
Citation: Bangi, H.G.P.;

Juinio-Meñez, M.A. Feeding and

Reproductive Phenotypic Traits of

the Sea Urchin Tripneustes gratilla in

Seagrass Beds Impacted by

Eutrophication. Diversity 2023, 15,

843. https://doi.org/10.3390/

d15070843

Academic Editors: Renato Mamede

and Bert W. Hoeksema

Received: 5 May 2023

Revised: 1 July 2023

Accepted: 4 July 2023

Published: 11 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diversity

Article

Feeding and Reproductive Phenotypic Traits of the Sea Urchin
Tripneustes gratilla in Seagrass Beds Impacted
by Eutrophication
Helen Grace P. Bangi 1,2,* and Marie Antonette Juinio-Meñez 1

1 The Marine Science Institute, University of the Philippines-Diliman, Quezon City 1101, Philippines;
ajmenez@msi.upd.edu.ph

2 College of Fisheries and Aquatic Sciences, Cagayan State University-Aparri Campus, Maura,
Aparri 3515, northern, Philippines

* Correspondence: hgpbangi@gmail.com or helengracebangi@csu.edu.ph

Abstract: The sea urchin Tripneustes gratilla is a major grazer and is, hence, an excellent key model
organism to study to gain a better understanding of responses to changes in its habitat. We inves-
tigated whether there are significant variations in the feeding and reproductive phenotypic traits
of populations from three seagrass bed sites, with respect to their proximity to fish farms in Boli-
nao, northwestern Philippines. We established three stations in each of the three sites: the far, the
intermediate, and those near the fish farms, and compared the sea urchins’ phenotypic traits and
determined whether these were related to seagrass productivity and water parameters. Regardless
of the sampling period, adult sea urchins (66.92 ± 0.27 mm test diameter, TD, n = 157) from the
areas intermediate and near to the fish farms had significantly lower indices of Aristotle’s lantern,
gut contents, gut and gonads, and lower gonad quality (high percentage of unusual black gonads),
compared to those from the far stations. Multivariate analysis showed that the smaller feeding
structures and gut, lower consumption rates and lower gonad indices and quality of sea urchins in
the intermediate and near fish farms were positively related to lower shoot density, leaf production
and species diversity, as well as lower water movement in those stations. The larger size of the
Aristotle’s lantern in the far stations was not related to food limitations. More importantly, the
phenotypic variability in the feeding structures and gonads of sea urchins in the same seagrass bed
provides new evidence regarding the sensitivity of this species to environmental factors that may
affect variability in food quality.

Keywords: Aristotle’s lantern; gut; gut contents; gonad; aquaculture; organic pollution

1. Introduction

Aquaculture has been expanding globally, accounting for nearly half of the global
fish and seafood supply [1]. One of the main concerns with this expansion is the release
of nutrients and organic matter into the environment as waste feeds or metabolic end-
products [2,3]. Hence, these are sources of organic enrichment and eutrophication in coastal
environments. While aquaculture wastes may increase food for wild fauna and primary
production (e.g., [4–6]), they have negative direct effects on ecosystems. For example,
excess nutrients increase the growth of filamentous turf algae and epiphytes, reducing the
growth of important foundation species such as kelps, other macroalgae and seagrasses
(e.g., [7,8]).

Seagrass beds are widely recognized as habitats for many epifauna, infauna and
macrobenthic invertebrates, including sea urchins (e.g., [9]). However, they are highly
susceptible to both natural and human influences, and there has been concern about the
global decline in this important ecosystem (e.g., [10–13]). Studies related to seagrasses
and associated herbivores are especially important in the tropical Indo-West Pacific region
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and southeast Asia, where the highest biodiversity in seagrass species is found [14–17].
Many seagrass beds, however, have been damaged. Increased nutrient loading related
to eutrophication has been identified as a main driver of increasing rates of seagrass
decline [16,18–21]. Moreover, fish farm-derived organic wastes has altered the natural
isotopic composition of organic matter sources of primary producers and different trophic
level consumers, thus modifying the natural food webs (e.g., [22,23]).

The sea urchin Tripneustes gratilla is widely distributed in the Indo-West Pacific region,
and is usually found in shallow seagrass beds or reef habitats that have high potential
primary productivity, but are exposed to natural and human-induced disturbances [24]. It is
harvested commercially for its gonads or “roe” (e.g., [25–27]). In the Philippines, T. gratilla
fisheries have been overexploited. For example, in our study site, the fishery collapsed and
recovered after many years due to a restocking effort [26]. T. gratilla has high growth and
respiration rates, as well as high feeding and reproductive capacities [28–30]. As a grazer, T.
gratilla has a key role in the decomposition and recycling of nutrients, enhancing seagrass
productivity [31–35]. It is also considered to be a keystone grazer in the control of the
invasive macroalgae Kappaphycus in Kaneohe Bay, Hawaii [36] and a potential biological
control agent for other invasive algae (e.g., [37–39]). This mechanism and the process of
grazing of epiphytes increase the light and nutrient uptake by seagrasses (e.g., [40]), and
open up more spaces for coral recruitment, survival, and growth, e.g., [41].

The composition and structure of the benthic community of associated epifauna,
infauna and macrofauna have been shown to vary with changes in seagrass habitats, as
influenced by the intensive milkfish (Chanos chanos) aquaculture in Santiago Island, Bolinao,
northwestern Philippines (e.g., [42]). As a major grazer on seagrass beds [32], T. gratilla is
an excellent model organism to be studied to gain insights into adaptations or responses
to potential changes in this ecosystem. We hypothesize that the effect of eutrophication
may also be evident among populations of T. gratilla, in relation to the differences in the
quality of the seagrass habitat and the benthic environment. This could result in variability
in phenotypic traits related to feeding and reproduction. In this study, we investigated
whether there were significant variations in the feeding and reproductive phenotypic traits
between populations of T. gratilla in three areas with different distances from the fish farms
on Santiago Island in Bolinao. Specifically, we determined and compared different sea
urchin parameters directly related to feeding and reproduction, such as the weight ratio
of the Aristotle’s lantern, gut contents, gut and gonads, to total body weight (expressed
as body index), as well as the gonad quality of samples from the different stations in the
three areas. Secondly, we determined whether seagrass productivity parameters (i.e., shoot
density, estimated leaf production and above-ground fresh and dry biomass) and physical
water parameters (i.e., relative water movement, sea surface temperature and mean depth)
were related to the sea urchin parameters.

2. Materials and Methods
2.1. Study Stations and Sampling Design

Santiago Island (16◦23′19.7′′ N, 119◦55′25.7′′ E, Figure 1) in Bolinao is known to have
the widest reef flat system in the northwestern Philippines [43]. The reef flat has an
extensive seagrass bed with approximately 22,500 ha, and is an important source of fish
and macroinvertebrate fishery resources, including the sea urchin T. gratilla. Fish pens
and cages are located in the Guiguiwanen channel between the Bolinao mainland and the
southern part of Santiago Island, and the fish aquaculture has been a major industry in the
region. This, however, has contributed to the degradation in coastal waters, the sediment
environment [44–48], and the seagrass ecosystem (e.g., [49,50]), specifically in the eastern
area of the island, near the fish farms.

The study stations are dominated by Thalassia hemprichii, where adult T. gratilla are
found. The stations are shallow, submerged even at the lowest tide, with depths ranging
from about 0.8 m to 1.5 m. The study stations were established in three areas with respect to
their proximity to the fish farms: the reference or the relatively unimpacted stations on the
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northwestern side being the farthest, named here as FAR, the eastern stations intermediate
to the fish farms, named INT, and the eastern stations nearest the fish farms, referred to as
NEAR. The FAR stations are approximately 13 to 15 km away from the fish farms, while
the NEAR and INT stations are about 1 to 2 km from the fish farms, respectively. Sampling
was conducted to coincide with the prevalence of the northeast (NE), southwest (SW), and
easterly monsoon weather in the area. T. gratilla adult samples were found during the first
sampling period in the NEAR stations; however, none was found during the subsequent
sampling period. Hence, stations from a nearby location, i.e., INT, were then sampled.
Sampling was conducted during the SW period in the FAR and NEAR stations, and during
the NE and easterly periods in the FAR and INT stations.
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Figure 1. Map showing the study stations in Bolinao, northwestern Philippines, indicated by the filled
circles (green: northwestern stations farthest to the fish farms (FAR), sampled during the southwest,
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sampled during SW monsoon period). The location of fish cages and pens are shown within the
Bolinao-Anda coastal waters based on Google Earth image of January 2014, modified from [51] using
Ocean Data View software. Map of the Philippines on the right shows the location of Bolinao.

2.2. Physical Water Parameters

Physical parameters that usually vary in the sampling areas, such as sea surface
temperature (SST), relative water movement and site depth, were monitored during the
study period. Thermologgers (Onset HOBO Water Temp Prodata Logger, Onset Computer
Corporation, MA) were installed in each location to record the SST throughout the duration
of the study. Relative water movement was monitored at each of the FAR, INT and NEAR
stations, with respect to the fish farms using the “diffusion factor (DF) technique” or clod
card method [52]. Three replicate card sets (i.e., 3 cards per set) were deployed over two
24 h periods in each station during the middle of each sampling period.
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2.3. Seagrass Parameters

The average above-ground biomass (fresh and dry weight, g·m−2) of seagrass, and
associated macroalgae, as well as the seagrass shoot density (number of individuals.m−2),
were determined in each station using a standard quadrat method [53,54]. Three replicate
transects (50 m each) were used in each station and sampling period. Seagrass abundance
was quantified by laying a quadrat (50× 50 cm2, divided into 25 squares, 10× 10 cm2 each)
every 5 m (for non-uniform seagrass distribution) or 10 m interval (uniform distribution)
along each transect. Representative samples of seagrasses (from 5 to 10 replicate quadrats
per transect) were collected within the total quadrats assessed per station and brought
to the laboratory for sorting and identification, including for associated macroalgae [55].
Samples were rinsed with fresh water, and epiphytes were gently scraped off prior to
drying the seagrass samples at 60 ◦C to a constant weight. Seagrass leaf production
(g DW·m−2·day−1) for each species per station was estimated and computed using the
plastochrone method [56,57], considering the leaf weight (g), and the plastochrone index
(PI, in days) for each species. Excessive turbidity precluded further replication within the
first station NEAR the fish farms.

2.4. Sea Urchin Parameters
2.4.1. Feeding and Somatic Traits

The ability to obtain food is affected by body size [58], and the total body weight and
components’ weight (e.g., gonads) were found to be directly related to the test diameter
(e.g., [26,59]); hence, adult T. gratilla samples in a similar size range (62 to 70 mm TD) were
used in each station. To ensure that a minimum of 10 females in a similar size range could
be analyzed in each station during each sampling period, around 30–35 adult T. gratilla
(mixed males and females) were collected at a time, within 50 m × 2 m belt transects (using
the same seagrass sampling area), for laboratory analyses. The analysis of gonad quality
(or other phenotypic traits) was limited to females of the indicated size ranges, as females
were more abundant than males. Each individual was measured and blotted dry with a
cloth before being weighed (to the nearest 0.1 g) to obtain the total fresh body weight (BW).
The gut of each individual was removed from the test, and the contents were carefully
removed, set aside and weighed (to the nearest 0.1 g) prior to preservation in buffered 5%
formalin and seawater, for further analysis. To correct for differences in body size, since
the BW of the sea urchins varied between stations (F2, 129 = 6.05, p = 0.003), the amount of
food in the gut was evaluated using the repletion index (RI) or gut content index (GCI),
modified from [60], which excluded the weight of the gut. This was determined using
the following equation: GCI = (FWdt content/BW) × 100, where FWdt content is the fresh
weight of the digestive tract contents in grams, and BW is the total fresh weight of the body
in grams. Each individual sample was further dissected to determine the weight of the
main body components: Aristotle’s lantern (teeth and jaw pyramid), gut or digestive tract,
and the gonad. The Aristotle’s lantern and gut indices (ALI and GI, respectively) were
determined as the ratio of the respective weights and BW of the sea urchin, multiplied by
100. The index, which is the ratio of the actual weight of each body component to the total
BW, is a standard measure of the size of the body component, considering the individual
differences in total BW, even with a uniform test diameter.

2.4.2. Reproductive Traits

The gonadosomatic index (GSI), which is the ratio of gonad fresh weight (FWg) to
total body fresh weight (BW) in grams, multiplied by 100, was calculated as follows:
GSI = (FWg/BW) × 100.

The same gonad samples (from 10 individuals per station and sampling period) that
were used in for GSI determination were used for gonad quality evaluation. The relative
quality (GQlty) of each gonad sample was based on color [61,62]. Fresh samples were
scored by assessing the gonad color using a color table (standard colored cards based on
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Munsell Color System, USA) and a reference guide (Pantone Matching System Color Chart,
Pantone, Inc., Carlstadt, NJ, USA).

2.5. Data Analyses

A multivariate permutational analysis of variance (PERMANOVA, [63]), was used
to test for significant differences in T. gratilla variables in the three areas, with respect
to “proximity to fish farm” or “Pr”. In the analyses, “Pr” was a fixed factor, with three
levels (FAR, INT and NEAR the fish farms). Station (St) was a random factor, nested
in “Pr”, with two to three levels (station 1, 2 and 3). Season (Se) was an orthogonal
factor, with two levels (SW and NE monsoon season and easterly season) per station.
Data were computed using a resemblance matrix based on a Euclidean distance index on
log-transformed data. Similar tests were performed to determine significant differences
in the seagrass parameters (shoot density, leaf production, fresh and dry above-ground
biomass), and physical water parameters with respect to the main factor, Pr. All p-values
were obtained using 4999 random permutations of residuals under a reduced model or
through Monte Carlo (MC), where appropriate. Posteriori pair-wise tests were conducted
using PERMANOVA.

Multidimensional scaling or MDS [64,65] was used to visualize potential patterns in
the response variables. A canonical analysis of principal coordinates, or CAP [66] was
used to determine the distinctiveness of separation of variables in a multivariate space,
with respect to the three sampling areas. To compute the correlational structure of the
multiple sea urchin and seagrass variables, and their relationships with the physical water
variables, vectors were overlaid, representing the Pearson’s correlation of each variable
with the ordination axes (principal coordinates analysis or PCO, and CAP coordinates).
Data were computed on a resemblance matrix based on an Euclidean distance index on
log- or square-root-transformed data. All p-values were obtained using 4999 random
permutations of residuals under a reduced model [63,67]. The physical water variables
were analyzed using principal component analysis (PCA) prior to PCO and CAP analyses.
The significant correlational structure of the sea urchin variables and their relationships
with the physical water and seagrass variables were further examined using a distance-
based linear model, distLM [68]. Calculations were based on normalized Euclidean distance
in log-transformed data.

All of the analyses were performed using the software Primer 6 [69] (Plymouth Ma-
rine Laboratory, Plymouth, UK) with the add-on package PERMANOVA (developed by
Anderson, M.J.).

3. Results
3.1. Physical Water Parameters

Overall, the mean sea surface temperature (SST), mean diffusion rate (DR) or relative
water movement and the mean water depth varied significantly between the FAR, INT and
NEAR stations, during each sampling period.

Notably, the highest mean SST (36.2 ◦C) was recorded in the stations NEAR the fish
farms, during the SW sampling period. The overall mean SST was 31.9 ± 0.1 ◦C in the
stations INT to the fish farms and 29.43 ± 0.1 ◦C in the stations FAR from the fish farms,
during two sampling periods: NE and easterly season.

On the other hand, the highest mean water movement (DR) was recorded in the
FAR stations (24.46 ± 0.38 g·d−1, during the NE sampling period), versus 11.18 ± 0.18 to
15.46 ± 0.32 g·d−1 only in the INT stations during the same period. The lowest mean value,
however, was recorded in the INT stations (5.58 ± 0.15 g·d−1) during the easterly sampling
period. Slower water movement was recorded in the NEAR stations (7.25 ± 0.72 g·d−1)
compared to the FAR stations (13.11 ± 0.31 g·d−1) during the SW sampling period.

The overall mean depth was 0.93 ± 0.02 m in the FAR stations, 0.92 ± 0.01 m in the
INT stations and 0.79 ± 0.01 m in the NEAR stations.
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Similar to the seagrass and sea urchin parameters, the physical water parameters were
integrated in the multivariate analysis to look at their relationships, based on the objectives
of the study.

3.2. Seagrass Parameters

The seagrass above-ground biomass, shoot density and leaf production are shown
in Figure 2. The mean above-ground biomass was significantly (t(35) = 5.295, p = 0.004,
p(perm)) higher by 25 to 33% in the INT stations compared to the mean values in the FAR
stations, during the same NE and easterly sampling period. However, the biomass in the
NEAR stations was not significantly different (t(35) = 1.036, p = 0.3558, p(perm)) from that
in the FAR stations during the SW sampling period.
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biomass of seagrass resources measured in each station. Asterisks indicate statistical significance
of samples between the stations, within each corresponding sampling period (* p < 0.05, ** p < 0.01,
*** p < 0.001), obtained using 4999 permutations or through Monte Carlo (MC) where appropriate,
based on PERMANOVA. Pair-wise tests were done as a posteriori check for significant effect.

On the other hand, the mean shoot density was significantly (t(35) = 4.063, p = 0.0002,
p(perm)) higher by about 30% in the FAR stations compared to the INT and NEAR stations,
during the SW and easterly sampling period. The mean leaf production was also signifi-
cantly (t(35) = 3.5948, p = 0.0138, p(perm)) higher by about three orders of magnitude in the
FAR stations compared to the NEAR stations during the SW sampling period. The mean
values recorded in the NEAR stations were significantly lower by about 50% and 38% for
shoot density and leaf production, respectively, than the mean values recorded in the FAR
stations during the same SW sampling period. Despite spatial variations in shoot density,
leaf production and biomass, Thalassia hemprichii was the most abundant seagrass in all of
the stations, with relative abundance of up to 95% in the FAR stations and INT stations, and
up to 84% in the NEAR stations (Figure S1). Notably, Syringodium isoetifolium was found
only in the FAR stations.

Taken together, while the above-ground biomass of seagrass was high in all of the
stations, the relative food abundance in terms of shoot densities, estimated leaf production
and number of species was the lowest in the stations NEAR the fish farms.
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3.3. Sea Urchin Parameters
3.3.1. Gut Contents

The mean gut content index (GCI) and gut content weights were significantly lower
(F2, 129 = 11.397, p = 0.0002, p(perm)) in samples from the INT and NEAR stations compared
to those from the FAR stations during the NE and SW sampling periods (Figure 3). Despite
this, there was no single sample observed to have an empty gut or with extremely low gut
content. Preliminary gut content and Ivlev’s electivity analyses (Figure S2a–c) indicated that
S. isoetifolium, which was not found in the INT and NEAR stations, is a preferred species
compared to other species. The gut contents consisted mostly of a mixture of seagrass and
macroalgae in all of the stations. However, among the seagrass species, T. hemprichii formed
the majority of the gut content, which was also the most abundant seagrass species in all
of the stations based on shoot density, leaf production and above-ground biomass. Some
sand, forams and sediments were also found in the gut of the sea urchin samples.
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Figure 3. Overall mean (±SE) gut content percentage (in relation to total body weight) in similarly
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using 4999 permutations or through Monte Carlo (MC), where appropriate, based on PERMANOVA.
Pair-wise tests were done as a posteriori check for significant effect.

3.3.2. Feeding Somatic Traits

Notably, significant differences were found in T. gratilla feeding somatic traits between
the three sampling areas with respect to their proximity to the fish farms, despite the
uniform test diameter size range of the samples used (F2, 129 = 1.521, p = 0.222).

The mean Aristotle’s lantern index of T. gratilla was significantly (t(129) = 4.057,
p = 0.0154, p(perm)) lower in the NEAR stations (8.30 ± 0.46) compared to those from
the FAR stations (14.71 ± 0.72), during the same SW sampling period (Figure 4). The mean
indices of samples in the INT stations (10.05 ± 0.71 and 9.87 ± 0.54) were likewise signif-
icantly lower (t(129) = 2.791, p = 0.0452, p(MC)) compared to those from the FAR stations
(13.68 ± 0.65 and 11.22 ± 0.47) during the same NE and easterly sampling period, respec-
tively. In terms of the gut index, a similar pattern in variations (F2, 129 = 10.333, p = 0.0150,
p(perm), Figure 5) was observed as the Aristotle’s lantern and gonads (F2, 129 = 8.013,
p = 0.0120, p(perm), Figure 6), except during the easterly sampling period.
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Figure 4. Overall mean (±SE) Aristotle’s lantern weight percentage (in relation to total body weight)
in similarly sized adult T. gratilla sampled from each station. Asterisks indicate statistical significance
of samples between stations, within each corresponding sampling period (* p < 0.05, ** p < 0.01),
obtained using 4999 permutations or through Monte Carlo (MC), where appropriate, based on
PERMANOVA. Pair-wise tests were done as a posteriori check for significant effect.
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Figure 5. Overall mean (±SE) gut weight percentage (in relation to total body weight) in simi-
larly sized adult T. gratilla sampled from each station. Asterisks indicate statistical significance
of samples between stations, within each corresponding sampling period (** p < 0.01), obtained
using 4999 permutations or through Monte Carlo (MC), where appropriate, based on PERMANOVA.
Pair-wise tests were done as a posteriori check for significant effect.
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Pair-wise tests were done as a posteriori check for significant effect.

3.3.3. Gonads

The overall mean gonadosomatic index (GSI) of T. gratilla showed similar patterns
of variation (F2, 129 = 8.013, p = 0.0120, p(perm)) with the feeding somatic traits of Aris-
totle’s lantern and gut. The mean GSI of the samples from the NEAR stations was also
significantly lower (10.39 ± 1.15, Figure 6, t(129) = 3.155, p = 0.0432, p(perm)) compared to
those from the FAR stations (14.60 ± 0.64) during the same SW sampling period. Likewise,
a significantly lower (t(129) = 2.635, p = 0.05, p(MC)) mean GCI was recorded in the INT
stations (14.04 ± 1.08 and 14.05 ± 0.96) compared to those sampled from the FAR stations
(20.62 ± 0.92 and 18.91 ± 1.07) during the NE and easterly period, respectively. Similarly,
gonad weight was significantly the lowest (F2, 129 = 6.220, p = 0.0314, p(perm)) in stations
NEAR the fish farms.

Gonad quality (Figure 7) also varied significantly across the three areas (F2, 129 = 15.99,
p = 0.0046, p(perm)). The quality of the gonads of samples from stations INT and NEAR to the
fish farms was significantly lower (i.e., highest percentage of the “worst” category or Grade I,
77.3% and 35.0%, respectively), compared to those from the FAR stations (i.e., 9.6% only).

3.4. Relationship of Sea Urchin Phenotypic Traits, Seagrass and Water Parameters

The unconstrained (MDS) ordination of variables describing sea urchin and seagrass
status showed fair separation between the impacted INT and NEAR stations close to the
fish farms and those FAR from the fish farms (Figure S3), with impacted INT stations
in a somehow intermediate position. A significant (p = 0.0002) maximized separation of
multiple variables representing the groups, with respect to the three sampling areas, is
evident. Moreover, CAP (Figure S4) correctly allocated every sample (100%) to the severely
impacted NEAR or the FAR stations, with high but partial (83.33%) success occurring
for the INT stations. Together with the high allocation success, the canonical correlation
coefficient, δ2, was high (0.8371, Table 1) for the first coordinate, explaining 71.0% or the
majority of the total variations observed in the T. gratilla and seagrass parameters. For
the first coordinate, the phenotypic traits significantly associated with the stations INT
and NEAR the fish farms include the following: a lower gut content index and Aristotle’s
lantern and gut indices, as well as a lower gonad index and quality.
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Figure 7. Gonad quality by overall mean % frequency of categories in similarly sized adult T. gratilla
sampled from each station. Actual gonad colors are indicated. The five quality grades are as follows:
Grade I (dark greenish to blackish brown), Grade II (greenish to yellowish brown), Grade III (light
to vivid reddish yellow), Grade IV (bright reddish yellow) and Grade V (bright orange–yellow).
Grade I is the “worst” quality and Grade V is the “best”. Asterisks indicate statistical significance
of samples between stations, within each corresponding sampling period (*** p < 0.001), obtained
using 4999 permutations or through Monte Carlo (MC), where appropriate, based on PERMANOVA.
Pair-wise tests were done as a posteriori check for significant effect.

Table 1. Canonical analyses of principal coordinates (CAP) examining the relationships of T. gratilla
phenotypic traits (body components % weight, and gonad quality) and seagrass abundance measures,
on the basis of Euclidean distance index on log- and square root-transformed data. “m” is the number
of PCO or principal coordinate axes used in the CAP analysis, % Var is the percentage of the total
variance explained by the first m PCO axis. Allocation % success is the percentage of points correctly
allocated into each group, δ2 = the squared canonical correlation. p-values given are the results of
pair-wise comparisons of T.gratilla phenotypic traits and seagrass abundance measures in FAR vs.
INT stations vs. NEAR stations, using permutational analysis of variance, with 999 permutations
of individual.

Canonical Analysis of Principal Coordinates (CAP) Correlations

Eigenvalue Correlation Correlation sq. (δ2)

1 0.9149 0.8371
2 0.7861 0.618

m % Var (1st PCO) Total Allocation success (%) 1st Correlation sq. (δ2) p value

3 71.04 92.424 0.83709 0.001

Cross Validation
(Leave-one-out allocation of observation to groups)

Classified Total % correct

Original Groups FAR stations INTermediate stations NEAR stations

FAR stations 50 0 0 50 100
INTermediate stations 10 50 0 60 83.33

NEAR stations 0 0 22 22 100
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Pearson correlation coefficient values which were significant for most of the traits
ranged from −0.50 to −0.72 (Table 2). The opposite of these traits (higher quality, body
component weights or indices) was true for the FAR stations.

Table 2. Result of CAP analyses examining the correlations of each T. gratilla phenotypic trait, density
and seagrass abundance measure and environmental station variables. A positive correlation in the
first axis indicates trait or variables associated with stations FAR from the fish farms, while a negative
correlation indicates trait or variables associated with stations INT and NEAR to the fish farms.

CAP Pearson correlatons
(Response variables: T. gratilla and seagrass variables)

GSI ALI GI RI GQlty Shoot den Leaf prod FW biomass DW biomass

CAP1 −0.663 −0.599 −0.621 −0.504 −0.503 −0.849 −0.565 −0.132 −0.0152
CAP2 −0.182 −0.148 −0.140 −0.054 −0.175 0.145 0.464 0.922 0.875

CAP Pearson correlation
(Environmental variables)

SST DF Depth

CAP1 0.334 −0.707 −0.023
CAP2 0.079 −0.082 0.322

PERMUTATION TEST
Trace statistic = (tr(Q_m’HQ_m))
First squared canonical correlation = (delta_1ˆ2) = δ1

2

Trace statistic: tr (Q_m’HQ_m): 1.45507 P: 0.0002
δ1

2: 0.83709 P: 0.0002
No. of permutations used: 4999

On the other hand, the seagrass and physical water variables associated with stations
INT and NEAR the fish farms were lower shoot density, lower leaf production (NEAR
stations), lower diffusion factor and higher SST, but higher above-ground biomass and
higher mean depth (INT stations). The opposite was true for stations FAR from the fish
farms. Pearson correlation coefficient values which were significant for most of the variables
ranged from −0.55 to −0.85 (Table 2).

The results of the distance-based linear model analyses further showed significant
(p = 0.0002) positive relationships between the respective average weights and indices for
gut content, Aristotle’s lantern and gonads. Likewise, gonad weight, and index and gonad
quality were positively correlated (Table S1).

With respect to the response of the sea urchins, a lower gut content index and smaller
Aristotle’s lantern and gonads were significantly associated with the stations INT and
NEAR the fish farms. The opposite was true for the stations FAR from the fish farms. In
addition, the degrees of relationships of the T. gratilla phenotypic variables and seagrass
and physical water parameters in the sampling areas, with respect to their proximity to
the fish farms, are shown in Table S2. Sequential distance-based linear model tests showed
that biological (seagrass shoot density and leaf production) and physical (DF, SST) factors
contributed significantly (about 32.7%) to the variations observed in T. gratilla feeding and
reproductive phenotypic traits.

4. Discussion

This study showed significant variability in multiple feeding and reproductive traits
in T. gratilla populations impacted by eutrophication from intensive fish aquaculture. The
results not only validate previous studies on the negative impacts of euthrophication
on seagrasses, but also the potential negative impacts on the growth of a top grazer, as
indicated by the feeding-related phenotypic traits and reproductive output and quality
of populations. In addition, this study showed that the smaller feeding structures, lower
consumption rates and lower reproductive outputs of sea urchins near the fish farms
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are positively related to the poor productivity and diversity in seagrasses in those areas.
Variations among populations of T. gratilla sampled from stations that are only a few
kilometers apart and with relative to proximity to fish farms have not been previously
reported. This study supports an earlier study (e.g., [42]) that found that changes in
the community structure of benthic macrofauna (e.g., T. gratilla) were associated with
the seagrass beds along the eastern side of Santiago island due to mariculture-induced
pollution. The species heterogeneity of the macrofauna was significantly reduced towards
the polluted stations, near the fish farms that we sampled.

4.1. Seagrass Bed Condition

The lowest shoot densities, leaf production and number of seagrass species were
found in the stations near the fish farms. While the above-ground biomass in these stations
was high and comparable to those in stations far from the fish farms, only two species,
T. hemprichii and E. acoroides, were present. The results of this study are consistent with
previous studies, which showed a marked decrease in the number of seagrass species,
and showed that the shoot density and cover of T. hemprichii were the lowest near the
fish farms [44]. The cover and diversity in seagrass species decreased from 1995 [70] to
2012 [45,71] in the same eastern stations in Bolinao, near the fish farms. Moreover, four
species (C. rotundata, C. serrulata, Halodule uninervis, Halophila ovalis) which were found in a
station near the fish farm [45,70], very adjacent to our stations near the fish farms, were not
observed in the present study.

The lower shoot densities and leaf production In the stations near the fish farms are
unlikely caused by enhanced herbivory activities or overgrazing by sea urchins at high
densities (1030 to 2000 individuals 100 m−2), as reported in other studies (e.g., [38,72,73]).
The mean density range of T. gratilla in our stations was very low (0.48 to 5.3 individuals
100 m−2). The low seagrass productivity could be due to the low light extinction coefficient
and low water velocity recorded in areas near the fish farm [74]. A decreasing pattern in
leaf growth and an increase in shoot mortality in T. hemprichii was attributed to the anoxic
sediment conditions and high sedimentation rates in areas close to the fish farms [75].
Under reduced sediment conditions, the high respiratory demand of the belowground
parts alters the carbon balance of the T. hemprichii and C. serrulata shoots [76], resulting
in shoot mortality. Hence, the driver of the poor health of the seagrass is likely the poor
water and sediment quality, as this has already been shown to be heavily impacted by the
milkfish aquaculture (e.g., [46,48,51]), even before and during the conduct of this study
(Figure S5).

4.2. Condition of the Sea Urchin Populations
4.2.1. Diet

The absence of E. acoroides in the gut of T. gratilla indicates that it is not preferred by
the sea urchin. S. isoetifolium was not found in the gut of T. gratilla; however, it primarily
consumed T. hemprichi, the most abundant species in all of the stations. This was also
shown in an earlier study of T. gratilla in Bolinao [32], and in Papua New Guinea [77]. Our
data on proximate analysis on T. hemprichii showed higher concentrations of carbohydrates
and proteins and higher calories compared to S. isoethyfolium (Table S3). The higher carbo-
hydrates and proteins of the former species can promote better growth and reproduction,
as shown for other sea urchins [78].

4.2.2. Feeding and Reproductive Phenotypic Traits

The feeding structure (Aristotle’s lantern) of sea urchins from stations intermediate
and near to the fish farms was significantly smaller compared to those from stations far
from the fish farms. In addition, the gonad quality was higher in the latter stations. The
smaller feeding structure of sea urchins in the stations intermediate and near to fish farms
was positively related to lower consumption rates (gut content index), and a smaller gut.
This suggests that feeding may be constrained in the impacted stations, considering the



Diversity 2023, 15, 843 13 of 18

higher seagrass biomass in these stations. Conversely, the larger Aristotle’s lantern of
individuals in the stations far from the fish farms was related to higher consumption rates,
a larger gut and consequently a larger gonad size. Our findings related to the size of the
feeding structure concur with laboratory studies that have shown that sea urchins with
a smaller feeding structure have a lower capacity to feed, [79] for Diadema setosum; [80]
for Echinometra mathaei. However, the larger Aristotle’s lantern in the stations far from the
fish farms, where reproductive conditions and food quality were better, contrasts various
studies which have reported that a larger Aristotle’s lantern is a response to food limitations
(e.g., [81–83]). The shoot density and leaf production in these stations were significantly
higher compared to the eastern stations intermediate and near to the fish farms. None of
the urchins sampled from any of the stations had empty gut. The positive relationship
between the size of Aristotle’s lantern to the gut size and content reflects feeding capacity
rather than food availability.

The average gonad sizes of sea urchins from the stations far from the fish farms were
19 to 20% of the body weight, while those from the stations intermediate and near to the
fish farms only ranged from 10.4% to 14%, regardless of season. The larger size and better
quality of the gonads of sea urchins in the former stations may be due to the higher quality
of the seagrass (i.e., higher shoot density, leaf production and diversity in species), together
with the higher capacity of the sea urchins to feed (larger Aristotle’s lantern) in these
stations. On the other hand, the low gonad size of sea urchins in the stations intermediate
and near to the fish farms may be related to the reduced feeding capacity of the sea urchins
in these stations, as indicated by their significantly smaller feeding structures. In addition,
there was a high incidence of black gonads in these stations. These black gonads were not
previously encountered in our earlier studies in the area (e.g., [26,84]). Dark gonads have
been reported to be related to old age and small gonad size in Strongylocentrotus nudus [61].
Our study, however, used adults of similar test diameter sizes, assumed to be of similar
ages, based on the species short life span of about 2 years and fast gametogenic cycle of
about 3 months [26]. The occurrence of black gonads could be an extreme indication of
poor nutrition and the adverse physiological effects of polluted environmental conditions
in the seagrass habitat. We observed that sea urchins with black gonads did not release
gametes during induction in the laboratory (Bangi and Juinio-Meñez, unpublished data).
Other samples that were induced to spawn in the laboratory from these stations had
much lower fecundity (5021 ± 440 eggs per female, unpublished data) compared with the
previous sea cage experiments of T. gratilla when fed with a high ration of T. hemprichii
(503,261 ± 15,279 eggs per female) or unfed (12,770 ± 1286 eggs per female, [84], Bangi
and Juinio-Meñez, unpublished data). These results further suggest that the fecundity
and gamete quality of T. gratilla are also affected by the quality of the seagrass food and
the environment.

Taken together, the difference in the traits of the sea urchins in the three study areas
show that the degraded environmental conditions near the fish farms are affecting the
feeding capacity and the quality of the food of these T. gratilla populations. Thus, growth
rates may be affected, as well as the reproductive output. This study provides evidence on
the effect of organic pollution on wild populations in their natural habitat, which has only
been shown previously in laboratory studies. For example, studies have shown that chronic
exposure to low (0.8 mgL−1 inorganic, 10 mgL−1 organic) and high (3.2 mgL−1 inorganic,
1000 mgL−1 organic) sublethal concentrations of phosphates inhibits feeding, fecal produc-
tion, nutrient absorption and allocation, growth and righting behavior in the sea urchin
Lytechinus variegatus [85], which has the same life history as T. gratilla [24]. Moreover, related
studies have shown reduced fertilization success in L. variegatus exposed to all phosphate
treatments, and arrested embryonic development in the highest concentrations [86]. In
another study, the sea urchin S. droebachiensis exposed to chronic unionized ammonia up to
0.068 mg L−1 (high) caused 76% mortality and reduced gonad growth [87]. The exposure
of S. droebachiensis to nitrite also caused a significant reduction of gonadal growth, starting
from 0.5 mg N-NO2 L−1 concentration [88]. In addition, one study [89] suggested that
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modern commercial aquafeeds may directly affect the reproductive fitness of sea urchins,
based on their study on Heriocidaris erythrogramma. Hence, as seagrass habitats are exposed
to organic pollution and eutrophication, the responses and the fine-scale phenotypic vari-
ability in top grazers such as T. gratilla provide important indicators on how this affects
ecosystem health.

5. Conclusions

Overall, our results have shown significant variability in the feeding and reproductive
traits of T. gratilla in different stations in three areas within the seagrass beds of Santiago
Island in Bolinao. Sea urchins from the eastern stations intermediate and near to the
fish farms had smaller feeding structures and gut, lower gut content and smaller gonads,
compared to those from the western stations, located far from the fish farms. Moreover,
those with smaller gonads also had a high percentage of unusual black gonads. These
variabilities were related to the lower quality of seagrass parameters in those stations.

The lower quality and size of feeding and reproductive phenotypic traits in T. gratila
possibly reflect the negative impacts of fish farming on the seagrass habitat, used as both
food and refuge by the sea urchin. While T. gratilla is a resilient and stress-tolerant species
with respect to hydrodynamically related disturbances, as shown in a previous study [90],
this species is very vulnerable to other disturbances, i.e., eutrophication associated with
intensive fish aquaculture. Furthermore, this has a negative effect on the reproductive
potential of the sea urchin population in the region. Additionally, the decrease in gonad
size and quality directly affects the production and economic value of the fishery of T.
gratilla. These results highlight the need to consider the economic and social benefits of
intensive fish farming against its related impact on other economic and environmental
aspects of the surrounding environment.
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easterly season (2a), from the FAR stations and NEAR stations during the southwest SW monsoon
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abundance measures) shown in CAP (Figure S3) with respect to the main factor “proximity to
fish farm”, based on Bray Curtis similarity measure on square root-transformed data; Figure S4:
Constrained canonical analysis of principal coordinates (CAP) plots showing the correlation structures
in various response variables measured in T. gratilla (multiple phenotypic traits, repletion index,
mean density) as a response or proximity to the fish farm environment and related factors; Figure S5:
Monthly concentrations of chlorophyll-a and major nutrients monitored in representative stations
in the vicinity of the Milkfish cages and pens in Bolinao, with reference values based on ASEAN
criteria, data from the project on “Monitoring of Water Parameters for a Mariculture Site in Bolinao”
(San Diego-McGlone, personal communication); Table S1: Summary of results on the distance-based
linear model (DistLM) examining the percentage of variance accounted for each biological variable
(T. gratilla phenotypic traits, repletion index), and determining the relationships among the biological
variables with respect to different stations in three areas and three seasons; Table S2: Distance-based
linear model (DistLM) examining the percentage of variance accounted for each biological seagrass
and environmental variables (diffusion factor (DF), sea surface temperature (SST), mean site depth,
seagrass abundance measures such as shoot density (shootden), leaf production (leafprodn), and
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