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Abstract: Since parrotfish in coral reefs are involved in key ecological processes, this study compiled
species presence-absence data across 51 sites in the South China Sea to identify and explore the
distribution and relationship between species and large-scale factors. A total of 50 species of parrotfish
were recorded during the compilation, of which Scarus ghobban Forsskål, 1775 was the most common
and widespread. The Nansha Islands, having a vast area of coral reefs and great proximity away
from human interference, had the highest abundance with 41 species. Nestedness analysis indicated
that the parrotfish community had statistically significant nested patterns in the South China Sea,
and the Nansha Islands were the topmost site for the nested matrix rank. Scleractinian coral species
richness and log(reef area) both had a significant effect on the site nested matrix rank (p < 0.05),
which supports the habitat nestedness hypothesis in the South China Sea. Compared with browsers
and excavators, scrapers were determined to be the most important functional group composition,
while browsers had a greater contribution to the species nested matrix rank. A linear regression
model showed that parrotfish species’ richness increased with increasing longitude, scleractinian
coral species richness, and reef area. Longitudinal variations in the parrotfish species richness were
related to its distance from the biodiversity hotspot in the Indo-Australian Archipelago. Parrotfish
were mainly distributed in the temperature range of 26–29 ◦C, similar to the optimum temperature for
coral growth. The Nansha Islands should be considered biodiversity conservation priority areas for
the conservation of parrotfish in degraded coral reef habitats, particularly in the context of increasing
natural variability and anthropogenic disturbances.

Keywords: parrotfish (Labridae: Scarini); species composition; functional groups; distribution
patterns; South China Sea

1. Introduction

Parrotfish are recognized as a distinct family, Scaridae, closely related to Labridae [1–3].
They are protogynous hermaphrodites that undergo a sex change from female to the
terminal male phase [4,5] and tend to have different colors and habits in each phase
(juvenile, female, and male) [5]. At present, 100 recognized parrotfish species belonging to
10 genera, including Bolbometopon (1 spp.), Calotomus (5 spp.), Cetoscarus (2 spp.), Chlorurus
(18 spp.), Cryptotomus (1 spp.), Hipposcarus (2 spp.), Leptoscarus (1 spp.); Nicholsina (3 spp.),
Scarus (52 spp.), and Sparisoma (15 spp.), in two subfamilies (Scarinae and Sparisomatinae)
have been reported worldwide [6]. The Sparisoma and Cryptotomus genera are restricted to
the Atlantic Ocean, and Nicholsina are found in both the Atlantic and eastern Pacific Oceans.
Five genera are unique to the Indo-Pacific, such as Bolbometopon, Cetoscarus, Calotomus,
Hipposcarus, and Chlorurus, while the genus Scarus is found in all oceans [6]. Although
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the geographic distributions of most parrotfish are known [3], it is still unclear how some
regions can accommodate extraordinary diversity and what measures are required for their
protection [7].

Parrotfish are found in almost every coral reef in the world. This ubiquity, coupled
with the uniqueness of their functional impact on the ecosystem, makes them arguably one
of the most important groups of fish in coral reefs [8]. For example, parrotfish have been
estimated to account for up to 72% of the total biomass of herbivorous fish assemblages
in the Red Sea, 40–60% in the Great Barrier Reef, and 54–98% in the Caribbean [9–11].
Parrotfish are also important fishery targets, particularly in developing nations [12–14],
such as in Polynesia, where they account for the largest proportion of fish biomass (36.8%)
caught in coral reefs [15]. One of the most powerful demonstrations of the functional
importance of parrotfish (and other herbivorous reef fish) is the large-scale fish exclusion
experiment conducted by Hughes et al. [16], which showed that the removal of herbivores
after mass coral bleaching severely eroded the ability of the reef to recover and regenerate.
Parrotfish can help to mediate the competition between corals and macroalgae and enhance
the resilience of coral reef ecosystems following anthropogenic or natural disturbances [17].
Exerting a top-down control on algal communities in a cropped state can provide more
space resources for corals and promote the attachment and recruitment of coral larvae,
which is a vital ecological process [17–20]. Compared to other herbivorous fish, parrotfish
have a specialized feeding morphology that removes the calcareous surface layers of the
reef as they graze and obtain nutritional resources that are largely unavailable to other
fishes. Coupled with abundance, their unique interactions (i.e., grazing, erosion, coral
predation, production, reworking, and transport of sediments) make parrotfish an integral
part of coral reefs [3].

Despite their importance to reef ecosystems, parrotfish have still failed to ward off
the threat of artificial factors [18,21,22]. Overexploitation and habitat degradation, caused
by anthropogenic activities, are the main reasons for the decline in reef fish stocks [23–25];
for example, Bolbometopon muricatum (Valenciennes, 1840) and Scarus guacamaia (Cuvier,
1829), were classified by the International Union for Conservation of Nature (IUCN) as
“vulnerable” (VU) and “near threatened” (NT), respectively. Overfishing can lead to
significant declines in fish populations and a tendency to miniaturize individuals, which are
detrimental to parrotfish ecological functions [18,23]. Habitat complexity also plays a key
role in reef fish community construction, where a reduced complexity leads to a decrease
in the reef fish richness and diversity [26–28]; this could lead to local extinction in extreme
circumstances [27]. A comprehensive understanding of parrotfish species composition
and distribution patterns and the formation and driving factors of species diversity are
necessary and essential steps are required to effectively protect parrotfish resources and
coral reefs [28]. The geographical distribution pattern of species diversity is one of the main
topics in biogeography [29], where biogeographers believe that the distribution pattern of
species richness at a large regional scale can be determined by a variety of factors, such
as the available habitat, latitude and longitude, temperature, connectivity, evolutionary
history, dispersal, and colonization capacity [14,30–32]. There are two main gradients
in the global distribution of coral reef fish. The first major distribution gradient is the
distance from the center of biodiversity, represented by the Indo-Australian Islands, which
is commonly known as the Coral Triangle [33]. The second major distribution gradient is
the latitudinal gradient, where a decline in species diversity is a common feature among
many biotas [34]. Based on previous research on the distribution characteristics of parrotfish
diversity [6,21,32,35], the relevant influencing factors were selected to study the distribution
characteristics of parrotfish in the South China Sea.
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The South China Sea lies in the tropical zone of the western Pacific Ocean and is
bordered by nine coastal states, with a surface area of 3.5 million square kilometers [36].
It is one of the richest marine biodiversity hotspots in the world, with abundant and
diverse marine resources. A preliminary assessment of the South China Sea’s biological
diversity indicates the presence of more than 8600 species of plants and animals [37],
with fish alone contributing to 3365 species [38]. The South China Sea is an important
transfer station for reef fishes to move from the Coral Triangle to higher latitudes in
China [39]. The resources of the South China Sea, where fish are the major protein source
for coastal communities, contribute to the economic livelihoods of the neighboring
countries [40]; however, the progress of scientific technology, the increase in human
demands, and growing coastal populations have significantly increased the pressure on
reef fish stocks [12].

Due to the unique importance of parrotfish in reef systems and the lack of research in
the South China Sea, investigating the species composition of parrotfish and their relation-
ship with factors in various regions can determine the spatial distribution characteristics
and most habitable environments for parrotfish. The main objectives of this study were as
follows: (a) to investigate parrotfish species composition and spatial distribution patterns in
the South China Sea; and (b) to explore the relationship between parrotfish species richness
and factors.

2. Materials and Methods
2.1. Study Sites

The South China Sea is a semi-enclosed sea that forms part of the Pacific Ocean
(bordered by Brunei Darussalam, Cambodia, China, Indonesia, Malaysia, Philippines,
Singapore, Thailand, and Vietnam) and contains numerous small islands [40,41]. To obtain
a comprehensive dataset that describes the distribution patterns of parrotfish in the South
China Sea, this study selected data from 51 sites, including Tioman Island in Malaysia;
the Natuna, Anambas, Redang, Nansha, Taiping, and Zhongye Islands; Subi Reef; Brunei
Darussalam; EI Nido in the Philippines; the Vietnam coastal areas (including Con Dao,
An Thoi, Cu Lao Cau Bay, Nha Trang, etc.); Cambodia and Koh Tao in Thailand; Xisha
Islands; Qilianyu; Hainan Island; Dongsha Islands; Weizhou Island; Daya Bay; Minjiang
River Estuary; Jiulong River Estuary; Pearl River Estuary; Hongkong; Taiwan Islands
(subdivided into southern, northern, eastern, and western Taiwan); Kenting National Park;
Lanyu; Ryukyu; Hongkong; and Taiwan Islands. All sites were located between 99.84◦ E
and 121.73◦ E and between 2.78◦ N and 26.06◦ N (Figure S1).

2.2. Data Collection

Fish data were obtained from three sources: (1) data retrieved from an online
database, Fishbase (https://www.fishbase.de/, accessed on 1 March 2020), and the
Taiwan fish database (http://fishdb.sinica.edu.tw, accessed on 1 March 2020); (2) data
from published literature, regional checklists, reports, and monographs. The literature
was mainly retrieved through CNKI and Web of Science, and the retrieval strategies
were as follows: TS = (Fish* OR parrotfish OR Scarus OR Hipposcarus OR Calotomus OR
Leptoscarus OR Bolbometopon OR Cetoscarus OR Chlorurus) AND TS = (South China Sea)
OR each region names (Figure S1). (3) Unpublished data collected by our team in Xisha
Islands and Qilianyu were used in this study; this comprised approximately five years of
field survey sampling records. The full dataset and detailed list of synonyms are available
in the Supplementary Material (https://fishbase.cn/summary/FamilySummary.php?
ID=364, accessed on 1 March 2020).

https://www.fishbase.de/
http://fishdb.sinica.edu.tw
https://fishbase.cn/summary/FamilySummary.php?ID=364
https://fishbase.cn/summary/FamilySummary.php?ID=364
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According to the jaw morphology, foraging activity, and extent of substratum exca-
vation, parrotfish are commonly classified into three main functional groups: browsers,
scrapers, and excavators [3,6]. The parrotfish belonging to the genera Hipposcarus and
Scarus are primarily classified as scrapers, those belonging to Calotomus and Leptoscarus
mainly as browsers, and those belonging to Bolbometopon, Cetoscarus, and Chlorurus mainly
as excavators [42,43].

The selected factors in this study included the geographical location (i.e., latitude
and longitude), scleractinian coral species richness, reef area, and sea surface temperature.
Firstly, the latitudes and longitudes were primarily determined from Google Earth. Species
records of scleractinian coral and reef areas from the literature, reports, and books were
consolidated. An extensive search was conducted using keywords such as “coral reefs”,
“reef-building corals”, “marine reserves”, and the area and place names of various research
sites during the retrieval process. At the same time, ReefBase (http://www.reefbase.org/
main.aspx, accessed on 15 May 2020) was used as a supplement; however, the reef area
data for some sites, such as Green Island, Lanyu, and Hong Kong, were inaccessible via
online platforms. The sea surface temperature was mainly obtained from the following
websites: the National Oceanic and Atmospheric Administration (http://www.noaa.gov/,
accessed on 15 May 2020), Weather-stats (https://weather-stats.com/seamap, accessed on
15 May 2020), and World Sea Water Temperatures (https://seatemperature.info/, accessed
on 15 May 2020).

2.3. Nestedness Analysis

A nested model was used to explore the distribution pattern of parrotfish in the South
China Sea based on the collected parrotfish data. A nested analysis is a common method
to investigate species distribution patterns in various fragmented habitats, such as island
archipelagoes [44,45]. Firstly, sites with a paucity of published data or those that did not
conform to island habitat types were removed from the analysis; these include eastern
Taiwan, southern Taiwan, northern Taiwan, Cambodia, and Brunei Darussalam. After this
data removal, a total of 24 sites were selected for the nestedness analysis. Secondly, a binary
code, “1/0”, was used to show the presence/absence of species at various sites. Thirdly, the
binary code matrix file (.txt) was run in the binary matrix nestedness temperature calculator
(BINMATNEST; Rodríguez-Gironés and Santamaría, 2006) [46], and a null modal of 3 was
chosen to test the significance of nestedness. Finally, the program outputted a result that
included the location, species ordering, and nestedness temperatures. The temperature
of the matrix represents the disorder degree of the matrix system, which can reflect the
deviation degree of the analyzed matrix from the completely nested matrix [47]. The lower
the temperature of the matrix, the higher the nestedness degree of the matrix. Thus, T ranges
from 0 for a completely nested matrix to 100 for a completely disordered one [48,49]. Species
nestedness was calculated with the nestedness temperature, “T.” The matrix temperature
was calculated using the BINMATNEST software to quantify nestedness. BINMATNEST
arranges the input matrix to maximal packing to maximize the occurrence of species in
the top left corner of the matrix and calculates the nestedness temperature. At the same
time, the null model of the software randomly generates 1000 matrices for the significance
test of the input matrix. BINMATNEST creates three null models to test the significance
of the results, among which a null modal of 3 had been proven to effectively control the
influence of passive sampling [46,50]. Matrices were packed to a condition of maximum
nestedness by reordering entire rows and columns until unexpectedness was minimized.
We ranked the differential hospitality of the islands from most to least, starting at the top of
the matrix, likewise, the prevalence and width of species’ niches were ordered from the left.
The sequence of sites and species were calculated by BINMATNEST, which were called the
nested matrix rank.

http://www.reefbase.org/main.aspx
http://www.reefbase.org/main.aspx
http://www.noaa.gov/
https://weather-stats.com/seamap
https://seatemperature.info/
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2.4. Statistical Analyses

Non-parametric k independent sample tests (Kruskal-Wallis test) were used to test if
there was a significant difference in the number of the three functional groups. The effects
of the selected factors (latitude, longitude, sea surface temperature, scleractinian coral
species richness, and reef area) and species life-history traits on forming a nested pattern
were evaluated using Spearman’s rank correlation analysis [51–54], which was conducted
between the nested matrix rank of the site and factors, as well as the nested matrix rank of
species and maximum body length. All sites were divided into two groups based on the
nested matrix rank, and independent sample t-tests were used to determine if there were
significant differences among the mean values of two groups (scraper, excavator, browser,
scraper/total, excavator/total, and browser/total).

Basic linear models were applied to the data from all sites to quantify the relationship
between species richness and factors; parrotfish species richness was considered the depen-
dent variable and factors, such as scleractinian coral species richness, reef area, sea surface
temperature, latitude, and longitude, were considered the independent variables.

The above data calculation and analyses were performed in the IBM SPSS Statistics
26 software, where p < 0.05, p < 0.01, and p > 0.05 indicate significant differences, strongly
significant differences, and non-significant differences, respectively.

The map of the stations and distribution of species abundance were displayed by
the “ggplot2” package in R version 4.1.2. Using scatter diagrams and curve fittings, the
relationship between parrotfish species richness and selected factors was determined using
the Origin version 2018.

3. Results

This study collected a total of 90 references from fish research sites published from
1979 to 2020. After analysis, the references with repeated species records were eliminated.
After the removal of the repeated records, 34 published documents and two major fish
databases were used.

3.1. Species Composition

A total of 50 species across seven genera were recorded in 51 sites in the South China
Sea (Table 1). The genera Scarus, Chlorurus, and Calotomus had 28, 13, and 3 species of
parrotfish, respectively. There were two species of parrotfish in the genera Cetoscarus and
Hipposcarus, while the genera Bolbometopon and Leptoscarus both had only one species. The
distribution characteristics of parrotfish species richness in the South China Sea are shown
in Figure 1. Parrotfish species richness was abundant on the Nansha and Taiwan Islands
and in Nha Trang. Among them, the Nansha Islands had the highest number of parrotfish
with 41 species, followed by the Taiwan Islands with 38 species; the two sites had 31 species
in common. Co To in Vietnam and the Minjiang River estuary in China both had the lowest
abundance, with only two species of parrotfish. The coastal sites, such as Koh Tao, Redang
Island, and Con Dao, had a relatively low parrotfish species richness, while the Nha Trang
had a higher parrotfish species richness (33 species). On the Taiwanese islands, the southern
region had the most abundant species of parrotfish, with 36 species. Compared with all
the Taiwanese islands, southern Taiwan lacked Scarus scaber Valenciennes, 1840 and Scarus
ferrugineus Forsskål, 1775, among which S. scaber was present in northwestern Taiwan,
while S. ferrugineus was present on the Penghu Islands. S. ghobban was the most widely
distributed species, occurring across 47 sites, followed by Chlorurus sordidus Forsskål, 1775
(38 sites) and Scarus niger Forsskål, 1775 (37 sites). Chlorurus perspicillatus (Steindachner,
1879), Chlorurus strongylocephalus (Bleeker, 1855), Chlorurus troschelii (Bleeker, 1853), and
Hipposcarus harid (Forsskål, 1775) were all found in a single site.
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Table 1. Composition of functional groups of parrotfish in each region.

Site Scrapers Excavators Browsers Site Scrapers Excavators Browsers

Nansha Islands 26 12 3 Nui Chua 16 4 0
Xisha Islands 20 7 4 Hon Cau 12 3 0

Dongsha Islands 16 5 3 Phu Quy 12 3 0
Subi Reef 3 3 1 Con Dao 16 5 0
Qilianyu 18 6 1 Phu Quoc 12 4 0

Taiping Island 12 6 0 Nam Du 4 1 0
Hainan Island 16 5 3 Tho Chu 13 0 0

Hong Kong 11 5 2 Cu Lao Cau Bay 6 1 0
Daya Bay 2 1 0 Zhongye Island 1 10 2 1

Weizhou Island 3 1 0 EI Nido 2 8 3 0
Kenting National Park 19 7 3 Natuna Islands 12 8 0

Green Island 18 6 3 Anambas Islands 9 6 0
Lanyu 12 6 2 Timon Island 11 6 0

Ryukyu 10 3 3 Redang Island 10 4 0
South Penghu National

Park 3 15 5 1 Koh Tao 8 1 0

Co To 1 1 0 Pearl River
estuary 7 2 2

Bach Long Vi 2 2 0 Minjiang River
estuary 1 0 1

Con Co 6 3 0 Jiulong River
estuary 3 1 1

Hai Van-Son Cha 8 3 0 Taiwan 24 10 4
Da Nang 7 1 0 Eastern Taiwan 11 5 1

Cu Lao Cham 16 5 0 Southern Taiwan 22 10 4
Ly Son 12 3 0 Western Taiwan 4 3 0

Binh Dinh 10 2 0 Northern Taiwan 13 2 2

Phu Yen 6 1 0 Brunei
Darussalam 1 3 1

Van Phong 13 5 0 Cambodia 3 0 0
Nha Trang 21 9 3

1 Zhongye Island and 2 EI Nido both had two undefined species, and the 3 South Penghu National Park had one
undefined species in published literature.
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3.2. Composition of Functional Groups

Three functional groups of parrotfish (30 scrapers, 4 browsers, and 16 excavators) were
found in the South China Sea (Table S1). The number of parrotfish species per functional
group is shown in Table 1. Scrapers were the most extensively distributed, accounting for
more than 40% of species in each region and up to 100% in Tho Chu. Browsers were the
most restricted and almost absent west of the South China Sea. In addition, the Kruskal-
Wallis test showed a significant difference in the number of the three functional groups
(H = 81.08, p = 0.00).

3.3. Nestedness of Parrotfish Assemblages

The maximally ranked species-habitat nested matrix of parrotfish is shown in Table S2.
The results showed that the distribution of parrotfish presented a nested structure in the
South China Sea (p < 0.001, T = 13.21 ◦C). The top three sites in the nested rank were the
Nansha Islands, Nha Trang, and Xisha Islands. The topmost island (the Nansha Islands)
was determined to be the most habitable island compared to the others (Table S3). Similarly,
S. ghobban, the topmost species, was the most common and prevalent species, making it the
most resistant to extinction or prone to colonization (Table S4).

In order to evaluate the effect of habitat features and species life-history traits on
forming a nested pattern, Spearman’s rank correlation analysis was conducted between
the nested rank for sites and environmental factors and also the nested rank for species
and maximum body length. The results showed that scleractinian coral species richness,
longitude, and log(reef area) all had significant effects on the site nested matrix rank
(p < 0.05). The latitude and maximum sea surface temperature both had no significant
effect on the site-nested matrix rank, and the maximum body length, reflecting swimming
ability, also had no significant effect on the species-nested matrix rank (p > 0.05; Table 2).

Table 2. Spearman’s rank correlation between selected factors and nestedness of parrotfish assem-
blage in 41 sites in the South China Sea.

Nested Rank for Species 1 Nested Rank for Sites 2

R p r p

Maximum body length 1 (mm) −0.024 0.869
Longitude 2 (◦) −0.371 * 0.020
Latitude 2 (◦) −0.070 0.673

Scleractinian coral species richness 2 −0.569 ** 0.001
log(reef area) 2 (km2) −0.453 * 0.034

Sea surface temperature 2 (◦C) −0.117 0.498
1 The data of the nested rank for species and maximum body length are shown in Table S4. 2 The data of the
nested rank for sites and the five environmental factors are shown in Table S3. * Shows significantly differences at
0.05 level. ** Shows significantly differences at 0.01 level.

3.4. The Distribution Characteristics of Functional Groups

To compare whether the composition of the functional groups differs between islands
with higher species richness and those with lower species richness, the 41 study sites were
divided into two groups according to the nested rank for sites. Group 1 was nested at sites
1–20, and Group 2 was nested at sites 21–41 (Table S5). The independent sample t-test
showed that three functional groups and the proportion of total parrotfish richness within
each of the three functional groups were significantly different between Group 1 and 2
(p < 0.01), while the scraper/total species and excavator/total species of parrotfish were
not significantly different (further detailed in Table 3). Compared with the scrapers and
excavators, browsers showed statistically significant nested patterns of sites.



Sustainability 2022, 14, 11524 8 of 14

Table 3. Independent samples t-test based on nested matrix rank.

t Sig. (2-Sided)

Scraper 6.817 0.000 **
Browser 4.346 0.000 **

Excavator 7.142 0.000 **
Scraper/Total species of parrotfish −1.609 0.120
Browser/Total species of parrotfish 3.407 0.002 **

Excavator/Total species of parrotfish 0.475 0.640
** Shows significantly differences at 0.01 level.

3.5. Patterns of Parrotfish Species Richness

Linear regression results showed that the longitude, scleractinian coral species rich-
ness, and reef area could explain the variation in parrotfish species richness to a certain
extent (p < 0.05; Figure 2A,C,D). The parrotfish species richness increased with increas-
ing longitude. In terms of coral reefs, parrotfish species richness also increased with the
increase in scleractinian coral species and reef area, and the fitting degree of the curve
was relatively high, with R2 = 0.44 and R2 = 0.34, respectively. Parrotfish species richness
decreased with increasing latitude (R1

2 = 0.04, p = 0.253 > 0.05; R2
2 = 0.01, p = 0.848 >

0.05; Figure 2(B1,B2)), but this trend was not significant, as was the trend of temperature
(R2 = 0.01, p = 0.619 > 0.05; Figure 2E). Figure 2 also shows that parrotfish were mainly
distributed in the temperature range of 26–29 °C in the South China Sea.
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Figure 2. Relationship between parrotfish species richness and environmental factors. (A) The
relations between parrotfish species richness and longitude; (B) The relations between parrotfish
species richness and latitude; Since the Taiwan Islands are affected by the Kuroshio, the islands and
reefs near Taiwan (B1) were separated from other sites (B2) to construct a species-latitude curve.
(C) The relations between parrotfish species richness and scleractinian coral species richness; (D) The
relations between parrotfish species richness and log(reef area); (E) The relations between parrotfish
species richness and sea surface temperature. Each point represents the parrotfish species richness
at a specific location. Based on the results of the scatter plot, the anomaly (the Nansha Islands) was
deleted in the fitting analysis of longitude, latitude, and sea surface temperature.
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4. Discussion

This study comprehensively summarized the parrotfish assemblage and distribution
across the South China Sea and showed that there were abundant species of parrotfish
and significant variations in their composition. Compared with the Pacific Ocean (which
has 57 species of parrotfish) [6], it was inferred that the South China Sea (with 50 species)
was an important biogeographical region and hub for the movement of parrotfish between
the Indian and Pacific Oceans. Additionally, the biogeographical region was one of the
primary predictors of reef fish species richness [55]; this may be the reason for there being
more species of parrotfish in the South China Sea. Regarding the composition of the
three functional groups, scrapers and excavators were significantly greater in abundance
than browsers in the South China Sea. The spatial pattern showed that the composition
characteristics of parrotfish were consistent with that of the Indo-Pacific, i.e., Indo-Pacific
reefs support a higher diversity of scraping and excavating species and fewer browsing
species [3]. Scrapers (17 spp.) were also particularly abundant compared to excavators (6
spp.) and browsers (1 spp.) in the Great Barrier Reef [56].

Nestedness is currently a prevalent pattern of island community composition [34,57].
This study also revealed that parrotfish assemblages represent a nested subset of the struc-
ture found in richer assemblages in the South China Sea, which supported the importance
of nestedness for reef fish assemblages across the Indo-Pacific. The nestedness of faunal
assemblages is potentially influenced by a variety of factors [58–61]. This study showed that
scleractinian coral species richness and log(reef area) were the most significantly associated
with the nested matrix rank. At the global scale, the coral reef area was also regarded as
the key variable in reef fish richness patterns across the Indo-Pacific [55]. Larger reef areas
could provide more available resources, such as food and shelter for fish; therefore, these
regions had a richer abundance of fish species. The relationship between reef area size and
species diversity is a well-established concept in coral reef ecology. Many scraping and
excavating parrotfish feed off the surface of live scleractinian corals [3]. Browser parrot-
fish feed mainly on macroalgae; however, limited space in coral reefs is not conducive to
the growth of macroalgae, which indirectly leads to insufficient food sources for browser
parrotfish [3]. This study also showed that browsers declined significantly in relatively
small reef areas and were also purely absent in some sites, such as the Taiping, Tioman,
and Redang Islands. Life-history traits were likely to affect the capacity of new colonizers
to survive and establish reproductive populations [62]. Specific physiological limitations
may fundamentally determine the distribution range of species, and large bodies have the
potential to expand their ranges [62,63]. However, the maximum body length reflecting
the locomotion of fish had no significant correlation with nestedness. This was similar to
the results obtained by Kulbicki, which states that the geographical range is not related to
the maximum body size among parrotfish [64]. Therefore, when developing strategies to
protect parrotfish resources and species diversity, islands or archipelagos with larger reef
areas and fewer human disturbances should be prioritized, such as the Nansha and Xisha
Islands in the South China Sea.

In terms of spatial variation, the results show that parrotfish species richness increased
with longitude, and the most abundant parrotfish species were detected on the Nansha
Islands, which was a shorter distance to the Indo-Australian Archipelago marine biodiver-
sity hotspots than other sites [65]. This result supports the global first major distribution
gradient of coral reef fish mentioned in the Introduction section. Species richness declined
nearly uniformly with increasing distance from the mid-domain of the Indo-Pacific [18].
In addition, the Nansha Islands had a large reef area and a low degree of human distur-
bance, which could also be the main reason for the higher parrotfish species richness. The
decline in diversity with latitude was a general feature of many biotas and could easily
be observed in coral reef fish [34]. Latitude also showed significant negative associations
with the species richness of four main herbivorous fish families combined (Acanthuridae,
Kyphosidae, Pomacentridae, and Scaridae) in the Atlantic Ocean [66]. However, the result
for the latitudinal distribution characteristics was not significant. Notably, the results
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show that Taiwan Island and its surrounding islands were relatively rich in parrotfish
species, which could be influenced by Kuroshio (Taiwan warm current), which provides
warmer seawater for the growth of coral reefs in the winter and expands the boundaries
of warm-water species northwards [67,68]; these pelagic-spawning species did not have
larval dispersal restrictions [66,69]. Parrotfish were not an exception and included a pelagic
larval phase [57]. The stochastic forces of wind and currents that largely drive the passive
dispersal of these larvae would be more likely to bring given larvae close enough to a
potential habitat [70].

The sea surface temperatures, habitat size, isolation, and evolutionary history also
influenced the global distributions of parrotfish [71]. Our results show that the sites with
more scleractinian coral species and larger reef areas helped support more parrotfish
species. However, when the reef area reached a certain size, parrotfish species richness
did not fluctuate greatly even as the reef continued to increase in size. For example, the
reef area of the Nansha Islands (26,059 km2) was much larger than that of the Philippines
(11,852 km2), but the parrotfish species richness was approximately the same as that
of the Nansha Islands, with a total of 40 species [72]. This was in agreement with the
findings of Parravicini et al. [55], who implemented boosted regression trees to show that
species richness did not ultimately increase with increasing coral reef area. Presumably,
other ecological factors, such as the abundances of specific coral species [73], habitat
complexity [74], interspecific competition [6], and mangroves and seagrass beds [24],
would have a significantly greater impact on parrotfish species richness when the reef is
large enough. In other words, not all parrotfish species would be represented in a given
reef, with some species showing saturation at the highest regional diversity [6]. Studies
have shown that sea surface temperature has a key indirect role in reef fish richness and
a direct effect on corals [55]. Most corals thrive above temperatures of 18 ◦C, with the
optimum growth temperature between 25 and 29 ◦C [75]. The temperature of the parrotfish
distribution essentially overlapped with the optimum temperature for coral growth. The
results also suggest that coral reefs play a significant role in the parrotfish distribution
pattern. Therefore, for some sites with smaller reef areas, particularly islands and reefs
with high intensity of human disturbance, it is relatively easy to accelerate the degradation
of coral reefs if human activity continues to damage coral reefs or no protective measures
are undertaken, since these factors compromise the survival and changes the distribution
patterns of the parrotfish community.

5. Conclusions

This study identified important regional differences in the distribution of 50 parrotfish
species in the South China Sea. S. ghobban was the most widespread species of parrotfish,
with the Nansha Islands having the highest abundance with 41 species. In terms of
functional groups, scrapers and excavators were more commonly observed across the study
sites compared to browsers. The parrotfish community showed statistically significant
nested patterns in the South China Sea, supporting the habitat nestedness hypothesis. This
research could provide an important reference for the conservation efforts of parrotfish in
degraded coral reef habitats, particularly in the context of increasing natural variability and
anthropogenic disturbance. It is essential to better understand and manage this important
species group by further integrating spatial scales from the local to regional and global
scales for comparative analyses along geographical gradients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su141811524/s1, Figure S1: Map of 51 sites that correspond to
reef fish assemblages distributed across the South China Sea. The study site is surrounded by seven
countries: China, Vietnam, Cambodia, Thailand, Malaysia, Brunei, and the Philippines; Table S1:
Biogeographic variation in the composition of parrotfish assemblages (“1” and null value represents
the presence and absence of species, respectively) and their functional affiliations. There were
51 study sites and 50 species of parrotfishes; Table S2: Maximally ranked species-habitat nested
matrix for parrotfish on 41 sites in the South China Sea. Matrices are packed to a condition of
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maximum nestedness by reordering entire rows and columns until unexpectedness is minimized.
Row (species richness values) and column (site occurrence) totals permit you to reassociate individual
species and site names with the rows and columns of the ordered matrix. “1/0” was used to show
presence/absence of species in each site; Table S3: The characteristic parameters and nesting order
of study sites in South China Sea; Table S4: Maximum body length obtained from FishBase and the
nested rank of parrotfish from BINMATNEST in South China Sea; Table S5: Three functional groups
and their proportion of total parrotfish species. 41 study sites were divided into two groups in order
according to the nested rank for sites. Group 1 was nested at sites 1–20, and group 2 was nested at
sites 21–41.

Author Contributions: Conceptualization, C.L. and T.W.; methodology, T.W. and Q.Q.; software,
T.W. and Q.Q.; validation, C.L., Y.L. and T.W.; formal analysis, Q.Q. and T.W.; investigation, Q.Q.,
Y.L. and T.W.; resources, C.L., Y.L. and T.W.; data curation, Q.Q. and T.W.; writing—original draft
preparation, T.W. and Q.Q.; writing—review and editing, C.L., Y.L. and T.W.; visualization, Q.Q. and
T.W.; supervision, C.L. and T.W.; project administration, C.L. and T.W.; funding acquisition, C.L. All
authors have read and agreed to the published version of the manuscript.

Funding: Key Special Project for Introduced Talents Team of Southern Marine Science and Engineer-
ing Guangdong Laboratory (Guangzhou) (GML2019ZD0605); The study was funded by National Key
R&D Program of China (2018YFD0900803; 2019YFD0901201; 2019YFD0901204); National Natural
Science Foundation of China (31702351); Fundamental and Applied Fundamental Research Major
Program of Guangdong Province (2019B030302004-05); Science and Technology Planning Project of
Guangdong Province (2019B121201001); Central Public-interest Scientific Institution Basal Research
Fund, CAFS (No. 2020TD16); Financial Fund of the Ministry of Agriculture and Rural Affairs, China
(NFZX2021).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful for the assistance from Zhenhua Long, Daning Li, and Da Huo,
of the Xisha Marine Science Comprehensive Experimental Station, South China Sea Institute of
Oceanology, Chinese Academy of Sciences.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Westneat, M.W.; Alfaro, M.E. Phylogenetic relationships and evolutionary history of the reef fish family Labridae. Mol. Phylogenet.

Evol. 2005, 36, 370–390. [CrossRef]
2. Sabetian, A. Parrotfish Fisheries and Population Dynamics: A Case-Study from Solomon Islands. Ph.D. Thesis, James Cook

University, Townsville, Australia, 2010.
3. Bonaldo, R.M.; Hoey, A.S.; Bellwood, D.R. The ecosystem roles of parrotfishes on tropical reefs. Oceanogr. Mar. Biol. 2014, 52,

81–132.
4. Robertson, D.R.; Choat, J.H. Protogynous Hermaphroditism in Fishes of the Family Scaridae. In Intersexuality in the Animal

Kingdom; Springer: Berlin/Heidelberg, Germany, 1975.
5. Siebeck, U.E. Vision and Colour Diversity in Parrotfishes. In Biology of Parrotfishes; CRC Press: Boca Raton, FL, USA, 2018; pp.

99–118.
6. Kulbicki, M.; Friedlander, A.M.; Mouillot, D.; Parravicini, V. Geographic Variation in the Composition and Function of Parrotfishes.

In Biology of Parrotfishes; CRC Press: Boca Raton, FL, USA, 2018; pp. 215–244.
7. Comeros-Raynal, M.; Choat, J.; Polidoro, B.; Clements, K.; Abesamis, R.; Craig, M.; Lazuardi, M.; McIlwain, J.; Muljadi, A.; Myers,

R.; et al. The Likelihood of Extinction of Iconic and Dominant Herbivores and Detritivores of Coral Reefs: The Parrotfishes and
Surgeonfishes. PLoS ONE 2012, 7, e39825. [CrossRef] [PubMed]

8. Fox, R.; Bellwood, D. Remote video bioassays reveal the potential feeding impact of the rabbitfish Siganus canaliculatus (f:
Siganidae) on an inner-shelf reef of the Great Barrier Reef. Coral Reefs 2008, 27, 605–615. [CrossRef]

9. Williams, I.; Polunin, N. Large-scale associations between macroalgal cover and grazer biomass on mid-depth reefs in the
Caribbean. Coral Reefs 2001, 19, 358–366. [CrossRef]

10. Fox, R.J.; Bellwood, D.R. Quantifying herbivory across a coral reef depth gradient. Mar. Ecol. Prog. Ser. 2007, 339, 49–59.
[CrossRef]

http://doi.org/10.1016/j.ympev.2005.02.001
http://doi.org/10.1371/journal.pone.0039825
http://www.ncbi.nlm.nih.gov/pubmed/22808066
http://doi.org/10.1007/s00338-008-0359-6
http://doi.org/10.1007/s003380000121
http://doi.org/10.3354/meps339049


Sustainability 2022, 14, 11524 12 of 14

11. Afeworki, Y.; Videler, J.J.; Bruggemann, J.H. Seasonally changing habitat use patterns among roving herbivorous fishes in the
southern Red Sea: The role of temperature and algal community structure. Coral Reefs 2013, 32, 475–485. [CrossRef]

12. Cinner, J.E.; McClanahan, T.R. Socioeconomic factors that lead to overfishing in small-scale coral reef fisheries of Papua New
Guinea. Environ. Conserv. 2006, 33, 73–80. [CrossRef]

13. Edwards, C.B.; Friedlander, A.M.; Green, A.G.; Hardt, M.J.; Sala, E.; Sweatman, H.P.; Williams, I.D.; Zgliczynski, B.; Sandin, S.A.;
Smith, J.E. Global assessment of the status of coral reef herbivorous fishes: Evidence for fishing effects. Proc. R. Soc. B Biol. Sci.
2013, 281, 20131835. [CrossRef] [PubMed]

14. McClanahan, T.; Maina, J.; Muthiga, N. Associations between climate stress and coral reef diversity in the Western Indian Ocean.
Glob. Chang. Biol. 2011, 17, 2023–2032. [CrossRef]

15. Pratchett, M.; Bay, L.; Gehrke, P.; Koehn, J.; Osborne, K.; Pressey, R.; Sweatman, H.; Wachenfeld, D. Contribution of climate
change to degradation and loss of critical fish habitats in Australian marine and freshwater environments. Mar. Freshw. Res. 2011,
62, 1062–1081. [CrossRef]

16. Hughes, T.P.; Rodrigues, M.J.; Bellwood, D.R.; Ceccarelli, D.; Hoegh-Guldberg, O.; McCook, L.; Moltschaniwskyj, N.; Pratchett,
M.S.; Steneck, R.S.; Willis, B. Phase Shifts, Herbivory, and the Resilience of Coral Reefs to Climate Change. Curr. Biol. 2007, 17,
360–365. [CrossRef]

17. Adam, T.C.; Burkepile, D.E.; Ruttenberg, B.I.; Paddack, M.J. Herbivory and the Resilience of Caribbean Coral Reefs: Knowledge
Gaps and Implications for Management. Mar. Ecol. Prog. 2015, 520, 1–20. [CrossRef]

18. Bellwood, D.R.; Hoey, A.S.; Hughes, T.P. Human activity selectively impacts the ecosystem roles of parrotfishes on coral reefs.
Proc. R. Soc. B Biol. Sci. 2012, 279, 1621–1629. [CrossRef]

19. Thurber, R.V.; Burkepile, D.; Correa, A.; Thurber, A.; Shantz, A.; Welsh, R.; Pritchard, C.; Rosales, S. Macroalgae Decrease Growth
and Alter Microbial Community Structure of the Reef-Building Coral, Porites astreoides. PLoS ONE 2012, 7, e44246. [CrossRef]
[PubMed]

20. Roos, N.C.; Pennino, M.G.; de Macedo Lopes, P.F.; Carvalho, A.R. Multiple management strategies to control selectivity on
parrotfishes harvesting. Ocean. Coast. Manag. 2016, 134, 20–29. [CrossRef]

21. Choat, J.H.; Klanten, O.S.; Lynne, V.H.; Ross, R.D.; Clements, K.D. Patterns and processes in the evolutionary history of
parrotfishes (Family Labridae). Biol. J. Linn. Soc. 2012, 107, 529–557. [CrossRef]

22. Heena, A.; Hoey, A.S.; Williams, G.J.; Williams, I.D. Natural bounds on herbivorous coral reef fishes. Proc. R. Soc. B Biol. Sci. 2016,
283, 20161716. [CrossRef] [PubMed]

23. Hawkins, J.; Roberts, C. Effects of fishing on sex-changing Caribbean parrot fishes. Biol. Conserv. 2004, 115, 213–226. [CrossRef]
24. Hamilton, R.J.; Almany, G.R.; Brown, C.J.; Pita, J.; Peterson, N.A.; Howard Choat, J. Logging degrades nursery habitat for an

iconic coral reef fish. Biol. Conserv. 2017, 210, 273–280. [CrossRef]
25. Azhar, M.A.; Ulkhaq, M.F.; Kenconojati, H. Inventorization of reef fish on Tabuhan Island, Banyuwangi, East Java, Indonesia. IOP

Conf. Ser. Earth Environ. Sci. 2019, 236, 012041.
26. Bellwood, D.R.; Hoey, A.S.; Ackerman, J.L.; Depczynski, M. Coral bleaching, reef fish community phase shifts and the resilience

of coral reefs. Glob. Chang. Biol. 2006, 12, 1587–1594. [CrossRef]
27. Emslie, M.J.; Cheal, A.J.; Johns, K.A.; Geraldine, C.M. Retention of Habitat Complexity Minimizes Disassembly of Reef Fish

Communities following Disturbance: A Large-Scale Natural Experiment. PLoS ONE 2014, 9, e105384. [CrossRef] [PubMed]
28. Andrew, H.; Emily, H.; Jacob, J.; Jean-Paul, H.; Vanessa, M.; Dominique, M.C.; Shaun, W.; Morgan, P. Recent Advances in

Understanding the Effects of Climate Change on Coral Reefs. Diversity 2016, 8, 12.
29. Maraun, M. The Theory of Island Biogeography Revisited. Basic Appl. Ecol. 2011, 12, 275. [CrossRef]
30. Mora, C.; Chittaro, P.M.; Sale, P.F.; Kritzer, J.P.; Ludsin, S.A. Patterns and processes in reef fish diversity. Nature 2003, 421, 933–936.

[CrossRef] [PubMed]
31. Bellwood, D.R.; Hughes, T.P. Regional-scale assembly rules and biodiversity of coral reefs. Science 2001, 292, 1532–1534. [CrossRef]

[PubMed]
32. Parravicini, V.; Kulbicki, M.; Bellwood, D.; Friedlander, A.; Arias, E.; Chabanet, P.; Floeter, S.; Myers, R.; Vigliola, L.; D’Agata, S.;

et al. Global patterns and predictors of tropical reef fish species richness. Ecography 2013, 36, 1254–1262. [CrossRef]
33. Allen, G. Conservation hotspots of biodiversity and endemism for Indo-Pacific coral reef fishes. Aquat. Conserv. Mar. Freshw.

Ecosyst. 2008, 18, 541–556. [CrossRef]
34. Choat, J.H. The Biology of Herbivorous Fishes on Coral Reefs. In The Ecology of Fishes on Coral Reefs; Academic Press: Cambridge,

MA, USA, 1991.
35. Taylor, B.M.; Lindfield, S.J.; Choat, J.H. Hierarchical and scale-dependent effects of fishing pressure and environment on the

structure and size distribution of parrotfish communities. Ecography 2014, 38, 520–530. [CrossRef]
36. Wang, Z.-D.; Guo, Y.-S.; Liu, X.-M.; Fan, Y.-B.; Liu, C.-W. DNA barcoding South China Sea fishes. Mitochondrial DNA 2012, 23,

405–410. [CrossRef] [PubMed]
37. Ng, P.; Tan, K.S. The state of marine biodiversity in the South China Sea. Raffles Bull. Zool. 2000, 48, 3–7.
38. Randall, J.E.; Lim, K. A checklist of the fishes of the South China Sea. Raffles Bull. Zool. 2000, 8, 569–667.
39. Gao, Y. The species diversity and trophic structure of reef fishes in the waters of the Xisha Archipelago. Biodivers. Sci. 2014, 22,

618–623.

http://doi.org/10.1007/s00338-012-1000-2
http://doi.org/10.1017/S0376892906002748
http://doi.org/10.1098/rspb.2013.1835
http://www.ncbi.nlm.nih.gov/pubmed/24258715
http://doi.org/10.1111/j.1365-2486.2011.02395.x
http://doi.org/10.1071/MF10303
http://doi.org/10.1016/j.cub.2006.12.049
http://doi.org/10.3354/meps11170
http://doi.org/10.1098/rspb.2011.1906
http://doi.org/10.1371/journal.pone.0044246
http://www.ncbi.nlm.nih.gov/pubmed/22957055
http://doi.org/10.1016/j.ocecoaman.2016.09.029
http://doi.org/10.1111/j.1095-8312.2012.01959.x
http://doi.org/10.1098/rspb.2016.1716
http://www.ncbi.nlm.nih.gov/pubmed/27881745
http://doi.org/10.1016/S0006-3207(03)00119-8
http://doi.org/10.1016/j.biocon.2017.04.024
http://doi.org/10.1111/j.1365-2486.2006.01204.x
http://doi.org/10.1371/journal.pone.0105384
http://www.ncbi.nlm.nih.gov/pubmed/25140801
http://doi.org/10.1016/j.baae.2011.02.002
http://doi.org/10.1038/nature01393
http://www.ncbi.nlm.nih.gov/pubmed/12606998
http://doi.org/10.1126/science.1058635
http://www.ncbi.nlm.nih.gov/pubmed/11375488
http://doi.org/10.1111/j.1600-0587.2013.00291.x
http://doi.org/10.1002/aqc.880
http://doi.org/10.1111/ecog.01093
http://doi.org/10.3109/19401736.2012.710204
http://www.ncbi.nlm.nih.gov/pubmed/22989063


Sustainability 2022, 14, 11524 13 of 14

40. UNEP. Reversing Environmental Degradation Trends in the South China Sea and Gulf of Thailand. 2004. Available on-
line: www.reefbase.org/gefll/pdf/Reversing%20Environmental%20Degradation%20Trends%20in%20the%20South%20China%
20Sea%20and%20Gulf%20of%20Thailand.pdf (accessed on 1 March 2020).

41. Emmers, R. Resource Management and Contested Territories in East Asia; Palgrave Pivot: London, UK, 2013. [CrossRef]
42. Bellwood, D.; Howardchoat, J.; Bellwood, D.; Howardchoat, J.; Bellwood, D.; Howardchoat, J. A Functional Analysis of Grazing in

Parrotfishes (family Scaridae): The Ecological Implications; Springer: Dordrecht, The Netherlands, 1990.
43. Ong, L.; Holland, K.N. Bioerosion of coral reefs by two Hawaiian parrotfishes: Species, size differences and fishery implications.

Mar. Biol. 2010, 157, 1313–1323. [CrossRef]
44. Shuihua, C.; Yujun, W. Nestedness pattern of insular community assemblages and its applications. Chin. J. Ecol. 2004, 23, 81–87.
45. Cook, R.R.; Angermeier, P.L.; Finn, D.S.; Krueger, P.K.L. Geographic variation in patterns of nestedness among local stream fish

assemblages in Virginia. Oecologia 2004, 140, 639–649. [CrossRef] [PubMed]
46. Rodríguez-Gironés, M.A.; Santamaría, L. A new algorithm to calculate the nestedness temperature of presence–absence matrices.

J. Biogeogr. 2006, 33, 924–935. [CrossRef]
47. Zhang, J.; Wang, Y.; Jiang, P.; Peng, L.; Ping, D. Nested analysis of passeriform bird assemblages in the Thousand Island Lake

region. Biodivers. Sci. 2008, 16, 321–331.
48. Boecklen, W.J. Nestedness, biogeographic theory, and the design of nature reserves. Oecologia 1997, 112, 123–142. [CrossRef]

[PubMed]
49. Wright, D.H.; Patterson, B.D.; Mikkelson, G.M.; Atmar, C.W. A Comparative Analysis of Nested Subset Patterns of Species

Composition. Oecologia 1998, 113, 1–20. [CrossRef] [PubMed]
50. Moore, J.E.; Swihart, R.K. Toward ecologically explicit null models of nestedness. Oecologia 2007, 152, 763–777. [CrossRef]

[PubMed]
51. Schouten, M.; Verweij, P.A.; Barendregt, A.; Kleukers, R.; Ruiter, P. Nested assemblages of Orthoptera species in the Netherlands:

The importance of habitat features and life-history traits. J. Biogeogr. 2007, 34, 1938–1946. [CrossRef]
52. Azeria, E.; Kolasa, J. Nestedness, niche metrics and temporal dynamics of a metacommunity in a dynamic natural model system.

Oikos 2008, 117, 1006–1019. [CrossRef]
53. Frick, W.; Hayes, J.; Heady, P. Nestedness of desert bat assemblages: Species composition patterns in insular and terrestrial

landscapes. Oecologia 2008, 158, 687–697. [CrossRef] [PubMed]
54. Alabdeh, D.; Omidvar, B.; Karbassi, A.; Sarang, A. Study of speciation and spatial variation of pollutants in Anzali Wetland (Iran)

using linear regression, Kriging and multivariate analysis. Environ. Sci. Pollut. Res. 2020, 27, 16827–16840. [CrossRef]
55. Parravicini, V.; Villéger, S.; Mcclanahan, T.R.; Arias-González, J.E.; Bellwood, D.R.; Belmaker, J.; Chabanet, P.; Floeter, S.R.;

Friedlander, A.M.; Guilhaumon, F. Global mismatch between species richness and vulnerability of reef fish assemblages. Ecol.
Lett. 2014, 17, 1101–1110. [CrossRef] [PubMed]

56. Cheal, A.; Emslie, M.J.; Miller, I.; Sweatman, H. The distribution of herbivorous fishes on the Great Barrier Reef. Mar. Biol. 2012,
159, 1143–1154. [CrossRef]

57. Ishihara, T.; Tachihara, K. Pelagic Larval Duration and Settlement Size of Apogonidae, Labridae, Scaridae, and Tripterygiidae
Species in a Coral Lagoon of Okinawa Island, Southern Japan. Pac. Sci. 2011, 65, 87–93. [CrossRef]

58. Cook, R.R. The relationship between nested subsets, habitat subdivision, and species diversity. Oecologia 1995, 101, 204–210.
[CrossRef] [PubMed]

59. Fleishman, E.; Betrus, C.; Blair, R.; Mac Nally, R.; Murphy, D. Nestedness analysis and conservation planning: The importance of
place, environment, and life history across taxonomic groups. Oecologia 2002, 133, 78–89. [CrossRef] [PubMed]

60. Bender, M.; Leprieur, F.; Mouillot, D.; Kulbicki, M.; Parravicini, V.; Pie, M.; Barneche, D.; Oliveira-Santos, L.; Floeter, S. Isolation
drives taxonomic and functional nestedness in tropical reef fish faunas. Ecography 2016, 40, 425–435. [CrossRef]

61. Wang, T.; Sun, T.; Xiao, Y.Y.; Liu, Y.; Li, C.H.; Chen, D.F.; Li, H. Nested Distribution Patterns of Fish Assemblages in Daya Bay.
Chin. J. Zool. 2019, 54, 327–338. [CrossRef]

62. Luiz, O.J.; Madin, J.S.; Robertson, D.R.; Rocha, L.A.; Wirtz, P.; Floeter, S.R. Ecological traits influencing range expansion across
large oceanic dispersal barriers: Insights from tropical Atlantic reef fishes. Proc. Biol. Sci. 2012, 279, 1033–1040. [CrossRef]
[PubMed]

63. Luiz, O.J.; Allen, A.P.; Robertson, D.R.; Floeter, S.R.; Kulbicki, M.; Vigliola, L.; Becheler, R.; Madin, J.S. Adult and larval traits as
determinants of geographic range size among tropical reef fishes. Proc. Natl. Acad. Sci. USA 2013, 110, 16498–16502. [CrossRef]
[PubMed]

64. Kulbicki, M.; Parravicini, V.; Mouillot, D. Patterns and Processes in Reef Fish Body Size. In Ecology of Fishes on Coral Reefs;
Cambridge University Press: Cambridge, UK, 2015.

65. Siqueira, A.C.; Morais, R.A.; Bellwood, D.R.; Cowman, P.F. Planktivores as trophic drivers of global coral reef fish diversity
patterns. Proc. Natl. Acad. Sci. USA 2021, 118, e2019404118. [CrossRef]

66. Floeter, S.; Behrens, M.; Ferreira, C.; Paddack, M.; Horn, M. Geographical gradients of marine herbivorous fishes: Patterns and
processes. Mar. Biol. 2005, 147, 1435–1447. [CrossRef]

67. Wu, F.-Q.; Ni, Y.; Zhong, X.-M.; Tang, J.-H.; Wu, L.; Gao, Y.-S. Three new records on the fish fauna of Jiangsu. Mar. Fish. 2015, 37,
87–92. [CrossRef]

www.reefbase.org/gefll/pdf/Reversing%20Environmental%20Degradation%20Trends%20in%20the%20South%20China%20Sea%20and%20Gulf%20of%20Thailand.pdf
www.reefbase.org/gefll/pdf/Reversing%20Environmental%20Degradation%20Trends%20in%20the%20South%20China%20Sea%20and%20Gulf%20of%20Thailand.pdf
http://doi.org/10.1057/9781137310149
http://doi.org/10.1007/s00227-010-1411-y
http://doi.org/10.1007/s00442-004-1618-z
http://www.ncbi.nlm.nih.gov/pubmed/15278423
http://doi.org/10.1111/j.1365-2699.2006.01444.x
http://doi.org/10.1007/s004420050292
http://www.ncbi.nlm.nih.gov/pubmed/28307369
http://doi.org/10.1007/s004420050348
http://www.ncbi.nlm.nih.gov/pubmed/28307284
http://doi.org/10.1007/s00442-007-0696-0
http://www.ncbi.nlm.nih.gov/pubmed/17370091
http://doi.org/10.1111/j.1365-2699.2007.01742.x
http://doi.org/10.1111/j.0030-1299.2008.16529.x
http://doi.org/10.1007/s00442-008-1168-x
http://www.ncbi.nlm.nih.gov/pubmed/18941795
http://doi.org/10.1007/s11356-020-08126-3
http://doi.org/10.1111/ele.12316
http://www.ncbi.nlm.nih.gov/pubmed/24985880
http://doi.org/10.1007/s00227-012-1893-x
http://doi.org/10.2984/65.1.087
http://doi.org/10.1007/BF00317285
http://www.ncbi.nlm.nih.gov/pubmed/28306792
http://doi.org/10.1007/s00442-002-1003-8
http://www.ncbi.nlm.nih.gov/pubmed/24599372
http://doi.org/10.1111/ecog.02293
http://doi.org/10.13859/j.cjz.201903003
http://doi.org/10.1098/rspb.2011.1525
http://www.ncbi.nlm.nih.gov/pubmed/21920979
http://doi.org/10.1073/pnas.1304074110
http://www.ncbi.nlm.nih.gov/pubmed/24065830
http://doi.org/10.1073/pnas.2019404118
http://doi.org/10.1007/s00227-005-0027-0
http://doi.org/10.3969/j.issn.1004-2490.2015.01.012


Sustainability 2022, 14, 11524 14 of 14

68. Wang, J.F.; Si, J.C.; Yu, F. Progress in studies of the characteristics and mechanisms of variations in the Taiwan Warm Current. Mar.
Sci. 2020, 44, 141–148.

69. Floeter, S.R.; Guimaraes, R.; Rocha, L.A.; Ferreira, C.; Gasparini, R. Geographic Variation in Reef-Fish Assemblages along the
Brazilian Coast. Glob. Ecol. Biogeogr. 2001, 10, 423–431. [CrossRef]

70. Musburger, C.A. The Biogeography of Central Pacific Coral Reef Fishes. Ph.D. Thesis, University of Hawaii at Manoa, Honolulu,
HI, USA, 2012.

71. Hoey, A.S.; Feary, D.A.; Burt, J.A.; Vaughan, G.; Pratchett, M.S.; Berumen, M.L. Regional variation in the structure and function of
parrotfishes on Arabian reefs. Mar. Pollut. Bull. 2016, 105, 524–531. [CrossRef] [PubMed]

72. Licuanan, W.Y.; Gomez, E.D. Philippine coral reefs: Status and the role of the academe to improve their management. In
Proceedings of the 9th International Coral Reef Symposium, Bali, Indonesia, 23–27 October 2000.

73. Johnson, M.K.; Holbrook, S.J.; Schmitt, R.J.; Brooks, A.J. Fish communities on staghorn coral: Effects of habitat characteristics and
resident farmerfishes. Environ. Biol. Fishes 2011, 91, 429–448. [CrossRef]

74. Ivan, N.; Grol, M.; Mumby, P.J.; Simon, T. Effects of Marine Reserves versus Nursery Habitat Availability on Structure of Reef Fish
Communities. PLoS ONE 2012, 7, e36906.

75. Yu, K.F. Introduction to the Science of Coral Reefs; Science Press: Beijing, China, 2018; p. 24.

http://doi.org/10.1046/j.1466-822X.2001.00245.x
http://doi.org/10.1016/j.marpolbul.2015.11.035
http://www.ncbi.nlm.nih.gov/pubmed/26608505
http://doi.org/10.1007/s10641-011-9802-6

	Introduction 
	Materials and Methods 
	Study Sites 
	Data Collection 
	Nestedness Analysis 
	Statistical Analyses 

	Results 
	Species Composition 
	Composition of Functional Groups 
	Nestedness of Parrotfish Assemblages 
	The Distribution Characteristics of Functional Groups 
	Patterns of Parrotfish Species Richness 

	Discussion 
	Conclusions 
	References

