon is the deepest of
the Maldives.

Field surveys
The aim of the first survey carried out at Huvadhoo Atoll in 2009 was to characterize the
benthic community of eight coral reefs. In 2020 the same coral reefs were revisited using
the same field methods in order to evaluate the changes over time. To reduce bias in data
collection, the diving scientist who collected data in 2009 trained the diving scientist who
collected data in 2020. In both survey years, the eight reefs were located using the same
GPS waypoints from which the transect direction was taken with a compass (Fig. 1).

Two reef types, characterized by different location and hence exposure, were considered:
four inner reefs (i.e., located on the side of the atoll facing the lagoon), and four outer reefs
(i.e., located on the outer side of the atoll and directly exposed to ocean waters).

At each reef, nine replicates of 20 m transects were conducted at a depth of 10 m (i.e., on
the upper slope of the reef), at least 10m apart. To analyze benthic community composition,
the percent cover of 23 morphological benthic descriptors, which can infer reef structure
and complexity (Morri, Aliani & Bianchi, 2010; Morri et al., 2015 and references therein;
Table 1), was visually estimated by the diving scientist following the plain view technique
ofWilson, Graham & Polunin (2007).

Data analysis
The collected data were organised in a matrix (time × reef type) ×morphological benthic
descriptors and transformed applying arcsine √(x/100) where x is the percent cover data
(Legendre & Legendre, 1998). Two different time periods were considered: (i) 09, for data
collected in 2009; (ii) 20, for data collected in 2020. Two reef types were studied: (i) I =
inner reefs; and (ii) O = outer reefs.

The data matrix was submitted to non-metric multidimensional scaling (nMDS) based
on the Bray Curtis similarity index to highlight potential changes over time and differences
between reef type in coral reef communities. Stress values indicated that a 2-dimensional
representation was adequate. Analysis of the nMDS plot suggested that the first axis
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Figure 1 Geographical location of the study area. The eight coral reefs surveyed at Huvadhoo Atoll
(Maldives, Indian Ocean) in 2009 and 2020 include four inner reefs inside the lagoon (I) and four outer
reefs on the ocean side of the atoll (O). The image was generated by Google Earth Digital Globe (https://
earth.google.com).

Full-size DOI: 10.7717/peerj.16071/fig-1

Table 1 List of the 23 morphological benthic descriptors (together with their codes) used to characterize coral reef communities of Huvadhoo
Atoll and grouped into three main categories: Hard Coral (HC), which includes primary and secondary builders; Other Benthic Taxa (OBT),
which includes both encrusting organisms that consolidate reef structure, and soft-bodied organisms that contribute to sediment retention; and
ABioTic descriptors (ABT), which includes non-living descriptors.

Code Code Code
Hard coral HC Other benthic taxa OBT Abiotic descriptors ABT

Acropora branching CAB Clams (Tridacna) TR Coral rubble R
Acropora digitate CAD Coralline algae CA Coral rock (incl. dead coral) RK
Acropora palifera CAP Fans and feather corals V Sand S
Acropora tabular CAT Fleshy algae AF
Coral branching CB Soft azooxanthellatae corals SA
Coral encrusting CE Soft zooxanthellatae corals SZ
Coral foliose CF Sponges SP
Coral globose CG Tunicates TU
Coral massive CM Whip and wire corals W
Fungiidae Cfu
Heliopora coerulea H

(nMDS1) was mostly an expression of reef type, while the second axis (nMDS2) was an
expression of time.
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To test the differences in percent cover over time and between inner and outer reefs, a
two-way permutational multivariate analysis of variance (PERMANOVA) was performed
on orthogonal factors; ‘time’ (2 levels: 2009, and 2020) and ‘reef type’ (2 levels: inner and
outer reefs).

Pythagoras’ theorem was applied to the first two nMDS axis scores to measure the time
trajectories between the two time intervals (2009 and 2020) in inner and outer reefs (De
Cáceres et al., 2019). A time trajectory is defined as the geometric distance on the scatter
plot of the nMDS: the greater the distance between two samples in time, the greater the
measure of change. For example, the time trajectory between inner reef one (I1) in 2009
and in 2020 was calculated as the geometric distance between the centroids of the inner
reef in 2009 and the centroids in 2020 as follows:

TtI1=
√

(x20−x09)2+
(
y20−y09

)2
where TtI1 is the length of the time trajectory of I1, x09 and y09 are the axis scores of the I1
centroid of 2009, and x20 and y20 are the axis scores of the I1 centroid of 2020. Analogous
formulas were applied to measure the time trajectories between the two years in all eight
surveyed reefs.

In addition, the 23 morphological benthic descriptors were grouped into three main
categories (Table 1): (i) Hard Coral (HC), which includes primary and secondary builders
(i.e., Acropora branching, Acropora digitate, Acropora palifera, Acropora tabular, coral
branching, coral encrusting, coral foliose, coral globose, coral massive, Fungiidae,Heliopora
coerulea); (ii) Other Benthic Taxa (OBT), which includes both encrusting organisms that
consolidate reef structure, and soft-bodied organisms that contribute to sediment retention
(i.e., clams, coralline algae, fans and feather corals, fleshy algae, soft azooxanthellatae
corals, soft zooxanthellatae corals, sponges, tunicates, whip and wire corals); and ABioTic
descriptors (ABT), which includes coral rock (including dead coral), coral rubble and sand.
The total cover of each category was obtained by summing the cover of the morphological
benthic descriptors included in it. Two-way ANOVA, followed by Tukey’s post-hoc tests,
was performed considering the two independent variables ‘reef type’ and ‘time’ to assess
changes in HC cover, OBT and ABT between 2009 and 2020. ANOVA assumptions of
normality and homoscedasticity were assessed graphically (Kozak & Piepho, 2018).

In addition, similarity percentage analysis (SIMPER) was applied to highlight the
morphological benthic descriptors that mainly contributed to the differences in coral
reef benthic communities between the two years and between inner and outer reefs. To
determine how the morphological benthic descriptors changed over time, in both inner
and outer reefs, their percent cover was compared by Student’s t -test between the two
years (2009 vs 2020).

All statistical analyses were performed using the open-source software PaSt (Hammer,
Harper & Ryan, 2001). All data presented in the text, figures and tables are expressed as
mean ± standard error (SE).
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RESULTS
The non-metric multidimensional scaling (nMDS) plot provided a visualisation of the
differences in coral reef communities of the inner and outer reefs in the two time periods
(Fig. 2). A clear segregation of replicates between the inner and outer reefs was observed
along the first nMDS axis. Furthermore, segregation between the benthic communities
of 2009 and 2020 was observed along the second nMDS axis. Considering the two time
periods, inner reefs showed greater change over the time than outer reefs, where only a
slight change in benthic community composition was observed. Multivariate dispersion
of replicates was generally low. A comparative greater dispersion was observed in inner
reefs (especially in 2020) than in outer reefs, reflecting greater variability in the benthic
community composition (Fig. 2).

PERMANOVA results evidenced a significant interaction between time and reef type
factors (Table 2), indicating that the differences in benthic community composition
between inner and outer reefs were not consistent between the two years.

The time-trajectories of inner reefs were always higher than those of outer reefs,
highlighting that the greatest changes in coral reef communities occurred in the former
(Fig. 3).

Two-way ANOVA applied on HC cover showed a significant interaction (p= 1.25E−14,
F = 74.39) between the ’time’ and ’reef type’ factors (Table 3). In 2009, the HC cover of
inner and outer reefs was very similar (47.31 ± 1.74 and 46.44 ± 0.99, respectively)
(Fig. 4A). On the contrary, in 2020 the HC cover of inner reefs was significantly higher
(p< 0.001) than that of outer reefs (Fig. 4A, Table 3). In 2020, HC cover of inner reefs
increased (59.47% ± 0.99) compared to 2009, while that of outer reefs decreased (38.50%
± 0.67) (Fig. 4A). Two-way ANOVA applied on OBT cover showed a significant difference
between years (p= 0.04, F = 4.134) and between reef type (p= 3.37E−19, F = 108.8)
(Table 3). In outer reefs, the total cover of OBT in the two sampling years was very similar
(17.22 ± 0.67 and 16.81 ± 1.05, respectively) (Fig. 4B), but in the inner reefs, OBT cover
decreased significantly (p< 0.05) from 2009 (10.61 ± 0.56) to 2020(8.06 ± 0.56) (Fig.
4B, Table 3). Two-way ANOVA applied on ABT cover showed significant interaction
(p= 1.93E−11, F = 53.35) between the ’time’ and ’reef type’ factors (Table 3). In 2009,
total ABT cover of inner reefs (42.08 ± 1.62) was significantly higher (p< 0.01) than that
of outer reefs (36.33 ± 0.87) (Fig. 4C, Table 3). In 2020, a significant decrease (p< 0.01)
in ABT cover of inner reefs (32.50 ± 1.19) and a significant increase (p< 0.001) in ABT
cover of outer reefs (44.69 ± 1.11) was observed (Fig. 4C, Table 3).

SIMPER analysis highlighted that the differences in the inner reefs between 2009 and
2020 were mainly (50%) due to the decrease in Acropora tabular and sand, and to the
increase in Acropora branching and Acropora digitate (Table S1). Student’s t -test (Table
S2) applied on the percent cover of morphological benthic descriptors showed a significant
decrease in Isopora palifera, Acropora tabular, coral branching, coral globose, sand, soft
zooxanthellatae corals, sponges, tunicates, and whip and wire corals (Fig. 5A). On the other
hand, a significant increase in Acropora branching, Acropora digitate, coral encrusting,
coral foliose, coral massive, fleshy algae, and Fungiidae was observed (Fig. 5A).
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Figure 2 Non-metric multidimensional scaling (nMDS) plot of Huvadhoo Atoll survey data illustrat-
ing differences in coral reef benthic composition between reef type (inner and outer) and years (2009
and 2020). Individual observation points are represented by triangles for inner reefs and Xs for outer reefs.
Light blue and light green indicate observation points in 2009; dark blue and dark green in 2020. Clusters
are identified by alphanumeric codes with reef types (I: inner; O: outer) followed by year (09: 2009; 20:
2020).

Full-size DOI: 10.7717/peerj.16071/fig-2

Table 2 Results of two-way PERMANOVA applied on the coral reef benthic communities of Huvad-
hoo Atoll between the two time periods (2009 vs 2020) and the two reef types (inner vs outer). Signifi-
cant values are in bold.

SS df MS Pseudo-F p Unique perms

Time 2.2992 1 2.2992 39.87 0.0001 997
Reef type 2.5615 1 2.5615 44.42 0.0001 998
Interaction 0.5653 1 0.5653 9.80 0.0001 999
Residuals 8.0733 140 0.0577
Total 13.499 143

Regarding the outer reefs, SIMPER analysis highlighted that the differences between 2009
and 2020 were mainly (50%) due to the decrease in Acropora tabular and coral encrusting,
and to the increase in coral massive, coral rock and sand (Table S1). Student’s t -test (Table
S2) applied on the percent cover of morphological benthic descriptors showed a significant
decrease in Acropora digitate, Acropora tabular, coral encrusting, coral foliose, fleshy algae,
Fungiidae, Heliopora coerulea, soft zooxanthellatae corals (Fig. 5B). On the other hand, a
significant increase in Acropora branching, coralline algae, coral massive, sand, and whip
and wire corals was observed (Fig. 5B).
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DISCUSSION
Revisiting Huvadhoo Atoll eleven years after the first studies, revealed significant changes
in the coral reef communities from 2009 to 2020. Comparing the inner and outer reefs, a
different trend of changewas observed indicating that themost important factor influencing
benthic communities was their location inside or outside the atoll lagoon, the latter being
more exposed to ocean waves. The inner reefs displayed greater variability with an increase
in HC cover and a decrease in ABT (i.e., coral rock, coral rubble, and sand). On the
contrary, the outer reefs showed slighter change with a decrease in HC cover and an
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Table 3 Results of two-way ANOVA applied on the categories hard coral, other benthic taxa and abiotic descriptors of Huvadhoo Atoll be-
tween the two time periods (2009 vs 2020) and the two reef types (inner vs outer). Significant values are in bold.

Hard coral SS df MS F p
Time 160.444 1 160.444 3.279 0.0723
Reef type 4290.25 1 4290.25 87.68 1.77E−16
Interaction 3640.11 1 3640.11 74.39 1.25E−14
Within 6850.5 140 48.9321
Total 14941.3 143
Tukey’s pairwise I 20 > I 09

I 20 > O 20
I 09 > O 20

Other benthic taxa SS df MS F p
Time 81 1 81 4.134 0.04393
Reef type 2131.36 1 2131.36 108.8 3.37E−19
Interaction 42.25 1 42.25 2.156 0.1442
Within 2743.39 140 19.5956
Total 4998 143
Tukey’s pairwise I 09 > I 20

I 09 > O 09
O 20 > I 20

Abiotic descriptors descriptors SS df MS F p
Time 13.4444 1 13.4444 0.2475 0.6196
Reef type 373.778 1 373.778 6.881 0.00968
Interaction 2898.03 1 2898.03 53.35 1.93E−11
Within 7605.39 140 54.3242
Total 10890.6 143
Tukey’s pairwise I 09 > O 09

I 09 > I 20
O 20 > O 09
O 20 > I 20

increase in ABT. As for the central atolls of the Maldives, differences between these two
reef types involved not only morphology and topography (Rovere et al., 2018), but also the
species composition of the communities (Lasagna et al., 2010a). Inner reefs were typically
dominated by fast-growing branching, digitate and tabular Acropora, compared to outer
reefs dominated by encrusting, globose and massive corals (Bianchi et al., 1997; Lasagna et
al., 2010b).

The significant increase in HC cover observed in Huvadhoo inner reefs was mainly due
to the increase in branching and digitate Acropora, and of encrusting, foliose and massive
corals. On the other hand, the decrease in the HC cover observed in outer reefs was mainly
due to a significant decrease in digitate and tabular Acropora, and of encrusting and foliose
corals. This trend was found to be the contrary to what was observed in the central atolls
of the Maldives, where corals in the outer reefs proved to be more resistant than those in
the inner reefs (Kinlan & Gaines, 2003; Montefalcone, Morri & Bianchi, 2020). Since they
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are on the inner side of the atoll, inner reefs experience high water temperature variations
and are usually more vulnerable to the effects of rising global temperatures than outer
reefs that are close to deep, cooler waters and are subject to greater water movement (Muir
et al., 2017; Montefalcone, Morri & Bianchi, 2018). Compared to Huvadhoo, the central
atolls of the Maldives are much more anthropized and the inner reefs usually undergo a
combination of global and local human pressures (Montefalcone, Morri & Bianchi, 2020;
Pancrazi et al., 2020). In addition, the topography of the Huvadhoo lagoon, which is the
deepest in the Maldives, may provide better environmental conditions in terms of water
quality and may mediate a greater increase in water temperature. On the other hand,
outer reefs are generally exposed to intense wave action that can cause constant turnover
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associated with breakage, scratching, and abrasion (Madin & Connolly, 2006; Muir et al.,
2017; Lange et al., 2021) and this would explain the slight change in the benthic community
composition exhibited by outer reefs.

By contributing significant amounts of calcium carbonate, HCs are key species for
tropical marine ecosystems as they are the main builders of reefs (Perry et al., 2012;Graham
& Nash, 2013). Therefore, HC cover is a widely used indicator for assessing the health status
and changes over time of coral reefs (Montefalcone, Morri & Bianchi, 2020, and references
therein). However, despite the positive trend of increasing HC in inner reefs, a further
finding of the present study is the significant reduction of tabular Acropora, which have
almost disappeared from both the inner and outer reef between 2009 and 2020. Tabular
Acropora play a key role in coral reefs, providing three-dimensional habitat structure and
shelter for fish at different life stages (Kerry & Bellwood, 2012; Graham & Nash, 2013).
However, tabular Acropora are vulnerable to multiple stressors and disturbances (Madin &
Connolly, 2006; Pratchett, 2007). During the two mass bleaching events documented in the
Maldives (1998 and 2016) they showed the highest bleaching-related mortality among all
coral types (Baker, Glynn & Riegl, 2008; Lasagna et al., 2008;Morri, Aliani & Bianchi, 2010;
Pisapia et al., 2016; Sakai, Singh & Iguchi, 2019). In the present study, the analysis of each
morphological descriptor was therefore crucial to highlight the reduction of key taxa (e.g.,
tabular Acropora), not detectable with the exclusive HC cover indicator. The functional
trait approach can provide general and predictable rules for community ecology (Darling
et al., 2012) and would be desirable in the studies of changes over time of coral reefs.

Although the comparison of only two time periods limits the possibility to infer
cause–effect relationships between a given pressure and the significant reduction of tabular
Acropora in the Huvadhoo Atoll coral reefs (Perry & Morgan, 2017), a possible explanation
could be the 2016 El Niño event that caused mass coral bleaching throughout the Maldives
(Montefalcone, Morri & Bianchi, 2018; Montefalcone, Morri & Bianchi, 2020 and references
therein). This extreme event led to a significant reduction in HC cover, mainly due to the
death of branching and tabular Acropora. In an inner reef of Huvadhoo Atoll, Ibrahim et
al. (2017) estimated that 50–75% of corals bleached in 2016. Rapid recovery of tabular
Acropora has been observed in other regions of the world (Osborne et al., 2011), however
the increasing intensity and frequency of extreme events may lead to reduced coral reef
recovery capacity (Cowburn et al., 2019).

By comparing two time periods and two reef types, this study provided novel information
on the changes that coral reef community composition undergo over time. The different
trends of HC cover observed at Huvadhoo Atoll reefs compared to those of central atolls
highlight the need for further studies to better understand the future trends of Maldivian
coral reefs. These ecosystems will be increasingly threatened by the effects of global and local
human pressures (e.g., rising temperatures and rising mean sea level, tourism, increasing
population, coastal works) and only through continuous monitoring will it be possible to
define the resilience and recovery capacity of the Maldivian coral reefs.
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CONCLUSIONS
Studies on changes over time of coral reefs are needed to understand their possible future
trends under increasing global and local human pressures. Revisiting sites surveyed in
the past is a useful tool in this direction (McClanahan, 2017; Bianchi et al., 2022 and
references therein). In the present work the magnitude of change in coral reefs of the
remote Huvadhoo Atoll in Maldives was evaluated for the first time. Although comparing
two points in timemay not suffice to assess when changes actually occurred and under what
pressure (Azzola et al., 2022 and references therein), this study provides novel information
to illustrate change over time in Maldivian coral reefs.
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