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ABSTRACT

This study investigated the temporal changes in coral reef cover and seawater quality in the Phu Quoc Marine 
Protected Area, Vietnam, from 2014 to 2023. Based on long-term monitoring data, marine environmental parameters 
were evaluated according to Vietnamese standards, and trends in coral reef ecosystem health were assessed. Coral reef 
benthic communities, reef-associated benthic invertebrates, reef fish assemblages, and physicochemical water quality 
parameters were surveyed annually at the beginning of the rainy season and monitored during both the dry and rainy 
seasons. A Comprehensive Reef Ecosystem Condition (CREC) index integrating five key biological components was 
developed to evaluate the overall ecological status of the coral reef ecosystem. Mean live coral cover increased from 
38.6% in 2014 to 58.0% in 2023, indicating substantial reef recovery. No outbreaks of the coral-feeding crown-of-thorns 
starfish (Acanthaster cf. solaris/planci) were recorded during the study period, while benthic invertebrate communities 
were dominated by long-spined black sea urchins (Diadema spp.), which may have contributed to macroalgal control 
and coral recovery. Water quality remained generally stable, with pH (7.85–7.95), dissolved oxygen (>5 mg/L), and 
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most nutrient concentrations within Vietnamese regulatory thresholds for coral reef development. However, nitrate, 
ammonium, phosphate, and coliform concentrations were consistently higher during the rainy season than during the dry 
season. CREC values indicated a good ecological condition. The results suggest that stable water quality has supported 
coral reef recovery in Phu Quoc, whereas increasing nutrient inputs and microbial contamination during the rainy 
season may pose future risks. The proposed CREC framework provides a practical tool for long-term reef monitoring 
and supports evidence-based conservation and adaptive management of tropical coral reef ecosystems.
Keywords: Coral Reef Health; Water Quality; Reef Fish Assemblages; Benthic Invertebrates; Long-Term Monitoring; 
Marine Protected Area; Phu Quoc; Vietnam

1.	 Introduction
Coral reefs are among the most biologically diverse 

and productive marine ecosystems, providing essential 
ecological services, including biodiversity conservation, 
coastal protection, fisheries production, carbon cycling, 
and tourism development. Located in the Gulf of Thai-
land, Phu Quoc Island supports one of the most important 
coral reef ecosystems in southwestern Vietnam, contrib-
uting substantially to regional marine biodiversity and 
the livelihoods of coastal communities. However, despite 
their ecological and economic importance, coral reef eco-
systems are increasingly threatened by the combined ef-
fects of local and global stressors. Coastal development, 
overexploitation of marine resources, land-based pollution, 
and climate change have intensified pressures on coral 
reefs worldwide [1,2]. Global assessments have document-
ed widespread coral reef degradation driven primarily by 
ocean warming, ocean acidification, and increasing anthro-
pogenic disturbances [3,4]. In Southeast Asia, coral reefs are 
particularly vulnerable because of increasing sedimenta-
tion, nutrient enrichment, coastal urbanization, and rapid 
socio-economic development [5,6].

Although several coral reef areas in Vietnam have 
shown relatively stable spatial distributions in recent years, 
the persistence of coral cover alone does not necessarily re-
flect ecosystem integrity. Long-term changes in community 
composition, ecological functions, trophic interactions, and 
ecosystem resilience may occur even when the spatial extent 
of reefs remains relatively unchanged, potentially leading to 
gradual ecosystem degradation. Consequently, comprehen-
sive ecological assessment requires evaluation of multiple 
biological components together with environmental condi-
tions rather than relying solely on live coral cover.

Among the environmental factors influencing reef 

ecosystems, water quality is widely recognized as one 
of the principal drivers of coral reef condition. Seasonal 
rainfall and terrestrial runoff increase the input of nutri-
ents, suspended sediments, and organic matter into coastal 
waters, thereby reducing light availability, affecting coral 
growth and recruitment, and altering benthic community 
structure [7,8]. Under nutrient-enriched conditions, macroal-
gae may proliferate and compete with corals for space and 
resources, potentially leading to changes in reef communi-
ty composition [9]. Environmental disturbances also influ-
ence reef-associated biological communities. Coral-depen-
dent fishes, particularly butterflyfishes, are highly sensitive 
to reductions in live coral cover and habitat complexity 
and frequently decline following reef degradation [10]. In 
contrast, opportunistic and disturbance-tolerant species 
may increase in abundance, resulting in simplified commu-
nity structures [11]. Similar responses have been document-
ed for large benthic macroinvertebrates, where sensitive 
taxa such as giant clams and sea cucumbers often decline 
under conditions of sedimentation and pollution, whereas 
some echinoderms, particularly sea urchins, may become 
more abundant under nutrient-enriched conditions and fur-
ther influence benthic ecological processes [12].

Recent international studies have increasingly em-
phasized the importance of long-term ecological monitor-
ing for understanding coral reef resilience under accelerat-
ing climate change and increasing anthropogenic pressures. 
Global monitoring initiatives coordinated by the Global 
Coral Reef Monitoring Network (GCRMN) have demon-
strated that repeated observations over decadal timescales 
provide substantially greater insight into reef trajectories 
than short-term surveys because they capture ecological 
variability, disturbance, and recovery through time [13,14]. 
Similarly, studies from the Great Barrier Reef, the Ca-
ribbean, and the Indo-Pacific have shown that coral reef 
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ces representing the principal ecological compartments of 
coral reef ecosystems, including live coral cover, reef fish-
es, large benthic macroinvertebrates, sponges, and algae. 
Equal weighting was adopted because current ecological 
evidence does not consistently demonstrate that any single 
ecological component contributes more strongly than the 
others to overall ecosystem condition, thereby following 
internationally accepted principles for composite ecologi-
cal indicator construction while minimizing subjective bias 
and maintaining transparency and reproducibility [14,16–19].

Accordingly, this study aimed to (i) quantify long-
term changes in coral reef condition; (ii) evaluate temporal 
variation in reef fish assemblages and benthic macroinver-
tebrate communities; (iii) examine seasonal variations in 
water quality and their relationships with coral reef ecosys-
tem components; and (iv) develop and evaluate integrated 
assessment frameworks for coral reef condition, reef fish 
assemblages, benthic macroinvertebrate communities, and 
the proposed Coral Reef Ecosystem Condition (CREC) 
index within the Phu Quoc Marine Protected Area during 
2014–2023. The findings provide new information on 
long-term ecological changes in coral reef ecosystems in 
southwestern Vietnam and contribute to improving ecosys-
tem-based monitoring, integrated ecological assessment, 
and evidence-based conservation and management of coral 
reef ecosystems in Vietnam and other tropical reef regions 
facing similar environmental challenges.

2.	 Materials and Methods

2.1.	Study Area and Survey Designs

The study, initiated in 2014, aimed to survey coral 
reef cover and establish permanent monitoring stations at 
ten reef sites (Figure 1): Hon Xuong, Hon Mong Tay, Hon 
Gam Ghi, Dong Hon Dong, Hon Dam Trong, Hon Roi, 
Tay Hon Thom, Hon Vang, Hon May Rut Trong, and Ganh 
Dau, all located outside the core zone of the Phu Quoc Ma-
rine Protected Area.

At each survey station, two 100-m transects were es-
tablished parallel to the coastline across two depth zones: 
a shallow zone (2–5 m) and a deeper zone (6–10 m), de-
pending on local reef topography. Each transect was divid-
ed into 20-m segments with 5-m intervals between consec-
utive segments (Figures 2 and 3).

resilience results from complex interactions among coral 
recruitment, herbivory, habitat complexity, water quality, 
climate disturbances, and local management effectiveness 
rather than any single ecological factor [14,15]. Consequently, 
integrated ecological assessment has become increasing-
ly important in coral reef monitoring. International pro-
grams, including Reef Check, the GCRMN protocol, and 
the Atlantic and Gulf Rapid Reef Assessment (AGRRA), 
combine multiple biological indicators, such as live coral 
cover, reef fish assemblages, benthic communities, and in-
dicator taxa, while recent ecological integrity frameworks 
increasingly employ composite indicators that integrate 
ecosystem structure, ecological function, and resilience 
into a single assessment system [16–18].

Despite these advances, several important knowl-
edge gaps remain. Most coral reef studies in Southeast 
Asia have focused on short-term assessments of live coral 
cover or individual biological components, whereas long-
term ecosystem-based studies integrating coral commu-
nities, reef fishes, benthic macroinvertebrates, sponges, 
macroalgae, and environmental conditions remain limited. 
Furthermore, many existing assessment frameworks were 
developed primarily for regional monitoring or require ex-
tensive datasets that are difficult to obtain consistently in 
long-term monitoring programs, particularly in developing 
countries. As a result, relatively few practical ecological 
indices are available that integrate the principal biological 
components of coral reef ecosystems into a transparent, re-
producible, and management-oriented framework suitable 
for routine long-term monitoring. In addition, many exist-
ing frameworks evaluate individual ecosystem components 
independently and therefore provide limited information 
on overall ecosystem condition or temporal ecosystem tra-
jectories. These limitations reduce their applicability for 
integrated ecological assessment and adaptive management 
at local and regional scales [14–18].

To address these limitations, the present study pro-
poses the Coral Reef Ecosystem Condition (CREC) frame-
work, which follows the ecological integrity concept, rec-
ognizing that no single biological indicator can adequately 
represent overall coral reef condition because different 
ecosystem components respond to environmental stress-
ors across spatial and temporal scales [16]. Accordingly, the 
framework integrates five complementary biological indi-
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(a) Coral reef ecosystem. (b) Manatee. (c) Hawksbill turtle. 

Figure 1. Coral reef ecosystems and rare species in the Phu Quoc Marine Protected Area, Vietnam.

Figure 2. The sites of survey coral reef (2014–2023). 
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Figure 3. Layout diagram of 4 sections along a 100-m research transect line.

Accordingly, the shallow zone included four samples 
from flat reef areas and four samples from deeper reef ar-
eas, resulting in a total of eight samples collected at each 
reef site. These samples were treated as replicates for sta-
tistical analysis. The monitored parameters included ben-
thic cover composition, reef fish assemblages, large ben-
thic invertebrate communities, and seasonal water samples 
for water quality analysis, which were compared against 
Vietnamese regulatory standards.

All surveys were conducted following the meth-
odologies of the Global Coral Reef Monitoring Network 
(GCRMN), with all parameters measured along the same 
transects at each monitoring station [20,21].

2.2.	Biological Surveys

2.2.1.	Sampling Design and Survey Methods
Survey sites were selected to represent the main 

coral reef habitats within the study area and were consis-
tently revisited throughout the study period using Global 
Positioning System (GPS) coordinates. At each site, three 
replicate 100-m transects were established at a fixed depth, 
with a minimum spacing of 10 m between transects to en-
sure spatial independence.

Coral reef benthic communities were surveyed us-
ing the Line Intercept Transect (LIT) method to estimate 
live coral cover and substrate composition. Reef fish as-
semblages were assessed using Underwater Visual Census 
(UVC) along belt transects (100 m × 5 m) (500 m2) per 
survey plot, recording species composition, abundance, 
and size classes. Large benthic invertebrates were surveyed 
along the same transects within a 2-m belt, with all target 
organisms identified and counted.

All surveys were conducted by the same trained re-

search team, following standardized monitoring protocols 
of the Institute of Oceanography, Vietnam Academy of 
Science and Technology, and staff from the Phu Quoc Ma-
rine Protected Area Management Board, to ensure meth-
odological consistency and comparability across sites and 
sampling periods [20,21].

2.2.2.	Benthic Cover Assessment
Benthic composition was quantified as the percent-

age cover of major substrate categories, including hard 
corals, soft corals, recently dead corals, algal assemblages, 
sponges, rocks, coral rubble, sand, silt/clay, and other sub-
strates. Cover was recorded at 0.5-m intervals along each 
transect segment. Coral bleaching conditions observed 
during the study period were also recorded as an additional 
indicator of coral reef condition. A total of 40 data points 
per 20-m transect segment were recorded.

The long-term monitoring program was conducted 
from 2014 to 2023, and several survey sites were replaced 
due to adjustments in management zoning and habitat 
conditions, which may limit strict temporal comparabili-
ty. Therefore, this study evaluates long-term trends for the 
2014–2023 period [22,23].

2.2.3.	Benthic Surveys
Benthic surveys were conducted following standard-

ized coral reef monitoring protocols [24,25]. At each survey 
site, each 100-m transect was divided into four 20-m seg-
ments. Benthic data were collected using the point-inter-
cept method at 0.5-m intervals, resulting in 160 sampling 
points per transect. This method is widely applied for esti-
mating benthic community structure and ensures compara-
bility among survey sites and sampling periods [26,27].

The benthic substrate categories included live hard 
corals, recently dead corals, algae-covered dead corals, 
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within groups, using the F-statistic defined as F = MSbe-

tween/MSwithin. If p < 0.05 or F > Fcrit, the null hypothesis is 
rejected, indicating a statistically significant difference 
among the investigated factors [35].

Correlation analysis and simple linear regression: 
Simple linear regression means that there is one indepen-
dent variable X being studied to examine its effect on a 
dependent variable Y, where the relationship is defined as 
a straight line. This implies that when X increases or de-
creases, Y also increases or decreases proportionally in a 
linear form.

The general equation is:

Y = A + BX.

Multiple linear regression: In practice, the dependent 
variable Y is influenced by multiple independent variables 
(Xi). In this case, to estimate the dependent variable Y, a 
multiple regression model is constructed in order to more 
accurately represent and predict the estimated value of Y. 
The general equation is:

Y = a0 + b₁X₁ + b₂X₂ + … + bₙXₙ.

R2 is the coefficient of determination representing 
the squared correlation. It reflects the relationship between 
coral reef conditions and macroinvertebrate communities 
affecting coral cover. It is calculated as the percentage 
contribution of impacted communities and reef fish assem-
blages that influence coral reef cover.

The collected data were compiled into a summary 
table to calculate the average values for the study area and 
the reporting year. The percentage coral reef cover rep-
resents the dependent variable (Y).

The independent variables include X1, which rep-
resents large invertebrate communities that have an impact 
on coral reefs, and X2, which represents reef fish assem-
blages, expressed as the percentage of fish that influence 
coral reef conditions. Using were applied to evaluate fixed 
and random effects. Statistical significance was set at p < 
0.05 [36,37].

2.3.	Water Quality

2.3.1.	Water Quality Monitoring
Water samples were collected twice annually, during 

the dry and wet seasons, to capture seasonal variations in 

coral rubble, sand, rock, and other substrate types, follow-
ing standard coral reef classification systems [28].

2.2.4.	Large Benthic Invertebrate Surveys
Large benthic invertebrates were surveyed along the 

same transects used for reef fish assessments. Target taxa 
included giant clams (Tridacna spp.), pencil sea urchins 
(Heterocentrotus mammillatus), long-spined sea urchins 
(Diadema spp.), sea cucumbers (Holothuriidae), crown-of-
thorns starfish (Acanthaster planci), triton snails (Charonia 
tritonis), banded coral shrimps (Stenopus hispidus), spiny 
lobsters (Panulirus spp.), and top shells (Trochus spp.).

Reef fish and large benthic invertebrates were sur-
veyed using the Underwater Visual Census (UVC) meth-
od along 20 m × 5 m belt transects, a standard approach 
widely used in coral reef ecology. Species identity and 
abundance were recorded for all observed individuals [29,30]. 
Likewise, benthic invertebrate groups such as sea urchins, 
giant clams, and sea cucumbers are widely recognized as 
key bioindicators of coral reef condition and ecosystem 
functioning [31,32].

2.2.5.	Coral Reef Fish Surveys
Reef fishes were classified into ecological function-

al groups, including coral-associated species, herbivorous 
species, and commercially important species, following es-
tablished ecological classification frameworks [33,34]. 

Fish data were collected by slowly swimming along 
each transect and recording all individuals observed with-
in each survey segment, following the Reef Check meth-
odology, with additional inclusion of several ecologically 
important reef fish families to better represent local reef 
conditions in Phu Quoc, Vietnam [28].

2.2.6.	Statistical Analysis
One-way Analysis of Variance (One-way ANOVA): 

The Single-Factor ANOVA method is used to analyze dif-
ferences among the mean values across years for several 
investigated indicators. In this approach, observations for 
each value are treated as independent groups, and the test 
evaluates the following hypotheses: 

H0. All repeated yearly mean values are equal (μ1 = μ2 = 
… = μk). 

H1. At least one factor differs. The method is based on 
comparing the variation between groups and the variation 
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environmental conditions. The monitored parameters in-
cluded nutrients, suspended solids, organic pollution indi-
cators, and microbial contamination [38].

Seasonal sampling is widely applied in coastal envi-
ronmental monitoring programs to assess broad-scale tem-
poral variability; however, it may not fully capture short-
term fluctuations in water quality [37,38]. This limitation was 
taken into consideration when interpreting the results.

The analyzed parameters included pH, dissolved ox-
ygen (DO), total suspended solids (TSS), biochemical oxy-
gen demand (BOD), chemical oxygen demand (COD), fer-
rous iron (Fe2+), chloride (Cl−), salinity, nitrite (N–NO₂−), 
nitrate (N–NO₃−), ammonia (N–NH₃), phosphate (PO₄³−), 
and coliform bacteria. Sampling was conducted annual-
ly between mid-March and mid-September from 2014 to 
2023 in accordance with standard procedures issued by the 
Vietnamese Ministry of Natural Resources and Environ-
ment.

Following collection, samples were preserved and 
transported to the An Giang Provincial Center for Envi-
ronmental and Natural Resources Monitoring for labora-
tory analysis. The resulting data were incorporated into 
the Center’s environmental monitoring database, which 
supports environmental quality assessment and pollution 
warning systems at both provincial and national levels.

2.3.2.	Classification of Environmental Param-
eters

The environmental variables examined in this study 
included pH, dissolved oxygen (DO), total suspended sol-
ids (TSS), biochemical oxygen demand (BOD), chemical 
oxygen demand (COD), ferrous iron (Fe2+), chloride (Cl−), 
salinity, nitrite (N–NO₂−), nitrate (N–NO₃−), ammonia (N–
NH₃), phosphate (PO₄³−), and coliform bacteria. These 

parameters were used to evaluate marine environmental 
quality in Phu Quoc and to assess their potential influence 
on coral reef development within the Phu Quoc Marine 
Protected Area, Vietnam.

Water quality parameters were compared with the 
Vietnamese National Technical Regulation on Marine Wa-
ter Quality (QCVN 10-MT:2015/BTNMT), which spec-
ifies the permissible limits for pH (6.5–8.5), dissolved 
oxygen (DO, ≥5 mg/L), biological oxygen demand (BOD, 
≤6 mg/L), chemical oxygen demand (COD, ≤15 mg/L), to-
tal suspended solids (TSS, ≤30 mg/L), ammonium (NH₄+, 
≤0.3 mg/L), nitrite (NO₂−, ≤0.05 mg/L), nitrate (NO₃−, ≤5 
mg/L), phosphate (PO₄3−, ≤0.2 mg/L), and coliforms (≤ 
5,000 MPN/100 mL) [39].

2.3.3.	Statistical Analysis
Statistical analyses were performed to compare the 

mean values of environmental parameters between the dry 
and rainy seasons. Prior to hypothesis testing, the normali-
ty of the data distribution was evaluated using the Shapiro–
Wilk test. When the assumption of normality was satisfied, 
Student’s t-test was applied.

For paired observations (e.g., measurements collect-
ed from the same monitoring stations in the dry and rainy 
seasons), a paired-samples t-test was used to determine 
whether the mean difference between paired observations 
was statistically significant. For independent datasets, an 
independent-samples t-test was employed. Statistical sig-
nificance was determined at a confidence level of 95% (p 
< 0.05) [37].

This study presents the temporal changes in coral 
reef conditions, reef fish assemblages, and benthic inverte-
brate communities only up to 2023 (Table 1). 

Table 1. Geographic coordinates of coral reef monitoring stations in the Phu Quoc Marine Protected Area, 2014–2023.
Monitoring Station  Latitude  Longitude

Ganh Dau 10.36588 103.83333
Hon Dam Trong 10.00475 104.02888

Hon Roi 09.97478 104.01682
West Hon Thom 09.95688 104.01172

Hon Vang 09.92794 104.02058
Hon Xuong 09.91877 104.02032

Hon Mong Tay 09.90641 104.02094
Hon Gam Ghi 09.91443 104.01713

North Hon Vong 09.92272 104.00275
Northeast of Hon May Rut Trong 09.91345 103.99287
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3.	 Results

3.1.	Current Status of Coral Reefs from 2014–
2023

3.1.1.	Assessment of Coral Reef Status (2014–
2023): Changes in Coral Reef Cover 
during 

The average live coral cover (LC) across the sur-
veyed reefs showed a generally increasing trend during 
the period 2014–2023. Live coral cover increased from 
38.59% in 2014 to 58.0% in 2023, representing an overall 
increase of 19.41 percentage points. This improvement was 
primarily driven by the recovery and expansion of hard 
coral cover (HC), which increased from 38.41% in 2014 to 
57.0% in 2023. Soft coral cover (SC) remained consistent-
ly low throughout the study period, generally accounting 
for only 0–1% of the benthic community.

The increase in live coral cover was accompanied 
by a decline in non-living reef substrates. Rock cover 
(RC), which represented the dominant non-coral sub-
strate, decreased markedly from 41.4% in 2014 to 22.0% 
in 2023. Similarly, dead coral covered by algae (DCA) 
declined from 8.25% in 2014 to 0% in 2023, indicating a 
gradual reduction in coral mortality and post-disturbance 
algal colonization. The coverage of macroalgae and fila-
mentous algae remained generally low, suggesting limit-

ed competitive pressure from algae on coral recruitment 
and recovery.

Although some annual fluctuations were observed, 
particularly during 2019–2020, when live coral cover de-
creased to approximately 45%, the overall trajectory from 
2014 to 2023 indicates substantial reef recovery and im-
proved coral community condition. The highest live coral 
cover was recorded in 2023 (58%), which corresponds to 
a reef condition classified as good according to common 
coral reef assessment criteria.

3.1.2.	Ecological Characteristics of the Phu 
Quoc Coral Reef Ecosystem

The Phu Quoc coral reef ecosystem comprises both 
benthic flora and fauna. Based on Figure 4, the benthic 
community was classified into three major components.

The first component consists of live corals (hard 
and soft corals). Hard and soft corals are the dominant 
reef-building organisms and thrive under suitable environ-
mental conditions, including appropriate seawater tem-
perature, light availability, salinity, water depth, substrate 
characteristics, and water quality. By 2023, the total live 
coral cover reached 58%, comprising 57% hard corals and 
1% soft corals, indicating that hard corals were the domi-
nant benthic component and played the principal ecologi-
cal role in the coral reef ecosystem (Figure 5).

(a) Spatial distribution of coral reef components during the 2014–2023 period.
Figure 4. Cont.
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(b) Ecological Status of Phu Quoc Coral Reef in 2023 (Benthic Cover of Major Components, %).
Figure 4. Benthic Community Composition and Its Spatiotemporal Variation in the Phu Quoc Coral Reef Ecosystem (2014–2023).

  
Figure 5. Current status of coral reefs in the Phu Quoc Marine Protected Area.

The second component includes algae and sponges. 
In 2023, the cover of crustose coralline algae (CCA) and 
turf algae was 0%, while macroalgae and sponges account-
ed for 1% and 3%, respectively. The very low macroalgal 
cover suggests that there was no evidence of macroalgal 
proliferation associated with eutrophication. Likewise, the 
low sponge cover indicates that sponges were not compet-
ing significantly with corals for space and therefore were 
unlikely to adversely affect coral growth.

The third component comprises non-living benthic 
substrates. In 2023, these consisted of recently killed coral 
(RKC, 1%), dead coral with algae (DCA, 0%), rock (22%), 
coral rubble (0%), sand (13%), silt (1%), and other sub-
strates (1%).

Overall, the benthic composition indicates that the 
Phu Quoc coral reef remained in a relatively good ecologi-
cal condition in 2023. Live coral cover was relatively high 
(58%), whereas macroalgae and sponge cover remained 

very low, suggesting limited biological competition with 
reef-building corals. Approximately 35% of the reef sub-
strate consisted of exposed rock and sand, representing 
naturally available substrate rather than areas occupied by 
opportunistic algae. Consequently, there was no evidence 
of macroalgal overgrowth or algal blooms that would indi-
cate reef degradation during the study period.

Pearson correlation analysis demonstrated a strong 
positive relationship between survey year and live coral 
cover (r = 0.825, p = 0.003). Linear regression indicated 
that live coral cover increased at an average rate of ap-
proximately 1.56 percentage points per year (R2 = 0.681), 
suggesting a significant long-term recovery trend of coral 
reef communities during 2014–2023. Nevertheless, tempo-
rary declines observed during 2019–2020 indicate that reef 
recovery was not linear but was likely influenced by short-
term environmental disturbances and ecological variability 
(Table 2).
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Table 2. Current status of average coral reef on 10 sites surveyed in the southwestern sea region of Vietnam, 2014–2023.

Year
Living and Deceased Coral Allgea and Spong Coral Reef Substrate

LCC% HC% SC% CA% TA% FS% SP% RKC% DCA% RC% RB% SD% SI% OT%
2014 38.59 38.41 0.19 0 0.03 0.41 0.75 0.16 8.25 41.4 0.72 8.5 0.19 0.84
2015 45.3 45 0.25 0 0 0.5 0.41 0 16.1 22.6 2.03 0 13 0.06
2016 45 45 0 1 5 1 1 0 2 27 2 12 0 2
2017 49 48 0 1 0 1 3 0 2 29 1 13 0 1
2018 50 50 1 2 1 0 4 0 2 21 0 15 1 1`
2019 45 44 1 0 2 2 2 0 5 24 3 17 0 2
2020 45 44 1 0 2 2 2 0 5 24 3 17 0 2
2021 50 50 1 1 1 1 2 1 2 20 1 21 0 0
2022 56 55 1 0 0 0 3 0 2 17 0 17 1 1
2023 58 57 1 0 0 1 3 1 0 22 0 13 1 1

Average 48.13 47.64 0.64 0.5 1.103 0.89 2.12 0.22 4.43 24.8 1.27 13.35 1.62 1.19
p < 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

SE 1.81 1.76 0.15 0.22 0.5 0.22 0.36 0.13 1.49 2.13 0.37 1.84 1.27 0.28
Note: LCC: living coral cover; HC: hard coral; SC: soft coral; CA: calcareous algae; TA: filamentous algae; FS: large algae; SP: sponge; RKC: recently deceased coral; 
DCA: recently deceased coral covered in algae; RC: rock; RB: fragment coral; SD: sand; SI: silt; OT: other.

Linear Regression Equation
Let:

X = the number of years since 2014 
(i.e., 2014 = 0, 2015 = 1, …, 2023 = 9), 

then the linear regression equation is:

LC = 41.16 + 1.56X

where:
LC = Live coral cover (%). 
41.16 = The intercept, representing the estimated live 

coral cover (%) at the baseline year (2014). 
1.56 = The regression coefficient (slope), indicating 

that live coral cover increased by an average of 1.56 per-
centage points per year over the study period (2014–2023).

Multiple linear regression analysis indicated that live 
coral cover was significantly explained by the combined 
effects of large benthic invertebrates and corallivorous reef 
fishes (R2 = 0.741, Adjusted R2 = 0.667, F = 10.02, p = 
0.008). The fitted regression model was:

LCC = 49.84 − 0.33(Blu) +0.45(Bu)

The abundance of large benthic invertebrates showed 
a significant negative relationship with live coral cover (β = 
−0.33, p = 0.011), whereas corallivorous reef fish exhibited 
a positive but marginally non-significant relationship (β = 
0.45, p = 0.065). Overall, the model explained approximate-
ly 74.1% of the temporal variation in live coral cover, indi-

cating that these two biological indicators were important 
predictors of coral reef condition during the study period.
Multiple Linear Regression Equation

LCC = 49.84 − 0.33 X₁ + 0.45 X₂

where:
LCC = Live Coral Cover (%). 
X₁ = Abundance of large benthic invertebrates (Blu. 

(In.)). 
XI₂ = Abundance of corallivorous reef fishes (Bu. 

(In.)).

3.2.	Temporal Dynamics of Benthic Inverte-
brates (2014–2023)

3.2.1.	Status of Benthic Invertebrates in Coral 
Reefs from 2014 to 2023

During the period 2014–2023 (Table 3), reef-associ-
ated invertebrates of ecological and economic importance 
exhibited relatively low taxonomic diversity, with only a 
limited number of taxa recorded. Throughout the study pe-
riod, black sea urchins consistently represented the domi-
nant component of the community, accounting for 56–99% 
of total invertebrate abundance each year. Their population 
dynamics showed marked interannual variability, with 
a peak recorded in 2014 (46 individuals), followed by a 
sharp decline to 0.3 individuals in 2019–2020, and a sub-
sequent increase to 5.8 individuals in 2023.
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Table 3. Invertebrate data in the coral reef (2014–2023).

Years
Coral-Feeding Group Intermediate Group Non-Coral-Feeding Group

Crs. (In.) Blu. (In.) Trt. (In.) Gic. (In.) Flc, (In.) Cls. (In.) Spl. (In.) Cou, (In.) Sec. (In.)
2014 0 46 0 0.188 0.187 0 0 0 0
2015 0 8.3 0 0 0.25 0 0 0 0.1
2016 0 5.4 0 0.125 0.125 0 0 0 0
2017 0 0.9 0 0 0.113 0 0 0 0
2018 0 1.6 0 0 0.063 0 0 0 0
2019 0 0.3 0 0.125 0.113 0 0 0 0
2020 0 0.3 0 0.125 0.113 0 0 0 0
2021 0 5.6 0 0.175 0.175 0 0 0 0.1
2022 0 3.2 0 0.15 0.113 0 0 0 0
2023 0 5.8 0 0.063 0.063 0 0 0 0.1

Average 0 7.74 0 0.09 0.13 0 0 0 0.03
p < 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

SE 0 4.34 0 0.023 0.018 0 0 0 0.15
Note: Crs.: Crown-of-thorns starfish; Blu.: Black sea urchin; Trt.: Triton’s trumpet; Gic.: Giant clam; Flg.: Fluted giant; Cls.: Cleaner shrimp; Spl.: Spiny lobster; Cou.: 
Collector urchin; Sec.: Sea cucumber; In.: Number of individuals per 500 m2.

Giant clams and fluted giant clams were persistently 
present but at consistently low densities, typically ranging 
from zero to approximately 0.25 individuals. Sea cucum-
bers occurred only sporadically and at very low abundance 
(0–0.1 individuals). In contrast, Triton’s trumpet, cleaner 
shrimps, spiny lobsters, collector urchins, and crown-of-
thorns starfish were not observed throughout the entire 
study period.

The assemblage was characterized by low species 
richness and a strong numerical dominance of black sea 
urchins. The absence of crown-of-thorns starfish indicates 
that no outbreak events of this coral predator occurred 
during the monitoring period. Nevertheless, the limited oc-
currence or complete absence of several ecologically and 
economically important taxa highlights the necessity for 
continued monitoring and strengthened conservation strat-
egies to support reef biodiversity.

The persistently high proportion of black sea urchins 
may have contributed to suppressing algal proliferation 
through grazing activity, potentially facilitating coral re-
covery observed between 2014 and 2023. However, further 
investigation into density thresholds and associated bio-
erosion processes is required to clarify whether their long-
term dominance exerts net positive or negative effects on 
reef resilience.

For analytical purposes, reef-associated inverte-
brates were categorized into three functional groups. The 
corallivorous group comprised crown-of-thorns starfish 
(Acanthaster spp.), which directly consume coral tis-
sue and may severely reduce coral cover during popula-

tion outbreaks. The intermediate group included black 
sea urchins, collector urchins, Triton’s trumpet, cleaner 
shrimps, and spiny lobsters, which indirectly influence 
reef dynamics through grazing, predation, and trophic 
regulation. The non-corallivorous group consisted of gi-
ant clams, fluted giant clams, and sea cucumbers, which 
function primarily as filter feeders or detritivores and do 
not feed on coral tissue.

Among all large benthic invertebrates, black sea ur-
chins consistently dominated the assemblage, contributing 
more than 90% of individuals in most years. Notably, their 
relative dominance declined only in 2019 and 2020, when 
their contribution dropped to approximately 56%, reflect-
ing temporary shifts in community structure.

3.2.2.	Sea Urchin Grazing and Algal Control
Black sea urchin density in the Phu Quoc coral reefs 

varied considerably during 2014–2023 (Table 3), declin-
ing from 46.0 individuals/500 m2 in 2014 to generally low 
levels (<6 individuals/500 m2) after 2016, with a slight in-
crease to 5.8 individuals/500 m2 in 2023 before decreasing 
again to 1.6 individuals/500 m2 in 2024. This trend sug-
gests that sea urchin grazing pressure remained relatively 
low throughout most of the monitoring period.

Although temporal changes in macroalgal, turf algal, 
and crustose coralline algal cover indicate that algal assem-
blages fluctuated over time, the observed low density of 
black sea urchins suggests only limited grazing pressure. 
Based on visual inspection of the long-term data, no strong 
statistical relationship between sea urchin abundance and 
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algal cover was evident, indicating that additional drivers, 
such as nutrient availability, herbivorous fishes, and habi-
tat conditions, likely contributed to algal dynamics.

The average black sea urchin density recorded in this 
study (generally below 6 individuals/500 m2 after 2016) 
is substantially lower than the approximate threshold of 
10–15 individuals/500 m2 that has been associated with 
significant bioerosion on Indo-Pacific reefs. Therefore, the 
current population is more likely to provide modest eco-
logical benefits through algal grazing than to cause detri-
mental substrate erosion. Nevertheless, this interpretation 
should be regarded as preliminary because direct measure-
ments of grazing rates and bioerosion were not conducted, 
and future studies integrating these processes are needed to 
clarify the ecological role of sea urchins in Phu Quoc coral 
reefs.

From 2014 to 2023, the reef-associated benthic in-
vertebrate community in Phu Quoc was characterized by 
low species diversity and was consistently dominated by 
black sea urchins, which accounted for 56–99% of the total 
abundance. Coral-feeding invertebrates, including crown-
of-thorns starfish, were absent throughout the monitoring 
period, indicating no outbreak events, while giant clams 
and fluted giant clams were present only at low densities, 
and several ecologically important taxa were rarely or nev-
er recorded. The dominance of black sea urchins may have 
contributed to controlling algal growth and supporting cor-
al recovery through grazing activity; however, continued 
long-term monitoring is needed because excessively high 
sea urchin densities could increase bioerosion and nega-
tively affect the structural stability and resilience of coral 
reef ecosystems (Figure 6). 

  
Figure 6. Benthic invertebrates in the study area.

3.3.	Temporal Trends in Reef Fish Assemblages 
(2014–2023): Assessment of Reef Fish As-
semblages on the Coral Reefs of Phu Quoc, 
Vietnam

From 2014 to 2023, the reef fish assemblage was 
dominated by corallivorous fishes, together with a small-
er contribution from intermediate and non-corallivorous 
groups (Table 4, Figure 7). 

Butterflyfish were consistently the most abundant 
corallivorous taxon, with recorded values ranging from 

11.96 to 25.35 individuals across the survey years. In con-
trast, angelfish and humpback parrotfish were not observed 
during the study period, while parrotfish were recorded 
only at low abundance in 2014 and 2015.

The proportion of corallivorous fishes remained high 
throughout most of the monitoring period, accounting for 
66–90% of the recorded fish assemblage, except in 2021 
when it decreased to 50%. This pattern indicates that but-
terflyfish and other coral-associated species consistently 
represented a major component of the surveyed reef fish 
community.

Table 4. Fish assemblage data (2014–2023).
Years Corallivorous Fishes Intermediate Group and Non-Corallivorous Group

Bu. (In.) An. 
(In.)

Hu. 
(In.) Pa. (In.) Wr. 

(In.)
Wr. 20 

cm (In.) SE. (In.) Sn. (In.) Go. 
(In.) Ra. (In.) Gr. (In.) Gr. > 30 

cm (In.)
Hu. 
(In.) Po. (In.)

2014 12.62 0 0 0.9 0 0 0 0.09 0.41 0.15 0.89 0 0 0
2015 14.22 0 0 0.27 0 0 0 0.13 0 0 1.85 0 0 0
2016 13.06 0 0 0 0 0.33 0 0.03 1.1 0.21 1.78 0 0 0
2017 13.17 0 0 0 0 0 0 0.11 1.23 0.13 0 0 0 0
2018 19.57 0 0 0 0 0.24 0 0.08 4.19 2.16 3 0 0 0
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Years Corallivorous Fishes Intermediate Group and Non-Corallivorous Group

Bu. (In.) An. 
(In.)

Hu. 
(In.) Pa. (In.) Wr. 

(In.)
Wr. 20 

cm (In.) SE. (In.) Sn. (In.) Go. 
(In.) Ra. (In.) Gr. (In.) Gr. > 30 

cm (In.)
Hu. 
(In.) Po. (In.)

2019 25.35 0 0 0 0 0.77 0 2.96 1.79 3.75 3 0 0 0
2020 23.35 0 0 0 0 0.77 0 2.96 1.79 3.75 3 0 0 0
2021 11.96 0 0 0 0 0.13 0 3.11 7.1 0.74 1.03 0 0 0
2022 19.2 0 0 0 0 0.1 0.013 0.09 0.36 0.41 1.18 0.013 0 0
2023 17.77 0 0 0 0 0.25 0 0.28 0.98 0.31 0.74 0.2 0 0
Aver. 17.03 0 0 0.12 0 0.26 0.001 0.98 1.89 1.61 1.65 0.02 0 0

p < 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
SE 1.507 0 0 0.09 0 0.09 0.001 0.44 0.69 0.47 0.33 0.02 0 0

Note: Bu.: Butterflyfish; An.: Angelfish; Hu.: Humpback parrotfish; Pa.: Parrotfish; Wr.: Wrass; Wr.: Wrasse > 20 cm; Se.: Sergeant major/Damselfish; Sn.: Snapper; Go.: 
Goatfish; Ra.: Rabbitfish; Gr.: Grouper; Hu.: Humphead grouper; Po.: Pomfret/Chub mackerel. In.: Number of individuals per 500 m2.

  
Figure 7. Representative reef fish species.

Intermediate and non-corallivorous fishes, includ-
ing groupers, snappers, goatfish, rabbitfish, and wrasses, 
showed variable abundances among years but generally oc-
curred at lower levels than the corallivorous group. Large 
wrasses and groupers exceeding 30 cm were recorded only 
occasionally and at low abundance, whereas humphead 
groupers were absent throughout the surveys.

The reef fish assemblage between 2014 and 2023 
was characterized by a predominance of corallivorous fish-
es, particularly butterflyfish (Table 4). However, the ob-
served composition and relative abundance of these func-
tional groups alone are insufficient to evaluate coral reef 
health and should be interpreted in conjunction with other 
ecological indicators, including live coral cover, benthic 
composition, and environmental conditions.

3.4.	Development of the Framework for Equa-
tions for Coral Reef Assessment in Phu 
Quoc, Vietnam (Drafted and Proposed by 
Luom Thanh Thai, Including the Formu-
lation and Subsequent Revisions)

3.4.1.	Identification of Coral Reef Assessment 
Indices for Phu Quoc

The current status of the major biological compo-
nents of the Phu Quoc coral reef ecosystem was assessed 

based on the principal ecological indicators representing 
the living biological components of the reef. The proposed 
Phu Quoc Reef Index (PQR) comprises five component 
indices: (1) the Living Coral Cover Index (LCCI); (2) the 
Reef Benthic Invertebrate Index (RBI); (3) the Reef Fish 
Index (RFI); (4) the Algal Cover Index (ACI), including 
calcareous algae, turf algae (filamentous algae), and fleshy 
macroalgae; and (5) the Sponge Index (SPI).

These five indices represent the principal biological 
components that directly influence the growth, develop-
ment, and survival of living corals and therefore serve as 
key ecological indicators of the health of the Phu Quoc 
coral reef ecosystem. Accordingly, this study proposes a 
three-level classification framework (Good, Moderate, and 
Poor) for assessing each of these biological indices.

In addition, the Open Reef Substrate (ORS), consist-
ing of sedimentary substrates and coral reef degradation 
products, was considered an indirect ecological compo-
nent. Therefore, only its percentage cover was recorded 
and reported, without being included in the biological as-
sessment framework.

Similarly, the Impacted Phu Quoc Environment 
(IPE) represents environmental factors that indirectly af-
fect coral reef ecosystems. It was therefore evaluated sep-
arately according to seawater environmental conditions 

Table 4. Cont.
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during different monitoring periods, including parameters 
that remained within acceptable threshold values and 
those exceeding the prescribed environmental standards. 

Depending on the degree of exceedance, these environ-
mental variables may adversely affect coral reef health 
(Figure 8).

(a) Phu Quoc Coral Reef Ecological Health Assessment Indicator System Diagram.

(b) Conceptual framework of key components influencing coral reef condition in Phu Quoc Marine Protected Area.
Figure 8. Theoretical basis for the overall assessment of coral reefs: A case study of Phu Quoc.

Note: Crs., Blu, Trt., Gic., Flc., Cls., Spl., Cou., Sec. = Coral reef invertebrate groups; Bu., An., Hu., Pa., Wr., Se., Sn., Go., Ra., Gi., Gr. > 30 cm; Hu. = Fish functional 
groups and size classes; Ff, Ssp, Bosp, Spc, Hfsp, Nure = Sponge functional and indicator groups; HC = Hard coral; SC = Soft coral; CA = Calcareous algae; TA = Fila-
mentous algae; FS = Large algae; RKC = Rock; DCA = Dead coral with algae; RC = Recent dead coral; RB = Rubble; SD = Sand; SI = Silt; OT = Other substrate. Envi-
ronmental variables are grouped into impacted and non-impacted components based on their ecological relevance to coral reef condition.
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3.4.2.	 Proposed Development of a Coral Reef 
Status Formula under the Conditions 
of Phu Quoc, Vietnam (Drafted and 
Proposed by Luom Thanh Thai): Assess-
ment of Live Coral Cover in Phu Quoc

According to previous studies, coral reef condition 
based on live coral cover is classified into four categories: 
Excellent (>75% live coral cover), Good (50–75%), Fair 
(25–50%), and Poor (<25%) [40].

The Living Coral Cover Index (LCCI) for the coral 
reefs of Phu Quoc is calculated as follows (Equation (1)):

LCCI = HC + SC (1)

where: LCCI = Living Coral Cover Index (%); HC = Hard 
Coral cover (%); SC = Soft Coral cover (%).

The LCCI represents the total percentage cover of 
living corals, including both hard and soft corals, and is 
used to evaluate the growth status and ecological condition 
of living coral communities in the coral reefs of Phu Quoc 
(Table 5).

3.4.3.	 Proposed Benthic Invertebrate Index 
for Coral Reefs in Phu Quoc, Vietnam 
(Drafted and Proposed by Luom Thanh 
Thai)

1.	 Development of the Benthic Invertebrate Assess-
ment Index (RBI)

Among the large benthic invertebrates influencing 
coral reef health, the crown-of-thorns starfish (Acanthaster 
cf. solaris/planci) and the long-spined sea urchin (Diadema 
spp.) were identified as the two principal indicator taxa. 
Numerous studies have demonstrated that outbreaks of 
crown-of-thorns starfish represent one of the most serious 

biological threats to coral reefs because of their extensive 
predation on reef-building corals. In contrast, although Di-
adema spp. may occasionally cause localized damage to 
living corals during intensive grazing, their direct impact 
on coral mortality is generally much lower. Under normal 
population densities, they play an important ecological role 
by controlling macroalgal growth and maintaining ecolog-
ical balance within coral reef ecosystems. However, un-
usually high population densities of Diadema spp. may ad-
versely affect reef condition through excessive grazing and 
bioerosion. Therefore, in the present study, both crown-of-
thorns starfish and Diadema spp. were incorporated as po-
tential biological indicators of coral reef disturbance when 
their populations reached outbreak levels, thereby support-
ing the long-term monitoring and management of coral 
reef ecosystem health. This classification was developed 
based on published scientific evidence [41].

Based on the survey results of large benthic inverte-
brates, a Benthic Invertebrate Assessment Index (RBI) was 
developed to characterize the ecological structure of ben-
thic invertebrate communities in the coral reef ecosystem 
(Table 6). The proposed RBI index is expressed as follows 
(Equation (2)):

RBI = (Beco) + (Bealef + Bede + Becasc + Besyfe) (2)

where: Beco = coral-vorous organisms (crown-of-thorns 
starfish, Acanthaster cf. solaris/planci); Bealef = algal 
and epibenthic feeders (sea urchins, including long-spined 
black sea urchins (Diadema spp.) and collector sea ur-
chins); Bede = detritivores (sea cucumbers); Becasc = 
carnivorous species (Triton’s trumpet, spiny lobsters, and 
cleaner shrimps); Besyfe = symbiotic and filter-feeding or-
ganisms (giant clams and fluted giant clams).

Table 5. Proposed criteria for coral reef assessment under the conditions of Phu Quoc, Vietnam.
No. Percent Live Coral Cover (%) Assessment Scale Current Status in Phu Quoc, Vietnam (%) Assessment Score (0.0–1.0)
1 >50–100 Good 56 Good
2 25–50 Medium
3 <25 Poor

Table 6. Proposed Assessment Scale for Coral Reef Invertebrates in Phu Quoc, Vietnam.

No. Corallivorous Inverte-
brates (%)

Current Status of Non-Corallivo-
rous Invertebrates (%)

Assessment 
Scale

Coral Reef Invertebrates in Phu 
Quoc, Vietnam (%)

Assessment Score of 
Phu Quoc, Vietnam

1 <10 >90 Good <10 Good
2 10–30 70–90 Medium  
3 >30 <70 Poor
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Based on the Reef Health Index (RHI) framework 

and previous ecological studies, the benthic invertebrate 

community was classified according to the proportion 

of corallivorous invertebrates as follows: Good (<10%), 

Moderate (10–30%), and Poor or Outbreak Condition 

(>30%). This classification is proposed specifically for the 

assessment of coral reef ecosystems in Phu Quoc.

This index was designed to integrate the major func-

tional groups of benthic invertebrates and to provide an 

ecological assessment of coral reef condition in Phu Quoc, 

Vietnam.

2.	 Proposed Reef Fish Assemblage Index for Coral 
Reefs in Phu Quoc, Vietnam (Proposed by Luom 
Thanh Thai)

Based on reef fish survey data collected during 
2014–2023, a reef fish assemblage index (Fcore) was de-
veloped to assess the ecological status of coral reef fish 
communities in Phu Quoc, Vietnam.

The proposed reef fish assemblage index is ex-
pressed as follows (Equation (3)) (Table 7):

Table 7. Table of Proposed Assessment Scale for Coral Reef Fish in Phu Quoc, Vietnam.

No. Status of Corallivorous 
Fish (%)

Status of Non-Corallivorous 
Fish (%) Assessment Scale Coral Reef Fish in Phu 

Quoc, Vietnam (%)
Assessment Score of Phu 

Quoc VN (0.0–1.0)
1 5–10 95 Good
2 15–40 85 Medium
3 >50 <50 Poor <50 Poor

Based on the Reef Health Index framework for reef 
fish and previous studies, this study proposes a site-specif-
ic classification for the proportion of corallivorous fishes 
in Phu Quoc reefs. Specifically, values of <10% are clas-
sified as good, 10–30% as moderate, and >30% as poor or 
indicative of an outbreak condition [42].

RFI = (Ocf + Fcf) + (Her + Scr + Bro + Inv + 

Pis + Det + Fil)
(3)

where: Ofc and Fcf represent living benthic components, 
whereas Her, Scr, Bro, Inv, Pís, Det and Fil represent 
non-living substrate components.

Where: the coral-feeding group comprises obligate 
coral feeders (Ocf) and facultative coral feeders (Fcf). 
The non-coral-feeding group comprises herbivores (Her), 
scrapers/excavators (Scr), browsers (Bro), invertivores 
(Inv), piscivores (Pis), detritivores (Det), and filter feed-
ers (Fil). These trophic groups are used to characterize the 
functional composition of reef fish communities and to as-
sess the condition of coral reef ecosystem.
where:

RFI = overall status of the reef fish assemblage;
Ocf + Fcf = corallivorous fishes, including butterfly-

fishes, angelfishes, parrotfishes, and humpback parrotfishes.
Her + Scr + Bro + Inv + Pis + Det + Fil = Her (her-

bivores), Scr (scrapers/excavators), Bro (browsers), Inv 
(invertivores), Pis (piscivores), Det (detritivores), Fil (filter 

feeders), including non-corallivorous fish species recorded 
during the monitoring surveys in Phu Quoc.

3.	 Index of Sponge Impacts on Coral Reef Health

Sponges function as filter feeders, nutrient recyclers 
and habitat-forming organisms under normal conditions. 
However, excessive sponge cover, particularly by bioerod-
ing or competitive species, may negatively affect coral reef 
health.

Sponges can be classified into several functional 
groups: filter feeders (Ff), symbiotic sponges (Ssp), bio-
eroding (boring) sponges (Bosp), which are capable of 
eroding calcareous substrates, space competitors (Spc), 
habitat-forming sponges (Hfsp), and nutrient recyclers 
(Nure).

Sponge covers play a dual ecological role in coral 
reef ecosystems. At low abundance, sponges contribute 
positively to reef health by filtering seawater, recycling 
nutrients, and providing habitat for reef-associated or-
ganisms. However, excessive sponge cover, particularly 
by bioeroding and competitive species, may inhibit coral 
growth, increase bioerosion, and reduce the resilience of 
coral reef ecosystems.

In this study, the sponge cover (SP) classification 
proposed for the coral reefs of Phu Quoc is as follows: 
Good (<5% sponge cover), Moderate (5–10%), and Poor 
(>10%).
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In the case of Phu Quoc, sponge cover was 3.0% in 
2023, with a mean value of 2.12% during the 2014–2023 
period (Table 3). According to the sponge assessment cri-

teria proposed in this study, these values indicate that the 
impact of sponges on the coral reef ecosystem is classified 
as good (Table 8).

Table 8. Scoring Scale for Sponge Impacts on Coral Reefs.
No Spong Cover (%) Impact Level SPI of Phu Quoc, Vietnam
1 >5% Good Good
2 5–10% Medium 
3 <10% Poor

4.	 Algal Impact Index on the Health of Phu Quoc 
Coral Reefs

Calcareous algae (CA) are considered the most bene-
ficial algal group for coral reefs because they contribute to 
reef formation and structural stabilization while providing 
suitable settlement substrates for coral larvae. Turf algae 
(TA) represent an intermediate functional group. At low 
cover, they are a natural component of coral reef ecosys-
tems and serve as an important food source for herbivorous 
organisms. However, when they become overly abundant, 
they compete with corals for space and other resources. 
Fleshy macroalgae (FS) pose the greatest potential threat 

to coral reefs. An increase in macroalgal cover is widely 
recognized as an indicator of coral reef degradation and a 
sign of a coral-to-algae phase shift, in which macroalgae 
become the dominant benthic component.

Overall, turf algae and fleshy macroalgae exert direct 
effects on coral growth and development, with fleshy mac-
roalgae representing the greatest threat when they prolifer-
ate and dominate the reef.

In the case of the Phu Quoc coral reefs, fleshy mac-
roalgal cover was 1% in 2023 and averaged 2% during the 
2014–2023 period. Based on the algal impact assessment 
criteria proposed in this study, the Algal Cover Index (ACI) 
for the Phu Quoc coral reefs is classified as Good (Table 9).

Table 9. Proposed Assessment Scale for Algal Impacts on the Health of Phu Quoc Coral Reefs.
No Algal Cover (%) Impact Level ACI of Phu Quoc, Vietnam
1 >20% Good Good
2 20–40% Medium 
3 <40% Poor

5.	 Integrated Assessment of Coral Reef Ecosystem 
Health Based on Coral Condition, Benthic Inver-
tebrates, Reef Fish, Sponges, and Algae (Devel-
oped and Proposed by Luom Thanh Thai)

SPI = Ff + Ssp + Bosp + Spc + Hfsp + Nure (4)

ACI = CA + TA + FS (5)

CREC = LCCI + RBI + RFI + SPI + ACI (6)

Equations (1)–(6) constitute the coral reef ecosystem 
health assessment framework developed by the author based 
on field survey data and ecological evaluations (Table 3).

The Comprehensive Reef Ecosystem Condition 
(CREC) is assessed by integrating the major biological 
components that directly influence coral reef health, in-
cluding: (1) Live Coral Cover Index (LCCI), representing 

the status of living corals; (2) Reef Benthic Invertebrate 
Index (RBI), representing the status of large benthic in-
vertebrates affecting coral reefs; (3) Reef Fish Index 
(RFI), representing the functional composition of reef 
fish communities that directly influence coral reef eco-
systems; (4) Sponge Impact Index (SPI), representing the 
percentage cover of sponges affecting coral growth and 
reef development; and (5) Algal Cover Index (ACI), rep-
resenting the proportion of calcareous algae, turf algae, 
and fleshy macroalgae that influence coral growth and 
reef condition.

The overall coral reef ecosystem health index 
(CREC) is determined by integrating the assessment re-
sults of the five component indices described in Equations 
(1)–(5) to produce the comprehensive index presented in 
Equation (6). This integrated index reflects the temporal 
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variation in the biological condition of the coral reefs of 
Phu Quoc based on the principal biological components 
influencing reef health.

The integrated assessment of the Phu Quoc coral reef 
ecosystem during the period 2014–2023 indicates that the 
coral reefs remain in good ecological condition according 
to the proposed assessment framework. Nevertheless, the 
results also suggest that the reef ecosystem is subject to po-
tential environmental pressures. In particular, increases in 

BOD, COD, and N-NO₂⁻ concentrations beyond the estab-
lished environmental thresholds may adversely affect coral 
reef health. These environmental impacts are evaluated 
separately within the environmental assessment component 
of the framework. Therefore, strengthened conservation 
measures, effective management strategies, and ecological 
restoration programs are recommended to enhance ecosys-
tem resilience and ensure the long-term sustainability of 
the Phu Quoc coral reef ecosystem (Table 10).

Table 10. Proposed Scoring Scale for Coral Reef Assessment Based on the Living Biological Components of the Phu Quoc Coral 
Reef Ecosystem.

No. Level LCCI RBI RFI SPI ACI Assessment Score of Phu Quoc VN 
1 Good Good Good Good Good Good
2 Medium Medium
3 Poor

3.5.	Validation of the Proposed Assessment In-
dex (CREC)

To evaluate the applicability of the proposed Com-
prehensive Reef Ecosystem Condition (CREC) index, 
its performance was assessed using ecological indicators 
measured during the long-term monitoring program, in-
cluding live coral cover, reef fish assemblages (RFI), and 
large benthic macroinvertebrate communities (RBI). These 
biological variables are widely recognized as reliable indi-
cators of coral reef condition and ecosystem resilience [42,43].

Regression analysis showed that benthic macroinver-
tebrate assemblages were moderately associated with live 
coral cover (R2 = 0.244, R = 0.487), whereas reef fish as-
semblages exhibited only a weak relationship (R2 = 0.0436, 
R = 0.209). Multiple regression incorporating both ecolog-
ical components provided a similar level of explanation (R2 
= 0.244, R = 0.490), as described by the following equa-
tion:

YCREC = 35.93144 + 0.135623XRBI + 0.026171XRFI

These results indicate that benthic macroinvertebrate 
communities are more closely associated with coral con-
dition than reef fish assemblages, although the moderate 
explanatory power suggests that additional environmental 
factors also contribute to temporal variation in reef ecosys-
tem condition.

The observed relationships are consistent with es-
tablished coral reef ecological theory. Reefs with high live 

coral cover generally supported stable benthic communi-
ties, lower abundances of coral-damaging invertebrates, 
and relatively balanced reef fish assemblages. In contrast, 
degraded reefs were characterized by reduced coral cov-
er, increased proportions of dead substrate or algal domi-
nance, and altered biological communities, consistent with 
previous studies [44,45].

Comparison among representative reef conditions 
further demonstrated the effectiveness of the CREC frame-
work. Reefs with live coral cover exceeding approximately 
50% generally exhibited limited biological disturbance and 
were classified as good. Reefs with intermediate coral cov-
er (30–50%) produced intermediate CREC values, whereas 
degraded reefs (<30% live coral cover), characterized by 
greater proportions of rubble or dead substrate and stron-
ger biological disturbance, consistently received the lowest 
CREC scores and were classified as moderate or poor.

The validation also indicated that CREC was pri-
marily influenced by the Live Coral Cover Index (LCCI), 
highlighting the dominant contribution of live coral cover 
and benthic substrate composition to overall reef condi-
tion. In comparison, the RBI and RFI components showed 
positive but weaker relationships with the integrated index, 
suggesting that they provide complementary ecological 
information rather than serving as the principal drivers of 
reef condition.

The proposed CREC framework effectively distin-
guished reefs in good ecological condition from those ex-
hibiting different levels of degradation by integrating coral 
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condition, benthic macroinvertebrates, reef fish assemblag-
es, sponge cover, and algal communities into a single eco-
logical assessment metric.

Nevertheless, the present evaluation should be re-
garded as an initial internal validation because the biolog-
ical variables used for validation also constitute compo-
nents of the CREC framework. Consequently, the current 
results primarily demonstrate the internal consistency of 
the index rather than its independent predictive capabili-
ty. Furthermore, several important ecological indicators, 
including coral recruitment, reef fish biomass, structural 
complexity, and long-term biodiversity metrics, were not 
consistently available throughout the monitoring period. In 
addition, CREC has so far been developed and evaluated 
only within the Phu Quoc Marine Protected Area, while 
modifications to survey locations limited strict temporal 
comparisons.

Future studies should strengthen the validation of the 
proposed framework by incorporating independent data-
sets from other coral reef monitoring programs together 
with statistical cross-validation approaches, such as k-fold 
or leave-one-out cross-validation, to evaluate its predic-
tive performance and robustness. Comparisons with inter-
nationally recognized coral reef assessment frameworks, 
including Reef Check, the Global Coral Reef Monitoring 

Network (GCRMN), the Atlantic and Gulf Rapid Reef 
Assessment (AGRRA), and the International Union for 
Conservation of Nature (IUCN) Red List of Ecosystems 
framework, would provide independent benchmarks for 
assessing CREC’s ecological sensitivity and classification 
accuracy. Validation across multiple reef systems with dif-
ferent environmental conditions and disturbance histories 
will further improve the general applicability, reliability, 
and transferability of the proposed framework for long-
term coral reef ecosystem assessment and management.

3.6.	Water Quality Dynamics

3.6.1.	Dry Season
During 2014–2023 (Tables 11 and 12), seawater 

temperature (27.5–30.2 °C), salinity (31.0–33.5‰), chlo-
ride (13,188–15,500 mg/L), pH (7.85–7.95), DO (5.19–
6.27 mg/L), phosphate (0.045–0.060 mg/L), and dissolved 
Fe2+ (0.0126–0.0160 mg/L) remained relatively stable, 
indicating consistent environmental conditions in the Phu 
Quoc Marine Protected Area. TSS ranged from 19.0 to 
29.0 mg/L, while BOD (7.5–12.5 mg/L) and COD (18.9–
43.3 mg/L) showed greater interannual variation. Nitrite, 
nitrate, and ammonia remained at relatively low concentra-
tions throughout the monitoring period.

Table 11. Assessment of chemical water quality and nutrient pollution indicators in the marine protected area of Phu Quoc, Vietnam 
(March in dry season).

Years T °C Salinity 
(‰)

TSS 
(mg/L)

BOD 
(mg/L)

Cl− (mg/
L)

Coliform 
(MPN/100 

mL)
pH DO 

(mg/L)
COD 

(mg/L)
N-NO2

− 
(mg/L)

N-NO3
− 

(mg/L)
N-NH3 
(mg/L)

PO4
3− 

(mg/L)
Fe2+ 

(mg/L)

2014 30 32 19 7.5 14,319 620 7.95 5.29 34.05 0.03 0.03 0.04 0.045 0.016
2015 30 31.5 19.5 8 13,542 650 7.92 5.19 43.3 0.018 0.014 0.045 0.05 0.013
2016 27.5 31 29 9 14,436 710 7.90 6.27 25.35 0.024 0.09 0.042 0.048 0.0157
2017 27.5 31 25.25 8.5 13,188 750 7.88 5.88 30.62 0.01 0.08 0.043 0.046 0.014
2018 29.5 32 24.5 9.2 14,000 820 7.89 5.70 24.2 0.018 0.11 0.051 0.047 0.013
2019 29 31 27 10 14,800 860 7.91 5.78 23.35 0.02 0.08 0.06 0.05 0.014
2020 29 32 25.2 11 15,500 970 7.93 5.87 18.9 0.02 0.09 0.07 0.055 0.0126
2021 30.2 33.5 27.8 11 14,800 1,150 7.85 5.86 20 0.025 0.10 0.065 0.06 0.016
2022 29.4 32 27.7 12.5 14,200 960 7.90 5.86 27.7 0.021 0.09 0.055 0.055 0.015
2023 29.2 31 26 10.8 14,300 1,100 7.92 5.88 21.8 0.02 0.12 0.058 0.052 0.016
SE 0.302 0.25 1.07 0.50 207.34 57.90 0.009 0.98 2.34 0.0016 0.0106 0.003 0.0015 0.0004

Table 12. Assessment of chemical water quality and nutrient pollution indicators in the marine protected area of Phu Quoc, Vietnam 
(September in rainy season).

Years T °C Salinity 
(‰)

TSS 
(mg/L)

BOD 
(mg/L)

Cl− (mg/
L)

Coliform 
(MPN/100 

mL)
pH DO 

(mg/L)
COD 

(mg/L)
N-NO2

− 
(mg/L)

N-NO3
− 

(mg/L)
N-NH3 
(mg/L)

PO4
3− 

(mg/L)
Fe2+ 

(mg/L)

2014 29.4 23 29 6.5 13,219 1,200 7.25 5.09 29.05 0.04 0.06 0.169 0.08 0.012
2015 26.6 22 29.5 7.5 12,542 1,300 7.22 5.02 38.3 0.05 0.064 0.16 0.07 0.011
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Years T °C Salinity 
(‰)

TSS 
(mg/L)

BOD 
(mg/L)

Cl− (mg/
L)

Coliform 
(MPN/100 

mL)
pH DO 

(mg/L)
COD 

(mg/L)
N-NO2

− 
(mg/L)

N-NO3
− 

(mg/L)
N-NH3 
(mg/L)

PO4
3− 

(mg/L)
Fe2+ 

(mg/L)

2016 28.5 23 29 7.5 12,436 1,400 7.40 5.27 20.35 0.04 0.09 0.17 0.09 0.013
2017 28.1 21.5 26.5 7.5 12,188 1,500 7.33 5.38 25.62 0.055 0.09 0.13 0.088 0.012
2018 29.5 23.5 25.5 8 13,265 1,400 7.39 5.20 19.2 0.05 0.11 0.095 0.09 0.011
2019 29.8 24 27 9.2 13,480 1,600 7.31 5.28 18.35 0.06 0.18 0.11 0.092 0.012
2020 29 23.5 25.5 9.8 13,460 2,100 7.33 5.27 20.9 0.07 0.21 0.16 0.055 0.0122
2021 29.5 21.5 29.8 9.2 12,400 2,600 7.35 5.36 20 0.08 0.12 0.15 0.086 0.013
2022 29.6 23 29.7 10.5 12,200 2,300 7.40 5.28 22.7 0.061 0.09 0.12 0.075 0.013
2023 28.5 24 28 9.8 12,300 2,100 7.42 5.38 20.8 0.058 0.12 0.12 0.11 0.012
SE 0.307 0.296 0.538 0.416 170.208 152.93 0.021 0.038 1.93 0.0039 0.015 0.0085 0.005 0.0002

3.6.2.	Rainy Season
During 2014–2023 (Tables 11 and 12), temperature 

ranged from 26.6 to 29.8 °C, while salinity decreased to 
21.5–24.0‰ because of seasonal freshwater inputs. pH, 
DO, and dissolved Fe2+ remained relatively stable, where-
as BOD, COD, and coliform abundance exhibited greater 
temporal variability. Nutrient concentrations (N–NO₂−, N–
NO₃−, N–NH₃, and PO₄3−) were generally higher than in the 
dry season but fluctuated within moderate ranges.

Overall, coral reefs in Phu Quoc exhibit signs of eco-
logical recovery but have not yet reached a near-pristine 
condition, which is typically characterized by live coral 
cover exceeding 75%, dominance of reef-building corals, 
low macroalgal cover (<15%), and limited coral mortality 
or bleaching (<10–20%) [46–48].

Across both seasons (Tables 11 and 12), BOD and 
COD consistently exceeded the limits of the Vietnamese 
National Technical Regulation on Marine Water Quality 
(QCVN 10-MT:2015/BTNMT), indicating persistent or-
ganic matter inputs into coastal waters. Nitrite (N–NO₂⁻) 
exceeded the regulatory threshold only during the rainy 
season from 2017 onward, suggesting an increasing in-
fluence from surface runoff and land-based pollution. 
In contrast, pH, DO, TSS, nitrate, ammonia, phosphate, 
Fe²⁺, and coliform generally remained within national 
standards, although nutrient and coliform concentrations 
tended to increase during the rainy season. These re-
sults indicate that water quality in the Phu Quoc Marine 
Protected Area remains generally suitable for coral reef 
development, while elevated BOD, COD, and seasonal 
nitrite enrichment should remain priorities for long-term 
monitoring and management.

3.6.3.	Statistical Analysis of Water Quality 
Trends

Long-term monitoring from 2014 to 2023 indicat-
ed generally stable water quality in the Phu Quoc Marine 
Protected Area, although clear seasonal differences were 
observed. Concentrations of N–NO₃−, N–NH₃, PO₄3−, N–
NO₂−, and coliform were consistently higher during the 
rainy season, reflecting increased terrestrial runoff and 
nutrient inputs. Despite interannual fluctuations, nitrate 
(0.014–0.120 mg/L in the dry season; 0.060–0.210 mg/
L in the rainy season) and phosphate (0.045–0.060 mg/
L; 0.055–0.120 mg/L, respectively) showed no persistent 
increasing trend. In contrast, BOD and coliform gradually 
increased after 2019, suggesting enhanced organic and mi-
crobial inputs, although no evidence of severe or persistent 
eutrophication was detected.

Comparison with benthic monitoring demonstrat-
ed that live coral cover increased from 38.59% in 2014 to 
more than 50% during 2021–2023, while macroalgal cover 
remained below 5%. These observations indicate that the 
nutrient levels recorded during the study period did not 
promote widespread algal proliferation or prevent coral 
recovery. The continued increase in coral cover despite 
moderate increases in BOD and coliform suggests that reef 
resilience, herbivory, and effective management may have 
mitigated potential impacts of declining water quality.

Among the monitored environmental variables, only 
BOD, COD, and N–NO₂− consistently exceeded the Viet-
namese regulatory limits and were therefore selected for 
correlation analysis with live coral cover. Linear regression 
showed a strong positive relationship between live coral 
cover and BOD during the dry season (R2 = 0.473, R = 

Table 12. Cont.



270

Research in Ecology | Volume 08 | Issue 04 | August 2026

sonal increases in nutrients, BOD, and coliform were not 
accompanied by persistent declines in live coral cover or 
substantial increases in macroalgal dominance. Filamen-
tous and fleshy macroalgae consistently accounted for 
less than 5% of benthic cover. These observations suggest 
that the recorded environmental variation was not associ-
ated with an obvious coral–macroalgal phase shift during 
the study period. However, the present study does not 
demonstrate a direct causal relationship between water 
quality and coral recovery, because coral reef responses 
are influenced by the magnitude, duration, and interaction 
of multiple environmental and ecological stressors [44,45]. 
Similarly, the relatively stable abundance of coral-asso-
ciated butterflyfishes is consistent with the persistence of 
suitable coral habitat, although this relationship should be 
interpreted as an ecological association rather than direct 
evidence of causation [46].

The recovery pattern observed in Phu Quoc is broad-
ly consistent with those reported from coral reef ecosys-
tems across the Indo-Pacific region. As observed on parts 
of the Great Barrier Reef and reefs in Indonesia and the 
Philippines, improvements in reef condition may occur 
where local disturbances remain limited and management 
measures reduce chronic anthropogenic pressures. Never-
theless, reef recovery is inherently a multifactorial process. 
In addition to local environmental conditions, recovery 
may be influenced by interactions among fishing pressure, 
sedimentation, nutrient inputs, coral recruitment, regional 
oceanographic processes, climate variability, and the fre-
quency or severity of coral bleaching events. The relative 
importance of these factors could not be quantified in the 
present study, and therefore the observed temporal trends 
should be interpreted as ecological patterns rather than evi-
dence of direct causal mechanisms [49–53].

These findings highlight the importance of continued 
management within the Phu Quoc Marine Protected Area. 
The relatively good ecological condition of less-disturbed 
reefs suggests that reducing local anthropogenic pressures 
may contribute to maintaining reef resilience. Neverthe-
less, effective conservation should continue to emphasize 
law enforcement, long-term ecological monitoring, water-
shed management to reduce land-based nutrient inputs and 
sedimentation, protection of key functional fish groups, 
and community participation to support adaptive ecosys-

0.687), whereas correlations with COD (R2 = 0.0416, R = 
0.204) and rainy-season N–NO₂− (R2 = 0.0104, R = 0.102) 
were weak.

Paired-sample t-tests further confirmed significant 
seasonal differences for most water quality variables. Sa-
linity and chloride were significantly lower during the 
rainy season (p < 0.001) owing to freshwater dilution, 
whereas BOD, COD, coliform, DO, pH, Fe2+, N–NO₂−, N–
NO₃−, N–NH₃, and PO₄3− were significantly higher (p < 
0.05). Water temperature (p = 0.424) and TSS (p = 0.053) 
did not differ significantly between seasons.

The statistical analyses indicate that seasonal runoff 
substantially influences nutrient dynamics in the Phu Quoc 
Marine Protected Area. However, among the pollutants 
exceeding environmental standards, only BOD exhibited 
a relatively strong relationship with live coral cover, sug-
gesting that organic pollution represents the principal wa-
ter-quality concern for coral reef conservation in the study 
area. The weak relationships observed for COD and N–
NO₂− further indicate that the current levels of nutrient en-
richment have not yet translated into measurable declines 
in coral cover. Future studies should incorporate longer 
time series, repeated-measures analyses, and additional 
ecological indicators, including coral recruitment, fish bio-
mass, and benthic community composition, to better quan-
tify the influence of water-quality dynamics on coral reef 
resilience.

4.	 Discussion
Long-term monitoring demonstrated an overall im-

provement in coral reef condition in the Phu Quoc Marine 
Protected Area during 2014–2023. Mean live coral cover 
increased from 38.59% in 2014 to 58.0% in 2023, although 
a temporary decline was observed during 2019–2020. The 
subsequent recovery to more than 50% by 2022–2023 
suggests that the reef ecosystem retained a relatively high 
capacity for recovery following disturbance rather than 
experiencing continuous degradation. Similar recovery 
trajectories have been reported for coral reef ecosystems 
where disturbances remain limited and ecological resil-
ience is maintained [42,43].

Most physicochemical parameters remained rela-
tively stable throughout the monitoring period, while sea-
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starfish occurred during the monitoring period. However, 
the ecological role of Diadema spp., as well as the absence 
of crown-of-thorns starfish, should not be regarded as di-
rect causes of the observed changes in coral reef condition, 
as the present study does not provide sufficient analytical 
evidence to support such causal relationships.

Reef fish assemblages were dominated by corallivo-
rous butterflyfishes, whereas several ecologically import-
ant functional groups, particularly large herbivorous fishes 
and top predators, were recorded at relatively low abun-
dances at many survey sites. This pattern suggests that, al-
though live coral cover improved during most of the study 
period, the recovery of reef fish assemblages may still be 
incomplete.

The integrated assessment framework proposed 
in this study, comprising the Living Coral Cover Index 
(LCCI), Reef Benthic Invertebrate Index (RBI), Reef 
Fish Index (RFI), Sponge Index (SPI), Algal Cover Index 
(ACI), and the Comprehensive Reef Ecosystem Condition 
(CREC) index, provides a practical approach for integrat-
ing multiple biological indicators into a single ecological 
assessment. Application of the framework indicated that 
the surveyed coral reefs generally maintained good ecolog-
ical condition throughout the study period. However, the 
framework has so far been developed and validated only 
within the Phu Quoc Marine Protected Area. Therefore, 
further validation using independent datasets, application 
across different coral reef regions, and comparisons with 
internationally recognized coral reef assessment frame-
works are required before broader implementation.

Water quality in the study area generally remained 
within ranges considered suitable for coral reef ecosystems 
during both the dry and rainy seasons, although several 
nutrient and organic matter parameters exhibited seasonal 
increases. The present study does not demonstrate a direct 
causal relationship between water quality and changes 
in coral reef condition. Nevertheless, the observed envi-
ronmental trends highlight the importance of continued 
water-quality monitoring, strengthened management of 
land-based sources of pollution, and long-term ecological 
monitoring to improve understanding of the factors influ-
encing the condition and resilience of coral reef ecosys-
tems in the Phu Quoc Marine Protected Area.

tem management.
Several limitations should be acknowledged. Cor-

al recruitment, juvenile coral survival, reef fish biomass, 
structural complexity, and bleaching history were not 
consistently quantified throughout the monitoring period, 
limiting the ability to evaluate the mechanisms underly-
ing reef recovery. In addition, some ecological indicators 
were based partly on semi-quantitative assessments, while 
several potentially important drivers, including regional 
hydrodynamic connectivity, fisheries pressure, and climate 
variability, were not explicitly incorporated into the analy-
ses. Consequently, the present findings should be interpret-
ed as describing ecological trends and associations rather 
than establishing direct cause-and-effect relationships.

Future studies should integrate long-term coral de-
mographic surveys, quantitative reef fish biomass, structur-
al complexity, hydrodynamic connectivity, fisheries infor-
mation, bleaching records, climate data, and independent 
environmental datasets to better evaluate the interacting 
mechanisms regulating coral reef recovery and resilience. 
Such information would improve understanding of cor-
al reef dynamics in the Phu Quoc Marine Protected Area 
and strengthen ecosystem-based management and long-
term conservation planning for coral reefs in Vietnam and 
across the Indo-Pacific region.

5.	 Conclusions 
Long-term monitoring of coral reefs in the Phu Quoc 

Marine Protected Area from 2014 to 2023 showed an over-
all improvement in reef condition, although temporal vari-
ations were observed throughout the monitoring period. 
Mean live coral cover increased from 38.59% in 2014 to 
58.0% in 2023. According to the proposed assessment cri-
teria, most surveyed reefs were classified as being in good 
condition. However, localized coral mortality and differ-
ences among monitoring sites indicate that reef condition 
varied both spatially and temporally.

The benthic macroinvertebrate community exhibit-
ed relatively low species diversity and was dominated by 
long-spined sea urchins (Diadema spp.), while crown-of-
thorns starfish (Acanthaster cf. solaris/planci) were not 
recorded throughout the study period. These observations 
suggest that no significant outbreaks of crown-of-thorns 



272

Research in Ecology | Volume 08 | Issue 04 | August 2026

City, the Center for Traffic Management and Technical In-
frastructure, Ho Chi Minh City, Department of Agriculture 
and Environment of An Giang province, Protected Marine 
Area in Phu Quoc of DAEAG Vietnam, the Institute of 
Oceanography, Nha Trang, Vietnam. 

Conflicts of Interest
The authors declare no conflict of interest.

AI Use Statement
The authors certify that this manuscript was prepared 

entirely through their own scientific work and expertise, 
without the use of artificial intelligence (AI) tools for writ-
ing, data analysis, interpretation, or content generation.

References
[1]	 IPCC, 2023. Climate Change 2021: The Physical 

Science Basis: Contribution of Working Group I 
to the Sixth Assessment Report of the Intergov-
ernmental Panel on Climate Change. Cambridge 
University Press: Cambridge, UK. DOI: https://doi.
org/10.1017/9781009157896 

[2]	 Smith, K.E., Burrows, M.T., Hobday, A.J., et al., 2023. 
Biological impacts of marine heatwaves. Annual Re-
view of Marine Science. 15, 119–145. DOI: https://
doi.org/10.1146/annurev-marine-032122-121437 

[3]	 Zhang, T., Chen, T., Liu, S., et al., 2023. Coral reef 
resilience persisted for a millennium but has declined 
rapidly in recent decades. Frontiers in Marine Sci-
ence. 10, 1143728. DOI: https://doi.org/10.3389/
fmars.2023.1143728 

[4]	 Bruno, J.F., Valdivia, A., 2016. Coral reef degradation 
is not correlated with local human population den-
sity. Scientific Reports. 6, 29778. DOI: https://doi.
org/10.1038/srep29778 

[5]	 Kim, S.W., Sommer, B., Beger, M., et al., 2023. Re-
gional and global climate risks for reef corals: Incor-
porating species-specific vulnerability and exposure 
to climate hazards. Global Change Biology. 29(14), 
4140–4151. DOI: https://doi.org/10.1111/gcb.16739 

[6]	 Hughes, T.P., Barnes, M.L., Bellwood, D.R., et 
al., 2017. Coral reefs in the Anthropocene. Nature. 
546(7656), 82–90. DOI: https://doi.org/10.1038/na-
ture22901 

[7]	 Wicquart, J., Mathon, L., Petit, A., et al. (Eds.), 

Author Contributions
Conceptualization, L.T.T.; methodology, L.T.T. 

(proposal equations); software, Q.T.L., L.T.T., M.D. and 
G.H.P.; validation, Q.T.L., L.T.T., M.D. and G.H.P.; formal 
analysis, Q.T.L., L.T.T., M.D., G.H.P., A.H.N., T.T.P.H. 
and L.T.P.P.; investigation, Q.T.L., L.T.T., M.D., G.H.P., 
A.H.N., T.T.P.H. and L.T.P.P.; resources, Q.T.L., L.T.T., 
M.D., G.H.P., A.H.N., T.T.P.H. and L.T.P.P.; data curation, 
Q.T.L., L.T.T., M.D., G.H.P., A.H.N., T.T.P.H. and L.T.P.P.; 
writing—original draft preparation, Q.T.L., L.T.T., M.D. 
and G.H.P.; writing—review and editing, L.T.T., M.D. and 
G.H.P.; visualization, L.T.T., M.D. and G.H.P.; supervi-
sion, L.T.T.; project administration, L.T.T.; funding acqui-
sition, Q.T.L. and L.T.T. All authors have read and agreed 
to the published version of the manuscript.

Funding
This work received no external funding.

Institutional Review Board Statement
Not applicable. This study did not involve endan-

gered species or protected organisms and complied with 
institutional and national research guidelines.

Informed Consent Statement
Not applicable.

Data Availability Statement
Data are available from the corresponding author 

upon reasonable request. In Kien Giang University, the 
Protected Marine Area of the Department of Agriculture 
and Environment in An Giang province.

Acknowledgments
The authors would like to thank Forest Science In-

stitute of South Vietnam, Faculty of Natural Resources 
and Environment of Kien Giang University of Ministry of 
Education and Training Vietnam, Institute of Environment 
and Resources, Vietnam National University Ho Chi Minh 

https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
https://doi.org/10.1146/annurev-marine-032122-121437
https://doi.org/10.1146/annurev-marine-032122-121437
https://doi.org/10.3389/fmars.2023.1143728
https://doi.org/10.3389/fmars.2023.1143728
https://doi.org/10.1038/srep29778
https://doi.org/10.1038/srep29778
https://doi.org/10.1111/gcb.16739
https://doi.org/10.1038/nature22901
https://doi.org/10.1038/nature22901


273

Research in Ecology | Volume 08 | Issue 04 | August 2026

[17]	OECD, 2008. Handbook on Constructing Com-
posite Indicators: Methodology and User Guide. 
OECD Publishing: Paris, France. DOI: https://doi.
org/10.1787/9789264043466-en 

[18]	Rice, J.C., Rochet, M.-J., 2005. A framework for se-
lecting a suite of indicators for fisheries management. 
ICES Journal of Marine Science. 62(3), 516–527. 
DOI: https://doi.org/10.1016/j.icesjms.2005.01.003 

[19]	Souter, D., Planes, S., Wicquart, J., et al., 2021. Status 
of Coral Reefs of the World: 2020. Global Coral Reef 
Monitoring Network (GCRMN): Canberra, Australia; 
International Coral Reef Initiative (ICRI): Townsville, 
Australia.

[20]	English, S., Wilkinson, C., Baker, V. (Eds.), 1997. 
Survey Manual for Tropical Marine Resources, 2nd 
ed. Australian Institute of Marine Science: Towns-
ville, Australia.

[21]	Hodgson, G., Hill, J., Kiene, W., et al., 2006. Reef 
Check Instruction Manual: A Guide to Reef Check 
Coral Reef Monitoring. Reef Check Foundation: Pa-
cific Palisades, CA, USA .

[22]	Intergovernmental Panel on Climate Change (IPCC), 
2023. Climate Change 2022: Impacts, Adaptation 
and Vulnerability: Working Group II Contribution 
to the Sixth Assessment Report of the Intergov-
ernmental Panel on Climate Change. Cambridge 
University Press: Cambridge, UK. DOI: https://doi.
org/10.1017/9781009325844 

[23]	Walker, A.S., Kratochwill, C.A., van Woesik, R., 
2024. Past disturbances and local conditions influence 
the recovery rates of coral reefs. Global Change Biol-
ogy. 30, e17112. https://doi.org/10.1111/gcb.17112 

[24]	Goergen, E.A., Schopmeyer, S., Moulding, A.L., et 
al., 2020. Coral Reef Restoration Monitoring Guide: 
Methods to Evaluate Restoration Success from Local 
to Ecosystem Scales. NOS (National Ocean Ser-
vice), NCCOS (National Centers for Coastal Ocean 
Science): Silver Spring, MD, USA. DOI: https://doi.
org/10.25923/xndz-h538 

[25]	Casella, E., Lewin, P., Ghilardi, M., et al., 2022. As-
sessing the relative accuracy of coral reef heights 
reconstructed from drones and structure from motion 
photogrammetry on coral reefs. Coral Reefs. 41, 869–
875. DOI: https://doi.org/10.1007/s00338-022-02244-9 

[26]	Burns, C., Bollard, B., Narayanan, A., 2022. Ma-
chine-learning for mapping and monitoring shallow 
coral reef habitats. Remote Sensing. 14(11), 2666. 
DOI: https://doi.org/10.3390/rs14112666 

[27]	Pierce, J., Butler, M.J., Rzhanov, Y., et al., 2021. 
Classifying 3-D models of coral reefs using struc-
ture-from-motion and multi-view semantic segmen-

2025. Status and Trends of Caribbean Coral Reefs: 
1970–2024. Global Coral Reef Monitoring Network 
(GCRMN): Canberra, Australia; International Coral 
Reef Initiative (ICRI): Townsville, Australia. DOI: 
https://doi.org/10.59387/BDHF9180 

[8]	 Lapointe, B.E., Brewton, R.A., Herren, L.W., et al., 
2019. Nitrogen enrichment, altered stoichiometry, and 
coral reef decline at Looe Key, Florida Keys, USA: 
A 3-decade study. Marine Biology. 166, 108. DOI: 
https://doi.org/10.1007/s00227-019-3538-9 

[9]	 McClanahan, T.R., Darling, E.S., Beger, M., et al., 
2024. Diversification of refugia types needed to se-
cure the future of coral reefs under climate change. 
Conservation Biology. 38(1), e14108. DOI: https://
doi.org/10.1111/cobi.14108 

[10]	Greiner, A., Andrello, M., Darling, E., et al., 2022. 
Limited spatial rescue potential for coral reefs lost 
to future climate warming. Global Ecology and Bio-
geography. 31(11), 2245–2258. DOI: https://doi.
org/10.1111/geb.13571 

[11]	Wenger, A.S., Fabricius, K.E., Jones, G.P., et al., 
2015. Effects of sedimentation, eutrophication, and 
chemical pollution on coral reef fishes. In: Mora, C. 
(Ed.). Ecology of Fishes on Coral Reefs. Cambridge 
University Press: Cambridge, UK. pp. 145–153. DOI: 
https://doi.org/10.1017/CBO9781316105412.017 

[12]	Uthicke, S., Doyle, J., Duggan, S., et al., 2015. Out-
break of coral-eating Crown-of-Thorns creates contin-
uous cloud of larvae over 320 km of the Great Barrier 
Reef. Scientific Reports. 5, 16885. DOI: https://doi.
org/10.1038/srep16885 

[13]	Veettil, B.K., Puri, V., 2025. Coral reefs in Vietnam: 
Current state of research and future perspectives. Es-
tuarine, Coastal and Shelf Science. 326, 109554. DOI: 
https://doi.org/10.1016/j.ecss.2025.109554 

[14]	McClanahan, T.R., Donner, S.D., Maynard, J.A., et 
al., 2012. Prioritizing key resilience indicators to 
support coral reef management in a Changing Cli-
mate. PLoS ONE. 7(8), e42884. DOI: https://doi.
org/10.1371/journal.pone.0042884 

[15]	 Davey, M., Klein, C.J., Roelfsema, C., 2025. A re-
view of the application of coral reef condition in-
dicators in conservation planning. Ecological Indi-
cators. 179, 114222. DOI: https://doi.org/10.1016/
j.ecolind.2025.114222 

[16]	Borja, Á., Bricker, S.B., Dauer, D.M., et al., 2008. 
Overview of integrative tools and methods in as-
sessing ecological integrity in estuarine and coastal 
systems worldwide. Marine Pollution Bulletin. 56, 
1519–1537. DOI: https://doi.org/10.1016/j.marpol-
bul.2008.07.005 

https://doi.org/10.1787/9789264043466-en
https://doi.org/10.1787/9789264043466-en
https://doi.org/10.1016/j.icesjms.2005.01.003
https://doi.org/10.1017/9781009325844
https://doi.org/10.1017/9781009325844
https://doi.org/10.1111/gcb.17112
https://doi.org/10.25923/xndz-h538
https://doi.org/10.25923/xndz-h538
https://doi.org/10.1007/s00338-022-02244-9
https://doi.org/10.3390/rs14112666
https://doi.org/10.59387/BDHF9180
https://doi.org/10.1007/s00227-019-3538-9
https://doi.org/10.1111/cobi.14108
https://doi.org/10.1111/cobi.14108
https://doi.org/10.1111/geb.13571
https://doi.org/10.1111/geb.13571
https://doi.org/10.1017/CBO9781316105412.017
https://doi.org/10.1038/srep16885
https://doi.org/10.1038/srep16885
https://doi.org/10.1016/j.ecss.2025.109554
https://doi.org/10.1371/journal.pone.0042884
https://doi.org/10.1371/journal.pone.0042884
https://doi.org/10.1016/j.ecolind.2025.114222
https://doi.org/10.1016/j.ecolind.2025.114222
https://doi.org/10.1016/j.marpolbul.2008.07.005
https://doi.org/10.1016/j.marpolbul.2008.07.005


274

Research in Ecology | Volume 08 | Issue 04 | August 2026

[37]	Huy, B., 2016. Statistical Informatics in Forestry. 
Vietnam Science and Technology Publishing House: 
Hanoi, Vietnam. Available from: https://baohuy-frem.
org/vn/wp-content/uploads/sites/3/2021/07/Text-
book-Informatic-Statistics-Final-all.pdf (in Vietnam-
ese)

[38]	Rice, E.W., Baird, R.B., Eaton, A.D., 2017. Standard 
Methods for the Examination of Water and Waste-
water, 23rd ed. American Public Health Association: 
Washington, DC, USA; American Water Works Asso-
ciation (AWWA): Denver, CO, USA; Water Environ-
ment Federation (WEF): Alexandria, VA, USA.

[39]	Nalley, E.M., Tuttle, L.J., Barkman, A.L., et al., 2021. 
Water quality thresholds for coastal contaminant im-
pacts on corals: A systematic review and meta-anal-
ysis. Science of the Total Environment. 794, 148632. 
DOI: https://doi.org/10.1016/j.scitotenv.2021.148632 

[40]	Robinson, J.P.W., Williams, I.D., Yeager, L.A., et 
al., 2018. Environmental conditions and herbivore 
biomass determine coral reef benthic community 
composition: Implications for quantitative baselines. 
Coral Reefs. 37(4), 1157–1168. DOI: https://doi.
org/10.1007/s00338-018-01737-w 

[41]	Hughes, T.P., Kerry, J.T., Álvarez-Noriega, M., et al., 
2017. Global warming and recurrent mass bleaching 
of corals. Nature. 543(7645), 373–377. DOI: https://
doi.org/10.1038/nature21707 

[42]	Claar, D.C., Starko, S., Tietjen, K.L., et al., 2020. 
Dynamic symbioses reveal pathways to coral survival 
through prolonged heatwaves. Nature Communica-
tions. 11, 6097. DOI: https://doi.org/10.1038/s41467-
020-19169-y 

[43]	McClanahan, T., Polunin, N., Done, T., 2002. Ecolog-
ical states and the resilience of coral reefs. Conserva-
tion Ecology. 6(2), 18. 

[44]	Wilkinson, C. (Ed.), 2008. Status of Coral Reefs of 
the World: 2008. Global Coral Reef Monitoring Net-
work (GCRMN): Canberra, Australia; International 
Coral Reef Initiative (ICRI): Townsville, Australia.

[38] Bellwood, D.R., Hughes, T.P., Folke, C., et al., 2004. 
Confronting the coral reef crisis. Nature. 429, 827–
833. DOI: https://doi.org/10.1038/nature02691 

[45]	Alongi, D.M., Murdiyarso, D., Fourqurean, J.W., et 
al., 2016. Indonesia’s blue carbon: A globally signif-
icant and vulnerable sink for seagrass and mangrove 
carbon. Wetlands Ecology and Management. 24(1), 
3–13. 

[46]	Webb, A.E., de Bakker, D.M., Soetaert, K., et al., 
2021. Quantifying functional consequences of habitat 
degradation on a Caribbean coral reef. Biogeoscienc-
es. 18(24), 6501–6516. DOI: https://doi.org/10.5194/

tation. Frontiers in Marine Science. 8, 706674. DOI: 
https://doi.org/10.3389/fmars.2021.706674 

[28]	Urbina-Barreto, I., Garnier, R., Elise, S., et al., 2021. 
Which method for which purpose? A comparison of 
line intercept transect and underwater photogramme-
try methods for coral reef surveys. Frontiers in Ma-
rine Science. 8, 636902. DOI: https://doi.org/10.3389/
fmars.2021.636902 

[29]	Cheal, A.J., Emslie, M.J., Currey-Randall, L.M., et 
al., 2021. Complementarity of reef fish measures from 
underwater visual census (UVC) and baited remote 
underwater video stations (BRUVS). Journal of En-
vironmental Management. 289, 112375. DOI: https://
doi.org/10.1016/j.jenvman.2021.112375 

[30]	Obura, D., Gudka, M., Rabi, F.A., et al., 2019. Cor-
al Reef Status Report for the Western Indian Ocean 
(2017). Global Coral Reef Monitoring Network 
(GCRMN): Canberra, Australia; International Coral 
Reef Initiative (ICRI): Townsville, Australia. 

[31]	Matthews, S.A., Mellin, C., Pratchett, M.S., 2020. 
Larval connectivity and water quality explain spatial 
distribution of crown-of-thorns starfish outbreaks 
across the Great Barrier Reef. Advances in Marine Bi-
ology. 87(1), 223–258. DOI: https://doi.org/10.1016/
bs.amb.2020.08.007 

[32]	Purcell, S.W., Mercier, A., Conand, C., et al., 2012. 
Sea cucumber fisheries: Global analysis of stocks, 
management measures and drivers of overfishing. 
Fish and Fisheries. 14(1), 34–59. DOI: https://doi.
org/10.1111/j.1467-2979.2011.00443.x 

[33]	Sheppard, C.E., Williams, G.J., Exton, D.A., et al., 
2023. Co-occurrence of herbivorous fish functional 
groups correlates with enhanced coral reef benthic 
state. Global Ecology and Biogeography. 32(3), 435–
449. DOI: https://doi.org/10.1111/geb.13638 

[34]	Crisp, S.K., Tebbett, S.B., Bellwood, D.R., 2022. 
A critical evaluation of benthic phase shift studies 
on coral reefs. Marine Environmental Research. 
178, 105667. DOI: https://doi.org/10.1016/j.maren-
vres.2022.105667 

[35]	Turicchia, E., Ponti, M., Rossi, G., et al., 2021. The 
Reef Check Mediterranean underwater coastal en-
vironment monitoring protocol. Frontiers in Marine 
Science. 8, 620368. DOI: https://doi.org/10.3389/
fmars.2021.620368 

[36]	Kaijser, W., Lorenz, A.W., Hering, D., et al., 2022. 
The interplay of nutrients, dissolved inorganic car-
bon and algae in determining macrophyte occur-
rences in rivers. Science of the Total Environment. 
781, 146728. DOI: https://doi.org/10.1016/j.scito-
tenv.2021.146728 

https://baohuy-frem.org/vn/wp-content/uploads/sites/3/2021/07/Textbook-Informatic-Statistics-Final-all.pdf
https://baohuy-frem.org/vn/wp-content/uploads/sites/3/2021/07/Textbook-Informatic-Statistics-Final-all.pdf
https://baohuy-frem.org/vn/wp-content/uploads/sites/3/2021/07/Textbook-Informatic-Statistics-Final-all.pdf
https://doi.org/10.1016/j.scitotenv.2021.148632
https://doi.org/10.1007/s00338-018-01737-w
https://doi.org/10.1007/s00338-018-01737-w
https://doi.org/10.1038/nature21707
https://doi.org/10.1038/nature21707
https://doi.org/10.1038/s41467-020-19169-y
https://doi.org/10.1038/s41467-020-19169-y
https://doi.org/10.1038/nature02691
https://doi.org/10.5194/bg-18-6501-2021
https://doi.org/10.3389/fmars.2021.706674
https://doi.org/10.3389/fmars.2021.636902
https://doi.org/10.3389/fmars.2021.636902
https://doi.org/10.1016/j.jenvman.2021.112375
https://doi.org/10.1016/j.jenvman.2021.112375
https://doi.org/10.1016/bs.amb.2020.08.007
https://doi.org/10.1016/bs.amb.2020.08.007
https://doi.org/10.1111/j.1467-2979.2011.00443.x
https://doi.org/10.1111/j.1467-2979.2011.00443.x
https://doi.org/10.1111/geb.13638
https://doi.org/10.1016/j.marenvres.2022.105667
https://doi.org/10.1016/j.marenvres.2022.105667
https://doi.org/10.3389/fmars.2021.620368
https://doi.org/10.3389/fmars.2021.620368
https://doi.org/10.1016/j.scitotenv.2021.146728
https://doi.org/10.1016/j.scitotenv.2021.146728


275

Research in Ecology | Volume 08 | Issue 04 | August 2026

bg-18-6501-2021 
[47]	Krajewski, J.P., Floeter, S.R., 2011. Reef fish com-

munity structure of the Fernando de Noronha Archi-
pelago (Equatorial Western Atlantic): The influence 
of exposure and benthic composition. Environmental 
Biology of Fishes. 92, 25–40. 

[48]	Logan, C.A., Dunne, J.P., Ryan, J.S., et al., 2021. 
Quantifying global potential for coral evolutionary re-
sponse to climate change. Nature Climate Change. 11, 
537–542. DOI: https://doi.org/10.1038/s41558-021-
01037-2 

[49]	Gudka, M., Obura, D., Treml, E.A., et al., 2024. 
Strengthening resilience potential assessments for coral 
reef management. Methods in Ecology and Evolution. 
15(4), 612–627. DOI: https://doi.org/10.1111/2041-
210X.14303 

[50]	Bellwood, D.R., Streit, R.P., Brandl, S.J., et al., 2019. 

The meaning of the term ‘function’ in ecology: A cor-
al reef perspective. Functional Ecology. 33(6), 948–
961. DOI: https://doi.org/10.1111/1365-2435.13265 

[51]	Mumby, P.J., Hastings, A., Edwards, H.J., 2007. 
Thresholds and the resilience of Caribbean coral reefs. 
Nature. 450, 98–101. DOI: https://doi.org/10.1038/
nature06252 

[52]	Lam, V.Y.Y., Doropoulos, C., Bozec, Y.-M., et al., 
2020. Resilience concepts and their application to 
coral reefs. Frontiers in Ecology and Evolution. 8, 49. 
DOI: https://doi.org/10.3389/fevo.2020.00049 

[53]	Graham, N.A.J., Wilson, S.K., Jennings, S., et al., 
2006. Dynamic fragility of oceanic coral reef eco-
systems. Proceedings of the National Academy of 
Sciences. 103(22), 8425–8429. DOI: https://doi.
org/10.1073/pnas.0600693103

https://doi.org/10.5194/bg-18-6501-2021
https://doi.org/10.1038/s41558-021-01037-2
https://doi.org/10.1038/s41558-021-01037-2
https://doi.org/10.1111/2041-210X.14303
https://doi.org/10.1111/2041-210X.14303
https://doi.org/10.1111/1365-2435.13265
https://doi.org/10.1038/nature06252
https://doi.org/10.1038/nature06252
https://doi.org/10.3389/fevo.2020.00049
https://doi.org/10.1073/pnas.0600693103
https://doi.org/10.1073/pnas.0600693103

