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a b s t r a c t

To assess the effect of cage fish-farming on the coral reef ecosystem off Xiaoliuchiu Island, southern
Taiwan, geographical differences in the food chain of each of two damselfishes, Pomacentrus vaiuli and
Chromis margaritifer, were examined using a stable-isotope approach. For each damselfish, individuals
were found to consume similar foods at all sites. However, specimens collected at sites near the cage farm
(as the experimental sites) exhibited lower d13C and higher d15N signatures compared to those from
reference sites. Similar trends also occurred in the zooplankton and detritus, two major food sources
for both damselfishes. This finding indicates that particulate organic matter released by the farm may
have entered the coral reef ecosystem through the pelagic food chain. Artificial reef emplacement is
recommended to provide extra habitats under cage farms to support additional pelagic-feeding fish
populations, thereby reducing environmental impacts of cage farming on coral reefs.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Cage culture of fish is widely used in rivers, lakes, offshore
areas, and sea bays. The operation has extended to coral reefs in
the last two decades, leading to a growing concern about its envi-
ronmental impacts on coral reefs (Heikoop et al., 2000; Beveridge,
2004; Loya et al., 2004, 2005; Rinkevich, 2004). Fish farms release
large quantities of excessive feed and fecal material, mostly as dis-
solved nutrients and organic particles, into the surrounding marine
environment.

Previous studies showed that loading of these pollutants may
lead to changes in sediment chemistry (Holmer, 1991; Holmer
and Kristensen, 1992; Karakassis et al., 2000; Beveridge, 2004;
Porrello et al., 2005), algal blooms (Brooks and Mahnken, 2003;
Islam, 2005), and reductions in biodiversity of benthic faunas
(Beveridge et al., 1994; Hall-Spencer et al., 2006; Fujioka et al.,
2007). Suspension feeders such as polychaetes, sponges, ascidians,
and bryozoans in close proximity possibly retain the released
organic particles and plankton that can flourish as a result of the
loading (Lojen et al., 2005; Tsemel et al., 2006). It was also under-
stood that the operational scale, local hydrographical features, and
structure of the local biota were likely to add complexity to the
consequences (Iwama, 1991; Loya et al., 2005). However, the tro-
phic pathways of organic waste from cage fish farms are less clear.
Since changes in different trophic-level organisms in food webs can
be used as a biotic descriptor for environmental impact assess-
ments (Risk and Erdmann, 2000; Vizzini and Mazzola, 2006), a
clearer picture of these pathways would be helpful in explaining
the ecological influences of cage farming.

A commercial cage fish farm is situated on coral reefs on the
northern coast of Xiaoliuchiu Island, off southwestern Taiwan.
The farm respectively produced about 650, 450, and 250 t of fish
in 2004, 2005, and 2006 (local fish-farmer, personal communica-
tion). In the present study, we used two species of resident damsel-
fish as the main bioindicators for monitoring. Fish specimens and
their potential food items, including detritus, macroalgae, plank-
ton, and fish feed, were collected from sites near the farm and
other reference sites. Stomach contents of the fishes were exam-
ined, and stable carbon and nitrogen isotopes were measured in
fish muscle tissues and potential food items. With the efficiency
of using stable-isotope analyses in food web studies (Polunin
et al., 2001; Vizzini and Mazzola, 2004), we first identified the food
sources of each fish species, and then tried to delineate the path-
way of the introduced organic particles along the food chain by
comparing the stable-isotopic signatures in organisms between
sites. We also tried to evaluate whether organic particles from
the fish farm were a high-quality food for reef fish by measuring
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the C:N ratio of their livers and hepatosomatic index (HSI) as
indicators of nutritional condition. The results of this study may
thus help elucidate trophic pathways of the organic waste in the
damselfishes’ food chains. In terms of environmental protection,
we hope that knowing which portions of coral reef communities
assimilate organic effluents will help elucidate measures for
reducing environmental impacts caused by cage fish farming.

2. Materials and methods

2.1. Study site and cage fish farming at Xiaoliuchiu Island

Xiaoliuchiu Island comprises a coral reef terrain with an area of
approximately 6.8 km2 off southwestern Taiwan. Cage fish farms,
which were introduced to this island beginning in 1994, are clus-
tered on the northwestern coast (Fig. 1; 22�200N, 120�210E) where
the sea bottom is composed mainly of limestone and coral debris
and features a steep slope that drops to a depth of 100 m < 1 km
from shore. Mean cover of scleractinian corals ranged from 15.5%
to 41.0% around several subtidal areas in Xiaoliuchiu Island and
major coral colonies are massive and encrusting corals (Dai,
2007). Although the area is relatively protected from typhoons
coming from the south, the sea is regularly subject to high current
speeds (current velocity measured 29–40 cm s�1 at 15 m of depth,
Huang et al., 2010). Circular cages (12 m in diameter) and square
cages (4.5 � 4.5 m) moored 150–250 m offshore at water depths
ranging 15–30 m were used to produce commercial fish species
(mainly cobia, black porgy, red seabream, and grouper).

Since 2002, cage aquaculture has been dramatically scaled
down at this island due to the high incidence of disease outbreaks
and losses due to typhoons (Liao et al., 2004). During the study per-
iod, only three groups of circular cages (each composed of four sets
of circular cages) remained in business in 2005 and two groups of
circular cages in 2006.
Fig. 1. Map of Xiaoliuchiu Island with isobaths, showing the location o
2.2. Sample collection and processing

Fieldwork was carried out at Xiaoliuchiu Island in September
2005 (collection I) and March 2006 (collection II). In collection I,
damselfish specimens and their potential food items were col-
lected by scuba diving at 6 fixed subtidal stations: 2 near fish farms
of the northwestern coast (N1 and N2) as experimental sites and 4
others (W1 and W2 on the western coast, S on the southern coast
and E on the eastern coast) as reference sites (Fig. 1). In collection
II, 2 additional stations near the fish farm were added (N3, N4;
Fig. 1). The bottom at all sampling stations was composed mainly
of sand, gravel, and coral debris.
2.2.1. Damselfishes
Two species of resident damselfish, Pomacentrus vaiuli (Jordan

and Seale) and Chromis margaritifer (Fowler), were sampled
(Table 1). Both fishes inhabited small patches on shallow coral
reefs. P. vaiuli occurred solitarily and was collected by selective
angling (collection I: total n = 51, 3.4–6.5 cm standard
length (SL); collection II: total n = 44, 4.2–7.3 cm SL). In contrast,
C. margaritifer often formed small aggregations and was thus
collected by handnetting (collection I: total n = 42, 3.5–5.5 cm SL;
collection II: total n = 42, 2.9–6.1 cm SL).

Specimens were kept in an ice-water slurry in sealed plastic
bags and immediately transported to the laboratory, where the
SL (±1 mm), body weight (±1 mg) and liver weight (±1 mg) of each
specimen were measured using calipers and an electronic balance.
The stomach was removed and preserved in a 10% buffered forma-
lin solution for the content analysis, and white dorsal muscle tis-
sue, which tends to be less variable in d13C and d15N values than
other tissues and is widely used in food-web studies (Pinnegar
and Polunin, 1999), was taken and frozen for later stable-isotope
analysis.
f cage fish farms (hatched area) and sampling sites (filled circles).



Table 1
Sample sizes (n) of Pomacentrus vaiuli, Chromis margaritifer, and their potential food items collected at eight sampling sties as W2, W1, N4, N2, N3, N1, E, and S in collection I and
collection II.

Organisms Sampling sites Total

W2 W1 N4a N2 N3a N1 E S

P. vaiuli I (10); II (4) I (6); II (6) II (6) I (7); II (7) II (4) I (9); II (7) I (11); II (5) I (8); II (5) I (51); II (44)
C. margaritifer I (5); II (3) I (13); II (6) II (6) I (5); II (3) II (6) I (11); II (6) I (3); II (6) I (5); II (6) I (42); II (42)
Zooplankton I (3); II (3) I (3); II (3) II (3) I (3); II (3) II (3) I (3); II (3) I (3); II (3) I (3); II (3) I (18); II (21)
Detritus II (3) II (3) II (3) II (3) II (3) II (3) II (3) II (3) II (21)

Algae
Bryopsis plumose I (3); II (3) I (3); II (3) II (3) I (3); II (3) II (3) I (3); II (3) I (3); II (3) I (3); II (3) I (18); II (21)
Tricleocarpa fragilis I (3) I (3) II (0) I (3) II (0) I (3) I (3) I (3) I (18)
Hypnea pannosa II (3) II (3) II (3) II (3) II (3) II (3) II (3) II (3) II (18)

a N4 and N3 sites were newly added in collection II.
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2.2.2. Potential food items
Potential food items were mainly sampled from habitats of

these two damselfishes (Table 1). The samples were comprised of
algae (collected by hand, including Bryopsis plumosa [green algae]
and Tricleocarpa fragilis [red algae] for collection I, and B. plumosa
and Hypnea pannosa [red algae] for collection II), and zooplankton
(collected by a 50 lm mesh zooplankton net). Detritus was added
to the sample in collection II by collecting detrital and surface
aggregates on algal fronds through a pipe using suction (Ho
et al., 2007). The sample sizes were presented in Table 1. Before
further treatment, zooplankton and detritus samples underwent
acid washing to remove carbonates. Acid washing consisted of
addition of 1 N HCl until bubbling ceased (Jacob et al., 2005). In
addition, three samples of fish feed used in the fish farm were ana-
lyzed. The fish feed was mainly composed of trash fish, fishmeal,
and other undisclosed ingredients (personal communication).

2.3. Stomach content analysis

Stomach contents of the fish were spread on slides, and the
components were identified using a stereomicroscope. Food items
were categorized into algae (including microalgae and macroal-
gae), zooplankton, detritus, sand, fish eggs, fish scales, and uniden-
tifiable fragments. The relative volumetric quantity of each food
item was estimated using the point frame method (Hyslop, 1980;
Jan et al., 1994).

2.4. Stable isotope analysis

Muscle tissues of fish specimens and food samples were freeze-
dried (at �53 �C for 48 h) and ground up with a mortar and pestle.
All samples (1–2 mg) were combusted in an elemental analyzer
(Flash EA-1100 NC, Thermo-Finnigan) to produce CO2 and N2,
which flowed through a GC column for separation and into a mass
spectrometer (Thermo Finnigan Deltaplus Advantage) to
separately determine the isotopic compositions. Isotope ratios
were expressed as the difference in parts per thousand (‰) from
standard reference material:

dX ¼ ½ðRsample=RstandardÞ � 1� � 1000;

where X is 13C or 15N, R is the corresponding ratio of 13C/12C or
15N/14N, and d is a measure of the heavy to light isotopes in the
sample. The reference materials were the international standards,
Pee Dee Belemnite (PDB) for carbon and atmospheric N2 for nitro-
gen. USGS 40, which has certified d13C of �26.24‰ and d15N of
�4.52‰ and acetanilide (Merck) with d13C of �29.76‰ and d15N
of �1.52‰, were used as working standards. The reproducibility
of carbon and nitrogen isotopic measurements is better than 0.15‰.

Since lipids are 13C depleted relative to proteins (Schmidt et al.,
2003; Sweeting et al., 2006), and variations in lipid content among
aquatic animals have the potential to introduce considerable bias
into stable isotope analyses that use d13C (Post et al., 2007), in
the present study the lipid-controlled d13C data (as d13C0) of two
damselfish species was derived by normalization of d13C following
a Logan et al. (2008) model:

d13C0 ¼ d13Cþ b0 þ b1 lnðC : NbulkÞ;

the model estimate of C:Nlipid-free is represented by e(�b0/b1). This
model uses atomic C:N ratios of the bulk, nonextracted sample
(C:Nbulk) to calculate d13C0. In present study, fish muscle tissue-
specific parameters (b0 = -4.763 and b1 = 4.334, based on Logan
et al. (2008)) were used for the best fitting d13C0 estimates.

Besides, the d13C0 of zooplankton was derived following a
El-Sabaawi et al. (2009) model:

d13C0 ¼ d13C� 1:85þ ð0:38C : NbulkÞ;

this model also uses atomic C:N ratios of the bulk, nonextracted
sample (C:Nbulk) to calculate d13C0.

2.5. C:N ratio of liver

In aquatic animals, the C:N ratio is considered to be a suitable
proxy for organism condition (Sweeting et al., 2006) and the strong
relationships have been found between the C:N ratio and lipid
content (Schmidt et al., 2003; Post et al., 2007; Logan et al.,
2008). Individuals in better condition (higher lipid content) could
be expected to exhibit higher C:N ratios. Herein, a C:N ratio of liver
was employed as a surrogate measure of lipid content in
damselfish liver.

2.6. Hepatosomatic index (HSI)

The HSI was used to estimate the individual nutritive status of a
fish. Generally, higher HSI values indicate better nutritional status
of fishes for energy conservation.

HSI ¼ ½liver weightðgÞ=body weightðgÞ� � 100:
2.7. Data analysis

For P. vaiuli and C. margaritifer respectively, a two-way multi-
variate analysis of variance (MANOVA) test was used to test for
dietary differences between the two collections and among sam-
pling sites. The volumetric percentage data of stomach contents
were square-root transformed prior to the process, and the uniden-
tified portion of the stomach content was excluded from the anal-
yses. In each collection and for each damselfish, differences in d13C0

and d15N values among sampling sites were analyzed by analysis of
covariance (ANCOVA) using fish body length as the covariate. Site
effects on the stable isotopes of a potential food category were



Fig. 2. Stomach content analyses of Pomacentrus vaiuli and Chromis margaritifer in the two collections. Error bars are standard errors.
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tested by one-way analysis of variance (ANOVA). In addition, in
each collection, site effects on the C:N ratio of liver and on the
HSI of two damselfishes were tested by one-way ANCOVA.
Scheffé’s post hoc test was used to compare appropriate means
in the above ANCOVA and ANOVA (p < 0.05).
3. Results

3.1. Stomach content analysis

Differences in food uses were found between P. vaiuli and C. mar-
garitifer (Fig. 2). The major food item of P. vaiuli was algae (with mean
volumetric percentages of 45.0% in collection I and 41.6% in II), fol-
lowed by zooplankton (I: 22.9%; II: 23.3%), detritus (I: 14.5%; II:
14.8%), sand (I: 4.5%; II: 5.6%), fish eggs (I: 2.5%; II: 4.2%) and scales
(I: 0.9%; II: 0.2%). In contrast, zooplankton (I: 63.3%; II: 60.0%) was
the major food item of C. margaritifer, followed by detritus (I:
23.6%; II: 20.9%), algae (I: 5.3%; II: 9.7%), fish eggs (I: 2.5% and II:
2.1%), scales (I: 3.1% and II: 1.2%), and sand (I: 0.1%; II: 0.3%).

For each damselfish species, significant differences occurred
between collections (P. vaiuli: Wilks’ lambda = 0.58, d.f. = 6 and
Table 2
Sample sizes (n), C:N ratio, d13C, lipid-controlled d13C (where applicable as d13C0), and d15N
collections.

Collection Organisms n C:N ratio d13C (‰)

Range Mean SD Range

I P. vaiuli 51 2.88–3.09 3.00 0.05 �18.0 to �16.
C. margaritifer 42 2.92–3.09 3.00 0.05 �18.5 to �17.
Zooplankton 18 4.07–4.62 4.40 0.17 �19.3 to �18.
Fish feed 3 3.11–3.17 3.15 0.03 �20.8 to �20.
Bryopsis plumose 18 11.00–13.93 12.42 0.86 �19.3 to �17.
Tricleocarpa fragilis 18 7.02–11.54 9.58 1.53 �18.7 to �17.

II P. vaiuli 44 3.13–3.37 3.22 0.04 �18.2 to �17.
C. margaritifer 42 3.13–3.30 3.22 0.05 �18.8 to �17.
Zooplankton 24 4.51–5.57 5.00 0.33 �19.6 to �18.
Bryopsis plumose 24 11.12–15.02 12.68 1.06 �19.8 to �18.
Hypnea pannosa 24 6.56–10.89 8.43 1.25 �18.3 to �16.
Detritus 24 6.44–7.64 7.09 0.37 �19.2 to �17.
67, F = 8.13, p < 0.001; C. margaritifer: Wilks’ lambda = 0.42,
d.f. = 6 and 55, F = 12.79, p < 0.001) and among sampling sites (P.
vaiuli: Wilks’ lambda = 0.34, d.f. = 30 and 270, F = 2.79, p < 0.001;
C. margaritifer: Wilks’ lambda = 0.32, d.f. = 30 and 222, F = 2.44,
p < 0.001). However, the least squared distance (LSD) showed that
site effects occurred mainly in the food categories with smaller
volumetric percentages, i.e., sand (d.f. = 5, F = 12.34, p < 0.001; col-
lection I), fish scales (d.f. = 7, F = 6.68, p < 0.001; II) and fish eggs
(d.f. = 7, F = 3.12, p = 0.011; II) for P. vaiuli and fish scales (d.f. = 5,
F = 7.02, p < 0.001, I; d.f. = 7, F = 2.35, p = 0.045, II), fish eggs
(d.f. = 7, F = 6.67, p < 0.001, II), and sand (d.f. = 7, F = 4.06,
p = 0.002, II) for C. margaritifer.
3.2. Stable isotope analyses

3.2.1. Damselfish
Various ranges of stable-isotope values were found in the two

damselfish species in different collections (Table 2). With the
exception of the d13C0 of C. margaritifer, where a site effect was
not significant, test statistics showed d13C0 and d15N values for both
damselfishes were affected by sampling sites (Table 3).
of Pomacentrus vaiuli, Chromis margaritifer, and their potential foods collected for two

d13C0 (‰) d15N (‰)

Mean SD Range Mean SD Range Mean SD

8 �17.5 0.29 �17.8 to �16.9 �17.4 0.26 7.8–11.0 8.7 0.72
8 �18.2 0.16 �18.5 to �17.7 �18.1 0.18 8.8–10.6 9.4 0.41
7 �19.1 0.17 �19.6 to �18.8 �19.3 0.21 5.4–6.7 6.1 0.42
2 �20.6 0.32 – – – 8.7–12.4 11.1 2.08
7 �18.3 0.42 – – – 3.8–4.4 4.1 0.22
9 �18.3 0.25 – – – 3.8–4.5 4.1 0.20

4 �17.8 0.22 �17.7 to �17.0 �17.3 0.19 7.8–10.2 8.8 0.68
7 �18.4 0.31 �18.5 to �17.3 �18.0 0.32 8.1–10.0 8.7 0.48
3 �19.0 0.31 �19.7 to �18.2 �19.0 0.42 5.1–7.2 6.1 0.75
0 �18.6 0.46 – – – 3.2–4.6 3.9 0.36
5 �17.32 0.61 – – – 3.1–4.3 3.7 0.30
0 �18.1 0.64 – – – 3.3–4.4 3.8 0.32



Table 3
F ratio for analysis of covariance (ANCOVA) and analysis of variance (ANOVA) testing
the effect among sampling site in each collection on d13C0 and d15N of Pomacentrus
vaiuli, Chromis margaritifer, zooplankton and on d13C of detritus and macroalgae.
ANCOVA was used for two damselfish and body size (standard length) of the fish was
used as covariate.

Organisms d13C0 (d13C) d15N

Collection I Collection II Collection I Collection II

P. vaiuli 8.92*** 3.60** 39.73*** 41.73***

C. margaritifer 0.84 17.70*** 11.29*** 45.30***

Zooplankton 23.66*** 17.16*** 34.10*** 55.50***

Detritus NA 15.11*** NA 19.33***

Bryopsis plumosa 3.12 8.30*** 6.58** 2.53
Tricleocarpa fragilis 0.26 NA 1.58 NA
Hypnea pannosa NA 19.74*** NA 8.31***

NA: not available.
** p < 0.01.

*** p < 0.001.
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Scheffé’s post hoc tests on the site means further indicated a
trend of a difference between experimental sites and reference
sites (Figs. 3–6). That is, for each collection, the mean d13C0 values
Fig. 3. Values of d13C0 for Pomacentrus vaiuli, Chromis margaritifer, zooplankton and d13C f
of d13C ± 1 SD. Mean values in the same diagram with different letters significantly diffe
at experimental sites were 0.2–0.4‰ lower (Figs. 3 and 4), and
mean d15N values were 0.7–1.1‰ higher than reference sites
(Figs. 5 and 6). The d13C0 value of C. margaritifer in collection I,
which was not affected by site, was an exception.
3.2.2. Potential food items
Various ranges in stable-isotope values were also found in

potential food items from different collections (Table 2).
Fish feed sampled from the fish farm exhibited d13C values

ranging from �20.8 to �20.2‰ and d15N values of 8.7–12.4‰. In
addition, zooplankton in the experimental sites exhibited 0.3‰

and 0.6‰ lower mean d13C0 (Figs. 3 and 4) and 0.8‰ and 1.1‰

higher mean d15N (Figs. 5 and 6) in collections I and II, respectively.
For macroalgae, B. plumosa and T. fragilis, site differences in

mean d13C values were not significant in collection I. Yet, higher
variations occurred at sites N1, N2, and E for B. plumosa (Fig. 3).
In collection II, except for N4, site differences were not significant
in B. plumosa. Site differences occurred more widely in H. pannosa
(Fig. 4) and the differences did not seem to be related to experi-
mental design. In collection I, higher d15N values occurred in N1
and N2, i.e., the experimental sites, for B. plumosa. By contrast, site
or macroalgae at different sampling sites in collection I. Symbols represent the mean
r (Scheffé’s post hoc test, p < 0.05).
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differences were not found in T. fragilis (Fig. 5). In collection II, site
differences occurred in the d15N of B. plumosa and H. pannosa; how-
ever, the differences seemed to follow different trends in these two
macroalgae (Fig. 6).

The detritus data, which was only available for collection II,
showed that lower d13C and higher d15N values occurred at the
experimental sites as compared with those from reference sites
(Table 2; Figs. 4 and 6).

3.3. C:N ratio of liver

In P. vaiuli, the C:N ratio of liver was in the range of 3.86–6.56 in
collection I and 3.87–5.53 in collection II. In C. margaritifer, it ran-
ged 4.44–8.90 in collection I and 3.88–7.81 in collection II. Site
effects occurred significantly in collection I for both damselfishes
(Table 4), each with the highest ratio occurring at N2 (Fig. 7).
Meanwhile, site effects were not found in collection II (Table 4).

3.4. Hepatosomatic index (HSI)

The HSI of P. vaiuli was in the range of 0.5–2.62 in collection I
and 0.64–5.28 in collection II. In C. margaritifer, it ranged
Fig. 4. Values of d13C0 for Pomacentrus vaiuli, Chromis margaritifer, zooplankton and d13

represent the mean of d13C ± 1 SD. Mean values in the same diagram with different lett
0.36–1.37 in collection I and 0.31–2.4 in collection II. For both
damselfishes, significant site effects occurred in collection I, but
not in collection II (Table 4). Coincident to the findings on C:N ratio
of liver, the highest HSI occurred at N2 in collection I for both dam-
selfishes (Fig. 8).

4. Discussion

4.1. Feeding habits of damselfishes

The feeding habits of coral reef fish are generally adaptable. Pre-
vious studies on trophic relationships of damselfishes indicated
that the feeding habits of P. vaiuli varied from herbivory (85% of
the stomach content as algae in the Marshall Islands; Hiatt and
Strasburg, 1960; Hobson and Chess, 1978) to omnivory (39% as
algae and 33% as copepods in Kenting, southern Taiwan; Kuo and
Shao, 1991). Stomach contents of P. vaiuli in the present study
(45.0% as algae in collection I, and 41.6% in II; 22.9% as zooplankton
in I and 23.3% in II) were similar to those found at Kenting, indicat-
ing a geographical coincidence in the feeding habits of this damsel-
fish. In contrast, the feeding habits of C. margaritifer were less
variable; it fed mainly on zooplankton (41.7–74.2% in the Marshall
C for macroalgae and detritus at different sampling sites in collection II. Symbols
ers significantly differ (Scheffé’s post hoc test, p < 0.05).
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Islands, Hobson and Chess, 1978; 82% in Kenting, Kuo and Shao,
1991; and 63.3% in collection I and 60.0% in II in the present study)
and to a lesser extent, detritus (23.6% in I and 20.9% in II in the
present study).

In general, increments in d13C of 0–2‰ and in d15N of 3.4‰

(±1‰, SD) are expected to occur between consumers and their food
resources (Minagawa and Wada, 1984; Post, 2002). This relation-
ship can be used to postulate the contribution of a food item to
an individual in terms of an energy source. In reference sites,
increments in stable-isotopic signatures between P. vaiuli and the
alga, B. plumosa (d13C0 (d13C): 0.5–1.0‰ in I and 1.0–1.4‰ in II;
d15N: 3.9–4.6‰ in I and 3.9–4.8‰ in II), and zooplankton (d13C0:
0.6–1.1‰ in I and 0.5–0.8‰ in II; d15N: 2.0–2.8‰ in I and 2.6–
3.2‰ in II) were within one trophic level range, thereby matching
well with the notion that algae and zooplankton are the major
organic sources for P. vaiuli. In parallel, differences in stable-
isotope signatures between C. margaritifer and zooplankton
(d13C0: 0.0–0.3‰ in I and 0.0–0.3‰ in II; d15N: 3.0–3.5‰ in I and
Fig. 5. Values of d15N for Pomacentrus vaiuli, Chromis margaritifer, and their potential fo
mean of d15N ± 1 SD. Mean values in the same diagram with different letters significant
2.8–3.3‰ in II) support findings from the stomach content analysis
that zooplankton was the major food item for C. margaritifer. In con-
trast, the difference of 4.7–5.0‰ in d15N between detritus and C.
margaritifer (in collection II) was higher than one level difference;
thus detritus may be ruled out of a major nutrient source for C. mar-
garitifer. It was noted that in most cases, the fish at experimental
sites bore lower d13C0 and higher d15N than they did at reference
sites (Figs. 3–6). However, because differences in their major poten-
tial food items mostly followed similar trends, the above remarks of
each damselfish’s feeding habits seem likely to be valid.

In a changing environment, fish with a higher feeding plasticity
will be less affected by changes in available foods (Dill, 1983;
Guzman and Robertson, 1989). They are also more capable of
immigrating to newly developed habitat with suitable food substi-
tutions (Ho et al., 2009). Since damselfish species with different
extents of feeding plasticity were used in the present study, it is
interesting to examine how they were affected by being associated
with food chains connected to cage farming.
od items collected at different sampling sites in collection I. Symbols represent the
ly differ (Scheffé’s post hoc test, p < 0.05).



Fig. 6. Values of d15N for Pomacentrus vaiuli, Chromis margaritifer, and their potential food items collected at different sampling sites in collection II. Symbols represent the
mean of d15N ± 1 SD. Mean values in the same diagram with different letters significantly differ (Scheffé’s post hoc test, p < 0.05).

Table 4
Analysis of variance (ANOVA) testing the effect of site on C:N ratio and hepatosomatic index (HSI) of Pomacentrus vaiuli and Chromis margaritifer.

Damselfish Collection C:N ratio HSI

d.f. F-ratio p-Value d.f. F-ratio p-Value

P. vaiuli I 5 3.34 0.01 5 6.72 <0.001
II 7 3.13 0.01 7 0.99 0.45

C. margaritifer I 5 2.39 0.06 5 4.96 <0.01
II 7 3.18 0.01 7 1.80 0.12
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4.2. Released organic waste and its trophic pathways in the food chain

In the present study, the fish feed used in the cage farm was
mainly composed of trash fish and fishmeal. Assuming that the
feed conversion rate was close to 2.5 (Marte et al., 2000; where,
the feed is trash fish; and the targets are grouper, sea bass, and
snapper), i.e., 2.5 kg of feed was required to produce 1 kg of fish
biomass, the farm which produced 250 t of fish in 2006 would have
released 375 t of lost feed (in the form of excess fish feed and feces)
to the environment. In other words, as much as 33.125 t of nitro-
gen would have been discharged from this cage culture system,
according to the nutrient mass balance model proposed by Islam
(2005).

The organic waste may occur in different forms. While soluble
wastes are expected to have been diluted by the water mass and
particulate matter lighter than sea water to have been suspended
in it, the denser particulate matter would sink to the sediment,
with dispersion possibly occurring over a spatial scale controlled



Fig. 7. C:N ratios of liver of Pomacentrus vaiuli and Chromis margaritifer from
different sampling sites in collections (a) I and (b) II. NA: data not available.
Symbols represent the mean C:N ratio ± 1 SD. Mean values in the same diagram
with different letters significantly differ (Scheffé’s post hoc test, p < 0.05).

Fig. 8. Hepatosomatic indices (HSI) of Pomacentrus vaiuli and Chromis margaritifer
from different sampling sites in collections (a) I and (b) II. NA: data not available.
Symbols represent the mean HSI ± 1 SD. Mean values in the same diagram with
different letters significantly differ (Scheffé’s post hoc test, p < 0.05).

R.-Q. Jan et al. / Marine Pollution Bulletin 86 (2014) 111–121 119
by water depths and current speeds (Sarà et al., 2006; Yokoyama
et al., 2006). Accordingly, organic waste could enter the food web
of the coral reef ecosystem through one or more food chains. When
organic matter is retained in the sediment regime, phytoplankton/
algae may assimilate additional sources of nitrogen (fish farm-
derived nutrients), and predators, grazers, and deposit-feeding
organisms may exploit the developed biofilm and detritus particles
in the benthic food chain (Tewfik et al., 2005; Yokoyama and Ishihi,
2007). Otherwise consumers can directly exploit particulate
organic matter (i.e., excessive feed) in the water column in the
pelagic food chain.

The trophic pathway of these wastes was traced in the present
study by comparing (1) stable-isotopic differences between
organic waste and other elements in the food chain and (2) the
stable-isotopic differences in organisms between experimental
and reference sites. The stable isotopic signatures of the fish feed,
i.e., d13C ranging from �20.8 to �20.2‰ and d15N of 8.7–12.4‰

(Table 2), did not deviate from those from fish feed used in fish
cage farms in Japan (Yokoyama et al., 2006).
Since the d13C values of the fish feed were lower and the d15N
values were higher than those found in damselfishes, zooplankton,
algae, and detritus at the reference sites (Figs. 3–6), lower d13C and
higher d15N would be expected to have occurred in organisms at
the experimental sites if they fed directly on the fish feed (viz., at
the experimental sites). In most instances in the present study, iso-
topic differences in both zooplankton and damselfishes between
the experimental and reference sites (Figs. 3–6) lend support to
this prediction, indicating that the excess fish feed from the fish
farm may have entered the food web through the pelagic food
chain. While both zooplankton and damselfishes exploited this
additional food source, damselfishes may have further benefited
from preying on the nourished zooplankton.

On the other hand, the trophic pathway of feces was less clear.
The isotopic composition of fish feces, which was not collected in
the present study, was assumed to be 3.5‰ reduced in d13C and
3.3‰ reduced in d15N relative to the feed according to Yokoyama
et al. (2006). So, it is unlikely that the damselfishes directly feed
on the feces discharged from fish cages in view of the more than
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one trophic level difference between feces and damselfishes in iso-
topic compositions. However, feces would have settled and mixed
with natural detritus on the sediment, as implied by the erratic
d13C depletion and/or d15N enrichment in detritus over the
experimental sites (Figs. 4 and 6).

In the present study, the C:N ratio of livers and HSI were both
used as indicators of the nutritional condition of sampling fish. Site
effects occurred significantly in collection I in both damselfishes
(Table 4), each species at N2 having higher C:N ratio and/or HIS.
The higher values in damselfish from experimental sites (N2 in
particular) in collection I (Figs. 7 and 8) suggest that organic fish
farm wastes may have been a high-quality food for these fishes;
with it individuals inhabiting close to the fish farm were able to
maintain at a higher nutritional condition level. However, this phe-
nomenon was not obvious in collection II. The nutritional status of
damselfish varied temporally and seasonally and was highly
related with environmental factors and life-history of these two
fishes (Post and Parkinson, 2001; Bapary et al., 2012). Thus, further
research on the effects of organic wastes on damselfish condition is
needed.

When the uneaten waste particles settle down on the sea bot-
tom, they are hydrolyzed to ammonia, thus forming 15N-enriched
nitrates (Tenore, 1988); these nitrogenous nutrients could subse-
quently be taken up by primary producers such as phytoplankton
and benthic algae (Umezawa et al., 2002; Vizzini and Mazzola,
2004; Yokoyama and Ishihi, 2007). In the present study, the rela-
tively high d15N detected in B. plumosa at site N1 in collection I
(Fig. 5) may indicate exploitation of nutrients from farm wastes
by this algal species at specific sites. Otherwise the direct effects
of cage farm wastes on macroalgae were less evident, since unlike
damselfishes or zooplankton, no clear patterns were found in dif-
ferences in isotopic compositions between the experimental and
reference sites. Given the semidiurnal tidal movements, strong
currents, and steep reef slope in the study area, it is possible that
the settled waste particles would be continually re-suspended by
water movements, and taken by pelagic feeders (Cromey et al.,
2002; Sarà et al., 2004). Also, the nitrogenous nutrients arising
from the waste particles would be readily diluted by the large
water mass. This may explain why overwhelming changes did
not occur in the isotopic composition in macroalgae at sites near
the cage farm.

The scale of cage farming at Xiaoliuchiu Island is relatively
small (fish production = 250 t yr�1), compared to that at the
northern tip of the Gulf of Aqaba (3000 t yr�1; Tsemel et al.,
2006). Overall, at Xiaoliuchiu, the trophic pathway of the farm
wastes through primary producers such as macroalgae was rarely
evident. Given the scale and the local hydrological characteristics,
the quantity of farm waste deposited on the sea bottom did not
seem sufficient to be converted into additional dissolved inorganic
nutrients for use by macroalgae. Alternatively, it appeared that the
loading of farm wastes mainly entered the pelagic food chain
linking zooplankton and omnivorous damselfishes.

4.3. Fish act as environment cleaners

While it seems inevitable that cage fish farming will release
organic waste into the surrounding marine environment, we are
obliged to look for proper measures to reduce its impacts on eco-
systems. Several authors emphasized the exploitation of particu-
late organic matter originating from aquaculture farms by filter
feeders such as corals, shellfish, sponges, and polychaetes
(Shpigel and Blaylock, 1991; Mazzola and Sarà, 2001; Lojen et al.,
2005; Tsemel et al., 2006). Apparently these filter feeders share
one characteristic in common: they are either sessile or benthic;
they are passive feeders waiting for the food brought by currents.
Our finding of farm wastes entering the coral reef ecosystem
through the pelagic food chain provides another thought for envi-
ronment cleaning. Fish are important components of the pelagic
food chain, and they are characterized by diverse feeding habits.
Therefore, in a properly designed system, they could act as effec-
tive environment cleaners to remove introduced particulate
organic matter from the environment. Damselfishes are particu-
larly good candidates since they are among major residents of coral
reefs. Damselfishes are diurnal feeders; many of them are omni-
vores or plankton feeders (like P. vaiuli and C. margaritifer in the
present study) capable of grasping waste particles in the water col-
umn. Most damselfish species are inhabitants of shallow waters
(<15 m deep); however, with the suspension of particles by water
movements, they are able to remove the particulate organic matter
released from the cage farm moored in deeper waters, as shown in
the present study. In environments where strong currents prevail
like the northern coast of Xiaoliuchiu Island, artificial reef emplace-
ment is recommended to provide extra habitats under cage farms
to support additional fish populations. It is expected that fish
assemblages together with benthic organisms developed around
artificial reefs could act as an efficient biological sink for waste
organic matter released from fish cages, thereby helping reduce
the environmental impacts of cage farming on coral reefs.
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