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ABSTRACT: Coral reef fish along the East African coast were evaluated for the distinctiveness of
their communities, their distributions and interactions with the environment, and their responses
to management. I studied the biomass and species richness of 24 fish families at 238 unique sites
in Kenya, Tanzania, and Mozambique. I identified an unfished benchmark that was associated with
high biomass, high-compliance closures or low access to fishing along with 6 additional statisti-
cally different communities. In the benchmark community, biomass was dominated by snappers,
surgeonfish, parrotfish, and wrasses. Of the 24 families studied, 11 declined relative to the bench-
mark community, with the greatest declines observed among surgeonfish, snappers, sweetlips
(grunts), groupers, and triggerfish. I evaluated the community's spatial distributions and associa-
tions of 15 of 23 environmental and human-impact variables. Fish biomass was most positively
influenced by the extent of shallow water <50 m adjacent to the sites, depth, and high-compliance
closures and negatively impacted by human populations within a 100 km radius of the site. Num-
ber of fish species was largely predicted by biomass with weak evidence for local environmental
control. Classification of the biomass into 3 proposed management thresholds revealed that ~38 %
of the sites were below sustainable yields, 54 % were below maximum species richness, and 92 %
below a proposed stable-ecosystem or conservation threshold. Therefore, increasing biomass of
vulnerable taxa through fishing restrictions is recommended for maintaining sustainable fisheries,

species diversity, and ecosystem services.
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1. INTRODUCTION

Coral reef fish communities are structured by a
variety of historical, environmental, ecological, and
human influences (Mellin et al. 2014, Pellissier et al.
2014, MacNeil et al. 2015, 2016). The roles that these
forces play in influencing community composition, bio-
mass, diversity, and ecological function are increas-
ingly being understood on large regional and global
scales (Parravicini et al. 2013, McClanahan 2015,
Williams & Graham 2019). Biomass and diversity of
fishes are among the key metrics that influence the
maintenance of reef structure, processes, and fish-
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eries production (Thibaut & Connolly 2013, Pratchett
et al. 2014, Lefcheck et al. 2019). Therefore, studies
that evaluate these metrics are expected to provide
insights into the state and management of fisheries
needed to maintain reef ecosystem services (Par-
ravicini et al. 2014, Mouillot et al. 2016). These eval-
uations are most useful if their status can be com-
pared to known baselines, benchmarks, and
thresholds of production and ecological change
(MacNeil et al. 2015, Gorospe et al. 2018).

Prior work has established that reef functions, such
as calcification and fisheries production, are influ-
enced by energetic and consumption processes that
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are driven by reef fish metabolism (McClanahan et
al. 2011, McClanahan 2018a, Bellwood et al. 2019).
Therefore, managing the biomass of fish communi-
ties is a simple way to influence these ecosystem serv-
ices and increase resilience to fishing and climate
disturbances (Graham et al. 2017, Robinson et al.
2019). Many of the most detrimental changes to reef
ecology occur when fish biomass declines below some
fraction of an unfished biomass (McClanahan &
Muthiga 2016a,b). Unfished biomass studies indicate
that biomass is influenced largely by human actions in
the broader seascape (Cinner et al. 2018). Biomasses
in remote and uninhabited seascapes are considerably
higher than estimates from high-compliance closures
in human-dominated seascapes (McClanahan et al.
2019). These have been referred to as baselines and
benchmarks, respectively.

Total fish biomass has been a useful metric for eval-
uating multi-species status, but it is less useful for
evaluating the composition of (and changes in) the
fish community. Thus, while simplifying evaluations,
it also limits understanding of the impacts of fishing
on specific taxa and identifying those most suscepti-
ble to fishing or threatened by extirpation (Buckley et
al. 2019). Changes in taxa along the biomass depletion
continuum is less understood but it may be important
for understanding the management needs of specific
fish resources and changes in reef ecological pro-
cesses. Moreover, if management is to be successful,
it is important to understand the drivers of biomass
(and its depletion) in order to prioritize management
actions that are contextual, feasible, and cost effec-
tive. Assessments of status and services is particularly
useful in regions where people are highly dependent
on natural resources and remote baselines are un-
common, such as in East Africa (Hicks 2011, Mc-
Clanahan et al. 2019).

I examined fish communities along the inhabited
coastline of East Africa where fisheries closure bench-
marks are few and are imbedded in human-domi-
nated seascapes, and therefore the only means to
assess regional status (Wells et al. 2007, McClanahan
et al. 2009, 2015). My goal was to determine (1) if
there are distinct coral reef fish communities at the
family level, (2) communities that are representative
of an unfished benchmark, (3) the main environmen-
tal, habitat, and human drivers of biomass and num-
bers of species, (4) how their distributions are influ-
enced by fisheries management and access, and (9)
the frequency of these communities relative to pro-
posed regional yield, diversity, and conservation
benchmarks or thresholds. From this assessment, I
propose recommendations for management.

2. MATERIALS AND METHODS
2.1. Study sites

I examined coral reef fish communities, biomass,
and diversity in 3 ecoregions (Spalding et al. 2007)
and countries of the East African coastline (EAC; Fig.
1), which lies within the social-political affiliation
known as the Southwest Indian Ocean (SWIO). The
EAC ecoregion extends across latitude 1.74°-
22.04°S and longitude 35.52°-41.53°E, which pro-
vides a natural geographic and environmental latitu-
dinal gradient (McClanahan & Muthiga 2016a). The
ecoregions surveyed were (from north to south) the
Northern Monsoon Coast, East African Coral Coast,
and Delagoa ecoregion (Spalding et al. 2007). Study
sites were located on the windward and leeward
sides of coral reefs in depths ranging from 1.5-20 m
at low tide (the region's tidal range is ~3—4 m). Sites
were all located on calcium carbonate dead coral
bottoms colonized by hard and soft corals and vari-
ous algae, with sand and seagrass being a smaller
portion of the cover (McClanahan & Muthiga 2016b).

2.2. Fish censuses

Between 2005 and 2017, I surveyed fish in 500 m?
belt transect replicates (1-9 site™!) using 2 methods
(McClanahan & Jadot 2017). During the first pass, I
identified individual fish to 24 families and estimated
their sizes, categorizing them into 10 cm size interval
classes. During subsequent passes, I counted and iden-
tified individuals to species level in a smaller group of
pre-selected families (marked with an asterisk in the
following list). Fish families counted included Acan-
thuridae*, Aulostomidae, Balistidae*, Caesionidae,
Carangidae, Chaetodontidae*, Diodontidae*, Fistulari-
dae, Haemulidae, Holocentridae, Labridae*, Lethri-
nidae, Lutjanidae, Muraenidae, Mullidae, Pempheri-
dae, Pinguipedidae, Pomacanthidae*, Pomacentridae*,
Scaridae*, Serranidae, Scorpaenidae, Siganidae, Sphy-
raenidae, and an ‘others' category for individuals not
in these families. The Monacanthidae* were identified
to species level but were placed in the ‘others’ cate-
gory for biomass estimates. This second species rich-
ness method was used where time allowed for sam-
pling, and therefore had a smaller sample size.

A goal of this study involved determining ecological
roles, and therefore Scaridae and Labridae were
treated as unique rather than subfamilies, as scarids
are grazers/detritivores while labrids are carnivores
(Westneat et al. 2005). I estimated the wet weight of
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each family by summing each size class
based on established length—-weight re-
lationships (McClanahan & Kaunda-Arara
1996). I used the sum of all size classes
and families to estimate the total wet

weight and then converted these values
to units of kg ha™!. Fish biomass was esti-
mated for 4 categories: total, fishable, tar-
get, and non-target. Fishable biomass is
the total biomass excluding the Poma-
centridae and all fish <10 cm in body
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size. Target was distinguished from non-
target biomass based on the family and
size preferences of fishers in this region
(described in McClanahan 2018a).
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2.3. Benthic cover and depth

Benthic cover of hard and soft coral
and erect algae were estimated in 15
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ing was used to calculate a weighted
community susceptibility to thermal
stress (McClanahan et al. 2007). I esti-
mated the depth of each site using a ss-
depth gauge and a tape measure in
shallow sites. The final set of benthic
variables included depth, coral commu-
nity susceptibility to thermal stress,
number of coral taxa, hard coral, macro-
algae, and soft coral cover.
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Fig. 1. Study sites along the East African coastline and distribution of the 7 fish

family cluster groups, distributed from lowest (red) to highest biomass (blue)

2.4. Environmental variables

[ accessed sea surface temperature (SST) data from
NOAA's Coral Reef Watch (CRW) database version
3.1 (https://coralreefwatch.noaa.gov/product/5km/;
collected daily at 5 km resolution) and summarized
the mean, minimum, maximum, median and SD.
Light (mol m™2 d™!) and 2 water quality variables,
chlorophyll a (chl a; mg m~%) and the concentration of
total suspended solids (g m™), were obtained from
the COASTCOLOUR project (www.coastcolour.org).
The European Space Agency's GlobColor data were
used rather than MODIS, SeaWIFS, or MERIS
because it uses multiple sensors that average out
errors from individual sensors, thus reducing overall

see Table 1 for description of cluster abbreviations

data variability and uncertainties such as those
caused by bottom reflectance. Water depth and dis-
tance from land were extracted from NOAA's bathy-
metric data using the function 'dist2isobath’ in the R
(v.1.0.2) package ‘'marmap’' (Pante et al. 2018). I used
data from 1985-2017, which included a total of 23
water quality, light, and SST-derived variables. Ther-
mal stress anomalies (TSAs; defined as SST minus
maximum of weekly mean climatological SST) was
extracted from version 5 of the Coral Reef Tempera-
ture Anomaly Database (CoRTAD), which has a 4 km
resolution for the period 1982-2012 (www.nodc.
noaa.gov/SatelliteData/Cortad/) and summarized the
mean, minimum, maximum, median, and SD.



178 Mar Ecol Prog Ser 632: 175-191, 2019

2.5. Human influence proxies

In total, 3 metrics were developed based on human
population density and distance or travel time to the
nearest population or city (Brewer et al. 2013, Maire
et al. 2016). Population data were derived from the
Marine Socio-Environmental Covariates (MSEC) data
set (Yeager et. al. 2017). I used population data within
a 100 km radius of the site for the year 2015, which
was the most recent available estimate. Human influ-
ence was calculated with the following formula:

Human influence =

) ( 1+human count within 100 km radius ) 1)
°\ (1+distance of population to the reef)?

Additionally, 'gravity' as travel time to the nearest
city or human population was calculated using the
above formula but replacing the distance with the 2
travel time variables (Cinner et al. 2018). The travel
time to to a human population sets a maximum dis-
tance at 500 km. The nearest city is assumed to be
the nearest major market for fish.

I derived the management categories from the fish-
ing gears used at the time of the surveys. Management
was broadly defined as (1) fished without gear restric-
tions, (2) fished but where some gears are restricted,
(3) low compliance, and (4) high-compliance closures
or reserves. The fished category included sites that
had no enforced management and allowed fishing;
the restricted category included sites that had imple-
mented some gear restrictions —usually small mesh,
drag nets, and spear-guns; low-compliance closures
were legally gazetted or community agreed-on no-
take zones that were either small (<1 km?) or poorly
enforced; and high-compliance closures included no-
take sites that were regularly enforced, usually by the
government but also with some private or strong com-
munity enforcement (i.e. Chumbe and Vamizi Islands).
I categorized sites based on personal observations, sci-
entific literature, and communications with experi-
enced managers and scientists, not by their national
legal status (McClanahan et al. 2015).

2.6. Data analyses

I collated the multiple sources of data, and evalu-
ated and tested for similarities among sites, relation-
ships between biomass, number of species, benthic
cover, distance to deep water, depth, human influ-
ence, and satellite-based environmental data. Repli-
cation for these analyses differed because of differ-
ences in measurements or available data and, in

some cases, pooling of nearby sites. Of the total of
354 time x site replicates, 353 had all environmental
variables measured in the field. For some environ-
mental analyses, replicates sampled in nearly the
same place over time were pooled; this reduced the
total number of replicates with biomass to 238 and
the total with species to 217 sites.

In order to answer the questions on distinct and
benchmark communities, I analyzed the biomass of
the fish community using similarity and cluster ana-
lysis techniques. I performed a hierarchical cluster
analysis on biomass values of 24 fish families and the
‘others’ group that pooled all other species. Site sim-
ilarities were based on the Bray-Curtis similarity in-
dex and clustered using hierarchical Ward variance
method in the R (v.3.2.3) package ‘vegan'. I ran a simi-
larity profile test (SIMPROF) that employs null hypoth-
esis testing to detect statistically significant structure
in ecological communities (p < 0.05) with the R (v.1.1)
package ‘clustsig’ (https://CRAN.R-project.org/package
=clustsig) (Clarke et al. 2008). I performed the cluster-
ing methods using raw and log.-transformed biomass;
however, raw data are presented in the results.

Statistically significant fish cluster groups were
given names based on 3 levels of species richness (LS:
low; MS: moderate; HS: high), 4 levels of biomass
(vLB: very low; LB: low; MB: moderate; HB: high), and
the 2 most dominant fish families (see Table 1). Signif-
icant cluster groups were compared for differences in
abundance of families and environmental and human
influence variables using Kruskal-Wallis and/or
ANOVA tests based on the normality of the data. The
cluster with the highest biomass was considered the
benchmark community for subsequent comparisons.
Moran's I index was used to test for spatial autocorre-
lation and spatial clustering of biomass, number of
species, and community composition based on the 2
community structure axes. I also used Moran's I to test
if distributions in space differed from random.

Fishable biomass and number of species were
closely aligned with the cluster groups, and therefore
I'addressed the question of relationships between dis-
tributions and environmental and human drivers with
satellite-derived environmental variables. First, I
tested 23 potential variables for collinearity and vari-
ance inflation factors (VIF) and removed variables
with high covariance and similarity. Secondly, vari-
ables were tested for fits to dependent variables (Fig.
S1 in the Supplement at www.int-res.com/articles/
suppl/m632p175_supp.pdf). Finally, from these results,
I choose 14 distinct variables for further analyses with
biomass and number of species. The final satellite-de-
rived variables included median photosynthetically
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active radiation (PAR), mean and median chl a, and
from the SST time-series, mean, minimum, maximum,
median, bimodality, and SD of SST and TSA metrics.
Other variables included depth, distance to land, dis-
tance to 50 m water depth (a measure of amount of shal-
low or deep water near the reef), management, satellite-
derived environmental variables, gravity to nearest
market and population, and human influence. I also
evaluated these variables by the same procedure and
reduced them to 5. Lastly, I ran variable selection pro-
cesses twice, both with and without covarying vari-
ables, but found no differences; therefore, I present the
original variables that passed the covariance analysis.

I observed correlation matrices, and scatterplots of
fish biomass—environmental data relationships were
either linear or had non-significant relationships
(Fig. S1). Relationships between environmental and
number of species data were less clear and poten-
tially unimodal (Clauson-Kaas et al. 2017). Conse-
quently, I tested number of species for fits to both lin-
ear and second-order polynomial relationships but
found (with a few exceptions) that linear fits were
similar and all explained low (<12.0%) amounts of
variation (Table S1). The 3 exceptions I found were
that polynomials fit number of species, distance to
50 m depth, and mean and median SST better than
linear fits (r* = 0.10-0.15, p < 0.0001). However, the
differences were small and unlikely to have large
effects on linear model fits. Therefore, I examined a
final set of 19 variables for relationships with biomass
and number of species.

Subsequent analyses included multiple and step-
wise linear regression analyses to evaluate overall
fits to linear models, followed by boosted regression
tree (BRT) analysis to evaluate explained deviance
with non-linear and categorical variables, using the
R package ‘dismo’ (https://CRAN.R-project.org/web/
packages/dismo/vignettes/brt). I considered BRT
methods the best option for accounting for covari-
ance, non-linearities, and interactions, and so the
main analyses presented are the partial plots of envi-
ronmental relationships (Elith et al. 2008). I excluded
number of fish species when evaluating biomass to
focus on the environmental influences independent
of species richness. Nevertheless, I retained biomass
when evaluating number of species, as it was the pri-
mary driver (McClanahan 2015).

Multivariate ordination of the sites and site de-
scriptor variables were done in the R (v.2.4.2) package
‘'vegan’, using canonical correspondence analysis
(CCA) to evaluate the influence of environmental
variables and habitat on fish family biomass. I in-
cluded variables that were statistically significant

based on forward stepwise regression procedures as
vectors in the CCA. I excluded rare fish taxa contribut-
ing <1 % of the biomass (Aulostomidae, Diodontidae,
Fistularidae, Muraenidae, Pempheridae, Penguipe-
didae, Scorpaenidae, Caesionidae, Lethrinidae and
Sphyraenidae) to reduce their influence on the ex-
plained variance (Legendre & Legendre 1998). I pres-
ent 2 CCA analyses: one that evaluated the site's fish
composition with respect to benthic cover and depth
and the second with environmental variables, distance
to shore and 50 m depth, gravity to nearest market
and population, and latitude. I produced scatterplots
of the environmental and human influence variables
versus latitude, biomass, and number of species.

The frequency of sites relative to the total number of
sites was calculated as the percentage of sites below
the yield, diversity, and conservation thresholds. I
classified sites by the 4 fisheries management and 7
significant community structure categories using cri-
teria established in previous regional evaluations. For
example, a compilation of many field studies indicated
that reef communities undergo more ecological change
when biomass is <1150 kg ha™! (2 SD above the mean
threshold) (McClanahan et al. 2011). Thus, this value
was established as an ecological ‘conservation
threshold'. Biomass recovery and yield studies have
established a sustainable yield level of ~6 t km=2 yr?,
estimated to occur between 450 and 600 kg ha™! (Mc-
Clanahan 2018b). Thus, this 450 kg ha™! minimum
provided an estimate of reefs above or within sustain-
able yield levels. Finally, above a mean biomass of
~600 kg ha™! the number of fish species does not in-
crease, thus establishing a diversity categorization for
sites above and below this threshold (McClanahan
2015). This diversity threshold is similar to a ~650 kg
ha™! value previously established for maintaining reef
fish trophic structure (Graham et al. 2017). Finally, I
used the highest biomass cluster as a benchmark to
visualize changes in fishable biomass of the other 6
clusters at the family level.

3. RESULTS
3.1. Fish community attributes

SIMPROF identified 7 significantly different clus-
ters (Tables 1 & S2). These family-based clusters
closely aligned with mean biomass and number of
species (Fig. 2a,b). I named the clusters using combi-
nations of 3 statistically significant categories for bio-
mass and 4 categories for number of species. Conse-
quently, community similarity clusters were arranged
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Fig. 2. Relationships between the 7 fish family cluster groups

and their (a) biomass, (b) number of species in 9 common

families per 500 m?, and (c) depth. Black asterisks: mean val-

ues for each category; thick bars: medians; boxes: interquar-

tile range (IQR); whiskers: min./max. values <1.5. x IQR; col-

ored circles: outliers. Whiskers in (c): SE. See Table 1 for
description of cluster abbreviations

Table 1. Definitions, criteria, and abbreviations of cluster
categories identified in coral reef fish communities along the
African coastline. Mean + SE of dominant fish families pre-
sented for each cluster group. Detailed descriptions of evalu-
ated metrics for each cluster are summarized in Table 2. Clus-
ter abbreviations: LS: low species (<39 per 500 m?); MS:
moderate species (39-41 per 500 m?; HS: high species (>41
per 500 m?); vLB: very low biomass (<170 kg ha™!); LB: low
biomass (170-300 kg ha!); MB: moderate biomass (300-
700 kg ha™!); HB: high biomass (>700 kg ha™!). The last col-
umn represents the biomass of the top 14 dominant fish taxa
in each cluster

Cluster Cluster name  No. of sites Biomass of
no. abbreviation cluster™! fish families
1 LSvLB_Labridae 21 94.29 + 7.73
_Acanthuridae
2 MSLB_Labridae 20 203.03 £ 15.33
_Others
3 HSLB_Acanthuridae 23 328.97 + 15.62
_Labridae
4 MSLB_Acanthuridae 53 319.99 + 17.03
_Labridae
5 HSMB_Labridae 48 519.58 + 31.00
_Acanthuridae
6 HSMB_Acanthuridae 36 650.36 + 19.63
_Scaridae
7 HSHB_Acanthuridae 37 1372.90 + 90.45
_Lutjanidae

and numbered from 1-7 from lowest to highest bio-
mass. Only 4 families and the 'others’ group were
among the dominant and subdominant families that
typified the communities (Table 2). In the first 4 low-
biomass clusters, composed of 117 unique sites with
biomass <500 kg ha™!, were the Acanthuridae, Labri-
dae, and ‘others’. The 3 high-biomass clusters, com-
posed of 121 sites with biomass >500 kg ha™!, were
also dominated by the Acanthuridae, Labridae, Sca-
ridae, and Lutjanidae. The first 3 low-biomass clus-
ters were largely found in depths <6 m, while the 4
high-biomass clusters were found in depths >6 m
(Fig. 2c). Biomass generally increased exponentially
along this cluster-ranking gradient while number of
species increased asymptotically. A scatterplot of the
biomass—species relationship and test for best-fit
equations found the asymptotic had better fit than
the logistic, Ricker, and linear equation options
(Fig. 3). This equation indicates a leveling of 51.7 +
1.1 (+SE) species at a biomass of ~600 kg ha™'.

3.2. Distribution of biomass and communities

There was some non-random spatial distribution of
biomass and number of species, but aggregations
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Table 2. Mean (+SE) fishable biomass abundance and diversity (Simpson's D) of the studied fish families in the 7 cluster groups and the
average for all clusters. Table ordered by most to least biomass abundance. See Table 1 for cluster abbreviation and names

Biomass (kg ha1)

Fig. 3. Relationships between fishable biomass and number
of species in 9 families per 500 m? in the 238 unique study
sites. The 7 statistically significant fish communities are dis-
tinguished by color and organized from lowest to highest
biomass. Details of the fish community cluster groups are
described in Table 1. The asymptotic equation had the best
fit by Akaike's information criteria (AIC). The larger dots at
the top are data points outside the x-axis range

Family Cluster no. Average
1 2 3 4 5 6 7
Acanthuridae 19.29+£3.0 23.96+3.43 53.61+546 103.48+5.10 71.13+729 263.17 + 12.81 320.22 + 26.17 135.88 £8.55
Labridae 31.23+29 33.9+4.15 52.056+347 74.46+4.9 87.72+6.27 67.45+5.08 103.66 +13.27 71.22+3.15
Scaridae 6.03+£1.52 6.93+1.37 2297+500 27.05+273 6647 +7.19 69.6 £ 7.28 189.49 +31.64 62.75+6.50
Lutjanidae 202+070 8.72+331 340+1.18 10.23+233 28.06+5.11 36.56+8.34 200.95+3522 45.95+7.18
Others 7.29+132 2779+4.70 29.94+8.87 16.82+537 2243+4.20 3470+555 8546+17.33 32.68+3.63
Haemulidae 071 +£040 1997+5.14 225+1.14 11.09+3.38 41.1+10.73 10.32+3.98 83.21 £17.02 2721+ 3.97
Holocentridae 0.77+033 7.68+280 4.69+099 13.17+285 38.65+713 34.42+10.71 59.26+8.01 26.31 + 2.86
Serranidae 0.15+0.07 3.78+1.72 8.06+4.47 8.93+1.70 14.58+3.17 19.17+3.34 76.82 + 12.21 20.88 + 2.66
Balistidae 0.35+0.15 099+0.55 4.89+2.04 593+1.11 1764571 21.17+4.08 7548 +26.46 20.40 +4.57
Chaetodontidae 4.55+0.83 17.57 +2.05 17.46+2.57 13.06+1.17 18.83+249 28.15+4.47 22.72+234 18.06 = 1.08
Pomacanthidae 1.01+£035 6.83+346 12.18+2.16 730092 14.09+246 14.97=+241 3249 +5.19 13.62 + 1.23
Siganidae 275+084 274+129 238+1.43 3.22+1.01 1043 +5.8 4.02+1.14 53.02+24.2 12.37 +4.08
Mullidae 1.48+0.24 547+260 3.95+1.00 8.46 +1.43 11.93 +1.77 12.8 +2.33 32.94 + 18.57 12.32 £ 2.99
Carangidae 0.00+0.00 0.30+0.30 0.18+0.18 0.05 +0.05 4.36 + 2.57 7.45+2.90 30.67 + 14.88 6.83 +£2.48
Pempheridae 1.45+0.83 1.24+072 1.78+1.40 1.87+0.89 12.95+6.97 0.72 £ 0.51 447 £1.25 4.23 +£1.46
Aulostomidae 036022 254+098 3.89+1.32 1.65 +0.42 421+1.18 5.66 + 1.63 501 +1.41 3.47 £0.45
Caesionidae 0.00+0.00 0.80+0.79 0.06 +0.06 2.25 +1.07 8.21 + 7.57 1.36 + 1.00 291 +1.36 2.89 £ 1.57
Lethrinidae 062+0.18 1.12+0.68 1.66+0.63 0.52+0.14 3.24 £ 0.77 1.64 + 0.67 540+ 1.54 2.17 +0.33
Diodontidae 0.91+0.45 0.60+0.60 0.85+0.60 3.07 £ 1.65 0.95 £ 0.56 1.47 + 0.93 4.26 +2.01 1.97 + 0.52
Muraenidae 0.62+030 033+033 0.26+0.16 0.25+0.11 1.03 +0.52 1.19 + 0.50 0.83 £ 0.39 0.68 £0.15
Scorpaenidae 0.39+0.19 0.30+0.23 0.65+0.51 0.14 £ 0.05 0.86 +£0.48 0.11 £ 0.06 1.73+1.13 0.61 +£0.21
Fistularidae 0.03+0.02 047+030 0.54+0.37 0.20 £0.12 0.19+0.13 0.00 £ 0.00 2.41+1.23 0.55+0.20
Penguipedidae 0.15+0.07 0.18+0.08 0.51+0.17 0.46 £0.14 0.67 + 0.25 0.48 + 0.25 0.63 +0.23 0.49 +0.08
Sphyraenidae 0.24 £0.24 0.07+0.07 0.03+0.02 0.43 +£0.30 0.10 £ 0.07 0.00 £ 0.00 1.26 + 0.69 0.34 £0.13
Simpson's D 0.78 0.88 0.85 0.82 0.90 0.79 0.88 0.88
60 P were generally weak (Moran's I = 0.10-0.34) (Table 3).
. . (2609.47) (3288.13), The family clusters were generally broadly distrib-
. . . uted throughout the region with some geographic
) ce LT patterns associated with human influence and fish-
50 v 1—:_’_’_‘_‘_‘:::: ________ eries management (Fig. 1, Table 4). Six of the fish
o . ';,'/f/ T . RN . communities were mostly found in all management
= e ',,;’// k . . < T systems while Cluster 7 communities were found
§ 20 o2 //,‘ . more frequently in high-compliance closures. There-
e ;//" o Clusters . fore, Cluster 7 was considered the benchmark com-
e . " . . . . . . .
3 b e « LSVLB_Labridae_Acanthuridac munity to represent low fishing impacts, albeit within
% .: ; - * MSLB_Labridae_Others h . fl d
= I HSLB_Acanthuridae_Labridae uman-intiuenced seascapes.
.‘é’ 30 ,7{ MSLB_Acanthuridac_Labridac The lowest biomass clusters, such as Cluster 1,
,f}' o | HSMB Labridac_Acanthuridac occurred in most Kenyan fringing reef sites and also
* HSMB_Acanthuridae—Scaridae ey .
,5'_- . HSHB:Acan:hu,@ae Lutanidae near towns and cities along the Tanzania and Mo-
1 .
0 1o Trendlines AC P » zambique coasts, . such. as Mtwapa, Tanga, Mtwara,
‘e — Asymptote 149562 0.49  <0.0001 Ibo, and Pemba city (Fig. 1). Moderate biomass clus-
e e 04 oo ters were more broadly distributed and often associ-
0 500 1000 1500 2000 ated with management restrictions or rural areas.

Specifically, high biomass was found in high-compli-
ance fisheries closures in Malindi, Watamu, and
Mombasa Marine National Parks (MNPs). There
were moderate to high biomass clusters in some
sparsely populated rural areas of southern Tanzania
and Mozambique, including Kilwa, Vamizi, Ibo, and
Vilankulos, and north of Lamu in Kenya. There was
higher biomass in gear-restricted fishing than low-
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Table 3. Results of Moran's I calculations on fishable biomass

and number of fish species testing for spatial autocorrelations

that differ from random. Results presented for both site x time

and site-pooled data replication. CCA: canonical correspon-
dence analysis

Metric Observed SD Expected P

Raw transects, n = 354 (biomass), 312 (species)
Fishable biomass (kg ha™!) 0.24 0.04 -0.004 <0.0001
No. of species per 500 m?> 0.32 0.04 -0.004 <0.0001

Pooling transects to sites, n = 238 (biomass), 217 (species)
Fishable biomass (kg ha™') 0.27 0.04 -0.004 <0.0001
No. of species per 500 m? 0.34 0.04 -0.004 <0.0001

Community structure 0.20 0.04 -0.004 <0.0001
(CCA axis 1)

Community structure 0.10 0.04 -0.004 0.005
(CCA axis 2)

compliance closures. Biomass in exposed sites was
higher than in sheltered sites, but the exposed—shel-
tered classification did not significantly influence the
frequencies of the 7 clusters' distributions.

3.3. Latitudinal distribution of
environmental factors

The latitudinal distribution of environmental fac-
tors and fish clusters indicated considerable spread
and weak environmental associations with specific
cluster groups but more moderate fits to the CCA
community axes (Fig. 4). Some variables, such as
human gravity, human influence, distance to shore
and 50 m depth (extent of shallow water), and chl a
were scattered and lacked clear latitudinal patterns.
Other variables, such as mean and median SST and
thermal anomaly metrics were unimodal and had
peak values ~ 5°S. Finally, there were some linear
patterns such as light, maximum and minimum SSTs,
and TSAs that declined with latitude. In contrast, SST
variation and minimum, thermal stress variation and
minimum, and bimodality increased with latitude.

3.4. Relationships between fish communities and
environmental variables

3.4.1. Fish biomass

The overall fit of all environmental variables to bio-
mass was moderate to high for the multiple (R? =
0.60) and step-wise linear procedures (r = 0.56). BRT
evaluations selected 8 variables that explained 47 %
of the variance. Positive associations with biomass (in

Table 4. Summaries of mean (+SE) biomass (kg ha™!) categories for the 4 management and 2 exposure categories. Bottom section shows the number of sites (%) found

for each cluster. Kruskal-Wallis (KW) tests of significance presented. See Table 1 for cluster abbreviation and names; ns: not significant

No-take low Restricted Unrestricted KW test of Exposed Sheltered KW test of
significance significance

compliance

No-take high

Category

fishing

fishing

compliance

15.72; <0.0001
20.50; <0.0001

40.02; <0.0001 670.64 +47.19  479.45 + 39.63

40.20; <0.0001
40.41; <0.0001

30.20; <0.0001
118.23; <0.0001

417.84 + 37.65
356.43 + 34.93

419.81 +37.05 567.78 £ 72.9

361.07 + 34.77

864.56 + 63.27

Total biomass

408.58 + 36.86

616.53 + 46.63

516.19 + 72.36
233.32 + 50.37

790.83 + 61.51

Fishable biomass
Target biomass

12.33; <0.0001
27.34; <0.0001
57.07; <0.0001

291.96 + 33.47 199.4 + 23.56
209.18 + 15.89

145.9 + 20.62
210.53 + 18.87

159.95 + 19.67

424.89 + 45.09

324.57 + 19.37

282.87 +29.41

365.94 + 2576 201.12 + 21.35

Non-target biomass

Cluster No.

0.00; ns
1.34; ns
0..34; ns
0.44; ns
0.12; ns
0.08; ns
0.001; ns

9 (8%)
12 (5%)
15 (6.3%)
17 (7.1%)
21 (8.8%)
9 (3.8%)
13 (5.5%)
106 (44.54 %)

2 (0.8%)
8 (3.4%)
8 (3.4%)

36 (15.1%)

27 (11.3%)

27 (11.3%)

24 (10.1%)
132 (55.46 %)

5.65; ns
4.12; ns
5.08; ns
0.18; ns
2.89; ns
2.46; ns
9.22; 0.03

7 (2.9%)
10 (4.2%)
8 (3.4%)
17 (7.1%)
15 (6.3 %)
6 (2.5%)
4 (1.7%)

67 (28.15%)

1(0.4%)
8 (3.4%)
21 (8.8%)
9 (3.8%)
13 (5.5 %)
7 (2.9%)

69 (28.99 %)

10 (4.2%)

3(1.3%)
6 (2.5%)
1(0.4%)
10 (4.2%)
11 (4.6 %)
4 (1.7%)
1(0.4%)

36 (15.13 %)

1(0.4%)
3 (1.3%)
6 (2.5%)
5(2.1%)
13 (5.5%)
13 (5.5%)

25 (10.5%)

66 (27.73%)

1
2
3
4
5
6
7

238

238

Totals
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Fig. 4. Relationship between the studied environmental variables, 7 fish communities, and latitude along the East African

coast. see Table 1 for description of cluster abbreviations. Gravity is the human population divided by the travel time to either the

nearest human population or city market. PAR: photosynthetically active radiation; SST: sea surface temperature; TSA: thermal
stress anomaly

order of importance) were the site's distance to a
depth of 50 m, depth, soft coral cover, the standard
deviation of the TSA, and SST bimodality (Figs. 5 &
S2). Negative associations were human influence
and mean SST. The 4 management categories ex-
plained a small amount of the variance (8.6 %). Most
of the variance was attributable to high-compliance
closure, which was the most different in having high
biomass. Some patterns, such as depth and human

influence, generally affected the relationships along
the continuum of the variable. Others, such as dis-
tance to 50 m depth and soft coral cover, suggest win-
dow-specific response. For example, biomass in-
creased abruptly and greatly when the site's distance
to 50 m depth was >10 km. In contrast, soft coral
cover appeared to have its greatest influence at low
cover of around 10% and SST bimodality at inter-
mediate levels.
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Deviance 0.41 (0.06); Correlation 0.67 (0.06)
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Fig. 5. Partial dependence plots with the 8 selected environmental variables and fish biomass based on boosted regression tree
analysis. This model explains 47 % of the total variance. See Fig. S2 for scatterplot relationships. RI: relative influence;
TSA: thermal stress anomaly; SST: sea surface temperature

3.4.2. Number of fish species

Number of fish species also had moderate to high
predictive ability for multiple (r? = 0.62) and stepwise
linear regressions (r? = 0.50). However, residuals
from the biomass fit had lower explained variance for
multiple (r? = 0.19) and step-wise procedures (r? =
0.07). Testing for unimodal versus linear relation-
ships also found low fits to both models with occa-
sional small improvements for unimodal versus linear
models (Figs. 6 & S3). The improved unimodal fits
were with the SST metrics and indicated maximum
richness at ~25.9°C and with TSAs and its variation.
BRT evaluations selected 8 variables that explained
60 % of the variance and found biomass was positive
and the strongest variable, explaining 61% of the
model's variance (Figs. 7 & S3). The factors human

influence, mean SST, distance to 50 m depth, TSA
minimum, bimodality coefficient, PAR, and TSA
standard deviation each explained <8.5% of the
remaining 49 % of the variance. Very few of these
relationships were linear with the exception of a pos-
itive relationship with distance to 50 m depth and a
negative relationship with PAR.

3.4.3. Family associations with environmental
variables

Multivariate CCA axes of the fish family associa-
tions with environmental and habitat-benthic cover
variables indicated moderate relationships (Fig. 7).
Among the environmental variables, a positive rela-
tionship was observed for maximum SST while the

Deviance 46.9 (6.4); Correlation 0.8 (0.03)
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Fig. 6. Partial dependence plots with the 8 selected environmental variables and fish species based on boosted regression tree
analysis. The model explains 60 % of the total variance. See Fig. S3 for scatterplot relationships. RI: relative influence; SST: sea
surface temperature; TSA: thermal stress anomaly; PAR: photosynthetically active radiation
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Fig. 7. Canonical correspondence analysis (CCA) associations (blue vectors) with the dominant families and their relationships
with statistically significant (a) environmental and (b) habitat variables (red vectors). Sites are differentiated by their association
with the 7 cluster groups as in the key; see Table 1 for description of cluster abbreviations

distance to 50 m depth was negatively associated
with the first axis (Fig. 7a). Consequently, Mullidae,
Siganidae, and Lutjanidae were more frequently
associated with reefs close to deep water with warm
but low variation in thermal anomalies. In contrast,
the Balistidae, Chaetodontidae, Haemulidae, Holo-
centridae, and the 'others’ were associated with lower
maximum SST and more extensive shallow water.
The second community axis indicated a positive as-

sociation between variation in TSA and the biomass
of Serranidae and Carangidae predators. In contrast,
the Lutjanidae, Holocentridae, Haemulidae, and Mul-
lidae were associated with less variation in TSA.
When evaluating habitat variables, depth, coral com-
munity susceptibility to bleaching, number of coral
taxa, and percentage of macroalgae were significant
(Fig. 7b). Depth and coral community susceptibility
to thermal stress were positively associated with Bal-
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3.5. Management and threshold
status

Cumulative frequency plots suggest
that about 38 % of the sites were below
the biomass required for sustainable
yields, while 54% were below the
maximum diversity/trophic structure,
and 92% below the conservation
threshold (Fig. 8). The distribution of
these sites varied by management
(Table 5). Both unrestricted and re-
stricted fishing sites had variable dis-
tributions with 41 % below and <8%
within the maximum sustainable yield

(MSY) window. Nevertheless, nearly

T

1000

T

1500 2000
Total biomass (kg ha™)

T T
0 500 2500

Fig. 8. Cumulative frequencies of fish biomass at 238 sites distributed among
the 7 distinct functional (24 families) communities in relation to proposed fish-
eries yield status (minimum biomass for sustainability), biodiversity, and con-
servation status thresholds (see Section 2.6 and Table 5). Cluster abbre-

viations as in Table 1

istidae, Pomacanthidae, 'others’, Holocentridae, and
Haemulidae. The Acanthuridae, Scaridae, and Mull-
idae were associated with shorter distances to deep
water and bleaching-resistant coral communities.
The Siganiade and Labridae were positively associ-
ated with macroalgae and negatively with number of
coral genera. Carangidae, Scaridae, Acanthuridae
were the families most associated with high numbers
of coral genera.

half the fished sites had biomass
>600 kg ha™!. Restricted fishing sites
were more frequently in the Cluster 7
conservation category than unre-
stricted fishing (6 vs. 1%). High- and
low-compliance closure sites were dis-
tributed similarly, having <12 % of the
sites in the MSY window. Neverthe-
less, they differed for the other categories—low-
compliance closures had ~40% of their reefs at
<450 kg ha™! but 50 % above 600 kg ha™! and no sites
above the conservation threshold, whereas high-
compliance closures had 28 % of their reefs above the
conservation threshold.

The distribution of the 7 communities followed
their biomass—diversity distributions with nearly all
of Clusters 1 and 2 and ~83% of Clusters 3 and 4

T T
3000 3500

Table 5. Distribution of total biomass among the (top) 4 management categories and (bottom) cluster groups in relation to rec-
ommended management thresholds (McClanahan et al. 2016). MSY: maximum sustainable yield; n: sample sizes. See Table 1
for cluster abbreviation and names

Biomass category n Less than MSY MSY (450- High diversity/trophic Conservation
(<450 kgha™) 600 kg ha™!)  structure (>600 kg ha™) (>1150 kg ha™?)

Unrestricted fishing 67 41.1 (44) 8.4 (9) 49.5 (53) 0.9 (1)

Restricted fishing 69 41.0 (41) 6.0 (6) 47.0 (47) 6 (6)

No-take low compliance 36 38.9 (21) 11.1 (6) 50.0 (27) 0.0 (0)

No-take high compliance 66 28.1 (18) 7.8 (5) 35.9 (23) 28.1 (18)

Total % (n) 100 (238) 38.2 (124) 8 (26) 46.2 (150) 7.7 (25)

Cluster groups

1 21 100 (21) 0 (0) 0 (0) 0 (0)

2 20 100 (20) 0 (0) 0 (0) 0 (0)

3 23 82.6 (19) 17.4 (4) 0 (0) 0 (0)

4 53 83 (44) 13.2 (7) 3.8 (2) 0 (0)

5 48 38.8 (19) 18.4 (9) 40.8 (20) 2(1)

6 36 2.8 (1) 16.7 (6) 80.6 (29) 0 (0)

7 37 0 (0) 0 (0) 60.7 (37) 39.3 (24)

Total % (n) 100 (238) 47.1 (124) 9.9 (26) 33.5(88) 9.5 (25)
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Acanthuridae [ ° 4. DISCUSSION
Labridae © °

Scaridae ® » My family-level evaluations indi-
Lutjanidae oc ° cated 7 distinct fish communities that
Others ® ece were likely to represent core aspects
Haemulidae cee of the reef's ecological function. Fam-
Holocentridae @ . ily biomass (which is driven largely by
Serranidae o oo body size) and gross life histories and
Balistidae ¢ = functions should frequently be aligned
Chactodontidae ° in terms of the movement of energy
Pomacénth%dae o and materials (Bellwood et al. 2019,
Sﬁjﬁijzz ° e McClanahan 2019). The communities
Carangidae ) were widely distril?uted aI.ld appeared
Pempheridac . to be weakly associated with exposure
Aulostomidae - and even some management systems —
Caesionidae Cluster abbreviation Cluster number ® all communities being present in most
Lethrinidae ® LSvLB Labridae_Acanthuridae 1 ° exposure and management systems.
Diodontidae ® MSLB_Labridae_Others 2 ° Nevertheless, Cluster 7 was unique and
Muraenidae HSLB_Acanthuridae_Labridae 3 o therefore established as a ‘no-fishing’
Scorpaenidae MSLB_Acanthuridac_Labridae 4 ° benchmark because it's biomass was
Fistularidae HSMB_Labridae_Acanthuridae 5 ° consistently above the proposed MSY
Penguipedidae ® HSMB_Acanthuridae_Scaridae 6 ° and conservation thresholds. Thus, with
Sphyraenidae ° the exception of the Labridae, Clusters
300 250 200 _150 _100 50 0 1-6 represented a sequential deple-

Biomass change (kg ha™)

Fig. 9. Differences in fish biomass among the 24 families in Clusters 1-6 rela-
tive to the benchmark no-fishing Cluster 7. Families ordered from highest
(top) to lowest (bottom) biomass as distributed in Cluster 7; see Table 1 for

description of cluster abbreviations

below the MSY thresholds (Table 5). Cluster 5 had
~70% of sites within or above MSY but ~60%
below maximum diversity. Cluster 6 had ~90% of
the sites above the MSY and 20 % below maximum
diversity. Cluster 7 was unique in having high bio-
mass and all sites above the MSY and maximum
diversity as well as ~40% above the conservation
threshold.

Comparing family-level biomass to the proposed
no-fishing benchmark (Cluster 7) indicated that
only 11 of the 24 families showed depletion from the
benchmark (Fig. 9). Therefore, 13 families showed
no appreciable change in biomass associated with
fishing. Thus, fishing produced the greatest losses
among the high-biomass families of the Acanthuri-
dae, Lutjanidae, and Scaridae and more moderate
losses among the Haemulidae, Serranidae, Balisti-
dae, 'others’, Siganidae, Holocentridae, Carangi-
dae, Mullidae, and Pomacanthidae. Labridae was
a unique family in having high biomass but more
modest depletion. The family-level sequence of de-
pletion follows the overall decline in biomass from
Clusters 6 to 1.

tion of the target fish families propor-
tional to the biomass of the benchmark
families.

The biomass and associated ecolo-
gies along this coast were largely
driven by 4 dominant families, 2 herbi-
vore groups (the Acanthuridae and Scaridae) and 2
carnivores (Labridae and Lutjanidae), that were dis-
tinguished by their biomass and depth associations.
Depth and fishing effort were probably related, and
therefore the Scaridae and Lutjanidae found refuge
via depth, exposure, fishing restrictions, and people's
access to the site. Significant populations of the
large-bodied Scaridae and Lutjanidae families were
critical to reaching the highest biomass levels. Hae-
mulidae, Holocentriade, Serranidae, and Balistidae
were among the other important human-impacted
subdominant predator families. The Labridae ap-
peared most resistant to biomass depletion, possibly
through their fusiform body shapes and increased
ability to escape capture, or due to higher recruit-
ment and productivity (Brandl et al. 2019).

This study aligns with some findings in the adja-
cent Madagascar ecoregion that showed weak spa-
tial structure in fish families over broad scales but a
moderate influence of depth and possibly patchy
influence of people along with benthic production
and composition (McClanahan & Jadot 2017). Mada-
gascar reefs are mostly on the western leeward side
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of the island and exposure was therefore not evalu-
ated. Here, on the eastern and seaward side of the
African continent, I found that sheltered areas had
lower biomass than exposed sites, likely due to dif-
ferences in fishing access created by seasonal expo-
sure to waves and currents during the winter south-
east monsoons. Rough seas impede fishing effort and
allow safe access to exposed sites mostly during the
calm summer or northeast monsoon season (Thoya &
Daw 2019). Similarly, some of the geographic gradi-
ents are likely to reflect the distribution of people and
urban-rural gradients interacting with the extent of
shallow water and management restrictions (Cinner
et al. 2016). Higher spatial structure reported among
fish communities at finer taxonomic levels does not
necessarily conflict with the weaker structure found
in my family-level analysis (Parravicini et al. 2014,
Samoilys et al. 2019).

4.1. Fish biomass and associations

Biomass was the primary driver of the state and
organization of these communities and it was also
moderately associated with a number of environmen-
tal variables. Here, depth, high-compliance closures,
and human influence were associated with biomass,
as would be expected (Tyler et al. 2009, McClanahan
& Graham 2015). Distance to deep water was, how-
ever, the most influential variable. It has seldom been
evaluated — possibly due to a strong non-linear asso-
ciation that is difficult to detect with linear models.
The importance of this factor suggests that extensive
shallow benthos within 10 km of a sites is an impor-
tant contributor to reef fish biomass. Human influ-
ence was slightly less important than this metric and
suggests that large-scale benthic production can be
very important. This finding supports the proposals
that coral reef fish feed on and utilize benthic energy
more broadly than just the carbonate reef (Khan et al.
2017). Shallow water provides more benthic produc-
tion than the pelagic production associated with
deep water adjacent to some reefs (Polovina 1984).
This appeared to have positive responses for some
nocturnal and migrating families of the Haemulidae
and Holoentridae but also more site-attached taxa in
the Pomacanthidae, Chaetodontidae, and Balisidae.
Thus, the mechanisms influencing biomass may in-
clude a mixture of daily migrations to access benthic
production off the reef or perhaps through increased
detritus and detritivores on the reef.

Pelagic production can contribute to fish productiv-
ity and sometimes to the biomass of planktivores and

‘others’ groups (Williams et al. 2015, Morais & Bell-
wood 2019). Nevertheless, here I found no associa-
tion with chl a concentrations and fish biomass. Vari-
ation in chl a along the coastline was small and most
sampled reefs were not associated with oceanic
island-induced upwelling that can influence bio-
mass, particularly among planktivores (Williams et
al. 2015, Gove et al. 2016). This may also be reflected
in the low and patchy biomass of some important reef
planktivores (such as caesionids) in this region
(Table 2). Biomass is, however, not always a good
indicator of productivity, especially when comparing
taxa with large differences in body sizes (Brandl et al.
2019).

Distinguishing pelagic from benthic production and
consumers and possibly island-continental and up-
and down-welling reefs should be important when
evaluating sources of production and fish biomass.
Here, the continental location and dominance of ben-
thic-attached herbivores and carnivores suggest ben-
thic rather than pelagic production influenced pro-
ductivity via, in part, the extent of shallow water.
Given the lack of studies examining the effect of dis-
tance to depth, its relationships to benthic and pelagic
production requires more examination. Bathymetric
slope is a similar proxy that has been used as a ben-
thic/pelagic production proxy in some Pacific Islands.
For example, Yeager et al. (2017) found that biomass-
normalized fish trait diversity was positively associ-
ated with productivity metrics but negatively with
increasing bathymetric slope, supporting the pro-
posal that biomass and trait diversity are associated
with large-scale benthic production that declines as
bathymetric slope and the oceanic influences in-
crease. I also observed a weak increase in number of
species with the extent of shallow water. Therefore,
these converging patterns on trait and species diver-
sity require further investigation.

SST associations were weak and complicated in
terms of the association—causation relationships in
that it influenced some but not all families. Some
infrequently evaluated variables such as the mean
variance of TSA and bimodality had similar influ-
ences on total biomass than mean SST. Mean SST
had a weak and variable effect at the highest ends
of SST. In contrast, TSA variance and bimodality
appeared to have weak unimodal influences. Some
of these impacts may be taxa-specific, as warmer
but less anomalous SST were weakly associated
with higher dominance of Mullidae, Scaridae, Lut-
janidae, and Siganidae and fewer Serranidae, Balis-
tidae, and Labridae. Low variation in TSAs were
found in the warmer water and therefore associated
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with these same warm-water families and commu-
nities, and vice versa. These findings indicate the
complicated nature of the interactions between large-
scale oceanographic changes, interactions with the
nearshore bathymetry, and benthic and fish commu-
nity composition.

Biomass depletion by fishing was most evident
when evaluating the target versus non-target nature
of the biomass. For example, when comparing high-
compliance closures with fished reefs, fishable bio-
mass declined from 790 to 356 kg ha~!, whereas non-
target biomass declined by a smaller margin, from
364 to 210 kg ha~!. This is also apparent when evalu-
ating the biomass distributions of the families and
when comparing global remote unfished seascapes
(~1900 kg ha™!) with old closures in fished seascapes
(~750 kg ha™!) (McClanahan et al. 2019). Benchmark
sites in East Africa aligned well with global closure
biomass estimates but very few (if any) sites had bio-
mass numbers approaching remote uninhabited sea-
scapes. Thus, it is likely that there are very few (or no)
unfished seascapes along the East African coastline.

4.2. Number of species

Number of species was closely associated with bio-
mass and therefore the other selected environmental
variables were weakly associated with this metric.
Consequently, there was a tight linkage between
biomass and richness that challenges efforts to find
causative relationships with environmental variables
(McClanahan 2015). Numbers of taxa showed a weak
peak value at around 25.9°C along this coastline that
was likely driven by biomass and habitat. When
habitat and biomass were statistically eliminated
there was little evidence for environmental or geo-
graphic associations with richness (McClanahan
2015). Moreover, the BRT analysis selected 7 non-
biomass variables that were weakly associated with
local diversity but unclear in terms of causation. For
example, the relationship with distance to 50 m
depth was positive while PAR was negative and yet
both factors should increase productivity. The other
variables were often unimodal or influential within a
specific window of the predictor variable, suggesting
some weak optimizing effects of species richness.
Given the weak relationships and non-independence
from biomass, most local species richness patterns
will require further investigation to better under-
stand causation. I consider taxonomic richness to be
best explained by evolutionary and biogeographical
processes and associated niche partitioning-packing

mechanisms (Barber & Meyer 2015). Thus, protecting
biodiversity and associated services should be best
served by maintaining spatially diverse shallow coral
habitats and biomass rather than focusing manage-
ment efforts on protecting isolated locations with
high local richness (Mellin et al. 2014, Lefcheck et al.
2019).

4.3. Thresholds and status

Reef fish communities were broadly distributed in
East Africa and are currently largely driven by bio-
mass, large-scale production, and fishing access. Pro-
posed management goals based on the suggested
MSY, maximum diversity/trophic ecologies, and con-
servation status thresholds provide insight into the
region's status and management needs. A small pro-
portion (8%) of the studied sites achieved the pro-
posed conservation status and were largely restricted
to the region's <5 % nearshore area in high-compli-
ance closures (Wells et al. 2007). About 54 % of the
studied sites were not achieving maximum diversity
and 38 % were below sustainable yield limit. These
frequencies are optimistic given that my study sites
were not randomly chosen, but rather reflected my
interest in evaluating the outcomes of restrictive
management (McClanahan et al. 2015).

These findings reflect a social-ecological system
below the limits of production, where biodiversity
and associated ecologies are being compromised and
conservation is insufficient to meet common stock
and protected-area recommendations for sustainabil-
ity (Worm et al. 2009, Gaines et al. 2010). A number
of dominant families, such as Scaridae and Lutjanidae,
and subdominant families, such as the Haemulidae,
Holocentriade, Serranidae, and Balistidae were under-
represented in most low-biomass—high fishing effort
sites. Some of the rare species in these families have
been identified as threatened with local extirpation
(Buckley et al. 2019). Some taxa, such as species in
the Balistidae, play important ecological roles that
influence benthic composition and production (Mc-
Clanahan & Muthiga 2016a,b, Graham et al. 2017).
Thus, taxa-specific management would benefit from
a focus on these families and raising their biomass,
productivity, and associated ecological services.

Evaluating regional status requires accounting for
the non-random sampling of this study. Restrictive
management and its feasibility have low coverage
and uneven distributions in the region (Jones et al.
2018). Therefore, actual regional status will differ
from the frequencies reported here, which are biased



190

Mar Ecol Prog Ser 632: 175-191, 2019

towards more frequent sampling in closures and
restricted fishing sites relative to their actual fre-
quency in the region. This spatial bias is confirmed
by a modeling study that used empirical data to
extrapolate and estimate the whole reef system sta-
tus and recovery needs (McClanahan et al. 2016).
This method found that the percentage of total reef
area with biomass above the conservation threshold
was <1 % in Kenya, Tanzania, and Mozambique. Fur-
ther, the model estimated that 71 % of these countries
had biomass <450 kg ha™! and only 6.4 % had levels
>600 kg ha!. Thus, non-random sampling that se-
lects sites with greater management restrictions, that
are deeper, more exposed, or more remote than their
actual frequency will overestimate biomass and sta-
tus. Nevertheless, if stricter management were more
widely implemented, biomass could recover to more
sustainable levels and contribute to reducing the
region's food insecurity.
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