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Abstract: Coral reefs are one of the most diverse marine ecosystems, providing numerous ecosystem
services. This present study investigated the relationship between coral reef condition and the
diversity and abundance of fishes, on a heavily fished East African coral reef at Gazi Bay, Kenya.
Underwater visual censuses were conducted on thirty 50 × 5 m belt transects to assess the abundance
and diversity of fishes. In parallel, a 25-m length of each of the same transects was recorded with
photo-quadrats to assess coral community structure and benthic characteristics. For statistical
analyses, multi-model inference based on the Akaike Information Criterion was used to evaluate
the support for potential predictor variables of coral reef and fish diversity. We found that coral
genus richness was negatively correlated with the abundance of macroalgae, whereas coral cover was
positively correlated with both the abundance of herbivorous invertebrates (sea urchins) and with
fish family richness. Similarly, fish family richness appeared mainly correlated with coral cover and
invertebrate abundance, although no correlates of fish abundance could be identified. Coral and fish
diversity were very low, but it appears that, contrary to some locations on the same coast, sea urchin
abundance was not high enough to be having a negative influence on coral and fish assemblages.
Due to increasing threats to coral reefs, it is important to understand the relationship among the
components of the coral reef ecosystem on overfished reefs such as that at Gazi Bay.

Keywords: coral reef ecosystem; coral reef resilience; global warming; climate change; overfishing;
indicator species

1. Introduction

Coral reefs are one of the most diverse marine ecosystems, providing numerous ecosys-
tem services to millions of inhabitants of tropical countries. More than 500 million people
depend on coral reefs [1–4]. Together with functionally and ecologically linked mangrove
habitats and seagrass meadows, coral reefs likely support the highest marine biodiversity
in the world [5–7]. The complex reef system is mainly built by scleractinian corals which
can only survive a narrow range of environmental variation, and hence are vulnerable to
many kinds of disturbance [8]. Most of the world’s reefs are threatened by human activi-
ties [4,9–11], which have exacerbated a background of otherwise natural impacts, such as
those caused by diseases, outbreaks of invasive species, storms, or sedimentation [10,12–15].
In addition, coral bleaching now represents a major threat to coral reefs, whereby corals
expel their zooxanthellae and associated pigments, due to high sea temperatures, slow
water movement, or extreme UV exposure [2,16–19].

A fundamental goal of ecology is to understand how organisms interact with other
species of organisms and their physical environment, providing among other things an
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explanation of variation in species richness [20]. The present study aimed to explore the
relationship between the condition of coral reefs and the abundance and the diversity
of reef fishes and sea urchins in an area known to be subject to heavy fishing pressure,
but where herbivorous invertebrates, such as sea urchins, are not subject to these fishing
practices [21]. In studying coral reefs, the abundances of key organisms have frequently
been used as indicators of reef health. For example, a low abundance of corals or fishes,
or a high abundance of algae, seagrass, or other soft-bodied organisms, have been taken
to indicate the degradation of a reef area [10,15,22,23]. Because herbivores (both fish and
invertebrates, such as sea urchins) play an important role in maintaining the coral–algae
balance on a reef and in creating an appropriate substrate for coral recruitment [3,24–31],
overfishing of herbivores can lead to a decline in their grazing capacity and cause a phase
shift resulting in algal rather than coral dominance [7,26,29,32]. Corallivores have also often
been used as indicators of reef health because of their usually positive relationship with
live coral cover and negative correlation with macroalgae cover [33–36]. The abundance
of corallivores is presumed to be a good indicator of a healthy reef, although, in cases of
extreme corallivory, an abundance of predators may result in loss of corals or make the
corals more susceptible to other stressors, such as thermal stress or the spread of diseases,
as the coral is already debilitated [37–39]. In addition, physical or chemical variables, such
as salinity or turbidity, may affect the status of a reef and are often monitored [40].

In summary, many variables can have an impact on the condition of a coral reef, but
the effects may vary at different locations [40–44]. The present study was conducted both to
evaluate the condition of coral reefs in Gazi Bay, Kenya, and to investigate the relationships
between coral diversity, fish diversity, and other reef variables (e.g., seagrass abundance,
macroalgae abundance, or sea urchin abundance) at this particular location. Additionally,
we gathered information about local fishing practices.

2. Materials and Methods
2.1. Study Region and Sites

The study was conducted on coral reefs at Gazi Bay, adjacent to Gazi Village (4◦26′ S,
39◦30′ E), a small fisher village located on the south coast of Kenya, about 45 km south of
Mombasa [45] (Figure 1). The inner (northern) part of the bay is fringed by mangroves and
seagrass meadows. The open sea lies to the south, while to the south-east, extending south
from Chale Island, a submarine promontory known as Chale Reef supports the coral reef
community that was the subject of this study. The reefs inside this lagoon are all relatively
shallow, not exceeding 5 m in depth. The area is open to fishing and no form of protected
area exists in the vicinity, so there has been increasing concern that fishing pressure is
affecting the reefs. Although reef fish are known to be heavily exploited by local fishers, so
far as it is known, reef invertebrates such as sea urchins are not exploited locally. Mean
ambient air temperature and water temperature were both approximately 28 ◦C in October
and November 2018 when the work was undertaken.
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Figure 1. (A) Location of the study region on the southern Kenyan coast of East Africa; the scales 
indicate latitude south of the equator and longitude east of the prime meridian. Color on land 
indicates altitude. (B) Aerial image of Gazi Bay showing the location of the ten study sites: Chale 1 
(C1), Chale 2 (C2), Doa Lower (DL), Doa Upper (DM), Kijamba Mkandi (KM), Kiziwa Kule (KZ), 
Kukuni (KK), Mikingamo (MG), Mikingamo 2 (ZM), Mwandamo (MD) (Satellite image © Google). 

2.2. Monitoring of Coral Reef Fishes and Corals 
Corals and fishes were surveyed at ten different reef sites on Chale Reef, with some 

transects on the seaward side of the reef and some on the landward side to provide a range 
of different reef conditions. Within each site, three belt transects of 5 × 50 m were placed 
haphazardly, but mostly parallel to the shore. Transects were located at least 150 m apart 
so as to achieve reasonable independence of the samples. Sampling was conducted 
around low tide (<70 cm) to provide standardized assessment conditions, while time of 
day and weather conditions varied through the study. During each survey, one person 
snorkeled in front, counting fishes using established underwater visual survey 
methodology [46], while a second person swimming behind laid out a 50 m tape along a 
track following the first snorkeler (this sequence was followed to avoid the fish being 
disturbed before they could be counted). For this study, eight fish families, which are 
known indicators of coral reef biodiversity, were preselected for the census: Scaridae, 
Acanthuridae, Siganidae, Ephippidae, Pomacanthidae, Chaetodontidae, Lutjanidae, and 
Serranidae, all of which are moderately speciose on Kenya’s southern coast [47]. 
Additionally, on the first half of the transect (25-m length) the hard corals were identified 
to genus level and the colonies counted. 

2.3. Benthic Analyses 
After counting fish, the first half (25 m length) of each transect was investigated to 

assess the substrate cover of corals, turf, and macroalgae and seagrass, and of other 
benthic organisms such as sea urchins. Photos of the substrate were taken from 1 m above 
the sea floor surface, with five photos being taken at intervals of 5 m per transect (camera: 
Canon Powershot G7 X Mark II with the Fantasea underwater housing). Because of 
limitations of time and resources, only a limited number of replicate quadrats could be 
sampled in this way. The photos of the benthos were analyzed with the assistance of the 
Coral Point Count (CPC) software [48]. The program was set to generate 25 random points 
on each image, the substrates below each of which were then classified by the observer 
into 16 major benthic categories. From these values the percentage substrate covers of the 
following benthic categories were then calculated: “hard coral” (HC), “soft coral” (SC), 
“rubble” (RUB), “seagrass” (SGR), “sand” (SND), “macroalgae” (AMAC), “turf algae” 

Figure 1. (A) Location of the study region on the southern Kenyan coast of East Africa; the scales
indicate latitude south of the equator and longitude east of the prime meridian. Color on land
indicates altitude. (B) Aerial image of Gazi Bay showing the location of the ten study sites: Chale
1 (C1), Chale 2 (C2), Doa Lower (DL), Doa Upper (DM), Kijamba Mkandi (KM), Kiziwa Kule (KZ),
Kukuni (KK), Mikingamo (MG), Mikingamo 2 (ZM), Mwandamo (MD) (Satellite image © Google).

2.2. Monitoring of Coral Reef Fishes and Corals

Corals and fishes were surveyed at ten different reef sites on Chale Reef, with some
transects on the seaward side of the reef and some on the landward side to provide a
range of different reef conditions. Within each site, three belt transects of 5 × 50 m were
placed haphazardly, but mostly parallel to the shore. Transects were located at least
150 m apart so as to achieve reasonable independence of the samples. Sampling was
conducted around low tide (<70 cm) to provide standardized assessment conditions, while
time of day and weather conditions varied through the study. During each survey, one
person snorkeled in front, counting fishes using established underwater visual survey
methodology [46], while a second person swimming behind laid out a 50 m tape along
a track following the first snorkeler (this sequence was followed to avoid the fish being
disturbed before they could be counted). For this study, eight fish families, which are
known indicators of coral reef biodiversity, were preselected for the census: Scaridae,
Acanthuridae, Siganidae, Ephippidae, Pomacanthidae, Chaetodontidae, Lutjanidae, and Serranidae,
all of which are moderately speciose on Kenya’s southern coast [47]. Additionally, on the
first half of the transect (25-m length) the hard corals were identified to genus level and the
colonies counted.

2.3. Benthic Analyses

After counting fish, the first half (25 m length) of each transect was investigated to
assess the substrate cover of corals, turf, and macroalgae and seagrass, and of other benthic
organisms such as sea urchins. Photos of the substrate were taken from 1 m above the sea
floor surface, with five photos being taken at intervals of 5 m per transect (camera: Canon
Powershot G7 X Mark II with the Fantasea underwater housing). Because of limitations
of time and resources, only a limited number of replicate quadrats could be sampled in
this way. The photos of the benthos were analyzed with the assistance of the Coral Point
Count (CPC) software [48]. The program was set to generate 25 random points on each
image, the substrates below each of which were then classified by the observer into 16 major
benthic categories. From these values the percentage substrate covers of the following
benthic categories were then calculated: “hard coral” (HC), “soft coral” (SC), “rubble”
(RUB), “seagrass” (SGR), “sand” (SND), “macroalgae” (AMAC), “turf algae” (ATRF),
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“Halimeda algae” (AHAL), “dead coral” (DC), “recently dead coral” (RDC), “bare substrate”
(BS), “unidentified/others” (UNID/OT), and “obstacles/tape/shadows” (OBS/TWS), in
addition to the abundance of “herbivorous invertebrates” (INV), specifically of echinoids
(sea urchins).

2.4. Statistical Analysis

Statistical analyses were performed in the R software 3.4.4 (R Core Team, Vienna,
Austria) [49] using the R packages “readxl”, “gdata”, “MuMIn”, “mgcv”, “reshape2”,
“tiff”, and “nlme”. Linear models (lm) were used to identify the key predictors of fish
abundance and fish family richness and of coral cover and coral genus richness. For overall
fish abundance and fish family richness (i.e., the number of fish families recorded), we
tested the proportional cover of the main substrate variables, “macroalgae”, “turf algae”,
“herbivorous invertebrates”, “seagrass” and “coral”, as predictor variables. For coral
cover and coral genus richness (i.e., the number of coral genera recorded) we used the
same substrate variables, “macroalgae”, “turf algae”, “herbivorous invertebrates”, and
“seagrass”, and also “fish abundance”, and “fish family richness” were tested as predictor
variables. The herbivorous invertebrate data was logn+1 transformed (as is often done with
zero biased data) in order to increase linearity between predictor and response variables and
to increase normality of model residuals. To evaluate the support for different combinations
of predictor variables, the dredge-function of the “MuMIn” R package was used. For each
model, the Akaike Information Criterion (AIC) was derived, which evaluates models based
on model fit and model complexity [50]. As the sample size was relatively low compared
to the number of estimated parameters, the AIC with a second-order bias correction (AICC)
was used. Using AICC-based model selection, the best linear models were selected for
explaining fish abundance, fish species richness, coral cover, and coral genus richness. The
best model was considered to be the one with the lowest AICC ranking [50].

3. Results

In total, 213 fishes from seven of the eight indicator families and 845 hard coral colonies
from 22 genera were recorded. Across all sites, the Acanthuridae (surgeon fishes) were the
dominant family in terms of individuals, followed by the Chaetodontidae (butterflyfishes).
From the other families, relatively few individuals were recorded (Table 1).

Table 1. Mean number of fish families per site ± standard deviation.

Chale 1 Chale 2 Doa
Lower

Doa
Upper

Kijamba
Mkandi

Kiziwa
Kule Kukuni Mikingamo Mikingamo 2 Mwandamo

Acanthuridae 4.0 ± 2.6 0.0 0.0 0.0 18 ± 4.0 0.7 ± 1.2 6.0 ± 7.9 2.0 ± 1.7 6.0 ± 5.3 3.0 ± 1.7
Chaetodontidae 4.3 ± 3.1 0.7 ± 1.2 0.0 0.3 ± 0.6 2.0 ± 1.7 1.0 ± 1.7 7.7 ± 7.1 2.0 ± 1.7 5.0 ± 5.0 1.7 ± 1.2
Ephippidae 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 ± 1.7 0.0
Lutjanidae 0.0 0.0 0.0 0.0 1.3 ± 2.3 0.0 1.0 ± 1.7 0.0 0.0 0.7 ± 1.2

Pomacanthidae 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 ± 0.6
Scaridae 0.0 0.0 0.0 0.0 0.0 0.0 0.3 ± 0.6 0.0 1.3 ± 1.2 0.0

Siganidae 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 ± 0.6 0.3 ± 0.6

For corals, the most abundant genera were massive Porites followed by Acropora
(Table 2). The benthic analyses showed a dominance of macroalgae and turf algae at all
sites (Table 2). Hard corals, sand, seagrass, and rubble also formed a large part of the
benthos, whereas herbivorous invertebrates (mainly sea urchins), Halimeda algae and soft
corals were less abundant (Table 3).
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Table 2. Mean number of coral colonies for different genera per site ± standard deviation.

Chale 1 Chale 2 Doa Lower Doa Upper Kijamba
Mkandi Kiziwa Kule Kukuni Mikingamo Mikingamo 2 Mwandamo

Acanthastrea 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 ± 0.58 0.00 0.67 ± 0.58
Acropora 0.00 4.33 ± 1.15 2.00 ± 1.00 4.00 ± 2.00 14.00 ± 6.56 3.00 ± 1.73 1.33 ± 1.53 3.33 ± 3.06 2.00 7.33 ± 7.77

Astreopora 0.00 1.00 ± 1.73 3.00 ± 1.00 3.67 ± 2.52 0.00 0.33 ± 0.58 1.00 ± 1.73 1.00 ± 1.00 1.33 ± 1.73 0.33 ± 0.58
Diploastrea 0.00 0.00 0.00 0.00 0.00 0.00 0.33 ± 0.58 0.00 0.00 0.00
Echinopora 0.33 ± 0.58 1.33 ± 0.58 1.33 ± 1.53 0.00 0.33 ± 0.58 0.00 1.67 ± 2.08 0.00 1.00 ± 1.73 3.33 ± 4.04

Favia 0.67 ± 1.15 5.33 ± 1.53 0.00 0.00 0.67 ± 0.58 0.33 ±0.58 0.00 2.00 ± 2.65 0.00 1.33 ± 1.15
Favites 0.00 1.33 ± 1.15 1.33 ± 1.15 0.33 ± 0.58 1.00 ± 1.73 1.67 ± 2.08 0.33 ± 0.58 2.67 ± 1.53 0.67 ± 0.58 0.67 ± 0.58
Fungia 0.00 0.00 0.00 0.00 3.00 ± 5.20 0.00 3.33 ± 2.52 1.00 ± 1.73 0.00 0.33 ± 0.58
Galaxea 2.33 ± 1.15 1.67 ± 1.53 0.67 ± 1.15 1.00 ± 1.00 19.33 ± 8.08 0.33 ± 0.58 2.33 ± 2.08 0.33 ± 0.58 0.67 ± 0.58 0.00

Goniastrea 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Goniopora 1.67 ± 1.53 2.67 ± 1.15 1.00 ± 1.00 0.00 0.00 0.00 0.33 ± 0.58 4.67 ± 1.53 2.33 ± 3.21 0.67 ± 1.15

Hydnophora 0.00 0.00 0.33 ± 0.58 0.00 0.33 ± 0.58 0.67 ± 0.58 0.67 ± 0.58 0.33 ± 0.58 0.00 0.00
Leptoria 0.00 2.67 ± 1.15 0.00 0.00 0.00 0.00 0.00 0.00 0.33 ± 0.58 0.00

Lobophyillia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Millepora 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Montipora 2.0 ± 1.73 1.33 ± 1.53 0.67 ± 0.58 0.00 1.00 ± 1.73 0.33 ± 0.58 0.33 ± 0.58 1.67 ± 1.15 2.00 ± 1.00 0.00

Pavona 0.00 0.00 0.33 ± 0.58 0.00 0.00 0.00 0.67 ± 1.15 1.00 ± 1.00 0.00 3.00 ± 2.00
Platygyra 0.00 1.33 ± 1.15 0.67 ± 0.58 0.00 0.67 ± 1.15 0.67 ± 0.58 1.00 ± 1.15 2.67 ± 0.58 0.00 2.67 ± 3.29
Plesiastrea 0.00 1.00 ± 1.00 0.67 ± 0.58 0.00 0.00 0.00 0.00 0.00 1.33 ± 0.58 0.00
Pocillopora 0.00 1.00 0.33 ± 0.58 1.33 ± 0.58 12.67 ± 3.21 1.67 ± 2.08 1.67 ± 1.15 0.67 ± 1.15 0.67 ± 0.58 7.00 ± 6.00

Porites
(Branching) 0.00 0.00 0.33 ± 0.58 0.00 1.33 ± 1.15 0.00 0.00 0.00 0.67 ± 1.15 4.33 ± 5.13

Porites
(Massive) 0.00 4.67 ± 0.58 16.67 ± 1.53 10.67 ± 4.73 0.00 1.33 ± 1.15 0.67 ± 0.58 17.33 ± 8.08 16.00 ± 9.17 4.33 ± 2.52

Seriatopora 0.00 0.00 0.00 0.33 ± 0.58 0.33 ± 0.58 0.00 0.00 0.33 ± 0.58 0.33 ± 0.58 0.00
Stylophora 0.00 0.00 0.00 0.67 ± 0.58 0.00 0.00 3.00 ± 1.73 4.33 ± 5.86 1.00 ± 1.00 0.00
Symphilla 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 3. Percentage cover of the benthos per site ± standard deviation.

Chale 1 Chale 2 Doa Lower Doa Upper Kijamba
Mkandi Kiziwa Kule Kukuni Mikingamo 1 Mikingamo 2 Mwandamo

AHAL 0.27 ± 0.46 0.00 0.27 ± 0.46 0.00 0.27 ± 0.46 0.81 ± 1.40 0.57 ± 0.96 0.00 1.39 ± 2.41 0.00
AMAC 56.15 ± 0.76 19.67 ± 11.41 2.68 ± 1.21 5.50 ± 1.31 62.51 ± 5.52 62.74 ± 9.48 41.20 ± 16.85 5.91 ± 3.57 3.74 ± 1.68 14.76 ± 17.35
ATRF 33.27 ± 1.89 51.48 ± 15.07 32.45 ± 8.47 46.41 ± 16.83 14.67 ± 2.46 18.63 ± 8.59 26.97 ± 20.59 63.63 ± 5.91 54.50 ± 13.95 28.31 ± 7.56

BS 0.00 0.00 0.00 0.56 ± 0.96 0.00 0.00 3.56 ± 3.38 0.28 ± 0.48 0.00 0.00
HC 0.53 ± 0.92 4.32 ± 1.89 14.22 ± 0.37 2.18 ± 1.72 10.73 ± 6.05 0.53 ± 0.92 8.33 ± 3.58 1.34 ± 1.66 10.47 ± 6.78 16.28 ± 8.56
DC 0.00 0.00 0.00 0.00 0.00 0.00 1.40 ± 2.42 0.00 0.00 0.00

URC 0.00 1.34 ± 1.24 3.77 ± 3.08 2.53 ± 2.28 1.89 ± 1.68 0.27 ± 0.46 1.88 ± 3.25 8.31 ± 8.37 2.22 ± 0.97 0.53 ± 0.92
RDC 0.00 0.00 0.00 0.00 0.00 0.00 3.35 ± 5.80 2.70 ± 4.68 0.00 0.00
RUB 0.00 0.54 ± 0.94 7.78 ± 1.71 3.89 ± 3.94 4.84 ± 4.47 3.49 ± 1.22 0.00 4.83 ± 5.24 10.46 ± 13.95 12.10 ± 10.67
SND 5.39 ± 5.19 15.94 ± 7.01 28.53 ± 13.15 16.45 ± 8.69 0.00 7.03 ± 3.27 4.63 ± 7.34 10.04 ± 9.87 15.04 ± 7.34 7.37 ± 7.03
SGR 3.06 ± 5.29 5.07 ± 2.31 8.91 ± 6.99 21.66 ± 20.03 4.27 ± 3.78 6.22 ± 0.88 9.23 ± 9.29 0.00 0.80 ± 1.39 16.03 ± 13.00
SC 1.33 ± 1.22 1.62 ± 1.41 1.39 ± 2.41 0.83 ± 1.44 0.81 ± 0.80 0.27 ± 0.46 0.00 0.27 ± 0.46 0.58 ± 0.50 1.33 ± 2.31

UNID/OT 0.00 0.00 0.00 0.00 0.00 0.00 0.29 ± 0.50 0.00 0.80 ± 1.39 3.29 ± 1.67
OBS/TWS 1.33 ± 0.46 0.80 ± 0.80 1.07 ± 0.46 2.93 ± 1.67 0.53 ± 0.46 1.33 ± 0.92 2.67 ± 1.22 1.07 ± 1.22 1.87 ± 1.67 1.07 ± 0.46
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Based on the Akaike Information Criterion (AICC), the best supported model for
coral genus richness was one in which seagrass and macroalgae both had negative ef-
fects (Table 4). Coral genus richness doubled as macroalgae cover dropped from 69 to 2%
(Figure 2A). The data indicated, on average, a loss of one coral genus for every additional
20% increase in the cover of macroalgae. Coral genus richness was similarly negatively
related to seagrass substrate cover (Figure 2B). In the second- and third-best models, the
presence of turf algae had an additional negative effect on coral genus richness (Table 4). In
the best supported model of the factors influencing coral cover, (log-transformed) herbiv-
orous invertebrate abundance and fish family richness both showed significant positive
effects (Table 4). On average, there were twice as many corals on the transects where
invertebrate numbers were the highest compared to those where it was lowest (Figure 2C).
Similarly, we observed a significant increase in coral cover with increasing fish species
richness (Figure 2D). However, in the second-best model, it was fish abundance instead of
the fish family richness that showed a positive relationship. In the third model, turf algae
cover had an additional negative impact (Table 4).

Table 4. Results of the AICC based model selection for the environmental variables coral genus
richness (CGR) and coral cover (CA), using the predictor variables AMAC (macroalgae), ATRF (turf
algae), FABUND (fish abundance), FFM (fish family richness), Lg1(INV) (log-transformed herbivorous
invertebrate abundance), and SGR (seagrass). ‘*’ p < 0.05; ‘**’ p < 0.01; ‘.’ 0.05 < p < 0.10. Successive
lines show the results for the best supported, and second- and third-best supported models.

Response AMAC ATRF FABUN FFM Lg1(INV) SGR AICC R2

CGR −0.5676 ** −0.3010 . 146.1 0.3581
−0.8815 ** −0.4119 −0.4850 * 146.2 0.4139
−0.5195 ** 147.3 0.2698

CA 0.3333 * 0.3908 * 0.5389 ** 247.0 0.3573
−0.1330 0.4886 ** 248.6 0.3211

0.3968 * 0.6091 ** 249.3 0.3702

Fish family richness was best explained by a model in which coral cover had a positive
impact, whereas herbivorous invertebrate abundance had a negative impact (Table 5). Fish
family richness tripled along a gradient of coral cover from 2 to 69 percent (Figure 3A),
whereas there were approximately twice as many fish species on sites with low invertebrate
abundance as on those with high abundance (Figure 3B). In the second-best supported
model, seagrass cover appeared to have an additional negative impact, whereas in the third-
best model coral cover alone influenced the family richness of fish. In the best model for
fish abundance (Table 5, Model B), macroalgae and coral cover both had positive effects on
fish abundance. There were more than twice as many fish on the most coral rich site as on
the least coral rich site (Figure 3C), while fish abundance also doubled along a gradient of
macroalgae cover from 1 to 69% (Figure 3D). The second-best supported model explaining
fish abundance showed a negative impact of turf algae and seagrass, whereas the third-best
model contained only the positive impact of macroalgae abundance.
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Figure 2. Relationship of different substrate variables to coral genus richness and coral cover at the
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estimates derived from multiple regression analysis. Coral genus richness decreased with increasing
macroalgae (A) and seagrass cover (B). Coral cover increased with increasing herbivorous invertebrate
abundance (C) and fish family richness (D). Grey data points show individual values on each of
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Table 5. Results of the AICC based model selection for fish family richness (FFR) and fish abun-
dance (FA) using the key predictor variables AMAC (macroalgae), ATRF (turf algae), CA (coral
cover), Lg1(INV) (log-transformed invertebrate abundance), and SGR (seagrass). ‘*’ p < 0.05;
‘.’ 0.05 < p < 0.10. Successive lines show the results for the best supported, and second- and third-best
supported models.

Response AMAC ATRF CA Lg1(INV) SGR AICC R2

FFR 0.4747 * −0.4291 * 98.4 0.21930
0.4238 * −0.4498 * −0.2056 99.8 0.25690
0.2809 100.6 0.07892

FA 0.3562. 0.3557. 217.2 0.20680
−0.3186 . −0.3737 . 218.8 0.16360

0.2908 218.8 0.08457
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4. Discussion

We found that on the reefs at Gazi Bay coral genus richness was negatively correlated
with the abundance of macroalgae, whereas coral cover was positively correlated with
the abundance of herbivorous invertebrates (effectively sea urchins) and with fish family
richness. Fish family richness was mainly correlated with coral cover and invertebrate
abundance, but no determinants of fish abundance could be convincingly identified. How-
ever, caution is required before assuming these trends apply more widely, because, for
example, the abundance of fishes and the extent of live coral cover observed in Gazi Bay
appeared noticeably low compared to protected reef sites on the Kenyan coast visited by
the authors in the same year (e.g., in the Kisite-Mpunguti Marine National Park and the
Malindi National Park).

Acanthuridae (surgeon fishes) were the most abundant family across the sites, followed
by the Chaetodontidae (butterflyfishes). As specific butterflyfishes are facultative or obligate
corallivores they are generally associated with high live coral cover [47,51–53], even though
in some cases this correlation was found to be quite low [54,55]. We found that there
are enough living corals for at least some butterflyfish species to inhabit the reefs of
Gazi Bay. Nevertheless, the benthic composition was dominated by macroalgae and turf
algae. This may be because of the near absence of some other herbivorous fishes, notably
species of parrotfish [10,25]. Their intensive feeding promotes the settlement, growth, and
survivorship of corals due to the removal of competitive macroalgae. In this way herbivores
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are considered important for coral reef resilience, because they keep macroalgae at low
levels after any disturbance affecting corals, thus allowing the corals to recover [3,56,57].
The fact that during the study we observed no groupers and only a few parrotfishes,
rabbitfishes, and snappers, is likely a consequence of overfishing, because all three families
are important food-fish on the Kenyan coast.

In addition to fish, we found sea urchin abundance to be positively related to coral
cover. This relationship is likely explained by the negative impact of sea urchins on algae,
which otherwise compete with corals for space and light. Various field and computer
studies have shown that urchin domination can help maintain coral cover by reducing
competitive algae cover [32,58–62]. The study by Nozawa et al. (2020) showed that
diadematid sea urchins enhance coral recruitment on Taiwanese reefs [32]. Another study
in Kenya found that areas that were inaccessible to urchin grazing retained a high cover
of algal turf and so were not suitable for coral recruitment, whereas in stable reef systems
grazing fishes graze down the turf algae, facilitating coral recruitment [58]. The areas
that were less accessible to echinoids were, in the absence of grazing fishes, dominated
by large, fleshy algae which smothered corals [58]. However, the effects of sea urchins
on the dynamics of phase shifts on coral reefs are density dependent, because they can
play two different roles. In low abundances, reef echinoids promote coral reef resilience by
controlling algal cover [56,63–65]. In high abundances, echinoids may erode large parts
of both living corals and the dead coral framework (in addition to the algae growing on
the latter), resulting in loss in live coral cover, reduced coral recruitment, reduced calcium
carbonate accretion, and reduced associated faunal diversity [9,10,56,63–65]. Our results,
however, showed a positive effect of herbivorous invertebrate/sea urchin abundances on
corals, indicating that at Gazi Bay sea urchin population density is not (yet?) harmful to
the coral community.

Our results also showed that, in our study area, coral genus richness was negatively
related to macroalgae abundance. This is likely also because of the negative effect (just
discussed) of macroalgae on hard coral cover, as overgrowth of corals by macroalgae can
suppress the coral fecundity, hinder coral growth, and smother coral recruits [7,58,66,67].
Algal turfs, by comparison with macroalgae, are less successful competitors of corals [66,68].
Hopkins (2009) also found this correlation between coral and macroalgae cover, with the
hard-coral cover being low when algae cover is high (and vice versa). Coral-macroalgae
phase shifts have been reported from many countries, including, notably, Jamaica [69], and
also East Africa [44], a phenomenon generally believed to be triggered by various impacts,
such as the loss of herbivores (either urchins or fish), increased nutrient input, hurricane
damage, or crown-of-thorns-starfish outbreak [63].

In our study, seagrass abundance was negatively related to coral genus richness,
although this relationship was only marginally significant in the best supported model.
A negative relationship between seagrass cover and coral genus richness may be largely
explained by corals and seagrasses colonizing different types of substrates, but there may
also be a degree of competition for space on some substrates. A previous study described
seagrass colonizing the reef substratum after it was eroded by sea urchins [44]. However,
other studies have shown that seagrass meadows may enhance coral reef resilience against
ocean acidification by modifying the pH of the water column [68,70].

We found the cover of corals to be positively related to both fish abundance and fish
family richness. However, this could be the result either of fish activity, such as grazing on
algae, favoring the health of corals, or of corals providing a better habitat for fish [10,71,72].
Herbivorous fishes, which made up a large proportion in the counted fish, may clear space
for coral settlement [73] by ingesting seagrass, macroalgae, or algal turfs. In particular,
by reducing the amount of competitively superior macroalgae, herbivorous fishes allow
corals and cementing coralline algae to survive [3,72]. Exclusion experiments such as those
described by Hughes et al. [61] have repeatedly found that after excluding herbivores
from parts of a reef, the coverage of macroalgae will quickly increase but will decline
rapidly again when the area is made newly accessible to grazers. With increasing biomass
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of grazers/detritivores, macroalgal cover decreases, thereby increasing the cover of live
coral [7,25,66].

Although in our study the fact that herbivorous surgeonfishes (Acanthuridae) were the
most abundant family makes it plausible that in our location it is reef fish diversity and
abundance that are influencing coral cover, a positive relationship between coral cover and
fish density and diversity has also been interpreted in many studies as inferring that it is
coral cover which influences fish abundance [41,42]. In particular, increasing topographic
or architectural complexity, substratum diversity, and live coral cover has been associated
with increasing fish abundance and diversity [25,42,56,74,75]. Because of the difficulties in
coral identification, the relationship between species richness of the fish assemblage and
the diversity or cover of coral is less apparent in the literature than the effects of habitat
complexity [42,76]. Coral reefs can provide fish with physical refuges from predators,
in addition to breeding, nursery, and feeding sites, and thus enhance fish diversity. In
contrast, coral mortality has been predicted to reduce reef fish abundance and diversity
and so have long-term consequences on the community [19,56]. In fact, a recent study
by Darling et al. suggests that reefs without corals will no longer support diverse fish
faunas but be numerically dominated by a small subset of species that prefer algal or rubble
substrata [77].

In our study, the abundance of sea urchins, besides being positively related to coral
cover, was negatively related to fish species diversity. As we have said, echinoids are
important grazers in shallow reef ecosystems and compete for resources with herbivorous
fish and other benthic organisms [58,78]. Other studies have also revealed a negative impact
of sea urchin abundance on the number of fish species and their abundance [58,78,79].
McClanahan et al. (1994) found that in heavily fished Kenyan reef lagoons, sea urchins
are the most abundant grazers with herbivorous fishes showing a contrasting pattern of
distribution. It appears that, as the fish density is reduced by fishing, echinoid populations
expand to use the newly available resources [79]. Once an urchin-dominated community is
established, it can be hard for herbivorous fishes to re-establish themselves [73]; high sea
urchin abundances may even suppress fish growth and recruitment and hence recovery of
the fish populations [58].

Due to the correlative nature of our study, it is not possible to determine the true causal
relationship between fishes and corals or fishes and sea urchins, e.g., whether low abun-
dances of fishes cause an increase in sea urchins or if high abundances of sea urchins cause a
decline in fish species populations. Nevertheless, for the persistence of herbivorous fishes, it
may be important to protect sea urchin predators, such as triggerfish (Balistidae) [21,28,80],
which prevent sea urchins from becoming dominant, because otherwise these effects are
not expected to be reversible [73,81,82].

5. Conclusions

As the shallow reef areas in Gazi Bay had low coral cover and low fish abundance,
combined with high algae cover, we consider the condition of the reef there to be far from
natural [44,83]. Without a longer-term monitoring program, we cannot be certain about the
causes of the poor reef condition. Nevertheless, our study demonstrates, for an East African
coral reef subject to high fishing pressure, clear relationships between algae growth, live
coral cover, and the abundance and diversity of the reef fish assemblages. Increased human
impact on the coral reefs (e.g., by increases in fishing pressure, destruction of corals, or
discharge of nutrients, the lack of which otherwise helps limit algae growth) will inevitably
lead to further changes in reef condition.
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