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ABSTRACT: Planktonic food webs are primarily dependent on organic matter derived from phyto-
plankton. In coastal areas, aquaculture has accelerated in recent decades, and attached algae and
invertebrates proliferate on the farming cages. We hypothesized that the organic material on the farm
structures is important to planktonic food webs and that the effects of aquaculture differ between fish
(fertilized) and pearl oyster farms (not fertilized). To test these hypotheses, we examined the plank-
tonic food webs at fish and pearl oyster farms using stable isotopes in the Uwa Sea, Japan. We col-
lected zooplankton, particulate organic matter (POM, predominantly phytoplankton), attached algae,
and macroinvertebrates in July 2005 and February 2006. Based on the isotope mixing model results,
the attached microalgae contributed up to approximately 70 % of the copepod food sources, and the
contribution of attached microalgae to cyclopoid copepods was similar to their contribution to
attached macroinvertebrates. Amphipods mainly fed on planktonic detritus from microalgae that had
detached from the farm structures. The contribution of attached microalgae to copepod biomass was
lower on the pearl oyster farm than on the fish farm. Our results show that attached microalgae from
sea farms are important food sources for planktonic food webs in areas with fish farms and that the 2
food webs, attached and pelagic, are coupled through zooplankton grazing.
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INTRODUCTION

Components of the planktonic food web primarily
depend on phytoplankton (e.g. Hugues et al. 2000, Xu
& Wang 2003). However, food webs are also depen-
dent on inflowing allochthonous matter from streams
(Sandberg et al. 2004) and estuaries (Bouillon et al.
2000), and on autochthonous matter from benthic
macro- and microalgae on sediment and stones
(Kibirige et al. 2002, Takai et al. 2002). Benthic
microalgae can be important for both benthic and
pelagic food webs in lakes and oceans, because they
are coupled through the trophic interactions of zoo-
plankton and grazing fishes (e.g. Schindler &
Scheuerell 2002 in lakes, Takai et al. 2002 in the
ocean).

*Email: h-doi@agr.ehime-u.ac.jp

Recently, many fish cultivation farms have been con-
structed in coastal areas, and a large amount of food is
provided to the fish (Black 1998). Fish farms generally
enrich surrounding waters and sediments with nutri-
ents and organic matter, and this loading can cause a
variety of environmental problems, such as algal
blooms and sediment anoxia (e.g. Angel et al. 2002).
Fish farm fertilization may cause eutrophication of
coastal areas. Farms use many nets and ropes, and
large amounts of algae and invertebrates are attached
to these structures. Among attached organisms,
microalgae may be utilized as food by zooplankton in
the surrounding waters. At nutrient-enriched fish
farms, the biomass of attached microalgae is 2.5 times
higher than that at fish farms with low nutrients, while
phytoplankton biomass is only 10 to 30 % higher, prob-
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ably because phytoplankton biomass is influenced by
water changes between farms and the sea around
farms (Honkanen & Helminen 2000). Compared to fish
farms, pearl oyster farms are not fertilized, but the
cages are more structurally complex. Thus, we hypoth-
esized that the attached microalgae on cage structures
are important components of planktonic food webs and
that the effects of aquaculture differ between fish
(fertilized) and pearl oyster (not fertilized, but more
complex) farms.

The objective of the present study was to assess the
contribution of attached microalgae in farms to plank-
tonic food webs in a coastal area. Our working
hypotheses were that (1) the contribution of attached
microalgae to planktonic food webs would be higher in
the fish farm than in the pearl oyster farm, due to the
fertilization of the fish farm, and (2) the contribution of
attached microalgae would be observed near farm
cages, while the contribution would be lower outside
the farms.

To test these hypotheses, we examined the contribu-
tion of attached microalgae to planktonic food webs in
2 bays: 1 with a fish farm and 1 with a pearl oyster
farm. We analyzed carbon and nitrogen stable isotopes
(8'3C and 8'°N) to determine the origin and pathways
of organic matter. In marine consumers, 3C typically
becomes enriched by 0.8 %o (France & Peters 1997) and
15N by 3 to 4%. (Owens 1987, Wada et al. 1991) relative
to their prey. We also compared food webs between
the fish and pearl farms, between the summer and
winter, and between the farm sites and sites away from
the farms.

MATERIALS AND METHODS

Study area. We conducted our study in Uchiumi
(33°02'N, 132°28'E) and Fukuura Bays (32°55'N,
132°30'E), which are 14 km apart in the coastal area of
the Uwa Sea, Japan. In Uchiumi Bay, pearl oysters
Pinctada fucata martensii are cultured, but fish farm-

Table 1. Environmental factors of the surface waters in Uchi-
umi Bay (pearl oyster culture, 53 m depth) and Fukuura Bay
(fish culture, 30 m depth)

Temp. Chla NO, + NO;~ NH,* PO,
(°C) (ng1)  (pmoll) (amoll™) (umoll™)

Uchiumi Stn U
Jul 23.6 1.20 0.32 0.50 0.60
Feb 16.5 1.14 2.16 1.72 0.23
Fukuura Stn F
Jul 23.5 1.74 2.81 10.3 0.09
Feb 17.0  0.53 2.88 7.44 0.77

ing is rare (Tomaru et al. 2001). Fish are cultured in
Fukuura Bay. The water depths at the study sites in
Uchiumi and Fukuura Bays are approximately 53 and
30 m, respectively, without inflowing streams. Envi-
ronmental conditions of the surface water in the bays
(Stns U-F and F-F) are shown in Table 1. Water
temperature was measured with a Chlorotech profiler
(ACL-208-DK, Alec Electronics). Chlorophyll a was
measured using a fluorometer (10-AU, Turner De-
signs), following extraction using GF/F filters with
N,N-dimethylformamide. Nutrient concentrations
were determined by colorimetric analysis with a
continuous flow system (AutoAnalyzer 3, BRAN+
LUEBBE).

Sampling and preparations. Zooplankton, particu-
late organic matter (POM, predominantly phytoplank-
ton), attached microalgae, and attached macroinverte-
brates were sampled in summer (12 and 27 July 2005)
and winter (10 and 21 February 2006). We sampled
approximately 2 m from the cage structures at farms in
Uchiumi and Fukuura Bays (Stns U-F and F-F). In
February, we collected samples at both of these sta-
tions and at off-farm sites (Stns U-OF and F-OF) that
were approximately 300 m from the nearest farm cages
(Fig. 1).

We collected 1 1 surface water samples (n =4) at each
site to collect POM samples, because the carbon
isotope values of POM at 0 and 15 m depth were not
significantly different in either bay (Y. Matsuzawa
unpubl. data). The collected water was filtered
through Whatman GF/F glass-fiber filters (precom-
busted at 500°C for 2 h). Zooplankton remaining on the
filter was removed. POM samples were treated with
1 mol 1" HCI to remove inorganic carbon prior to iso-
tope measurements. Zooplankton were collected verti-
cally from 0 to 20 m depth with a 200 pm mesh plank-
ton net and sorted and put into a tip cup under a
stereomicroscope (3 or 4 replicates). We randomly
collected microalgal mat, hyperiid amphipods, and
Caprella spp. (skeleton shrimp, Caprellidae), which
were attached to and lived on the cotton ropes at the
farms, by hand from 0 to 1 m depth. To collect attached
microalgae, we removed any macroinvertebrates by
the microalgal mat, and then the microalgal mat was
filtered through Whatman GF/F glass-fiber filters (pre-
combusted at 500°C for 2 h) and treated with 1 mol 1"}
HCI to remove inorganic carbon prior to isotope mea-
surements. Attached microalgae consisted mainly of
filamentous microalgae. The bays have no inflow and
are relatively deep (30 and 53 m mean depth). Thus,
the potential food sources to zooplankton from terres-
trial and benthic habitats may be negligible.

Stable isotope measurements. The isotope ratios of
copepods, amphipods, and Caprella spp. were mea-
sured using whole bodies of 10 to 100, 1 to 2, and 2 to
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Fig. 1. (A) Maps of the sampled bays (Uchiumi Bay and Fukuura Bay) in the Uwa Sea, Japan. Sampling stations in (B) Uchiumi Bay
and (C) Fukuura Bay are also shown

5 ind. per sample, respectively. The carbon and nitro-
gen isotope ratios of the samples were measured with
an elemental-analyzer continuous flow mass spectro-
meter (Integra CN, SerCon). The results are reported
in delta notation: 8"3C or 8N = (Ryample/Rstandara — 1)
1000 (%o), where R is the ¥C/!2C or N/™N ratio for
813C or 8N, respectively. PeeDee Belemnite was used
as the standard for 83C, and air N, gas was used as the
standard for §!°N. The analysis errors of reproducibil-
ity were within +0.2 %, for both §'*C and §'°N.

Isotope mixing model. To determine which of the 2
food sources (POM or attached microalgae) were
assimilated more readily by macroinvertebrates, we
calculated 2-source isotope mixing models. The carbon
isotope values of POM and attached microalgae signif-
icantly differed from each other by both season and
bay (see 'Results’). A carbon isotope fraction for
macroinvertebrates of 0.8%. was used for the model
(France & Peters 1997). The model is defined as:

813Cm = fp(813Cp +0.8) + fa(513Ca + 0.8) 1)
fp + fa =1 (2)

where the subscripts m, p, and a refer to the §'3C of the
macroinvertebrate sample, the POM, and the attached
microalgae, respectively; f, and f, are the contribu-
tions of POM and attached microalgae to macroinver-
tebrate biomass, respectively. To determine the sensi-
tivity of isotope fractionation in the mixing model, we
calculated the mixing model with +0.3 and +1.3 %.. The
variations in models for each species were within
+6.2% for the different fractions. Carbon isotope val-
ues of Temora spp. and Acartia spp. did not lie
between these 2 food sources; we estimated that the
species consumed exclusively POM, which has an
isotopic value identical to the consumer.

Statistical analyses. We used Student's t-tests and
1-way analyses of variance (ANOVAS) to test for signif-
icant differences in the carbon and nitrogen isotope
values of attached microalgae, POM, and macroinver-
tebrates. For the mixing model results, we used
repeated-measures (rm) 2-way ANOVA to examine
differences in the contribution of attached microalgae
to zooplankton and attached macroinvertebrates
between bays (Uchiumi and Fukuura), seasons (sum-
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Fig. 2. Carbon and nitrogen isotope plots of samples from
Uchiumi and Fukuura Bays in July. Each symbol represents
the mean; error bars =+1 SD (n =3 or 4)

mer [July] and winter [February]), and stations (-F and
-OF). We used separate rm 2-way ANOVAs to examine
the contributions to the zooplankton and attached
macroinvertebrates because the attached macroinver-
tebrates inhabited farm structures, and we considered
them to be references for the contribution of attached
microalgae to the zooplankton.

RESULTS

Carbon and nitrogen isotopes of POM and
attached microalgae

The 8'3C values of attached microalgae (-17.9 to
—12.5%0) were significantly higher than those of POM
(-25.3 to —19.1%.) at all stations in both bays and in

both seasons (Student's t-tests, t=3.5to 11.8, p <0.006,
n = 4; Figs. 2 & 3), probably because attached micro-
algae promote *C-enrichment, due to their supply of
dissolved inorganic carbon (DIC), which is limited by
the microalgal boundary layer and the thick algal mat
(France 1995, Doi et al. 2003). §'3C values of POM were
not significantly different between Stns U-F and U-OF
(t =-0.1, p = 0.933), but were significantly higher at
Stn F-F than at Stn F-OF (t=-3.9, p =0.01%; Fig. 3).

In both bays, the 8'3C values were significantly
higher in July than in February for both attached
microalgae (t=-2.7 and -12.5, p =0.045 and <0.001 for
Uchiumi and Fukuura, respectively) and POM (t =
—7.25 and -7.24, p = 0.002; Fig. 3). High water temper-
ature affects the photosynthesis activity and isotope
fractionation of microalgae (Fry 1996). Thus, the
attached and planktonic microalgae in summer
promoted *C-enrichment, because the supply of DIC
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Fig. 3. Carbon and nitrogen isotope plots of samples from
Uchiumi and Fukuura Bays in February. Each symbol
represents the mean; error bars = +1 SD (n = 3 or 4)
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is limited by the thick algal mat and the low carbon Table 2. Two-way ANOVA results for contribution of attached

isotope fraction (Fry 1996, Doi et al. 2003). microalgae to the macroinvertebrates
Factor F p
Carbon and nitrogen isotopes of planktonic and
attached macroinvertebrates Attached invertebrates
Seasons 0.01 0.918
. . Bays 0.56 0.462
In Uchiumi a_nd Fukuura Bays, the copepods Oithona Seasons x Bays 0.24 0.567
spp. (Cyclopoida) and Paracalanus spp. (Paracala-
id dominated 1 w 1 lected Zooplankton
nidae) dominate ogr sanllp es. We also co‘ ecte Seasons 0.02 0.89
Temora spp. (Temoridae) in July and Acartia spp. Bays 763 0.01
(Acartiidae) in February in both bays, and Onacea spp. Seasons x Bays 1.77 0.19

(Oncaeidae) in February in Uchiumi Bay (Figs. 2 to 4).

The stable isotope ratios of other zoo-

Summer (JuIy) plankton taxa could not be measured,

Uchiumi Bay (oyster farm) Attached microalgae POM because it was difficult to obtain
Hyperiidal enough biomass for the analysis.
g In both bays, the §3C values of
c Oithona ] macroinvertebrates in July were sig-
®  Paracalanus nificantly higher than those in Febru-
Temora

ary (ANOVA, F = 374, p < 0.001),

Fukuura Bay (fish farm)

matching the seasonal changes in §'3C

|
|
" HCYPer"Za values of POM and attached microal-
w : gae. Changes in the §"C values of
c . )
¥ Pl ] macromvertebrat.e species among
Tomors — seasons and stations were observed

(Figs. 2 & 3). These 83C values of
Uchiumi Bay (oyster farm) Winter (February) macroinvertebrates indicated 2 possi-

— bilities: shifts in the composition of
w ] their food sources or a reflection of
) Oithona ] seasonal and spatial changes in the
% Paracalanus J 813C values of POM and attached mi-
Oncaea I croalgae. Thus, in the present study,
w . we estimated differences in the food
Q Oibona I sources of the macroinvertebrates by
2 Paracalanus J analyzing contribution ratios
& Acartia ] '
Fukuura Bay (fish farm)
i Contribution of attached microalgae
uw | to macroinvertebrate biomass
[= Oithona —_—
@ Paracalanus ! Attached macroinvertebrates, hy-
w Oithona 1 periid amphipods, and Caprella spp.
8 Paracalanus 1 mainly depended on attached micro-
- Acartia | ] algae as their food source in both bays
n | . L s . ) and both seasons (Fig. 4, Table 2).
0 20 40 60 80 100 The mean contribution of attached
Contribution for invertebrate biomass (%) microalgae to zooplankton species
varied from 0.0% (Acartia spp. and
Fig. 4. Contribution of attached microalgae (mean + 1 SD, n = 3 or 4) to the Temora spp.) to 69.5% (Oithona spp.;

macroinvertebrates at Stns F (farm, dark grey bars) and OF (outside farm, black

bars) in Uchiumi and Fukuura Bays in both seasons. Amphipods (Hyperiida) and

Caprella spp. were collected from farm structures (within rectangles). Variations . - -

in models for each species were within +6.2% for the different isotope fractiona- nificantly higher in Fukuura Bay than
tions (see ‘Materials and methods') in Uchiumi Bay (Table 2).

Fig. 4). The contribution of attached
micro-algae to zooplankton was sig-
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In July, Oithona spp. tended to depend on materials
from attached microalgae in both bays. The contribution
of attached microalgae to Paracalanus spp. and Temora
spp. in Fukuura Bay (38.4 to 66.7 %) was significantly
higher than in Uchiumi Bay (0.0 to 8.8 %; Paracalanus
spp.: t=6.65, p =0.002; Temora spp.: t =—4.45, p =0.006,
n = 4). In February, the contribution of microalgae to
Oithona spp. was significantly higher at Stn F-F than at
Stn U-F (t =-2.23, p =0.034). The contribution of micro-
algae to Paracalanus spp. was <20 % and did not differ
between bays (t = 0.745, p =0.497). The contribution of
microalgae to Oithona spp. was significantly higher at
Stn F-F than at Stn F-OF (t=-4.42, p =0.011).

DISCUSSION

Our results show that the contribution of attached
microalgae was up to approximately 70 % of the cope-
pod biomass in Fukuura Bay. Thus, copepods largely
depended on materials from attached microalgae as
their food source. Attached microalgae formed the
basis of the planktonic food web, but their contribution
depended on the type of farming, i.e. fish versus oyster
farms. Farm cages were constructed of nets and ropes,
which may provide a large interface between the
water and the cage surfaces, and may explain the
higher contribution of attached microalgae on the fish
farm than in the estuary.

The contribution of attached microalgae to Oithona
spp. in both bays and to Temora spp. in Fukuura Bay is
similar to the contribution to hyperiid amphipods and
to Caprella spp. in Fukuura Bay, although the cope-
pods are all planktonic. There are 2 hypotheses for
why planktonic copepods feed on farm-attached
microalgae. The first is that the copepods feed directly
on attached microalgae, as do amphipods and Caprella
spp. Conover et al. (1986) suggested that the arctic
copepod Pseudocalanus spp. may feed opportunisti-
cally near the ice—water interface, perhaps directly on
algae attached to the ice. However, in that case, the
copepods inhabited a narrow layer at the ice—water
interface. We did not observe copepods aggregated
near or attached to the ropes, where we collected
attached macroinvertebrates, in either bay. Thus, this
hypothesis may be inappropriate for copepods whose
main food items were attached microalgae. The second
hypothesis is that the copepods feed on planktonic
detritus from attached microalgae. In marine environ-
ments, sources of detritus are diverse and include non-
living phytoplankton, fecal material, carcasses and
molts of zooplankton, and resuspended sediments
(Roman 1984). The concentration of detritus in the
coastal marine environment is generally greater than
the living phytoplankton biomass (Bouillon et al. 2000).

Many studies have demonstrated the importance of
detritus as a food source for zooplankton (e.g. Roman
1984, Xu & Wang 2002). Thus, copepods near the farm
may have fed on planktonic detritus from attached
microalgae, while copepods away from the farm fed
mainly on phytoplankton-derived POM.

Benthic—-pelagic habitat coupling occurs in aquatic
ecosystems; primary productivity is transported across
food webs through fish and zooplankton (e.g. Kibirige et
al. 2002 in an estuary, Schindler & Scheuerell 2002 in
lakes, Takai et al. 2002 in the ocean). The present study
shows that materials from attached microalgae play an
important role in planktonic food webs in sea farm habi-
tats. Thus, the farm-attached and planktonic food webs
may be coupled with each other through the zoo-
plankton community, especially in the summer.

In Fukuura Bay, the attached algal contribution to
the planktonic food web was higher than that in Uchi-
umi Bay, probably because the fish farms in Fukuura
Bay were fertilized. Thus, the eutrophication of coastal
marine areas caused by fertilization may modify
pelagic food web structure, especially the base of the
food web. Copepods are important prey items for fish,
and their fecal pellets sink. Thus, the eutrophication
induced by fish farming might affect other fish and the
material transport system of the ecosystem through
copepods. In addition, in this study, the OF stations
were comparatively less affected by farm-attached
microalgae. However, fish farms have rapidly prolifer-
ated along the coast in recent decades. Our results
clearly show that eutrophication can modify pelagic
food web structure. However, the present study is just
an initial step in estimating the effect of aquaculture on
microalgal-zooplankton trophic connections—we did
not estimate the effect of such trophic connections on
the whole food web. Further study of the whole food
web is necessary to protect and preserve coastal
marine environments.
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