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Abstract A conjoint analysis of gut contents and stable C

and N isotopes was applied to determine the main food

sources and feeding habits of dominant amphipods in

an eelgrass bed (Zostera marina) in Gwangyang Bay,

Korea. Gut content observations demonstrated that, while

Gammaropsis japonicus and Jassa slatteryi are herbivo-

rous, feeding on epiphytes and detritus, Pontogeneia rostrata

and Monocorophium acherusicum are omnivorous, feeding

on mesozooplankton fragments and detritus. Stable isotope

data confirmed that epiphytes, detritus, and mesozoo-

plankton fragments were major food sources for amphipods

in the eelgrass bed. Isotopic mixing model calculations

clearly showed an interspecific difference in diet compo-

sition. A high isotopic dissimilarity between amphipod taxa

demonstrated interspecific trophic diversity, reflecting their

herbivorous (G. japonicus and J. slatteryi) and omnivorous

(P. rostrata and M. acherusicum) feeding habits and con-

firmed the detrivorous feeding habits of caprellids. Such

trophic diversity at interspecific level of the amphipod

species indicates that they use different food resources

within their microhabitats and play species-specific func-

tional roles as mediators in trophic pathways from producers

to higher-level consumers of the eelgrass ecosystem. Finally,

our findings suggest that information on the species-specific

trophic ecology of amphipods is needed to better understand

their potential role in the trophic dynamics and carbon flow

of seagrass bed ecosystems.

Introduction

In eelgrass beds, the peracarid crustaceans and especially

the Amphipoda are by far the most species-rich group

(Fenchel et al. 1975; Wijnsma et al. 1999; Dittmann 2000;

Graeve et al. 2001) and are considered to be among the

most important secondary producers (Carrasco and Arcos

1984; Jeong et al. 2006). They play a principal role in the

eelgrass bed food web, acting as a trophic mediator from

primary producers to higher-order consumers (Graeve et al.

2001). Indeed, concerning total energy flow, they are

among the key taxa in seagrass bed ecosystems (Stoner and

Livingston 1980; Edgar and Shaw 1995; Taylor 1998). A

qualitative and quantitative characterization of the trophic

role of amphipods and of the entire food web could con-

tribute significantly to a more accurate description of the

trophic structure and nutrient fluxes in seagrass beds.

Because these key macrofaunal species can consume sus-

pended matter, epiphytes and/or eelgrass, their effects on

an eelgrass bed can be either positive or negative (Hughes

et al. 2004; Valentine and Duffy 2006). Furthermore, the

population dynamics and productivity of these species

depend mainly on the availability of alternative food

resources (i.e., suspended and/or deposited detrital mate-

rials and dissolved organic matters) derived from the eel-

grass bed (Yu et al. 2003; Jeong et al. 2006).

Energy transfer from primary producers to consumers in

seagrass ecosystems is known to be through three main

pathways of consumption: living seagrass tissues, leaf
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detritus, and related constituents and epiphytes (Buia et al.

2000). Seagrass beds are highly productive ecosystems

(Duarte and Chiscano 1999). However, as the direct con-

sumption of seagrass leaves by herbivores is generally low,

much of this production eventually enters the detrital food

chain through mechanical and biological processes,

resulting in particulate detrital materials and dissolved

organic carbon (Moriarty et al. 1985; Ziegler and Benner

1998; Stabenau et al. 2004). In contrast, various studies on

trophic networks in seagrass beds have shown strong food

web linkages between epiphytic algae (also benthic mic-

roalgae) and consumers (Jernakoff et al. 1996; Lepoint

et al. 2000; Moncreiff and Sullivan 2001; Jaschinski et al.

2008; Jephson et al. 2008). The above-mentioned studies

suggest that major trophic pathways may vary among

seagrass ecosystems.

In the eelgrass (Zostera marina) bed of Namhae-do on

the southern coast of Korea, four gammaridean amphipods

(Gammaropsis japonicus, Jassa slatteryi, Pontogeneia

rostrata, and Monocorophium acherusicum) and caprelli-

dean amphipods have high biomass and production (Jeong

et al. 2004, 2006). Their annual secondary production and

biomass are highest among all amphipods inhabiting tem-

perate seagrass beds (Takeuchi 1989; Takeuchi and Hirano

1991, 1992; Jeong et al. 2006, 2009). Their density is

controlled by predation pressure from various fish species,

such as Pholis nebulosa and Pseudoblennius cottoides

(Yun et al. 2002). Some demersal and generalist fish (e.g.,

the flatfish Limanda yokohamae and the snailfish Liparis

tanakai) utilize mainly amphipods as diet during a critical

period in their juvenile development (Kwak and Huh

2003a, b). These are indicative of the important role of

amphipods as a link from lower to higher trophic levels in

the eelgrass ecosystem (Takeuchi 1989; Moksnes et al.

2008).

Amphipods are the most diverse group of crustaceans

with respect to life styles, trophic types, habitats and size

spectra (Caine 1980; De Broyer and Jazdzewski 1996),

but the ecofunctional and trophodynamic roles of epi-

benthic amphipods are still poorly known. Moreover, the

trophic roles and functional types have been studied in

fewer than about 10 % of amphipod species, with very

few quantitative approaches so far (Dauby et al. 2001).

For example, for the most important superfamilies of

gammarids (namely the Corophiidae and Eusiroidea),

morphofunctional feeding types often cannot be deduced

with certainty from the morphology of feeding append-

ages, because they show opportunistic dietary choices for

various diet produced from local sources (Ledru 2000;

Sheader et al. 2004). The feeding preferences of caprellid

amphipods are also not well understood, with wide dis-

crepancies appearing in the literature, which is restricted

with a few exceptions to general invertebrate texts

(Dewey 1970). Many authors have stated that caprellids

fed mainly by scraping diatoms off the substrata to which

they are attached (see Saunders 1966). In this respect,

knowledge about the feeding ecology of important trophic

mediators such as the amphipods, is crucial in under-

standing the trophic pathways in seagrass systems. Based

on their gut contents, the epibenthic amphopids inhabiting

seagrass beds have been regarded as generalist feeders,

relying mainly on epiphytes and detritus derived from the

seagrass (Macko et al. 1982; Stephenson et al. 1986; Yu

et al. 2003; Jephson et al. 2008). However, because most

studies have lumped amphipods into a single functional

group (Lepoint et al. 2000, Vizzini et al. 2002), little is

known about species-specific feeding ecology and hence

their major food sources in most seagrass ecosystems

(Douglass et al. 2011; Farlin et al. 2011).

Various aspects of amphipod feeding activity have been

studied, including their diet (Fenchel et al. 1975; Biern-

baum 1979; Nielsen and Kofoed 1982; Icely and Nott

1985; Stuart et al. 1985) using several methods such as gut

content and lipid analyses (Sargent and Whittle 1981;

Phleger et al. 1998). However, there are several limitations

associated with employing these methods in determining

their feeding (see Gurney et al. 2001 for a detailed

description). Alternatively, stable isotope analysis has

proved a powerful tool for discriminating between poten-

tial food sources, providing an accurate time-integrated

measure of food actually assimilated during the feeding

history of consumers (Fry and Sherr 1984; Michener and

Schell 1994). The technique is based on the assumption

that stable isotope ratios of consumer tissues reflect those

of their diets, with predictable enrichment of heavier iso-

topes. Carbon isotope ratios can be used to identify food

sources for consumers because there is little fractionation

between prey and predator (Fry and Sherr 1984). Nitrogen

isotope ratios can be utilized to estimate consumer trophic

position because of the stepwise trophic level enrichment

in 15N (Kling et al. 1992; Hobson 1993; Vander Zanden

and Rasmussen 2001).

In the present study, we used gut contents and carbon

and nitrogen stable isotope ratios (d13C and d15N) for the

following purposes: (1) to examine interspecific difference

in diet composition of four amphipod species (G. japoni-

cus, J. slatteryi, P. rostrata, and M. acherusicum) in an

eelgrass bed on the southern coast of Korea; (2) to assess

the relative importance of potential food resources (epi-

phytes on the surface of eelgrass blades, eelgrass tissues,

suspended particulate organic matter (POM), and sedi-

mentary organic matter) for the diet of each amphipod

species; and (3) to elucidate the potential role of amphipods

in diverse functional roles—not as one single functional

group—in trophic pathways through food webs of the

eelgrass bed ecosystems.
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Materials and methods

Study site

This study was carried out in an eelgrass (Zostera marina)

bed in the northwestern part of Namhae-do, Gwangyang

Bay, Korea (Fig. 1). The sampling site was composed of

muddy sand. The semi-enclosed inward part of the bight

communicates with the rest of the bay through a shallow

channel. The bight has no marked runoff of freshwater.

During the rainy season, however, low salinities (about 10)

were caused by runoff from the Seomjin River near the

sampling site. The water depth in the inward part does not

exceed 5 m, and this location (about 3000 m2) is covered

by monospecific stands of Z. marina along the shoreline.

Sample collection

All samples for analyses were taken in May 2008 by

SCUBA diving and collected in the same area

(100–150 m2) at a distance of 20 m from the shore and at a

depth of 3.5 m, in order to minimize the spatial differences

in the potential food sources. Composite specimens of

eelgrass were taken (containing green leaves, senescent

brown leaves, fallen decomposing leaves and roots).

Fallen, decomposing leaves were collected from the bot-

tom. The leaves were examined using a microscope for

detection of seagrass debris and epibionts and were then

carefully cleaned of epiphytes using a razor blade. Epi-

phytic diatoms (hereafter, epiphytes) and macroalgae (red

seaweed) on the surface of eelgrass blades were collected

from mature green leaves using a razor blade.

Phytoplankton were collected from the water column

with a tow net (20-lm mesh size) directly above the eel-

grass bed. From these samples, particles and animals were

carefully removed under a microscope, after prefiltered

using a 63-lm sieve. Suspended zooplankton were sampled

using a tow net (250-lm mesh size). The suspended

zooplankton samples from the eelgrass bed consisted

mainly of Acartia sp.. Harpacticoid copepods were col-

lected with a handheld net (250-lm mesh size) using

SCUBA diving equipment (see Jeong et al. 2006 for a

detailed description). Suspended particulate organic matter

(POM) was collected from the water column with a vac-

uum pump and was obtained by filtering 10 l of seawater,

which was prefiltered through a 100-lm sieve to remove

large particles and zooplankton, onto prewashed and pre-

combusted (450 �C, 4 h) Whatman GF/F filters (0.70-lm

nominal pore size). Sedimentary organic matter (SOM)

was collected from the top 0.5 cm of sediment. Three

replicate samples were taken by hand corer of 5 cm

diameter.

Amphipod samples were taken with handheld net

(150-lm mesh size) with SCUBA diving and were separated

from the eelgrass by rinsing with filtered seawater and

sorted under a dissecting microscope. All amphipod sam-

ples for gut content and stable isotope analyses consisted of

at least 10 individuals of the same species that had been

collected concurrently at the same site. Sex or maturity of

the amphipods in the present study was not considered.

Only amphipods greater than 5 mm in length were used for

gut content analyses.

Gut content analysis

The gut of each gammarid amphipod was carefully dis-

sected and immersed in glycerol on a glass slide. Gut

fullness was assessed by microscope. Individual food items

were identified and counted under a differential interfer-

ence microscope (Zeiss Axioskop, Göttingen, Germany)

and a cold-field emission scanning electron microscope

(SEM, Hitachi S-3000 N, Tokyo, Japan). The food items

were identified to the lowest possible taxonomic category,

using the works of Yu et al. (2003). Dietary composition of

each gammarid amphipod species using the point method

(Wear and Haddon 1987). This method is suitable for

assessing the diet of crustaceans including amphipods

whose gut contents are macerated and different to quantify

(Takahashi and Kawaguchi 1998; Oh et al. 2001). Prior to

observation by SEM, the gut contents were dehydrated

using a graded ethanol and t-butyl alcohol series and then

freeze-dried. Samples were mounted on stubs and sputter

coated with platinum.

The data were presented as percentage composition by

number (%N) and frequency of occurrence (%O). Per-

centage composition by number represents the proportion

of a particular item relative to the total number of all items

counted in the gut and provides information on each indi-

vidual’s feeding behavior. The percentage occurrence and

relative abundance for each food type was estimated using

the following equations:
Fig. 1 Location of the sampling site in Gwangyang Bay, southern

Korea. The arrows indicate the seagrass bed investigated
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%O ¼ ni=Nð Þ � 100

%N ¼
X

Si=
X

St

� �
� 100

where ni is the number of amphipods with food i in the gut,

N is the total number of amphipods with gut contents, Si is

the number of items of food i, and St is the total number of

food items. Caprellid amphipods were not considered.

Stable isotope analysis

Amphipods were kept in filtered seawater overnight to

evacuate their gut contents before being frozen. After

defrosting, all food source and amphipod samples were

rinsed in distilled water, dried at 60 �C for 48 h and ground

to a fine powder using a mortar and pestle. Prior to isotopic

analysis, all samples were treated, in silver cups, with a

small amount of 1 N HCl to remove carbonates until the

sample ceased to effervesce; samples were then dried

again. Because acid washing can affect the nitrogen ratios

of organic material (Bunn et al. 1995), samples for nitrogen

isotope analysis were not acidified.

The carbon and nitrogen isotopic compositions of the

powdered samples were determined using a continuous-

flow isotope ratio mass spectrometer (CF-IRMS, Isoprime,

GV Instruments, Manchester, UK) coupled with an ele-

mental analyzer (EuroVector 3000 Series, Milan, Italy).

For isotope analysis, the samples were weighed (0.5–1.0 g)

into tin capsules and then oxidized at high temperature

(1,030 �C) in the elemental analyzer. d13C and d15N values

are expressed in parts per thousand (%) relative to the

conventional standard PDB (Pee Dee Belemnite) for

carbon and atmospheric N2 for nitrogen, respectively,

according to the following formula: dX = [(Rsample/

Rstandard) – 1] 9 103, where X is 13C or 15N and R is the
13C/12C or 15N/14N. Sucrose (ANU C12H22O11; NIST,

Gaithersburg, MD, USA) and ammonium sulfate ([NH4]2

SO4; NIST) were used for the internal d13C and d15N

calibration, respectively, and were analyzed twice after

every six samples. The standard deviation of repeated

measurements of the laboratory standard was 0.1 % for

d13C and 0.15 % for d15N.

Multiple-source mixing model and statistical analyses

IsoSource software was used to determine the relative

contribution of each source to the mixed signature of

amphipods (Phillips and Gregg 2003; Phillips et al. 2005).

Epiphytes on the surface of eelgrass blades, eelgrass tissues,

POM, and SOM were considered as potential trophic

resources for the amphipods. Consumers are generally

enriched in heavier isotopes (13C and 15N) relative to their

diets (i.e., isotopic fractionation). For the isotopic mixing

model calculations, the isotope values of amphipods were

corrected with the average fractionation estimates of

-0.7 % for d13C and 1 % for d15N known for amphipods

(Macko et al. 1982; Stephenson et al. 1986; see also

‘‘Discussion’’). These trophic fractionation values were

lower than the average estimates (-0.41 % ± 1.14 for

d13C; 2.5 % ± 2.5 for d15N) suggested for herbivores

(Vander Zanden and Rasmussen 2001; McCutchan et al.

2003). Source increment was set at 1 %. Tolerance was

initially set at 0.1 % (Phillips and Gregg 2003). If mixture

isotope values were outside the set thresholds, we incre-

mentally increased the tolerance value to maximum of

0.5 %.

Prior to statistical analyses, data were tested for homo-

geneity of variances and normal distribution. Bonferroni

corrected t tests allowed comparison between taxa within

food sources and animals.

Results

Gut content analysis

Eight main components were distinguished in the gut

analysis of amphipod species (Table 1). The most common

food items in the gut of Gammaropsis japonicus and Jassa

slatteryi were found to be epiphytic diatoms (Fig. 2a, b),

which were found in 100 % of the guts examined and

constituted more than 70 % of the total gut content. These

two species had similar diatom contents of 71.8 and

74.5 %, respectively. The other categories contributed only

minor proportions to the diet (\20 % of total abundance

each). Epiphytic diatoms were present either intact or as

detritus and were more frequent in the guts, which were

completely filled with frustules. The relative abundance of

the main diatoms found in gut contents was not measured

in the present study. However, of the diatoms identified in

guts, Cocconeis sp. was the most abundant ([50 % of total

diatom count for each individual). This diatom is attached

to the blades of eelgrass by a mucilaginous film and is

ingested by benthic amphipods, which scrape the eelgrass

substratum to feed. Detritus was also a dominant food item

in the guts of amphipods (Fig. 2c, d). It was found in all

guts analyzed (100 % presence in all four amphipod spe-

cies) but constituted less than 35 % of the total abundance

of food items in the guts (Table 1). Detritus fragments were

the second major contributors to the diet of these amphi-

pods and were mainly derived from plant litter and eel-

grass leaves (Fig. 2c). The size of detritus ranged from

about 10–50 lm. The detrital fragments were broken to

pieces by the action of the strong teeth, as shown by the

decrease in detritus size. Broken piece of these fragments

were intermittently associated with diatoms (Fig. 2d).
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Table 1 Dietary composition of each amphipod

Food items G. japonicus (n = 20) J. slatteryi (n = 20) P. rostrata (n = 10) M. acherusicum (n = 10)

%N %O %N %O %N %O %N %O

Mesozooplankton fragments 0.0 0.0 39.6 63.7

Harpacticoid copepods 0.0 0 0.0 0 5.8 60 9.9 60

Crustacean fragments 0.0 0 0.0 0 8.3 20 31.6 90

Acartia sp. 0.0 0 0.0 0 25.6 60 22.2 50

Dinoflagellate cysts 0.0 0 0.0 0 0.0 0 9.4 10

Epiphytes (mainly diatoms) 71.8 100 74.5 100 21.4 100 1.2 30

Macroalgae (mainly Ceramium sp.) 5.8 50 2.8 45 1.7 20 0.0 0

Seagrass tissues 0.0 0 0.0 0 0.0 0 0.0 0

Detritus 15.3 100 18.5 100 32.8 100 22.8 100

Unidentifiable 7.1 100 4.1 100 4.5 100 2.9 100

%N: percentage of food items counted within a species; %O: frequency of occurrence; n number of specimens examined

Fig. 2 Gut contents of amphipods in this study area. a, Gammaropsis
japonicus, diatom Cocconeis sp.; b Jassa slatteryi, diatoms frag-

ments; c, Pontogeneia rostrata, detritus; d, P. rostrata, diatoms

fragments and detritus; e, P. rostrata, appendicular of Acartia sp.;

f, Monocorophium acherusicum, crustacean fragments

Mar Biol (2012) 159:1943–1954 1947
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Macroalgae showed the lowest percentage occurrence in

the guts of amphipods (0–50 %; Table 1). The contribu-

tions of macroalgae ranged from zero in M. acherusicum to

5.8 % in G. japonicus. These detrital components were

made up of filamentous particles about 0.5 lm diameter.

Red algae are the most common macroalgal form found off

the southern coast of Korea (Huh et al. 1998) and seemed

to be more frequent in guts of amphipods during spring.

This corresponded to a period of higher production of

epiphytic algae and eelgrass leaf area makes a considerable

contribution to this process (Jeong et al. 2004).

The contributions of mesozooplankton and/or zooben-

thos fragments (harpacticoid copepods, unidentified crus-

taceans, Acartia sp.) to the gut material of M. acherusicum

(63.7 %) were remarkably higher than those of P. rostrata

(39.6 %). A high contribution was observed for crustacean

fragments and Acartia sp. (Fig. 2e, f). Crustacean fragments

were the dominant food item found in the gut of M. ach-

erusicum (31.6 % of total gut contents, Table 1). These

fragments were small detritus (\150 lm, Fig. 2f). Gut

analysis did not allow further identification of these com-

ponents, which were not entirely assimilated because they

were found in the hindgut. The calanoid copepod Acartia

sp. occurred in high abundance in the guts of P. rostrata and

M. acherusicum (Table 1). Acartia sp. fragments accounted

for 25.6 % of the total abundance of food items in the guts

of P. rostrata, constituting the second major food item

(Fig. 2e). The fragments were also consistently present in

the mid- and hindguts of P. rostrata and M. acherusicum.

Harpacticoid copepods and dinoflagellate cysts represented

5.8–9.9 % of total gut contents in P. rostrata and M. ach-

erusicum and were minor contributors to the diet (\10 % of

the total abundance for each; Table 1).

Stable isotopes signatures in food sources

and amphipods

Whereas the d13C values of the food sources in the eelgrass

bed exhibited a wide range (-21.0 ± 0.4 % in POM to

-9.5 ± 0.1 % in green leaves of eelgrass), the d15N values

showed a much narrower range between epiphytes (mean

7.2 ± 0.1 %) and suspended zooplankton (mean 11.3 ±

0.6 %, Fig. 3). Decomposing leaves and roots of eelgrass

showed very similar d13C values (mean -10.7 ± 0.2 % and

-10.8 ± 0.4 %, respectively). The d13C values of green

and brown leaves of seagrass were very similar (mean

-9.5 ± 0.1 % and -10.1 ± 0.2 %, respectively), values

being slightly enriched in d13C compared with the former two

counterparts. The d15N values of eelgrass blades ranged from

10.3 ± 0.1 % to 10.7 ± 0.2 % and were substantially

enriched relative to epiphytes, macroalgae, and harpacticoid

copepods (Bonferroni test, p \ 0.05, Table 2). There were no

significant differences in the d13C and d15N values between

eelgrass tissues, the values being similar to those reported

previously (Fujiwara and Highsmith 1997; Kharlamenko

et al. 2001). Overall, eelgrass d13C and d15N values were

significantly higher than those from other sources (Bonfer-

roni test, p \ 0.001).

Epiphytic algae on eelgrass blades consisted mainly of

diatoms: Cocconeis sp. Epiphytes were 13C-depleted

compared with the eelgrass blades on which they grew; the

d13C values (mean -15.2 ± 0.4 %) were *3.0 % lower

than those for eelgrass blades (Bonferroni test, p \ 0.001;

Table 2) and showed intermediate values between those

of POM, phytoplankton and eelgrass (Fig. 3). The d15N

value (mean 7.2 ± 0.1 %) of epiphytes showed the lowest

value among the food sources. The d13C values (mean

-15.1 ± 0.5 %) of macroalgae were similar to those of

epiphytes collected from the surface of eelgrass blades. The

d15N values of macroalgae showed intermediate values

(mean 8.6 ± 0.2 %) among the food sources. The d13C

values of POM (mean -21.0 ± 0.4 %) were similar to

those of phytoplankton (-19.0 ± 0.8 %). These d13C

values were within the range typical of suspended POM

collected from the southern coastal bays of the Korean

Peninsula (Kang et al. 2003). The d15N values of POM and

phytoplankton (means 9.8 ± 0.8 % and 8.8 ± 0.5 %,

respectively) were also within the range (mean 8.6–11.7 %)

reported for those in near shore waters of adjacent coastal bays

Fig. 3 Mean (±SD) d13C versus d15N values of amphipods and

potential food items in this Zostera marina bed. Gl green leaves,

Fl fallen decomposing leaves, Sl senescent brown leaves, Rt roots,

Har harpacticoid copepods, Cap caprellids, Ma macroalgae, POM
particulate organic maters, SOM sedimentary organic matter, SuZ
suspended zooplankton
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(Kang et al. 2003). The d13C values (mean -11.6 ± 0.4 %)

of harpacticoid copepods (the main dietary component

of benthic mezograzers in this study) were consistently
13C-enriched compared with suspended zooplankton (Bon-

ferroni test, p \ 0.001, Table 2), whereas the d15N values

were similar to each other (Bonferroni test, p [ 0.05).

Amphipods exhibited very low intraspecific variations

(\1 %) in d13C and d15N (Fig. 3). A wide d13C range

(*4.2 %) of interspecific difference was found between G.

japonicus and M. acherusicum. Among the amphipods, d13C

values of G. japonicus and J. slatteryi (means -14.2 ±

0.6 % and -14.8 ± 0.7 %, respectively) had nearly iden-

tical values, whereas P. rostrata and M. acherusicum (means

-16.0 ± 0.5 and -18.4 ± 0.4 %, respectively) had lower

d13C values than G. japonicus and J. slatteryi (Bonferroni

test, p \ 0.05; Table 2). Caprellid amphipods showed

lower d13C values (mean -18.4 ± 0.5 %) than those of

the former four amphipods (Bonferroni test, p \ 0.05;

Table 2). The d15N values between G. japonicus and

J. slatteryi (means 9.1 ± 0.1 % and 9.5 ± 0.1 %,

respectively) and between P. rostrata and M. acherusicum

(means 10.8 ± 0.3 % and 11.4 ± 0.5 %, respectively)

were not significantly different, but the values between

these two groups (G. japonicus and J. slatteryi vs. P. rostrata

and M. acherusicum) were substantially different (Bonferroni

test, p \ 0.05; Table 2).

Mixing model estimates of dietary proportions

The mixing model estimates showed variations in the

major dietary components of amphipods (Table 3). The

results are in accordance with the gut content observations.

The results of model calculations indicated that epiphytes

on the surface of eelgrass blades were the major food

source of G. japonicus (68–69 %) and J. slatteryi

(50–59 %). In contrast, POM and SOM were estimated to

be more important nutritional source for P. rostrata (0–57

and 0–67 %, respectively), M. acherusicum (60–86 and

0–20 %, respectively), and caprellids (10–50 and 23–70 %,

Table 2 Results of the Bonferroni corrected t test to evaluate differences in the isotopic composition (d13C and d15N) among potential food

sources (a) and amphipods (b)

SuZ Har Phy Epi Mac POM SOM Gl Sl Fl

(a)

Har ***/*** – – – – – – – – –

Phy ns/*** ***/ns – – – – – – – –

Epi ***/*** **/ns ***/ns – – – – – – –

Mac ***/*** ***/ns ***/ns ns/ns – – – – – –

POM ns/ns ***/*** **/ns ***/*** ***/ns – – – – –

SOM ns/* ***/** ns/ns ***/** ***/ns ns/ns – – – –

Gl ***/ns **/*** ***/* ***/*** ***/** ***/ns ***/ns – – –

Sl ***/ns ns/*** ***/ns ***/*** ***/* ***/ns ***/ns ns/ns – –

Fl ***/ns ns/*** ***/ns ***/*** ***/* ***/ns ***/ns ns/ns ns/ns –

Rt ***/ns ns/*** ***/* ***/*** ***/* ***/ns ***/ns ns/ns ns/ns ns/ns

Gj Js Pr Ma

(b)

Js ns/ns – – –

Pr */* ns/ns – –

Ma ***/** ***/* */ns –

Cap ***/ns ***/ns **/ns ns/ns

Each cell of the table includes the results for d13C and d15N (d13C/d15N, respectively)

* p B 0.05, ** p B 0.01, *** p B 0.001; ns no significant difference (p [ 0.05). For abbreviations, see Fig. 3

Table 3 Distributions of feasible contributions (%) of four food

sources (epiphytes, POM, SOM, seagrass [Zostera marina leaves]) to

consumer production, as determined by two isotopes, d13C and d15N,

after correcting for trophic fractionation of about -0.7 % for d13C

and 1 % for d15N (Macko et al. 1982; Stephenson et al. 1986): see

detailed procedures for calculation in Phillips and Gregg (2003)

Consumer Epiphytes POM SOM Seagrass

Gammaropsis japonicus 68–69 0 0 31–32

Jassa slatteryi 50–59 0–25 0–29 18–23

Pontogeneia rostrata 0–14 0–57 0–67 31–36

Monocorophium
acherusicum

0–2 60–86 0–20 13–22

Caprellids 19–25 10–50 23–70 1–2
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respectively). Z. marina was also of considerable impor-

tance in the diet of all amphipod species analyzed (31–32,

18–23, 31–36, and 13–22 % for G. japonicus, J. slatteryi,

P. rostrata, and M. acherusicum, respectively).

Discussion

We found that these amphipods had a species-specific diet

in this eelgrass system, a result that is contrast to the

longstanding belief that amphipods can be treated as sev-

eral functional groups in benthic macrophyte systems. The

significant differences in the d13C and d15N values between

the two groups reflected the difference in dietary compo-

sition in accordance with gut contents.

G. japonicus and J. slatteryi had d13C values close to

that of epiphytes (Fig. 3). The similarity in d13C between

these species and epiphytes might be explained by the

amphipod gut contents, which comprised mainly epiphytic

diatoms. This result indicates that these amphipods

exploited epiphytic microalgae on eelgrass blades. The

presence of epiphytes on host eelgrass increases habitat

complexity and food supply for amphipods. It is generally

accepted that eelgrass supports a large number of epiphytic

organisms as accessible primary producers for grazing

consumers (Kharlamenko et al. 2001). In the study area, the

greatest development of epiphytes occurs between spring

and summer with a chlorophyll a peak from April to July,

and this is dependent on eelgrass biomass (Jeong et al.

2004). As a result, it is expected that the production of

amphipods will depend on the presence of epiphytes, which

provide higher resource availability (Edgar 1983; Martin-

Smith 1993).

It has been demonstrated that some species of grazing

amphipods actually feed on eelgrass blades and that

sometimes they are the main consumers of eelgrass among

all animals studied in eelgrass ecosystems (Stephenson

et al. 1986; Boström and Mattila 2005). However, in the

present study, eelgrass tissues were not found in the gut of

any of the four amphipods (Table 1). Fry and Sherr (1984)

suggested that seagrass tissues appear to be a minor food

source for consumers, whereas seagrass-derived detritus

and epiphytes seem to play the most important trophic role.

On the dual isotope plot, d13C values of G. japonicus and

J. slatteryi were aligned to those of epiphytes and macroalgae

but still far from the values of POM (also SOM and

phytoplankton; Fig. 3). In contrast, the d15N values of

G. japonicus and J. slatteryi were aligned to those of POM

and were very close to the values of macroalgae but 2 %
higher than those of epiphytes. Diet–animal tissue isotopic

fractionation is critical in determining the relative contri-

bution of different food sources to an animal’s diet. Tro-

phic fractionation has been reported to be significantly

lower in herbivores than in carnivores for d13C and d15N

(-0.41 ± 1.14 % vs. 0.91 ± 1.04 % and 2.5 ± 2.5 % vs.

3.4 ± 0.4 %, respectively); the fractionation estimates

bring more variable in herbivores than in carnivores

(Vander Zanden and Rasmussen 2001; Vanderklift and

Ponsard 2003). Because of the elevated variance for her-

bivores in isotopic fractionation between prey and predator,

the average fractionation estimates obtained from the lit-

erature can hide large variations between intra- and inter-

specific population comparisons. In marine amphipods,

trophic fractionation values are typically low and highly

variable (Lepoint et al. 2000; Vizzini et al. 2002; Farlin

et al. 2011; Michel 2011). Therefore, as recommended by

Caut et al. (2008), the fractionation values measured by in

vitro grazing experiments of amphipods—rather than the

above-mentioned general fractionation estimates—were

used as trophic enrichment factors in this study.

Considering the trophic fractionation of about -0.7 %
for d13C and 1 % for d15N (Macko et al. 1982; Stephenson

et al. 1986), the isotopic composition of these two her-

bivorous amphipods (G. japonicus and J. slatteryi) indi-

cates that they might not feed directly on eelgrass tissues.

Similar d15N values between these two herbivorous

amphipods and macroalgae may indicate a low contribu-

tion of macroalgae to the amphipods, as confirmed by a

low abundance (5.8 and 2.8 %, respectively) of macroalgae

in their gut contents. Accordingly, the d13C and d15N

values suggest that the amphipod food chains are based on

epiphytes. Indeed, linear mixing model calculations based

on mass balance equations using the d13C and d15N sig-

natures of four sources of organic matter showed that

epiphytes were definitely the major dietary component for

G. japonicus and J. slatteryi (68–69 and 50–59 %,

respectively; Table 3). The results of isotopic mixing

model calculations were consistent with the conclusion

from gut content analysis, confirming the herbivorous

feeding habits of these species.

In contrast, P. rostrata and M. acherusicum had more
13C-depleted but 15N-enriched values compared with the

herbivorous amphipods that feed exclusively on epiphytes

(Fig. 3). Greater 13C-depleted values in these two amphi-

pods than in the herbivorous amphipods indicate an

increased contribution of POM or SOM to their ultimate

dietary sources. Moreover, their higher d15N values

(1.3–2.3 %) than those of the herbivorous amphipods

indicate their higher trophic positions. The scanning elec-

tron microscope study of gut contents clearly showed that

P. rostrata and M. acherusicum utilize a mixed diet derived

from carbon sources, such as zooplankton, epiphytes and

vegetal detritus (Table 1). Gut content analysis proved the

omnivorous feeding habit of P. rostrata, showing a pre-

dominance of detritus in its food items (32.8 %, Table 1).

Isotopic mixing model calculations indicated that POM and

1950 Mar Biol (2012) 159:1943–1954
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SOM constitute a major dietary component of P. rostrata

(0–57 % for POM and 0–67 % for SOM; Table 3). P. ro-

strata was shown to feed mainly on planktonic and/or

benthic microalgae as an epiphyte grazer and detritus

feeder (Brawley and Fei 1987). In the gut content analysis

of P. rostrata, macroalgae were a minor component of the

amphipod diets. On the other hand, in the P. rostrata diet,

carcasses of zooplankton represented almost half of its

food items (39.6 %; Table 1). Some members of the family

Eusiridae, such as P. rostrata, show an opportunistic die-

tary choice for a carnivorous diet (crustacean fragments)

produced from local sources (Ledru 2000; Sheader et al.

2004). They are also known to be grazing omnivores that

often move on the sediment surface to feed on deposited

prey and detrital materials derived from the carcasses of

zooplankton (Biernbaum and Wenner 1993; Yu 2002). In

this study, SOM consisted of detritus containing carcasses

of suspended zooplankton and benthic diatoms and the

contents are known to be highest during spring (Jeong et al.

2004). This suggests that deposited prey can constitute an

important component of major food sources of P. rostrata

inhabiting eelgrass beds.

For M. acherusicum, several studies demonstrated that it

feeds on plant debris or benthic macroalgae as a burrower

and adjusts its feeding strategy according to ambient food

availability (Whitlatch 1981; Murdoch et al. 1986; Jeong

et al. 2004). The composition of the diet of amphipods

might reflect to some degree the relative abundance and

availability of food items (Yu et al. 2003). In the present

study, the gut content of M. acherusicum showed that it had

a mainly carnivorous diet (crustacean fragments; Table 1).

Most copepods and benthic amphipods inhabiting temper-

ate eelgrass beds breed during spring and then die (Park

2006; Jeong et al. 2009). Carcasses of copepods might

account for a significant part of the sinking fluxes of

organic matter in food chains in benthic microhabitats.

According to Yu et al. (2003), meiofaunal fragments were

the dominant food item of carnivorous amphipods and the

density of food items—such as copepods and detritus—

could be an important factor according for variations in the

dietary composition of benthic amphipods. In this study,

the high contents of POM and SOM were likely to reflect

increased carcasses of dead individuals after copepod

breeding, suggesting their considerable contribution to the

dietary composition of M. acherusicum. Our isotopic

results, along with gut content analysis, support this

hypothesis. A major contribution of carrion-derived

organic matter to the diet—such as the crustacean

remains—has often been found in some benthic amphipods

(Dauby et al. 2001; Nyssen et al. 2002).

With a few exceptions, caprellid feeding is not well

covered or understood in general invertebrate textbooks

(Dewey 1970). Guerra-Garcia and Tierno de Figueroa

(2009) reported that caprellids are mainly detritivores

(detritus represented 86 % of the caprellid diet), but some

species can be considered as obligate predators and feed

mainly on small crustaceans (copepods and other amphi-

pods). In this present study, isotopic signatures of caprellid

amphipods were the most 13C-depleted, showing a great

similarity to SOM and POM (Fig. 3). The d15N value of

caprellid amphipods was located among the four gam-

maridean amphipods. Isotopic mixing model calculations

clearly showed that SOM and POM were major dietary

components for caprellids, with feasible contributions of

23–70 and 10–50 %, respectively (Table 3). These results

were consistent with the conclusion from gut content

analysis, confirming the detrivorous feeding habits of

caprellids.

Our results are inconsistent with functional roles among

amphipod taxa in the eelgrass ecosystem as suggested by

Bell (1991) and Duffy and Harvilicz (2001). Instead, our

conjoint analysis of stable isotopes and gut contents offers

evidence of diverse feeding habits among amphipod spe-

cies (Duffy 1990; Nyssen et al. 2002; Farlin et al. 2011).

Such a trophic diversity of these amphipod species at the

interspecific level indicates that they use different food

resources within the microhabitats and play species-spe-

cific functional roles in trophic pathways from producers to

higher-level consumers of the eelgrass ecosystem. The data

obtained in this study demonstrated that, whereas herbiv-

orous amphipods (G. japonicus and J. slatteryi) might

serve as important trophic mediators in epiphytic micro-

algal-based carbon pathway, omnivorous taxa (P. rostrata

and M. acherusicum) could play an important role in

forming trophic links in a phytoplankton-based pathway.

Aspects of positive or negative interactions of the sea-

grass–epiphyte–amphipod system by epiphyte removal or

from amphipods grazing directly on seagrass leaves have

been developed by Jernakoff et al. (1996). Poore et al.

(2009) reported that grazing of herbivorous amphipods did

not affect the growth rates of macroalgae, the cover of its

epiphytes, or the structure of algal assemblages, suggesting

no evidence of grazer control on algal biomass and epi-

phytes. The studies are beyond the scope of this study.

However, it is expected that the species specificity in the

functional role of amphipods may result in different

contributions among species to the seagrass–epiphytes–

amphipod interactions. This study suggests that informa-

tion on species-specific trophic ecology rather than on one

general trophic category of amphipods is needed to better

understand their potential role in the trophic dynamics and

carbon flow of seagrass bed ecosystems.

In conclusion, the combination of analyzing gut contents

and a stable isotope technique proved to be valuable tool in

detecting feeding strategies and trophic diversity of the

amphipod community in seagrass systems. As confirmed

Mar Biol (2012) 159:1943–1954 1951
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by gut contents, our isotopic data strongly suggest that

epiphytes, detritus, and mesozooplankton fragments are

major food sources for amphipods in the Z. marina bed in

Gwangyang Bay. Furthermore, a great isotopic dissimi-

larity between amphipod taxa demonstrated interspecific

trophic diversity, reflecting their herbivorous (G. japonicus

and J. slatteryi) and omnivorous (P. rostrata and M. ach-

erusicum) feeding habits. However, the contribution of

these dietary components to the diets of amphipods might

vary depending on the temporal availability of food sour-

ces. These variations can influence the seasonal changes in

food selectivity and production by amphipods. In this

respect, more detailed information on the seasonal or

temporal availabilities of food sources will help us to better

understand the feeding ecology of amphipods.
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