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A B S T R A C T   

Understanding how Marine Protected Areas (MPAs) improve conservation outcomes across anthropogenic 
pressures can improve the benefits derived from them. Effects of protection for coral reefs in the western and 
central Indian Ocean were assessed using size-spectra analysis of fish and the relationships of trophic group 
biomass with human population density. Length-spectra relationships quantifying the relative abundance of 
small and large fish (slope) and overall productivity of the system (intercept) showed inconsistent patterns with 
MPA protection. The results suggest that both the slopes and intercepts were significantly higher in highly and 
well-protected MPAs. This indicates that effective MPAs are more productive and support higher abundances of 
smaller fish, relative to moderately protected MPAs. Trophic group biomass spanning piscivores and herbivores, 
decreased with increasing human density implying restoration of fish functional structure is needed. This would 
require addressing fisher needs and supporting effective MPA management to secure ecosystem benefits for 
coastal communities.   

1. Introduction 

Reef fishes play critical roles in community dynamics within coral 
reef habitats where they regulate reef benthic composition by per
forming different inter-related functional roles. These roles support 
coral reef ecosystem functions (Pratchett et al., 2011), and importantly, 
can alter depending on fish size (Bellwood et al., 2019). In the presence 
of continuing over-exploitation through fishing and habitat degradation 
through climate change (Hoegh-Guldberg et al., 2018; Reynolds et al., 
2005), protection of functionally important fish species is an increas
ingly prevalent aspect of reef conservation efforts. 

Fish assemblages are fundamentally influenced by the resources and 
shelter provided by coral reefs (Richardson et al., 2018). These bottom- 
up control mechanisms mean that healthy coral habitats support high 
fish abundance including juveniles of large-bodied species (Graham 
et al., 2007), which recruit to become fishable stocks over time. Simi
larly, high fish productivity is expected where the ecosystem is in better 
condition, which can be achieved through high levels of protection. 
Conversely, fishing has a top-down control on reef fishes and continuous 

harvesting reduces fish size, abundance and biomass (Zgliczynski and 
Sandin, 2017; Robinson et al., 2020). High fishing pressure lowers 
abundance of large-bodied fishes and increases the relative abundance 
of small-bodied fishes (Graham et al., 2007), causing significant impacts 
on the size structure of reef fish assemblages (McClanahan et al., 2011). 
The identification of factors such as reef productivity that influence the 
size structure of reef fish populations could allow for fisheries man
agement initiatives, which identify specific reef zones for protection 
(Ojea et al., 2017). 

No-take zones in Marine Protected Areas (MPAs) are a widely 
applied management and conservation measure used to mitigate human 
associated disturbances, such as fishing, and improve resilience of reefs 
to climate change (Mellin et al., 2016; Roberts et al., 2017). MPAs can 
increase fish diversity, biomass, and the number of exploited species in 
adjacent fishing grounds (Russ et al., 2004; Kough et al., 2019). A 
network of MPAs ensures different fish sizes and life history stages are 
protected (Green et al., 2014) and this is critical in the recovery and 
maintenance of fish biodiversity and productivity, which refers to the 
rate of generation of biomass in an aquatic system (Halpern, 2003; 

* Corresponding author at: Department of Environment and Geography, University of York, York, UK. 
E-mail address: koe503@york.ac.uk (K.E. Osuka).  

Contents lists available at ScienceDirect 

Marine Pollution Bulletin 

journal homepage: www.elsevier.com/locate/marpolbul 

https://doi.org/10.1016/j.marpolbul.2021.113010 
Received 26 June 2021; Received in revised form 24 September 2021; Accepted 26 September 2021   

mailto:koe503@york.ac.uk
www.sciencedirect.com/science/journal/0025326X
https://www.elsevier.com/locate/marpolbul
https://doi.org/10.1016/j.marpolbul.2021.113010
https://doi.org/10.1016/j.marpolbul.2021.113010
https://doi.org/10.1016/j.marpolbul.2021.113010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpolbul.2021.113010&domain=pdf


Marine Pollution Bulletin 173 (2021) 113010

2

Lester and Halpern, 2008; McClanahan et al., 2007). 
Assessing the effectiveness of MPAs in achieving desired objectives 

requires information from highly protected MPAs, or those in remote 
locations. This is essential for determining the maximum potential 
abundance and biomass of fishes or ocean systems (McClanahan et al., 
2019; McClanahan et al., 2020; MacNeil et al., 2020). It is now estab
lished that the benefits of protected areas depend on their size, age, level 
of protection, distance to fish markets, levels of compliance, number of 
staff and budget capacity (Molloy et al., 2009; Gill et al., 2017; Cinner 
et al., 2018). Yet, it remains unclear how varying levels of protection 
impact the relative abundance of different fish sizes and overall fish 
productivity. 

Examining the size-spectra of fishes can inform the decision-making 
process when comparing areas in different geographical locations or 
management levels (Graham et al., 2007; Polishchuk and Blanchard, 
2019). Size-spectra descriptors of slope and intercept are considered 
robust indicators, able to show fish population structure at different 
spatial scales (Petchey and Belgrano, 2010; Zgliczynski and Sandin, 
2017). These indicators quantify the relative abundance of small and 
large fish (slope) and the overall productivity of the system (intercept) 
(Shin et al., 2005). Slope becomes steeper (more negative) when small 
fish are more abundant than large fish, while intercepts become greater 
where fish community productivity is high. Due to these properties, size- 
spectra analysis is a useful tool in evaluating the ecosystem effects of 
fishing and guiding the management of tropical multi-species and multi- 
gear fisheries (Graham et al., 2005; Shin et al., 2005; Guiet et al., 2016; 
Zgliczynski and Sandin, 2017). 

Here we use fish density and size data collected from a consistent reef 
morphology (ocean exposed fringing coral reefs: Andréfouët et al., 2009, 
Samoilys et al., 2019) in the western and central Indian Ocean, to 
compare size spectra indicators and biomass of trophic groups across a 
range of management regimes. Trophic groups were selected to repre
sent a wide range of functional roles on coral reefs (Osuka et al., 2018; 
Parravicini et al., 2020). The study tested the hypotheses that the 
abundance of both small and large fish is higher in protected areas than 
unprotected areas and that local human population density influences 
this protection outcome. 

2. Methods 

2.1. Study area 

Reefs in the western Indian Ocean (WIO) exhibit a range of geo
morphologies, which have been categorised as: ocean-exposed fringing 
reefs, coastal barrier reef complexes, inner seas patch reef complexes, 
inner seas exposed fringing reefs, lagoon exposed fringing reef, and bank 
barrier or bank lagoon reefs (Andréfouët et al., 2009; Samoilys et al., 
2019). Reef geomorphology strongly influences coral reef fish commu
nities and biomass (Taylor et al., 2015; Samoilys et al., 2019). Therefore, 
this study only focused on fish assemblages within the consistent geo
morphology of ocean-exposed fringing reefs (Fig. 1). Fish data were 
collated from two published studies based on surveys carried out be
tween 2009 and 2015 in the western and central Indian Ocean (Table 1), 
which rapidly assessed sites that were selected haphazardly to maximize 
a range of protection levels occurring in the Indian Ocean. A site refers to 
a reef surveyed on two dives, where fish were counted in two or three 
replicate transects, with each transects measuring 50 m × 5 m (250 m2). 
Data from WIO were sourced from Samoilys et al. (2019). This included 
data from 24 sites across four countries: Tanzania – seven sites, 
Mozambique - seven, Comoros – six, and Madagascar – four (Fig. 1). An 
additional dataset was collected from eight sites in the Chagos Archi
pelago (Samoilys et al., 2018; Fig. 1). These sites were grouped into four 
protection levels based on the existence and effectiveness of manage
ment rules as determined from IUCN protected area categories (IUCN, 
2004), consultations with managers, personal knowledge and literature: 
highly protected, well-protected, moderately protected and unprotected 

(fished) (Table 1). Highly protected sites came from the Chagos Archi
pelago (IUCN category I - strict nature reserve). Well-protected included 
sites from Mafia Marine National Park (IUCN category VI - protected 
area with sustainable use of natural resources), Metundo and Vamizi 
Islands (no assigned IUCN category but considered as effective in-situ 
conservation areas, due to high awareness and adherence to informal 
management practices). Moderately protected sites from Mnazi Bay- 
Ruvuma Estuary Marine Park (IUCN category VI) and Mnemba Island 
Marine Conservation Area (IUCN category VI) (Supporting information 
Table S1). Fished sites were drawn from Comoros and Ambodivahibe 
and Loky in Madagascar. Data on human population counts and reef 
area (km2) in 2015 and within a radius of 20 km of site geographic 
coordinates, were derived from the Marine Socio-Environmental Cova
riates dataset (Yeager et al., 2017). Human population counts at each 
site were divided by reef area and log transformed to calculate local 
population density. Highly protected areas had zero human population 
values yielding a minimal population category. This was followed by 
well-protected, moderate protection and fished areas that were cat
egorised as lightly, moderately, and heavily populated, respectively 
(Table 1). Highly protected areas were located in remote areas with very 
low human population and also showed relatively high compliance with 
no-take zone (NTZ) management rules (Sheppard et al., 2012), therefore 
the reef system was considered as a remote highly protected area. 

2.2. Fish surveys 

Fish surveys were conducted based on methods detailed in Samoilys 
et al. (2019). The surveys involved estimating fish species densities and 
total lengths (TL) in 5 cm size classes from 6 cm, by an experienced diver 
(M.A.S) with over 20 years’ experience of conducting Underwater Visual 
Census (UVC) surveys. 

A total of 155 fish species from 11 families (Acanthuridae, Balistidae, 
Caesionidae, Chaetodontidae, Haemulidae, Lethrinidae, Lutjanidae, 
Pomacanthidae, Serranidae, Scarinae (Labridae) and Siganidae) were 
surveyed. The families and species were chosen because they are good 
indicators of disturbance effects across all trophic levels (Samoilys and 
Randriamanantsoa, 2011). The biomass of each species was calculated 
based on length–weight relationships presented in Samoilys et al. 
(2018). Species were assigned to the following trophic groups: pisci
vores, omnivores, corallivores, invertivores, planktivores, detritivores 
and herbivores (Osuka et al., 2018; Samoilys et al., 2019; Parravicini 
et al., 2020). The herbivores included six sub-groups composed of: large 
excavators, small excavators, scrapers, browsers, grazers and grazers- 
detritivores (Bellwood et al., 2019). 

2.3. Data analysis 

Multivariate dimensional scaling (MDS) analyses based on Bray- 
Curtis similarity index were performed on log (x + 1) transformed fish 
density and biomass data with an assumption that the influence of 
protection outweighed site differences. This was after performing MDS 
based on location and a combined factor of location and protection 
(Supplementary material Fig. S1a–d). A permutation-based hypothesis 
testing analysis of similarities (ANOSIM) was used to compare fish 
density and biomass across the four protection levels (Clarke and Gorley, 
2006). 

Size-spectra analysis was performed for each site based on fish 
densities in each of the 19 size classes ranging from 11 to 105 cm. This 
involved determining the slope and intercept of a linear regression of log 
transformed midpoint of size classes and log10 (x + 1) transformed count 
data. Prior to analysis, the midpoint lengths were centred across the size 
range at a site, thereby removing the correlation between slope and 
intercept (Daan et al., 2005). The mean slopes and intercepts of pro
tection levels were compared using One-way ANOVA (Zar, 1999). 
Tukey’s post-hoc tests were then performed to determine significant 
pairwise protection differences. 
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Fig. 1. Map of the survey sites from the western Indian Ocean (WIO) and central Indian Ocean (CIO). WIO survey sites comprised reefs sampled in Tanzania (Zanzibar, Mafia and Mnazi), Mozambique (Palma, Vamizi 
and Metundo), Comoros and Madagascar (Ambodivahibe and Loky). CIO survey sites were sampled from the Chagos Archipelago. 
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Reef area is an important variable controlling fish productivity 
(Williams et al., 2015), therefore biomass data were divided by reef area 
derived from the Marine Socio-Environmental Covariates dataset 
(Yeager et al., 2017) before comparing protection levels. Differences in 
fish trophic group biomass among protection levels were tested using a 
One-way Kruskal-Wallis test after failing both normality and homoge
neity of variance tests using Shapiro-Wilk and Levene tests respectively, 

even after log-transformations (Zar, 1999). Mann-Whitney post-hoc 
tests were then performed to determine significant pairwise differences. 
Differences in the human population densities were only compared be
tween three protection levels (well-protected, moderately protected and 
fished areas) using one-way ANOVA followed by Tukey’s post-hoc tests 
after passing normality and homogeneity tests. Highly protected areas 
showed no variance in human population density. The relationship 

Table 1 
Details of fish survey sites in ocean exposed fringing reefs and atolls with their depths, reef type, protection index and local human population density derived from the 
Marine Socio-Environmental Covariates data set (Yeager et al., 2017). Protection levels are defined as: high protection - a gazetted no-take marine protected area 
(MPA) in remote location with strict enforcement; well-protected - a gazetted MPA or a tourism zone with informal rules and good enforcement; moderate protection- a 
gazetted MPA established though effectiveness weak due to poor enforcement; Fished – reef with no management in place at all. (Data sources: Samoilys et al., 2018; 
Samoilys et al., 2019).  

Protection level Location (sites) Max – Min depth (m) Reef type Local human population density (log10 persons 
per km2 of reef) 

Mean (±SE) Population category 

High protection Chagos (8) 3 - 23 Forereef and terrace 0.00 (0.00) Minimal 
Well protected Mozambique (4), Tanzania (3) 3 - 22 Forereef and deep terrace 1.58 (0.21) Lightly populated 
Moderate protection Tanzania (4) 5 - 22 Forereef and deep terrace 2.62 (0.10) Moderately populated 
Fished Madagascar (4), Comoros (6), Mozambique (3) 3 - 20 Forereef 2.98 (0.17) Heavily populated  

Fig. 2. Multi-dimensional scaling plots based on Bray-Curtis similarity statistic on fish species: a) density and b) biomass between four protection levels from five 
countries in western and central Indian Ocean. 
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between trophic groups, and human population density was then 
assessed using generalised additive models (GAMs) using the mgcv 
package in R (www.r-project.org). Contribution of the predictors to the 
model was assessed from GAMs effective degrees of freedom (edf), 
which represents the complexity of the smoothing term. An edf of 1 
represents a straight line or a linear effect while an edf of ≥2 describes a 
non-linear effect. To validate the influence of human population on the 
biomass of trophic groups, effect of spatial autocorrelation was checked 
using Moran’s I test (Supplementary material Table S2). Where spatial 
autocorrelation was detected, generalised least squares regression 
models were fitted using five different types of spatial correlation 
structures (exponential, gaussian, spherical, linear, and rational 
quadratic). Akaike information criterion (AIC) model selection method 
was thereafter applied to select the best model in comparison to a model 
without spatial autocorrelation structure. 

3. Results 

3.1. Fish community structure 

MDS plot of fish community biomass and density showed that sites 
separated out largely in relation to the four protection levels (Fig. 2). 
However, a few of the fished sites particularly in Mozambique over
lapped in multivariate space with well and moderately protected sites. 
ANOSIM results revealed a clearer protection pattern in fish biomass (R 
= 0.435; p < 0.001) than in fish density (R = 0.315; p < 0.001). All 
protection levels showed significant differences in fish biomass; but with 
fish density, only highly protected areas differed significantly from well- 
protected, moderately protected and fished areas (Table 2). 

3.2. Size-spectra and protection 

The mean slope differed considerably across protection levels (Fig. 3; 
ANOVA F3, 28 = 9.87, p < 0.001). Post-hoc Tukey’s tests showed that 
slopes in the highly protected areas were similar to well-protected areas 
but significantly more negative than moderately protected and fished 
areas (Table 3a). The means of intercepts also varied considerably across 
protection levels (Fig. 3; ANOVA F3, 28 = 12.00, p < 0.001). Post-hoc 
Tukey’s tests showed overall productivity in the highly protected 
areas was greater than moderately protected and fished areas while 
well-protected areas showed greater intercepts than fished areas 
(Table 3b). 

3.3. Influence of protection on fish biomass 

The median biomass of trophic groups showed significant differences 
across the four levels of protection except for detritivores, browsers and 
grazer detritivores (Table 4). Mann-Whitney post-hoc tests showed that 
in all trophic groups except invertivores, the highest biomass, more than 
2.6 fold, was seen in highly protected areas compared to all other 

protected or fished areas (Fig. 4). Scrapers, invertivores and large ex
cavators had higher biomass in fished areas than moderately protected 
or well-protected areas (Fig. 4). The biomass of piscivores, omnivores, 
planktivores, small excavators and grazers was similar across well- 
protected, moderately protected and fished areas, while scrapers 
showed higher biomass in well-protected areas compared to moderately 
protected areas (Fig. 4). 

3.4. Influence of local human population on fish biomass 

Comparisons of local human population density excluding zero data 
from remote highly protected areas, revealed significant differences 
across protection levels (ANOVA F2, 21 = 5.61, p = 0.011). A pairwise 
Tukey’s test showed that only well-protected areas were located in areas 
with low human density (1.58 ± 0.21(se) log10 persons per km2 of reef) 
compared to fished areas (2.98 ± 0.17(se) log10 persons per km2 of reef). 

A significant nonlinear relationship signified by an edf ≥2 was 
evident in nine trophic groups notably: piscivores, omnivores, plankti
vores, detritivores, large excavators, small excavators, scrapers, grazers 
and grazer-detritivores (Table 5). Overall, biomass decreased with 
increasing human density except for detritivores, grazers and grazer- 
detritivores (Fig. 5). Detritivores and grazers showed high biomass in 
both minimal and heavily populated areas and low biomass in moder
ately populated areas (Fig. 5). Grazer-detritivores showed no apparent 
pattern although elevated biomass was observed in moderately popu
lated areas. Relationships within the other four trophic groups were not 
significant. Models without spatial autocorrelation effects showed sig
nificant decrease in biomass with increasing human population density 
for piscivores, planktivore, large- and small excavators (Table 6). 

4. Discussion 

This study revealed three key findings. Firstly, size spectra analysis 
showed fish community size structure on coral reefs in the western and 
central Indian Ocean varied according to protection level. However, 
similar fish community size structure was found between highly pro
tected and well-protected areas. Secondly, effects of protection on fish 
trophic groups differed but were highest between remote highly pro
tected areas and other protection levels. Moderately protected areas 
showed no apparent benefits in biomass for any of the trophic groups. 
Thirdly, the biomass of nine trophic group showed significant non-linear 
relationships with human population density. However, clearer linear 
biomass reductions with increasing human population were only 
evident four trophic groups spanning piscivores to herbivores. This in
dicates protected and fished areas in close proximity to high human 
population densities are likely to have low biomass of key trophic 
groups, particularly piscivores, plankivores, large- and small excavators 
(Cinner et al., 2013; Robinson et al., 2017). These results illustrate the 
value of remote highly protected areas (Graham et al., 2013; Samoilys 
et al., 2018; Cinner et al., 2020) in illuminating the effects of protection 
of coral reefs in the WIO region. 

4.1. Implications of size-spectra indicators 

A high proportion of small fish was found in highly protected areas, 
inconsistent with expected size spectra slopes of minimally populated 
areas. This potentially reflects removal of meso-predators by top- 
predators or previous fishing effects leading to prey release (Stallings, 
2009; Sandin et al., 2010). Indeed, a previous study in the Chagos Ar
chipelago noted fewer large-sized Epinephelus spp. groupers in 2014, 
which was attributed to lag effects of a previous handline fishery that 
closed in 2010 (Samoilys et al., 2018). Given a four-year period may not 
be adequate to allow recovery, this could explain why high and well 
protected sites showed similar results. While relatively larger fish 
occurred in highly protected areas compared to moderately protected 
and fished areas, their influence on shallowing the size-spectra slopes 

Table 2 
Results from ANOSIM tests showing global and pairwise tests on fish density and 
biomass between protection levels. Bolded p-values indicate significant 
comparisons.   

Density Biomass 

R value P value R value P value 

Global test  0.315  0.001  0.435  0.001 
Pairwise tests     

High protection, Well-protected  0.568  0.002  0.575  0.001 
High protection, Moderate 
protection  

0.998  0.002  1.000  0.002 

High protection, Fished  0.403  0.001  0.527  0.002 
Well-protected, Moderate protection  0.165  0.121  0.331  0.030 
Well-protected, Fished  0.120  0.089  0.241  0.011 
Moderate protection, Fished  0.002  0.473  0.251  0.050  

K.E. Osuka et al.                                                                                                                                                                                                                                

http://www.r-project.org


Marine Pollution Bulletin 173 (2021) 113010

6

was overwhelmed by the exceptionally high abundance of small fish. 
This suggests that processes other than exploitation, may be driving fish 
abundance and increasing the proportions of small fish. 

Steeper size-spectra slopes reflect fewer large-sized individuals, more 
small fish, or a combination of both (Wilson et al., 2010). In this study, 
steeper size-spectra slopes were seen in highly and well-protected areas 
and were due to relatively high densities of small fish, which occurs 
when the majority of small fish that would usually be composed of ju
veniles of larger fish species are protected (Russ et al., 2018). While the 

size spectra result in this study represented the community level pro
cesses, it is possible that the proportion of large individuals acting as 
parental stocks in highly and well-protected areas is sufficient to support 
and maintain a high abundance of small fish. This could indicate that 
processes such as recruitment rates, are propelling fish abundance (Russ 
et al., 2018) thereby increasing the densities of small fish. Accordingly, 
the shallower slopes in moderately protected and fished areas could 
suggest lower rates of juvenile recruitment, which is a concern for sus
tainability of the fish populations in these areas (Graham et al., 2007; 
Russ et al., 2018). Therefore, implementation of well-enforced MPAs 
will be critical in enhancing recruitment and supporting the long-term 
viability of reef fish populations in the WIO region. 

Greater fish productivity overall also occurred in highly and well- 
protected areas. This can be linked to several key factors in these 
areas: high compliance to management rules, remoteness, low human 
population densities and reef condition. Fishing removes target species, 
changing community size structure and overall fish biomass (Zgliczynski 
and Sandin, 2017). High exploitation rates are expected in densely 
populated areas such as those next to moderately protected sites in 
Tanzania, and fished sites in Madagascar and Comoros, posing a man
agement challenge, particularly where the use of destructive and 
indiscriminate fishing methods and poaching occurs (Mwaipopo, 2008). 
Interestingly, some fished sites in Mozambique grouped with sites under 
well- and moderately protected regimes suggesting their potential to 
support high fish productivity possibly due to use of low-technology and 
sustainable artisanal fishing gears (Osuka et al., 2020). 

Collectively, the size-spectra results suggest that fisheries may not 
influence the slope as expected but could reduce overall productivity. 
This could either be because the fisheries target all fish and not only 
larger fish, or the fisheries have impacted ecosystem condition and 
productivity by removing key species or using destructive methods. 

4.2. Influence of protection on trophic groups 

Moderately protected areas showed low biomass within a wide range 
of trophic groups, which is a conservation concern for the MPAs in the 
WIO. Indeed, moderately protected areas exhibited no significant ben
efits to any fish trophic groups. This is important and alarming, as it 
indicates that the lack of effective management regulations in well- 
protected areas can drastically reduce the biomass to levels equivalent 
or lower than those found in fished areas. Since larger fish in moderately 
protected areas are generally fished out first (McClanahan and Mangi, 
2000), overall fish productivity is also expected to reduce. 

Highly protected areas were effective in sustaining high biomass of 
piscivores, which can exert top-down control on fish of lower trophic 
levels. Similarly, highly protected areas had higher biomass of omni
vores than fished areas. The lack of apparent differences in the biomass 
of two key fishery target trophic groups (piscivores and omnivores) 

Table 3 
Tukey post-hoc pairwise test results with F values (unshaded) and p-values (shaded) for size spectra 
slopes and size intercepts. Significant comparisons are bold. 
a) Slope

Fished Moderate-protec�on Well-protected High protec�on
Fished 0.8763 0.104 0.001
Moderate-protec�on 1.060 0.377 0.007
Well-protected 3.369 2.309 0.234
High protec�on 6.116 5.057 2.747

b) Intercept
Fished Moderate-protec�on Well-protected High protec�on

Fished 0.997 0.010 0.001
Moderate-protec�on 0.300 0.153 0.001
Well-protected 3.385 3.085 0.125
High protec�on 6.625 6.324 3.239

Fig. 3. Relationships between fish length and density for four protection levels 
in western and central Indian Ocean. HP = high protection, P = well-protected, 
MP = moderate protection and F = fished. Shaded area around the line is 95% 
confidence interval. 
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between well-protected, moderately protected and fished areas suggest 
that these groups may require highly protected MPAs to thrive (Edgar 
et al., 2014; MacNeil et al., 2020). 

The biomass of planktivorous fish was also particularly high in 
highly protected areas compared to other protection levels within the 
WIO. Planktivorous fish rely on allochthonous planktonic food materials 
including pelagic zooplankton, and are more abundant in exposed reef 
areas, where suspended food levels are high (McLachlan and Defeo, 
2017). The high biomass in highly protected areas in this study may 
have been driven by the high abundance of pelagic zooplankton 
resulting from upwelling along the Seychelles-Chagos ridge (Sheppard 

et al., 2012). Significant inter-atoll differences in planktivores have been 
reported in these areas (Samoilys et al., 2018) and such localised pro
cesses coupled with fishing effects are important in understanding the 
dynamics in abundance of planktivorous fishes. 

The overall biomass of herbivorous fish was consistently low in 
moderately protected areas. In particular, scrapers were more than four- 
fold lower in moderately protected than well-protected areas. Since 
herbivores are critical for enhancing reef resilience through regulating 
competition between algae and corals, their loss in moderately protected 
areas may increase algal dominance and associated ecological phase 
shifts and reef-scale productivity (Hughes et al., 2007). Such a risk can 

Table 4 
Tabulated medians and interquartile range (IR) and one-way Kruskal-Wallis tests on trophic group biomass compared between four protection levels.  

Variable High protection Well protected Moderate protection Fished  Kruskal-Wallis 

Median IR Median IR Median IR Median IR H-value p-value 

Trophic group biomass (kg/ha) per reef area (km2) 
Piscivores  6.63 3.45, 11.0  0.40 0.17, 1.19  0.36 0.25, 0.43  0.47 0.21, 1.12  15.44  <0.001 
Omnivores  12.52 2.61, 37.3  1.66 0.05, 4.86  2.07 0.76, 5.02  1.02 0.30, 3.35  7.96  0.047 
Invertivores  0.50 0.23, 0.70  0.32 0.10, 0.60  0.00 0.00, 0.00  0.42 0.24, 0.75  10.89  0.012 
Planktivores  10.03 4.79, 15.91  1.13 0.11, 2.26  0.26 0.06, 0.28  0.45 0.21, 1.3  19.12  <0.001 
Detritivores  0.56 0.36, 1.02  0.14 0.07, 0.27  0.12 0.02, 0.19  0.30 0.17, 1.32  1.42  0.231 
Large excavators  3.16 1.94, 6.36  0.00 0.00, 0.24  0.00 0.00, 0.16  0.42 0.16, 1.20  19.76  <0.001 
Small excavators  1.99 0.36, 2.8  0.22 0.09, 0.62  0.29 0.07, 0.42  0.55 0, 0.84  8.36  0.039 
Scrapers  2.60 0.88, 6.08  0.58 0.27, 1.07  0.13 0.06, 0.29  0.74 0.56, 1.76  12.52  0.006 
Browsers  0.67 0.11, 1.65  1.14 0.12, 2.03  0.29 0.14, 0.55  0.52 0.15, 1.00  2.33  0.506 
Grazers  1.12 0.47, 2.23  0.21 0.11, 0.28  0.27 0.21, 0.29  0.43 0.17, 1.47  9.86  0.020 
Grazer detritivores  0.35 0.06, 0.56  0.03 0.00, 0.29  0.00 0.00, 0.37  0.31 0.13, 0.8  6.74  0.080  

Fig. 4. Median biomass of trophic groups that showed significant differences across protection levels from western and central Indian Ocean. The lowercase letters 
above each box show Mann-Whitney posthoc test with unique letters indicating significant differences and duplicated letters showing no statistical significance. HP 
= high protection, P = well-protected, MP = moderate protection and F = fished. 
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be counteracted through management measures that protect and in
crease the abundance and biomass of small-bodied herbivores (Kuempel 
and Altieri, 2017). 

4.3. Influence of human population on trophic groups 

Local human population densities appear to be a key driver of the 
coral reef fish biomass patterns found in the WIO. Fisheries target tro
phic groups such as piscivores and omnivores are sensitive to fishing 
pressure, and where human population density is high, their biomass 

can reduce significantly, leading to cascading impacts on ecosystem 
functioning and triggering loss of functional roles (Zgliczynski and 
Sandin, 2017). The ultimate outcome of a reduction in biomass of pis
civores can be changes in food web interactions that result in prey 
release (Sandin et al., 2010). Equally, in populated areas, planktivorous 
fishes experience increased fishing pressure (McClure et al., 2021) and 
would need protection to maintain a high biomass especially when 
ecological drivers such as upwelling shift or fail (Jacobs et al., 2020). 

Within herbivorous fishes, large- and small excavators showed a 
significant decrease in biomass with increasing human population 
density. This demonstrates susceptibility of herbivores to fishing, 
though in heavily populated areas, various sub-trophic groups particu
larly detritivores, scrapers and grazers can show increased biomass per 
reef area. The different patterns reflect the importance of both physical 
(such as reef type and reef area) and human (such as fishing pressure and 
market demand) factors (Cinner et al., 2013; McClure et al., 2021) in 
shaping herbivorous fish biomass. The high biomass of detritivores in 
heavily populated areas points to a reef system in an altered ecosystem 
condition having a high cover of rubble and organic matter in sediment 
and reef surface (Tebbett et al., 2017). Taken together, our findings 
suggest that maintenance and in turn restoration of key trophic groups 
requires high levels of protection while ensuring fishers livelihood needs 
are met (Cinner et al., 2013; MacNeil et al., 2020). This can be chal
lenging as many locations become more populated therefore calling for 
effective multiple-use zones that could balance protection goals and 
human uses. 

Table 5 
Generalised additive model results for the biomass (kg per ha per km2 of reef) of 
11 trophic groups showing effective degrees of freedom (edf), deviance 
explained by the model for their relationships with human population from five 
locations in western and central Indian Ocean. Bolded p-values indicate signif
icant relationships.  

Trophic group edf p-value Deviance explained (%) 

Piscivores  2.8  <0.001  50.7 
Omnivores  2.3  0.016  31.8 
Invertivores  1.8  0.209  14.0 
Planktivores  2.9  <0.001  67.2 
Detritivores  4.7  <0.001  73.5 
Large excavators  2.9  <0.001  56.0 
Small excavators  2.0  0.003  37.0 
Scrapers  2.3  0.014  33.2 
Browsers  1.0  0.642  0.7 
Grazers  3.6  <0.001  54.7 
Grazer-detritivores  7.0  0.047  48.5  

Fig. 5. Relationship using generalised additive model (GAM) smoothing method between local human population density (log persons per km2) and biomass (kg/ha) 
per reef area (km2) of nine fish trophic groups sampled from western and central Indian Ocean. 
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4.4. Role of MPAs and no-take zones 

Small-sized fish may be responsible for fuelling reef trophodynamics 
and maintaining high community biomass (Brandl et al., 2019). A high 
biomass of small-sized trophic groups, notably planktivores, small- 
excavators, grazers and scrapers occurred in remote highly protected 
areas, indicating the benefits of well-enforced MPAs in protecting small 
fish. These benefits were also visible in well-protected areas where 
human population density was relatively low. Moderately protected 
areas were less effective in supporting high biomass of most inver
tivores, large excavators and scrapers. Invertivores feed on coral com
petitors such as soft corals and invertebrates (Kramer et al., 2015), while 
large excavators and scrapers play considerable roles in bioerosion and 
removal of algae, sediment and other material from reef substrate. 
Therefore, the low biomass of invertivores and herbivorous fishes in 
moderately protected areas is a concern for reef resilience (Jouffray 
et al., 2015) given feeding on coral competitors can prevent the sub
strate from being overgrown by macroalgae thus allowing coral recruits 
to settle. The low biomass in moderately protected areas is similar to a 
study in Kenya that found Reserve MPAs (where fishing using traditional 
gears is allowed) were inadequate for maintaining or restoring reef 
fishes compared with no-take Park MPAs (Samoilys et al., 2017). Indeed, 
moderately protected areas in Mnazi Bay have experienced dynamite 
fishing in the past (Mwaipopo, 2008), which caused coral reef destruc
tion and overexploitation of fishes (Wells, 2009). Thus, recovery of 
parental fish stocks from such historic pressures is likely to take several 
years. 

Overall, our results highlight the ever-greater need to invest in MPAs 
and strengthen and support management regimes, particularly for the 
moderately protected MPAs, and within areas of high human population 
density. As more MPAs are expected to be established to meet the 
Convention of Biodiversity (CBDs) 30% by 2030 targets (CBD, 2021), 
our findings suggest that biodiversity conservation targets are more 
likely not to be met unless an expansion of MPAs in populated areas, is 
accompanied by changes in human behaviour reducing impacts on 
marine resources. Ensuring high levels of protection and effective MPA 
networks in the WIO region can help realise the benefits observed in 
highly protected areas. Coral reefs occurring in well-protected and in 
lightly populated locations in the WIO are associated with high fish 
biomass of key trophic groups which in turn support coastal fishing 

communities (Chirico et al., 2017; Ban et al., 2019). Increasing com
munity support for MPAs through measures that encourage compliance 
to management rules and addressing fish demand aspects related to high 
fishing pressure can help improve effectiveness of MPAs and also restore 
the functional roles played by different trophic groups. This will increase 
the resilience of coral reef fish communities and contribute towards 
sustainable livelihood security. 
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Table 6 
Coefficients of the best generalised least squares models showing the relationship between human population density and biomass of 11 trophic groups from five 
locations in central and western Indian Ocean. Models were selected from different types of spatial autocorrelation structures (exponential, gaussian, spherical, linear, 
and rational quadratic) using the Akaike Information Criterion (AIC) model selection process. Bolded p-values indicate significant relationships.  

Trophic group Autocorrelation structure Coefficient Estimate se t-value p-value 

Piscivores Gaussian Intercept  5.763  1.484  3.882  0.001 
Human population  − 1.748  0.653  − 2.679  0.012 

Omnivores Spherical Intercept  11.795  4.765  2.475  0.019 
Human population  − 2.861  2.167  − 1.320  0.197 

Invertivores  Intercept  0.356  0.143  2.495  0.018 
Human population  0.059  0.061  0.956  0.347 

Planktivores Gaussian Intercept  7.671  1.734  4.425  0.000 
Human population  − 2.480  0.787  − 3.152  0.004 

Detritivores Gaussian Intercept  0.381  0.246  1.545  0.133 
Human population  0.156  0.108  1.438  0.161 

Large excavators Spherical Intercept  2.402  0.898  2.675  0.012 
Human population  − 0.540  0.362  − 1.492  0.046 

Small excavators  Intercept  1.521  0.265  5.745  0.000 
Human population  − 0.386  0.114  − 3.390  0.002 

Browsers  Intercept  1.060  0.349  3.038  0.005 
Human population  − 0.071  0.150  − 0.470  0.642 

Scrapers Rational quadratic Intercept  2.377  0.670  3.549  0.001 
Human population  − 0.420  0.300  − 1.403  0.171 

Grazers Exponential Intercept  0.850  0.386  2.203  0.035 
Human population  − 0.082  0.174  − 0.473  0.640 

Grazer detritivores  Intercept  0.392  0.173  2.272  0.030 
Human population  0.007  0.074  0.096  0.924  
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