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Abstract: Because herbivory is a critical component of resilient reefs, there is a need to investigate the
dynamics of herbivorous fish assemblages over various spatiotemporal scales. During the period
of 2011-2019, 483 belt transect surveys were conducted across 26 sites around New Providence to
assess the status of parrotfish populations across different reefs. Non-metric multidimensional scaling
revealed two distinct parrotfish assemblages around New Providence temporally, differing between
2019 and earlier surveys, and spatially between fore and patch reef zones. Temporal analysis showed
a significant decrease (59%) in parrotfish densities across reef sites and significant changes in mean
density over time for three species Scarus iseri, Sparisoma aurofrenatum and Sp. atomarium. Changes in
the size frequency distribution of parrotfish—particularly reductions in individuals >31 cm in size
and the complete loss of fish >40 cm across all sites were found. Interactions between reef zone and
size class were significant with the greater frequencies of larger individuals (>21 cm) driving patterns
(positive associations) on forereefs. These patterns also appear to be partly driven by variability in
the abundance and size composition of Sparisoma viride, which is one of the species primarily targeted
by Bahamian fishers, as well as one of the most common parrotfish across reef zones.

Keywords: ecosystem function; density; herbivorous fish; parrotfish; size-frequency distribution;
small-scale fisheries

1. Introduction

Coral reefs are highly productive and diverse ecosystems that provide critical ecosys-
tem services and functions to coastal communities worldwide. Coral reefs provide food
security, generate revenue and protect coastlines, making them the most valuable ecosys-
tem on the planet on a per unit area basis [1,2]. However, globally coral reefs are in crisis
from anthropogenic and natural threats that vary spatially in scale and intensity [3-7]. The
resilience of coral reef ecosystems is dependent on diverse faunal communities, particularly
herbivores [8].

Abundant and biodiverse fish assemblages have been recognized as important for
maintaining trophic dynamics, productivity, benthic community composition and structure
for resilient coral reef ecosystems [9-12]. Herbivorous fish (e.g., parrotfish (Scarini) and
surgeonfish (Acanthuridae)) contribute to multiple biological and physical processes within
coral reef systems. Of particular interest is their ability to regulate macroalgal cover through
grazing [8,12-15], which is beneficial for enhancing recruitment and survivorship of reef-
building corals [16,17]. However, emerging research is beginning to provide a more
comprehensive understanding of the functional roles of herbivorous fish, which is often
species-specific [15,18-20]. Interspecific differences in parrotfish grazing and bioerosion
rates appear to be related to their composition, size structure and habitat use [19,21].
Parrotfish assemblages can be influenced by both fishing [8,22,23] as well as the habitat
type, seascape configuration and local environmental conditions such as depth [24,25].
Thus, major or even subtle declines in any herbivorous fish species may impact ecosystem
function and are of great concern.
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In recent decades, the overexploitation of traditional fish species such as groupers
(Epinephelidae) and snappers (Lutjanidae) has led to increased fishing pressure on non-
traditional reef fish including herbivores [16,17,26-28]. Fishing for commercial, subsistence
or recreational purposes occurs throughout the Bahamian archipelago, but reef associated
fishing is concentrated on the banks [28]. Herbivorous parrotfish are an example of a
non-traditional fishery that has emerged within The Bahamas with up to 30% of fishers
harvesting them on each trip [29]. Previous studies have shown that parrotfish biomass
in The Bahamas was greater within marine protected areas (MPAs) than reefs outside
MPAs [16,17,30]. Although The Bahamas generally has more abundant herbivorous fish
populations compared to other countries in the region, in situ assessments from the last
decade have shown a decrease in parrotfish biomass in some islands (e.g., New Providence)
that may be associated with a growing fishery [28-32]. Fishing pressure for parrotfish is
variable throughout the country and is related to differences in age, fishing method and
island [29]. Callwood [29] reports that fishers from the islands of New Providence, Grand
Bahama and Eleuthera are most likely to target parrotfish via Hawaiian sling or handline
fishing, although a range of gear types are employed across the archipelago. However,
despite the emergence of this fishery and a growing demand by both individuals and
restaurants [29], no management measures currently exist for parrotfish in The Bahamas.

Because herbivory is a critical component of resilient coral reef ecosystems, there is a
need to investigate the dynamics of herbivorous fish assemblages over various spatial scales
and identify the processes that may be driving the observed patterns. This information
is necessary to mitigate biodiversity loss and declines in reef condition and function
through improved management approaches such as fisheries regulations [22,33] and the
design and establishment of effective marine protected areas [33-36]. Here, we used a
long-term data set to examine the fine-scale spatial and temporal patterns of parrotfish
diversity on Bahamian coral reefs. The specific objectives were to (1) quantitatively assess
the population status of parrotfish species over time across different reefs and zones
around New Providence and Rose Island and (2) determine whether changes in parrotfish
composition and abundance have occurred that may be associated with the growing fishery
for herbivorous fish.

2. Materials and Methods
2.1. Study Area

This study was conducted in The Bahamas, an archipelagic island nation situated
between 20° and 28° N latitude and 72° and 80° W longitude, with an exclusive eco-
nomic zone encompassing ~630,000 km?. Surveys were completed around the islands of
New Providence where the country’s capital (Nassau) is located and nearby Rose Island—
hereafter collectively referred to as New Providence (Figure 1). Forereef habitats are large
linear reefs running in parallel to the shoreline along the northern coasts of both islands at
a depth of 5-20 m between the reef crest and sheer drop-off into deeper water. Forereefs
also occur along the shelf edge of the Tongue of the Ocean off the southwest coast of New
Providence, but this section of reef lacks a reef crest. Shallow patch reefs are isolated reef
clusters surrounded by sand and seagrass on the bank south of Rose Island and are scat-
tered across the Great Bahama Bank to the south of New Providence in 3-7 m of water [37].
Coral and macroalgal cover are variable across sites and reef zones, but averages ~15% and
42%, respectively, around New Providence [32].

2.2. Fish Surveys

The Atlantic Gulf Rapid Reef Assessment (AGRRA) protocol (https://www.agrra.
org/; accessed on 3 August 2021) was used to conduct quantitative fish surveys on coral
reefs from 26 sites, representing two reef zones: patch (1 = 9) and forereef (n = 17) (Figure 1;
Table 1). Fish assessments were completed during three survey periods: 2011-2012, 2015-
2016 and 2019. Surveys during the first period were completed in October 2011 (fall) and
May 2012 (spring). During the second survey period, assessments occurred in July 2012
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(summer) and May 2012 (spring). For the final survey period, surveys were completed
in the months of April and June (spring and summer). Three trained surveyors with
expertise in fish identification and size estimation conducted between 4 and 15 belt transects
(30 x 2 m) per site per survey period at depths ranging from 0.5 to 28.0 m to assess species
composition, abundance and size structure (Table 1). Within each belt transect, Scarini (all
parrotfish) were identified to species, counted and their sizes were estimated in 5 cm bins
for individuals <10 cm and 10 cm bins for fish >11 cm. Divers recorded the survey depth
per transect and measured the maximum reef relief at six regularly spaced intervals (every
5m) along each transect. In total, 483 belt transects were conducted across 26 coral reef sites
around New Providence, The Bahamas (Table 1; Figure 1). Repeated surveys by the same
surveyors were undertaken at several sites to assess temporal changes in fish community
structure (Table 1).
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Figure 1. Map of the reef sites (black symbols) surveyed around New Providence and Rose Island
in The Bahamas between 2011 and 2019. The inset map shows the location of the study area—New
Providence (highlighted in the black box) relative to other Bahamian islands. Reef zones are indicated
as follows: patch = black squares and forereef = black crosses.
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Table 1. Summary information for the number of fish transects, depth ranges and mean survey depth
in meters and mean parrotfish density (number (#) of individuals per 100 m?) + standard deviation
(SD) for each site surveyed around New Providence and Rose Island between 2011 and 2019. The
10 sites repeatedly surveyed across all three survey periods are highlighted in bold.

Survey Mean .

Site Name Site Code Reef Zone No. Depth Survey Mear} Del‘lSlt); * Years

Transects Indiv./100 m~) Surveyed
Range (m) Depth (m)

Jonsa Reef NP0010 Patch 14 6.1-7.6 6.9 38.8 (£26.7) 2012; 2019
Tao Reef NP0011 Patch 14 4.6-7.6 5.8 36.5 (£20.0) 2012; 2019
Pumpkin Patch  NP1001 Fore 35 9.9-16.0 12.3 24.6 (£14.3) 201216129016;
BBC NP1002 Fore 12 13.4-13.7 13.6 24.0 (£18.3) 2011; 2019
Clifton Wall NP1003 Fore 22 12.2-15.7 138 22.1 (£12.0) 201216129016;
Nari NP1004 Fore 25 6.1-8.4 7.1 26.3 (£18.9) 201216129016;
Razorback NP1005 Fore 20 12.6-20.4 16.0 15.7 (£11.5) 2012161290 16;
Runway Wall NP1006 Fore 23 9.6-14.4 118 15.1 (£9.0) 201216129016;
Willaurie NP1007 Fore 2 13.2-15.7 14.7 24.1 (£17.1) 201216129016;
Tunnel Wall NP1008 Fore 20 9.6-15.2 12.9 10.9 (£11.5) 2011; 2019
Elkhorn Garden  NP1009 Patch 17 2.9-6.1 5.0 13.4 (£9.2) 2012161290 16;
Traveler’s Wall NP1012 Fore 25 13.6-19.2 169 14.8 (£11.4) 2012; 2019
Schoolhouse 2012; 2016;

Roof NP1013 Patch 23 2.5-4.6 37 32.1 (£19.5) 5019
Trinity Caves NP1020 Fore 10 8.6-13.7 10.2 6.5 (£6.9) 2015; 2019
Piece of Cake NP1021 Fore 9 40-9.8 5.1 17.1 (£19.7) 2015; 2019
East End Reef NP1022 Patch 9 3.0-6.1 45 34.1 (£29.6) 2015; 2019

Sand Chute NP1023 Fore 4 12.2-13.7 12,6 5.4 (£2.1) 2019

Wrei}\‘,a(i? the NP1024 Fore 4 16.8-16.8 16.8 7.9 (£4.2) 2019
Nadia’s Reef RI0007 Patch 14 4.0-6.1 49 25.7 (£22.3) 2012; 2019
Alex’s Reef RI0029 Patch 16 4.0-4.6 43 21.5 (£14.7) 2012; 2019
2011; 2012;
Cannonball Reef ~ RI1001 Patch 38 1.2-6.1 43 26.6 (£25.9) 2015; 2016;

2019
Fan City RI1002 Fore 29 7.9-9.4 8.6 19.6 (+£13.7) 2012161290 16;
o 2011; 2015;
Lindy’s Reef RI1003 Fore 32 3.1-5.3 4.2 37.3 (£19.1) 2016, 2019
Alpha Reef RI1004 Fore 21 48-11.0 7.5 30.2 (£14.2) 2011; 2019
Athol Island RI1005 Patch 16 2.7-37 32 33.8 (£26.7) 2012; 2019
Shelley’s Reef RI1006 Fore 9 44-6.1 53 21.7 (£20.2) 2015; 2019

TOTAL 483

2.3. Data and Statistical Analyses

To assess small-scale patterns of spatial and temporal variability of herbivorous fish
on Bahamian coral reefs, we analyzed fish data for all parrotfish species around New
Providence. Mean density (number of individuals/100 m?) of parrotfish at each site were
computed based on transect data. The parrotfish species examined for comparisons of
density and size structure within New Providence included: Midnight (Scarus coelestinus),
Blue (Scarus coeruleus), Rainbow (Scarus guacamaia), Striped (Scarus iseri), Princess (Scarus
taeniopterus), Queen (Scarus vetula), Redband (Sparisoma aurofrenatum), Redtail (Sparisoma
chrysopterumy), Yellowtail (Sparisoma rubripinne), Stoplight (Sparisoma viride) and Greenblotch
(Sparisoma atomarium) parrotfish. Bahamian fishers have indicated they capture all of
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these species, but primarily target Stoplight (Sp. viride), Blue (Sc. coeruleus) and Rainbow
(Sc. guacamaia) parrotfish [29].

All data and statistical analyses were conducted with RStudio (version 4.0.5), with
statistical significance set to p < 0.05. The vegan package in R [38] was used to visualize spa-
tial and temporal patterns of parrotfish assemblages across reef zones and survey periods
around New Providence through the construction of non-metric multidimensional scaling
(NMDS) plots based on density data. NMDS plots were prepared based on the Bray—Curtis
distance [39]. A stress value ranging from 0 to 1 was obtained from the metaMDS function
to determine whether the ordination accurately described variation, with values <0.20
indicating that ordinations more accurately represent the dissimilarity among points. The
adonis function was used to detect statistical differences between the clusters, followed
by the pairwise.adonis function for post hoc comparisons when appropriate. Statistical
significance was assessed using 9999 permutations of the data. Confidence ellipses were
computed using the ordiellipse function based on the standard deviation of the axis scores
and a confidence level set to 0.95. Ellipses were extracted for plotting using the veganCovEl-
lipse function. Species vectors were fit with the function envfit based on 9999 permutations
and plotted only if they were found to be significant. Finally, NMDS plots were created
with the package ggplot2.

Densities for all parrotfish species were compared across the three survey periods for
patch reef and forereef zones. The ggmap package was used to visualize percent changes in
parrotfish densities around New Providence [40]. Prior to statistical analysis, data were
evaluated for the assumptions of normality and homogeneity of variance using a Shapiro—
Wilk goodness-of-fit test from the rstatix package. At least one sample for each comparison
using density data showed a non-normal distribution, and thus non-parametric tests were
subsequently applied (Table S1). The non-parametric Friedman test from the rstatix package
was used to compare family (i.e., all parrotfish) and species-level mean densities at the
10 sites repeatedly assessed across all survey periods. Pairwise comparisons between survey
periods were directly applied to compare mean densities employing all available data. This
was performed with Wilcoxon signed-rank tests from the rstatix package followed by a
Bonferroni correction for multiple comparisons (Table S1).

Size-frequency distributions at the family- and species-level were compared across
survey periods using a Chi-Square test for homogeneity. The following size-bins were used
for analysis: 0-5 cm, 6-10 cm, 11-20 cm, 21-30 cm and >31 cm. All expected frequencies
were verified to be greater than five. Post hoc testing was performed through pairwise
comparisons of survey periods using the same procedure, followed by a Bonferroni cor-
rection for multiple comparisons. The results were then visualized with corrplots using
the corrplot package [41] to highlight significant standardized residuals with magnitudes
greater than three to account for the number of cells visualized.

3. Results

Between 2011 and 2019, we identified a total of 6819 individual parrotfish from
11 species represented by the genera Scarus (6 species) and Sparisoma (5 species). Of
all species observed, the Striped Parrotfish (Sc. iseri) was the numerically dominant species
followed by Stoplight (Sp. viride) and Redband (Sp. aurofrenatum) Parrotfish (Table S2).
Species composition was similar among most sites, except for a few sites (e.g., NP1003,
NP1004, NP1007, RI11001 and RI1002) that showed changes in species composition over
time (Figure S1). Less common or rare species including Rainbow (Sc. guacamaia) and Blue
(Sc. coeruleus) Parrotfish were only observed at three sites and the Midnight Parrotfish
(Sc. coelestinus) was only observed at one site, namely Trinity Caves (NP1020) (Figure S1).
Stoplight Parrotfish (Sp. viride) was the only species observed at all sites surveyed around
New Providence (Figure S1).



Diversity 2022, 14, 625

6 of 18

3.1. Spatial Patterns of Parrotfish Assemblages

Mean densities of parrotfish exhibited variability among species and across the sur-
veyed sites, with the highest densities observed on reefs located on the eastern side of
New Providence (Table 1; Figures 2 and S1-54). The site with the overall highest density
(38.8 4= 26.7 /100 m?) of parrotfish was Jonsa Reef (Table 1). Conversely, the lowest densities
of parrotfish were observed at Sand Chute (NP1023), Trinity Caves (NP1020) and Wreck
on the Wall (NP1024) with mean densities of 5.4 4= 2.1/100 m?, 6.5 #+ 6.9/100 m? and
7.9 + 4.2/100 m?, respectively (Table 1; Figure 2 and Figures S2-54).
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Figure 2. (a) Mean densities (number of individuals per 100 m?) by site and reef zone averaged
across all survey periods. Patch reef are in black and forereef sites are in grey. (b) The mean densities
(number of individuals per 100 m?) of all parrotfish (Scarini) on coral reefs around New Providence
for each survey period, with error bars showing the standard deviation (£SD) of the data. The red
line denotes the regional mean value (24.3/100 m?) of parrotfish densities (AGRRA 2018). Significant
differences across survey periods are denoted with an asterisk.
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Spatial analysis based on NMDS revealed different parrotfish assemblages between
survey periods around New Providence (adonis, p < 0.001, stress = 0.166; Figure 3). Parrotfish
assemblages during the periods 2011-2012 and 2015-2016 remain unchanged (pairwise
adonis, p > 0.05; Figure 3), while both differed from assemblages in 2019 (pairwise adonis,
p =0.003 and p = 0.003; Figure 3). Aggregating data by site, two assemblages could also
be distinguished between reef zones (adonis, p = 0.002, stress = 0.161; Figure S5). While
there was some overlap of species within reef zones across sites, parrotfish assemblages
within the fore reef zone were more diverse and similar versus those found in patch reefs
(Figure S5). The spatial analysis of parrotfish species composition across each of the three
surveyed periods showed that 2019 was the most distinctive cluster, with differences being
primarily driven by the mean densities of Sp. viride (Figure 3; Figure S1).

stress=0.1662

NMDS2

Survey_Group

@ 2011-2012
® 2015-2016
2019

Zone

¢ Fore
4 Patch

NMDS1

Figure 3. Non-metric multidimensional scaling (NMDS) plots describing the assemblage-level
variation of mean densities of parrotfish species from New Providence by survey period and zone.
Points indicate parrotfish assemblages at individual sites, with species densities averaged for all
transects from each survey group. Sites are labeled by zone and colored by survey group. Ellipses
represent 95% confidence intervals for parrotfish assemblages associated with each survey group
and the stress values indicate a measure of distortion due to the representation of ordinations in two-
dimensional space of the assemblages. Species abbreviations are as follows: SCHR = Sp. Chrysopterum;
SGUA = Sc. Guacamaia; SCEL = Sc. coelestinus; SRUB = Sp. rubripinne; STAE = Sc. taeniopterus;
SVET = Sc. vetula; SAUR = Sp. aurofrenatum; SISE = Sc. iseri; SVIR = Sp. viride; SATO = Sp. Atomarium;
and SCER = Sc. coeruleus.
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3.2. Temporal Patterns

The examination of mean parrotfish densities by survey period for all zones and sites in
New Providence showed a significant decline (Wilcoxon signed-rank test, p-value = 0.008)
by 59% from 29.1 to 15.9/100 m? (Figure 2). Between 20112012 and 2019, mean parrot-
fish densities decreased from 26.6 to 12.4/100 m? across forereefs (Figure 2). Temporal
differences were also found across patch reefs, where parrotfish decreased from 33.3 to
11.4/100 m? (Figure 2). However, while mean densities were generally lower in 2019
for most species (Figures 4 and S2-54; Table S1), statistically significant changes in mean
density were only found for three parrotfish species: Sc. iseri (Wilcoxon signed-rank test,
p=0.001), Sp. aurofrenatum (Wilcoxon signed-rank test, p = 0.002) and Sp. atomarium
(Wilcoxon signed-rank test, p = 0.017) (Table S1; Figures S2-54).
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Figure 4. Mean (£SD) densities (number (#) of individuals per 100 m?) of parrotfish: SISE = Striped,
SAUR = Redband, SVIR = Stoplight, STAE = Princess, SVET = Queen and SATO = Greenblotch,
SRUB = Yellowtail, SCHR = Redtail, SGUA = Rainbow, SCER = Blue and SCEL = Midnight Parrotfish
on reefs around New Providence across the three survey periods. Statistically significant differences
between survey periods are denoted with an asterisk (p < 0.05 =%, p <0.01 =** and p < 0.001 = ***) and
letters (e.g., A for differences between 2011-2012 and 2019 and B for differences between 2015-2016
and 2019).

At the family level, there were significant differences in the mean densities of parrotfish
between 2011-2012 and 2019 at Traveler’s Wall (NP1012—forereef) (Wilcoxon signed-rank
test, p = 0.048) where an increase was observed and Nadia’s Reef (RI007—patch reef) where
a decrease was found (Wilcoxon signed-rank test, p = 0.040; Figure 5). Parrotfish densities
declined at most sites, except for two sites, namely Traveler’s Wall (NP1012—forereef)
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and Schoolhouse Reef (NP1013—patch reef), where increases in density occurred between
2011-2012 and 2019, and a few sites where no significant change in density was detected
(Figures 5 and 52-54).
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Figure 5. Percent changes in mean parrotfish densities (number of individuals per 100 m?2) across
survey sites in New Providence. Circle sizes represent the mean density of parrotfish in 2019. The
colors denote the percent change in parrotfish densities for the given site since the 2011-2012 survey
period. Site codes for patch reefs are italicized and forereef sites appear in normal font.

Species-level analyses showed low densities for parrotfish species targeted by local
fishers with the exception of Sp. viride. In the case of Sp viride, increases were observed
at several sites (Figures 4 and 52). Densities were also generally low for key ecologically
important species (e.g., Sp. chrysopterum and Sp. rubripinne) as well as other parrotfish
species (Figures S3 and S4). Sp. aurofrenatum had higher densities in 2019 at site NP1012
along with Sc. iseri (Figures S3 and S4). Similarly, increases in mean density at Alpha Reef
(RIO04—forereef) were noted for Sp. aurofrenatum and Sc. taeniopterus (Figures S3 and S4).
There was also an increase in the mean densities of Sp. rubripinne at Pumpkin Patch
(NP1001), a forereef site located off the southwest of New Providence (Figures 1 and S3).
No parrotfish were observed at Cannonball Reef [RI1001], a patch reef off Rose Island in
2019 (Figures 1 and 5).

3.3. Size Structure

Parrotfish assemblages around New Providence were dominated by individuals with
a total length (TL) of <20 cm (Figures 6 and 7). The interaction between reef zone and
size class was significant (Pearson’s chi-squared test = 13.081, df = 4, p-value = 0.011)
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with greater frequencies of larger individuals (>21 cm TL) driving patterns (positive
associations) on forereef sites (Figures 8 and 9). Parrotfish <10 cm in size accounted for 64%
of all fish recorded and were more prevalent on patch reefs (Figures 8 and 9). The 11-20
and 21-30 cm size classes held 23% and 9% of fish, respectively, and a few fish were >31 cm
in size. A similar pattern in the size frequency distribution of parrotfish was observed at
the site level, with smaller individuals being more abundant than larger individuals and
more prevalent in patch reefs (Figures 6 and 7). While there was some variability in sizes
amonyg sites, the number of parrotfish >31 cm in size generally decreased across all sites
over time. Additionally, no individuals >40 cm were observed in 2019 (Figures 6-9).
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Figure 6. Size frequency distribution showing the total number of all parrotfish in different size
classes across each survey period for New Providence. Sites with dashed lines indicate zeros and
those with completely blank spaces represent sites where no data were collected during that survey

period.

Size frequency distributions for Sp. viride showed similarities in the number of individ-
uals from different size classes between 2011-2012 and 2015-2016 (Figures 7 and 9). During
the last survey period, there was a notable increase in the number of fish in both the 11-20
and 21-30 cm size categories. Approximately 27% of all Sp. viride observed were between
11 and 20 cm TL and less than 1% were >40 cm in size (Figure 9). Differences in the size
structure of Sp. viride were significant across reef zones (Pearson’s chi-squared test = 22.155,
df = 4, p-value = 0.002) with the positive associations of larger individuals occurring in
forereef versus patch reef areas (Figure 9).
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Figure 7. Size frequency distribution showing the total number of Stoplight Parrotfish (Sparisoma
viride) in different size classes across each survey period for New Providence. Sites with dashed lines
indicate zeros and those with completely blank spaces represent sites where no data were collected

during that survey period.
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Figure 8. (a) Size frequency distribution showing the percentage of all parrotfish in different size
classes across each survey period by reef zone and (b) corrplot illustrating the Pearson residuals for
each size class contributing to the global chi-square statistic. The residual cutoff used to indicate
a significant deviance from the expected standardized residuals of the global chi-square test is set
at £2.807. Color indicates the sign and magnitude of the residuals as follows: blue is significantly
positive, red is significantly negative and white is non-significant.
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Figure 9. (a) Size frequency distribution showing the percentage of Stoplight Parrotfish (Sparisoma
viride) in different size classes across each survey period by reef zone and (b) corrplot illustrating
the Pearson residuals for each size class contributing to the global Chi-square statistic. The residual
cutoff used to indicate a significant deviance from the expected standardized residuals of the global
chi-square test is set at +2.807. Color indicates the sign and magnitude of the residuals as follows:
blue is significantly positive, red is significantly negative and white is non-significant.

4. Discussion

We used a data set spanning nine years to examine fine-scale spatial and temporal
patterns of parrotfish distribution and abundance across different reefs and zones. We
further explored whether changes in parrotfish composition and abundance have occurred
that may be associated with the growing fishery for herbivorous fish. Results from in situ
assessments of coral reefs around New Providence revealed interspecific differences in par-
rotfish assemblages. Specifically, these data have shown a 59% decrease in the mean density
of parrotfish overall, with statistically significant declines in density occurring in three
parrotfish species Sc. iseri, Sp. aurofrenatum and Sp. atomarium (Figures 2, 4 and S2-54).
Temporal changes in size frequency distribution—particularly a reduction in individuals
>31 cm in total length and the complete loss of large adults > 40 cm across all sites was
observed (Figures 6 and 7). We also found significant interactions between the size struc-
ture and reef zone for parrotfish overall, including ubiquitous species such as Sp. viride
(Figures 8, 9 and S5). Fine-scale spatial analyses based on NDMS revealed that parrotfish
assemblages within the forereef zone were more diverse and comprised of larger individ-
uals versus those found in patch reefs (Figures 6, 8 and S5). The observed differences in
parrotfish assemblages appear to be influenced by Sp. viride, Sp. aurofrenatum and Sc. iseri
(Figure 3), which is consistent with our findings of significant declines in density (Figure 4;
Table S1).

In this study, temporal differences within parrotfish assemblages were related to
changes in mean densities and size structure. Closer inspection of the species-level data
suggests that the observed changes appear to be partly driven by Sp. viride, one of the
most abundant parrotfish species. Sp. viride has critical ecological functions as a grazer
and bioeroder [12,19], but is also one of the main species targeted by Bahamian fishers [29]
and in regional small-scale fisheries [42]. We found a notable shift in the size structure of
Sp. viride in 2019 with a fewer large-bodied (i.e., >31 cm TL) individuals and the frequency
of fish in the 11-20 and 21-20 size classes notably increased (Figures 7 and 9).
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Biological, environmental and anthropogenic processes have been shown to influence
the demographic patterns and the spatial distribution of marine species [19,25,34]. Pos-
sible explanations for the temporal and spatial patterns observed include differences in
parrotfish larval supply and recruitment [43,44], species interactions including predation
and competition [34,45], variability in habitat complexity [19,25,34,46], ontogenetic habitat
use [24,47,48] and differences in the primary productivity or nutrient availability [49,50].
Other environmental factors such as differences in wave exposure and depth [51,52] often
differ between habitats and reef zones and are also known to shape benthic communities,
which can subsequently influence the fish community structure. Although surveys were
not always conducted during the same months across survey periods, seasonal effects are
unlikely because parrotfish are resident spawners with relatively small home ranges [48,53].
The observed interaction between reef zone and size structure suggests that differences in
habitat complexity across forereefs and patch reefs [30-32] may influence the composition,
abundance and spatial distribution of parrotfish populations around New Providence. This
pattern is consistent with previous studies that found correlations among the habitat type,
structural complexity and parrotfish composition and abundance [19,25,48,54]. Additional
research is required to investigate the specific habitat and environmental differences that
may shape parrotfish assemblages across reef zones over broader spatial scales and explore
whether or not this is related to seasonal variation in abiotic (e.g., rugosity and water
temperature) or biotic factors (e.g., spawning and recruitment).

Anthropogenic stressors including fishing and eutrophication have also been shown
to impact fish biomass both directly and indirectly [17,23,26,34]. Ecological data from
the present study show decreases in density and shifts in the size frequency distribution
of ecologically significant parrotfish species and those targeted by small-scale fishers for
subsistence or commercial use (Figures S3 and S4). Parrotfish were more abundant in the
east when compared to the west (Table 1), even though western reefs are generally more
rugose with higher levels of coral cover [30-32]. Higher parrotfish densities on reefs in the
east relative to reefs in the west is probably associated with differences in fishing, which
has been shown to vary spatially throughout the country [29]. This finding is unlikely to be
an effect of the sample size as there were no drastic differences in the number of surveys
conducted in the east (1 = 231) versus the west (n = 252), and in fact, more surveys occurred
on the western end of the island (Table 1; Figure 1). Increased fishing pressure for parrotfish
is therefore likely to be one of the factors shaping parrotfish assemblages on Bahamian reefs.
Most parrotfish species recorded during surveys are reportedly being caught by commercial
and subsistence or small-scale fishers around New Providence, where consumption by
fishers is estimated to be ~63% and is among the highest in The Bahamas [29]. However,
given the problems with parrotfish species misidentification among fishers, it is possible
that not all species are actually being fished.

For example, subtle differences in markings differentiate Striped Parrotfish (Sc. iseri)
from Princess Parrotfish (Sc. taeniopterus) in their initial and terminal phases. Both species
are common in The Bahamas, yet fishers were unable to identify Sc. iseri and other parrotfish
species [29]. The Greenblotch Parrotfish (Sp. atomarium) has also been reported as a species
caught by fishers in The Bahamas. However, as this cryptic species typically ranges in size
from 9 to 10 cm TL, it is unlikely to be targeted by fishers for consumption and reported
harvesting may be a result of misidentification. Although we found significant changes
in the densities of Sp. atomarium over time across all sites surveyed (Figure 3), this may
be due to natural variability rather than fishing pressure. Conversely, Sc. coeruleus and
Sc. guacamaia, two of the larger and less common [30-32] species of parrotfish found in The
Bahamas, are unlikely to be misidentified because of their distinct colorations.

Significant declines (59% from 29.1 to 15.9/100 m?) in the mean density of parrot-
fish in conjunction with the loss of larger individuals is likely related to the emerging
parrotfish fishery. Evidence to support this assertion is based on both local stakeholder
assessments [29] and the regional assessments of parrotfish populations that show sig-
nificant size-dependent associations with fishing pressure [23,42,54,55]. More detailed
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information on the location of fishing sites, catch rates and sizes of harvested fish around
New Providence in tandem with in situ assessments is needed to disentangle the relative
importance of biotic and abiotic factors in shaping parrotfish assemblages.

Increasingly, evidence suggests that smaller or initial phase parrotfish are unlikely to be
as effective as larger or terminal phase fish in reducing macroalgal abundance [12,15,19,21].
However, only 3% of all parrotfish observed during the three survey periods were large/
terminal-phase adults (>31 cm TL). Moreover, most of the large parrotfish were associ-
ated with forereefs (Figures 6-9), which other studies have shown to serve as potential
refugia from fishing pressure [54,55]. However, because parrotfish undergo ontogenetic
shifts [24,47,48], it is not surprising that the results show larger individuals at forereef
versus shallower reefs given that forereef habitats are generally more rugose or structurally
complex [30-32].

Of the larger-bodied parrotfish species observed on Bahamian reefs, Sp. viride is
one of the most common [30-32] and also one of the species most frequently targeted
by fishers [29]. Redband (Sp. aurofrenatum) and Redtail (Sp. chrysopterum) Parrotfish are
also important larger-bodied species that are frequently observed on both patch reefs
and fore reefs, but Yellowtail Parrotfish (Sp. rubripinne) and other large species are less
common [30-32]. Species-specific roles also exist within parrotfish communities. For ex-
ample, Dell et al. [15] showed that Sp. aurofrenatum can consume ~50 g/day of brown
macroalgae (Dictyota sp.)—one of the more pervasive algal species dominating coral reefs
throughout the region. Therefore, the reduced densities of parrotfish of ecological signif-
icance (e.g., Sp. aurofrenatum) and the harvest of reproductive individuals is concerning.
This finding has important implications for not only the survival of parrotfish populations,
but also their ability to maintain key ecosystem processes on Bahamian coral reefs.

Over the last decade, reefs around New Providence have been negatively impacted
by the overfishing of mesopredators, climate-induced coral bleaching, oil spills, one major
hurricane (i.e., Hurricane Matthew in 2016), and most recently, the introduction and rapid
spread of stony coral tissue loss disease [7,30-32]. Significant reductions in one of the
key herbivorous fish groups in conjunction with these threats may retard the recovery of
already imperiled coral reefs around New Providence. Parrotfish, however, are not the only
herbivores on coral reef habitats and other herbivorous fish (e.g., surgeonfish and chubs)
along with the long-spined sea urchin (Diadema antillarum) notably contribute to regulating
the cover of macroalgae [15,52]. The mass mortality of D. antillarum occurred regionally in
the early 1980s [3] and populations in The Bahamas have not fully recovered to pre die-off
rates [31,32]. As a result, parrotfish have functioned as the dominant macroalgal grazers on
Bahamian coral reefs [11,16,17]. Monitoring data have shown that between 2011 and 2014,
macroalgal coverage on reefs around New Providence ranged from 18 to 38% on average,
but increased to 42% by 2019 [32]. It is likely that the observed spatial and temporal
changes in parrotfish assemblages and particularly the loss of large herbivores has partly
contributed to the increase in macroalgal cover around New Providence. Future research
examining the spatiotemporal population dynamics of parrotfish and the factors that may
be influencing their abundance and distribution is warranted, and such research should
be expanded to include other herbivorous species that hold complementary or unique
ecological roles within coral reef ecosystems. This work could be further enhanced by
exploring correlations between key herbivorous species and benthic community structure
across reef zones.

The protection of parrotfish populations through established fishery regulations in-
cluding gear restrictions, bans, size limits, quotas and seasonal closures have already been
implemented in several Caribbean countries [36,42,56], but do not exist for The Bahamas.
However, the Bahamian Fisheries (Jurisdiction and Conservation) (Amendment) Act was
recently revised [57] and regulations for protecting parrotfish are being considered and
discussed with local stakeholders (K. Sherman personal communication with E. Deleveaux
former Acting Director for the Department of Marine Resources). The Bahamas has histori-
cally had one of the most abundant parrotfish populations in the Caribbean, with 2—4 times
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the biomass observed in other countries [11,17,30,31]. However, our analyses indicate that
mean parrotfish densities for 58% (15/26) of sites around New Providence and for the
island overall (15.9/100 m?; Table 1; Figures 2, 4 and 5) are below mean regional values
(24.3/100 m?; [58]). Low densities around New Providence compared to those reported
from the rest of the country may be due to increased fishing pressure on parrotfish around
New Providence [29]. The existence and potential expansion of the parrotfish fishery in
the absence of established and enforced fisheries regulations has implications for both the
long-term health of parrotfish populations and coral reefs throughout the country.

To prevent further declines in parrotfish abundance and changes to species com-
position, we recommend implementing a national ban on commercial and recreational
parrotfish fishing and establishing complete no-take policies within all MPAs. This is con-
sistent with recent fishery management recommendations derived from available regional
biological and socioeconomic data about the status of parrotfish [42]. While little to no
research exists about movement patterns and genetic connectivity of parrotfish in The
Bahamas, previous studies from other countries provide evidence in support of relatively
small home range sizes [47,48] and variable patterns in genetic population structure [59,60].
MPAs therefore represent an important conservation tool for the spatial protection of par-
rotfish and their required habitats both at national and regional levels. However, additional
research should be undertaken to incorporate genetic connectivity and inform sustainable
harvesting practices for subsistence fishing including quotas, species-specific minimum
and maximum size limits as well as restrictions on certain types of fishing gear. Signif-
icant declines in mean parrotfish densities coupled with changes in their size structure
emphasizes the critical importance of research and monitoring and the urgent need for
implementing science-based management strategies. The data presented in this study pro-
vide an important baseline upon which future changes to parrotfish diversity, abundance
and size structure can be monitored and compared to evaluate the efficacy of established
fishery regulations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14080625/s1. 1. Table S1. Summary of statistical results
from the Shapiro-Wilk normality tests and Wilcoxon signed-rank tests for examining the changes
in mean densities over time for each parrotfish species. SISE = Sc. Iseri; SAUR = Sp. Aurofre-
natum; SATO = Sp. Atomarium; SVIR = Sp. Viride; SCER = Sc. Coeruleus; STAE = Sc. Taeniopterus;
SVET = Sc. Vetula; SCHR = Sp. Chrysopterum; SRUB = Sp. Rubripinne; SGUA = Sc. Guacamaia;
and SCEL = Sc. coelestinus. p-values and Bonferroni adjusted p-values are presented and species
that exhibited significant changes in density are highlighted in bold. 2. Table S2. Total abun-
dance of parrotfish species counted during AGRRA surveys around New Providence between 2011
and 2019. 3. Figure S1. Species composition of parrotfish across all sites in New Providence.
4. Figure S2. Mean densities (number of individuals per 100 m?) of the top three parrotfish
species (SCER = Sc. coeruleus; SGUA = Sc. Guacamaia; and SVIR = Sp. viride) targeted by Bahamian
fishers on reefs around New Providence across the three survey periods. 5. Figure S3. Mean
densities (number of individuals per 100 m?2) of key ecologically important parrotfish species:
(SAUR = Sp. Aurofrenatum; SCHR = Sp. chrysopterum; SRUB = Sp. rubripinne) on reefs around New
Providence across the three survey periods. 6. Figure S4. Mean densities (number of individ-
uals per 100 m?) of all remaining parrotfish species: SATO = Sp. Atomarium; SCER = Sc. coeruleus;
SISE = Sc. iseri; STAE = Sc. Taeniopterus; and SVET = Sc. vetula observed at each site during AGRRA
surveys of reefs around New Providence across the three survey periods. 7. Figure S5. Non-metric
multidimensional scaling (NMDS) plots describing assemblage-level variation of mean densities
of parrotfish species from New Providence by site and zone. Points reflect the mean parrotfish
assemblages at individual sites, averaged over all survey groups. Sites are labelled by zone and col-
ored individually. Ellipses represent 95% confidence intervals for parrotfish assemblages associated
with each reef zone. The stress value is a measure of distortion due to the representation of ordina-
tions in two-dimensional space. Parrotfish species codes are as follows: SCHR = Sp. Chrysopterum;
SGUA = Sc. Guacamaia; SCEL = Sc. coelestinus; SRUB = Sp. Rubripinne; STAE = Sc. Taeniopterus; SVET
= Sc. Vetula; SAUR = Sp. Aurofrenatum; SISE = Sc. iseri; SVIR = Sp. viride; SATO = Sp. Atomarium; and
SCER = Sc. coeruleus.
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