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ABSTRACT: Crabs of the subfamily Sesarminae are important components of mangrove ecosystems in
the Indo-west Pacific, Africa, the Caribbean and South America. By retaining a large proportion of
mangrove leaf-litter within mangrove forests, they profoundly influence the functioning of mangrove
ecosystems. Despite obvious importance to ecosystem functioning, little is known about predation on
sesarmid crabs. Three large, predatory fishes of tropical Indo-Pacific estuaries, the groupers Epineph-
elus coioides and E. malabaricus and the snapper Lutjanus argentimaculatus are known to feed on
brachyuran crabs. However, the contribution of sesarmids to the brachyuran component of the diets of
these fishes is unknown. To determine the extent to which these fishes prey on sesarmid crabs, the gut
contents and stable isotope values (§'3C and 8!°N) of E. coioides, E. malabaricus, and L. argentimacu-
latus from 3 mangrove estuary systems on the northeast coast of tropical Australia were investigated.
All 3 species fed extensively on sesarmid crabs. Sesarmid crabs were the dominant food items for E.
malabaricus and L. argentimaculatus, occurring in 50 % of the stomachs that contained prey, and being
the most common prey in terms of overall numbers. Although still the dominant prey, sesarmids
occurred in only 30% of E. coioides stomachs. As well as being numerically dominant, sesarmids were
large relative to other prey types. The 3 species also had stable isotope values enriched by about +0.75
to +2 8°C and +1.5 to +2.5 8N, which were also consistent with extensive feeding on these crabs.
Most other sympatric species had quite different diets and stable isotope profiles. Extensive feeding on
sesarmid crabs by these fishes has a range of implications for the ecology of tropical mangrove ecosys-
tems. Food webs are apparently more complex, and food chains leading from mangroves to top preda-
tors may be shorter than previously thought. Furthermore, a substantial part of the mangrove produc-
tivity sequestered by sesarmid crabs may be exported from mangrove ecosystems as a result of offshore
migration by these fishes. The low incidence of piscivory in these fishes adds support to theories that
reduced predation pressure may enhance the nursery ground value of tropical mangrove systems for
fishes.
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INTRODUCTION

Concepts of food webs and food chains have a long
history (McIntosh 1985) and have generated much
controversy (e.g. Cousins 1987, Polis 1991). Tradition-
ally food webs have been treated as simple, with rela-
tively few links per web and short (2 to 4) chain lengths
(e.g. Briand 1983, Cohen et al. 1986). This simple
model has provided much insight into the functioning
of ecosystems. Recently, it has been argued that in
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many cases this model is not adequate because food
webs are much more complex, with many links and
much longer (6 to 18) chains (Polis 1991). It is asserted
that, to a large extent, the simple structure of early
models reflected sampling artefacts and incomplete
representations of communities both in terms of diver-
sity and trophic connections (Briand 1983, Cohen et al.
1986, Polis 1991, Hall & Raffaelli 1993). If so, many con-
clusions drawn from simple models are questionable
(Menge et al. 1996, Winemiller & Polis 1996). This has
been countered by the argument that, despite com-
plexity, general patterns in the abundance, biomass
and productivity of broad categories of organisms do
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exist (Hairston & Hairston 1997), so simple, general
models are often informative. At present the extent to
which generalizations apply is still unclear (Lawton
1999). Whether a simple or more complex model is
necessary probably depends on the context of the
study; the trade-off between simplicity and generality,
and providing a detailed understanding of a particular
system. However, even when a simple model is thought
sufficient, complexity needs to be understood and its
importance evaluated.

Working in Florida, Odum & Heald (1975) described
a mangrove food web dominated by detritus and detri-
tivores. This was a reasonably simple system with the
principal path of energy flow starting with mangrove
leaf detritus, passing through saprophytic bacteria and
fungi, to detritivores, lower carnivores and ultimately
higher carnivores (Odum & Heald 1975). It is now
understood that intrinsically different bioiogical pro-
cesses operating in many mangrove systems mean
that, for many parts of the world, this model must be
modified. In mangrove systems in the Indo-Pacific a
large proportion of mangrove leaf-litter is consumed or
hidden underground by sesarmid crabs (Robertson et
al. 1992). For instance, leaf-eating crabs remove be-
tween 25 and 80% of annual litter fall in mangrove
forests in northeastern Australia, depending on forest
type (Robertson & Daniel 1989). Consequently, rather
than being exported, much of the total mangrove pro-
ductivity is retained within the system, where it can
enhance primary productivity (Robertson 1991), and
by increasing the availability of detritus within the sed-
iments, support detritivore communities (Giddins et al.
1986). Thus, in the light of increased understanding of
the importance of alternative pathways for the flow of
energy and nutrients, it appears that mangrove food
webs are often more complex than was once thought.

Although recognition of the pivotal role played by
leaf-eating sesarmid crabs has led to an improved
understanding of the complex nature and functioning
of mangrove ecosystems, even this important compo-
nent of the mangrove food web is not completely un-
derstood. For example, despite obvious importance to
ecosystem functioning, little is known about predation
on sesarmids. This situation exists for 3 reasons. Firstly,
detailed dietary studies of predators in tropical man-
grove systems are surprisingly rare. Secondly, sample
sizes are usually small. Thirdly, where details of diet
are available, the identity of crab components is rarely
reported at a taxonomic level below ‘Brachyura’. Some
literature exists that suggests that sesarmids may be
important in the diet of juvenile saltwater crocodiles
Crocodylus porosus (Taylor 1979, Webb et al. 1991).
However, compared to other potential crab predators
such as fishes, crocodiles are uncommon, and so
unlikely to play a major role in sesarmid predation.

Limited data are available for mangrove fishes. Grap-
sidae (the family that includes Sesarminae) is only a
minor component of the diet of the barramundi Lates
calcarifer (Davis 1985), the largest predatory fish com-
mon in Australian mangrove estuaries. On the other
hand, Salini et al. (1990) reported that Brachyura con-
tributed more than 50% by dry weight to the diets of 4
fishes; the serranid Epinephelus suillus (a synonym of
E. coioides) (n = 20), the carangid Gnathanodon spe-
ciosus (n = 34), the lutjanid Lutjanus argentimaculatus
(n = 11), and the toxotid (archerfish) Toxotes chatareus
(n = 73), from the Embley Estuary in tropical Australia.
L. argentimaculatus, E. coioides, and another serranid,
E. malabaricus, are common along mangrove-lined
banks of tropical Australian mangrove systems (Sheaves
1992, 1996a). Because of this, and because sesarmids
are the dominant crabs in Australian mangrove forests
(Smith et al. 1989, Frusher et al. 1991, Mclvor & Smith
III 1995), it is likely that a large part of the brachyuran
component of the diet of these fishes may consist of
sesarmids. This hypothesis is supported by Robertson
& Duke (1990), who reported that sesarmids were com-
mon in the diet of the L. argentimaculatus (n = 10).

Although only present as juveniles in tropical estuar-
ies, Epinephelus coioides, E. malabaricus and Lutjanus
argentimaculatus are large predators, reaching at least
500 to 700 mm fork length in these systems (Sheaves
1995), and not moving offshore until they are approxi-
mately 400 to 500 mm long. None of these species have
been reported in the diets of Crocodylus porosus (Taylor
1979, Webb et al. 1991, Shahrul & Stuebing 1996) or
Lates calcarifer (Davis 1985), the only predators in these
systems regularly reaching larger sizes than E. coioides,
E. malabaricus and L. argentimaculatus. This suggests
that these 3 species are not preyed upon extensively. So,
although it is not entirely clear that they can be classified
as top predators (small individuals are likely to be vul-
nerable to a number of predators), atleast at larger sizes,
E. coioides, E. malabaricus and L. argentimaculatus are
close to the top of estuarine food webs.

If these common predators do feed extensively on
sesarmid crabs, it may add another layer of complexity
to mangrove food webs and have profound implica-
tions for the retention and recycling of nutrients within
mangrove systems. By feeding directly on leaf-eating
crabs, fish such as Epinephelus coioides, E. malabari-
cus and Lutjanus argentimaculatus may redirect part
of the energy normally recycled by sesarmid crabs
directly into upper levels of estuarine food webs.

In this study we investigate the extent to which Epi-
nephelus coioides, E. malabaricus and Lutjanus argen-
timaculatus from 3 mangrove systems on the northeast
coast of tropical Australia prey on sesarmid crabs, and
how closely these species are linked to mangrove pro-
ductivity relative to sympatric species.
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METHODS

We utilized 3 estuaries on the northeastern coast of
tropical Australia for our study sites: Gentle Annie
Creek, Press's Pocket and the Hinchinbrook Channel
(Fig. 1). These estuaries are lined by intertidal man-
grove forests for most of their lengths. The mangrove
forests comprise a variety of species, principally Rhi-
zophora stylosa, R. apiculata, R. mucronata, Ceriops
australis, C. tagal, Bruguiera gymnorrhiza, B. parvi-
flora, Xylocarpus granatum, X. mekongensis, Sonner-
atia alba, Aegialitis annulata, Aegiceras corniculatum
and Avicennia marina.

We collected Epinephelus coioides, E. malabaricus
and Lutjanus argentimaculatus between August 8,
1994, and November 18, 1997, by angling with artifi-
cial lures. We chose this method of collection because
netting methods are inefficient in sampling these spe-
cies (Sheaves 1996b) and bait used in fish traps or on
baited lines would complicate the interpretation of
stomach contents. Other species of fish captured were
retained for dietary comparison. The samples of other
fish species were supplemented by fish captured on
lines baited with peeled penaeid shrimp tails (i.e. with
the exoskeleton removed) or strips of squid mantle.
These 2 baits were chosen because neither contained
hard parts that could lead to classification as anything
but unidentifiable tissue. Samples were collected over
the whole length of the estuaries and throughout the
tidal cycle. The location within the creek and time of
each capture were recorded. Captured fish were eu-
thanased in an ice-seawater slurry and, as soon as pos-
sible after capture, the stomach and intestine were dis-
sected out and fixed in a 10% formalin-seawater
solution buffered with borax.

We examined stomach and intestinal contents sepa-
rately, and identified all items to the lowest taxonomic
level possible. We measured all prey that were com-
plete enough to provide reliable measurements: stan-
dard length (SL) for fish, maximum carapace width for
crabs, and carapace length for shrimps. We recorded
the weights of all prey items that appeared complete
and undigested. We did not attempt volumetric analy-
sis because a large proportion of items of prey were
partially digested or fragmented.

A sample of 73 Perisesarma messa, the most common
prey of the 3 main target fish species, was captured by
hand and in pitfall traps from mangrove forests along
the banks of Ross River (Fig. 1). We used linear regres-
sion (with a power transformation) to derive a total
weight-carapace width relationship, in order to esti-
mate weights of P. messa complete enough to measure,
but too incomplete to provide reliable weights. The
carapace width and weight of P. messa from stomachs
were compared to the carapace width/weight data for
crabs collected from Ross River. Because these data
corresponded well, the width and weight data for other
species of crabs from stomachs were used to produce
regression estimates for the weight of individuals of
those species too incomplete to weigh.

We modeled the presence/absence of sesarmid
crabs, xanthid crabs, alpheid shrimps and fishes (the 4
most common prey) in the stomachs of Epinephelus
coioides, E. malabaricus and Lutjanus argentimacula-
tus from the 3 mangrove systems using a linear logistic
model (Collett 1991).

We analyzed the stomach contents (proportion of
stomachs containing a prey category) of species repre-
sented by at least 10 individuals (Table 1) using non-
metric multidimensional scaling (NMDS) (Kruskal &
Wish 1978) with a Bray-Curtis dissimilarity mea-
sure. NMDS was used because it is essentially a
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non-parametric technique and so expected to be
robust to non-linearity likely to be present in the
data (Minchin 1987). We employed the Bray-
Curtis measure because only non-zero values
are used in its calculation, so the presence of
joint zeros does not influence the dissimilarity of
observations (Clarke 1993). The results of the
NMDS are presented as a biplot. Vectors repre-
senting the approximate direction of increase of
the original variables in the reduced NMDS
space were produced as follows. Each original

19%+ variable (prey category) was regressed on the

coordinates of points (fish species) on the re-
duced space axes using multiple regression. A
vector projected from the origin of the reduced
space plot to the coordinates defined by the partial

Fig. 1. Location of sampling sites on the northeastern coast of

tropical Australia

regression coefficients for each reduced space
axis then represented the direction of greatest
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Table 1. Summary of fish data used in stable isotope and gut content analyses. Main prey items listed for the present study are

those present in at least 10% of stomachs. Where sample sizes for gut contents for this study were <50 the main prey types re-

ported from the literature on northern Australian estuarine fish are included. n = sample size. The diet category ‘crabs’ includes
all Anomura and Brachyura except sesarmids

Fish species Stable Gut Main prey Source

isotope content (this study)

() (n)

Acanthopagrus australis 4 93 Bivalves > gastropods -~
Acanthopagrus berda 5 249 Bivalves > gastropods > polychaetes > sesarmids -
Apogon hyalosoma 2 - - -
Arius graefei 2 2 Penaeids -
Caranx ignobilis 8 41 Fish > penaeids = Acetes Penaeids, fish?®
Caranx sexfasciatus - 44 Acetes > fish Penaeids, fish?
Epinephelus coioides 5 78 Sesarmids > crabs > alpheids -
Epinephelus malabaricus 5 134 Sesarmids > crabs -
Gerres filamentosus 2 4 Bivalves -
Hyporhamphus affinis 2 2 Algae -
Lutjanus argentimaculatus 9 218 Sesarmids > fish > alpheids -
Lutjanus russelli 2 9 Acetes > penaeids Penaeids, fish®
Monodactylus argenteus 2 2 Copepods = fish eggs Benthic invertebrates, plankton?
Pomadasys argenteus 4 16 Bivalves = penaeids > polychaetes -
Pomadasys kaakan 2 95 Bivalves > crabs > prawns = polychaetes Fish, crustaceans®
Platycephalus fuscus 2 34 Fish Fish®
Sardinella albella 2 2 Copepods -
Scomberoides commersonnianus 4 4 Fish Fish€®
Scomberoides lysan 2 24 fish > Acetes Fish?: fish, Acetes®
Sphyraena putnamiae 2 4 Fish Fishe®
Sillago sihama - 10 Bivalves Penaeids, fish?
Terapon jabua 2 2 - Penaeids®
Toxotes chatareus 3 3 Sesarmids Insects®: crabs, plants©
Ulua aurochs 2 6 Acetes = fish -
2Blaber (1980), PRobertson & Duke (1990), °Salini et al. (1990)

increase of each of the prey categories in the reduced
space. To indicate how well prey categories were rep-
resented in the reduceq space the lengths of the vec-
tors were set proportional to the squared multiple cor-
relation coefficient. Only prey categories with squared
multiple correlation coefficients of >0.3 with the
reduced space were plotted. The resulting NMDS
showed 4 apparent groups of fish species. As an inde-
pendent check on the integrity of these 4 groups a K-
means clustering (K = 4) was conducted and the results
of the clustering superimposed on the NMDS plot.

We collected sections of the dorsal musculature, for-
ward of the first dorsal fin, of fish captured during Janu-
ary 1997 and July 1998 for stable isotope analysis (§°C
and 8'°N}. In July 1998 we collected sesarmid crabs
Perisesarma messa, alpheid shrimps Alpheus cf. mal-
abaricus, and fallen mangrove leaves of Rhizophora
stylosa and Avicennia marina from mangrove forests at
Cattle Creek for stable isotope analysis. Fallen leaves
from additional mangrove species and filamentous
benthic algae were collected from the Hinchinbrook
Channel. Muscle tissue from both fish and crustaceans
was frozen before being freeze dried. Plant tissue was
rinsed in distilled water before freeze drying.

Samples for stable isotope analysis were shipped to
the University of Queensland's Botany Department,
where isotopic analyses were conducted on a Europa
Scientific Tracermass mass spectrometer (reproduci-
bility of 0.2%. for both carbon and nitrogen) with a
Europa Scientific Roboprep preparation system. The
isotopic ratios *C/!2C and >N/!N for samples were
determined and expressed as %. differences from PDB
standards and atmospheric N, respectively, to give
813C and 8'°N stable isotope ratios.

RESULTS

We found some marked asymmetries in catches of
our 3 main target species among the sampling loca-
tions. We caught Epinephelus coioides in relatively
low numbers at all locations (Table 2) and primarily in
seaward areas of the estuaries. In contrast, we caught
E. malabaricus and Lutjanus argentimaculatus in simi-
lar numbers throughout the estuaries. This pattern had
been reported previously from fish trap studies
(Sheaves 1992, 1996b). Although we caught all 3 spe-
cies at each location, we caught relatively few E. mal-
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Table 2. Summary of catches of Epinephelus coioides, E. malabaricus
and Lutjanus argentimaculatus from 3 estuaries. FL = fork length

cus 35 prey taxa and L. argentimaculatus 32
prey taxa. Diets of all 3 species were dominated

Estuaries
Gentle Annie Hinchinbrook Press's Pocket

E. coioides

n 32 26 20

Mean FL (mm) 297 313 274

FL range (mm) 210-395 248-416 155-395
E. malabaricus

n 59 52 23

Mean FL (mm) 345 347 346

FL range (mm) 211-490 201-495 198-518
L. argentimaculatus

n 77 36 105

Mean FL (mm) 332 307 344

FL range (mm) 170-440 192-420 176-445

by Brachyura, both in the number of individual
prey items and the proportion of stomachs con-
taining particular prey categories. The brachyu-
ran subfamily Sesarminae was the dominant
prey for E. malabaricus and L. argentimacula-
tus, occurring in 50% of stomachs with prey,
including the smallest individuals of each spe-
cies. Perisesarma messa was the dominant
sesarmid, occurring in 25% of the L. argenti-
maculatus stomachs containing prey. Sesarmids
were less dominant for E. coiocides occurring in
32% of stomachs. The next most important
brachyuran group, Xanthidae, occurred in 17 %
of E. coioides and 18 % of E. malabaricus stom-
achs but only 5% of L. argentimaculatus stom-

achs. In contrast to Brachyura, fish were not

abaricus at Press's Pocket and few L. argentimaculatus
at Hinchinbrook Channel.

The gut contents of 78 Epinephelus coioides, 134 E.
malabaricus and 218 Lutjanus argentimaculatus were
examined. Data from intestines are not presented be-
cause they showed no substantial differences in com-
position from, and were much more fragmented and
decomposed than, stomach contents. The stomachs of
41 E. coioides, 98 E. malabaricus and 126 L. argenti-
maculatus contained food (Table 3). The stomachs of E.
coioides contained a total of 26 prey taxa, E. malabari-

common prey items of E. coioides and E. mal-
abaricus but were found in 31 % of L. argentimaculatus
stomachs containing prey. Only gobiids (14) up to
79 mm SL and small Siganus lineatus (6 from 2 stom-
achs) up to 21 mm SL were represented by more than
3 identifiable individuals from L. argentimaculatus
stomachs. Most fish prey were small. Of those com-
plete enough to provide reasonable measurements (n =
25), the mean SL was 36.7 + 4.9 mm and mean weight
was 2.4 + 0.9 g. Similarly, few penaeid shrimps were
found in the stomachs of either species of Epinephelus
but were present in 12% of the L. argentimaculatus

Table 3. Summary of stomach content of Epinephelus coioides, E. malabaricus and Lutjanus argentimaculatus. Data are total

number of each prey category and percentage (%) of stomachs containing each prey category. Only fish with stomach contents

are included. All prey categories occurring in at least 5% of one species of fish are included. Higher taxonomic groups contain
data for all associated lower taxa

E. coioides E. malabaricus L. argentimaculatus
(n=41) (n = 98) (n = 126)
Brachyura 54 (85.4%) 140 (82.7 %) 111 (63.5%)
Grapsidae 22 (41.5%) 86 (57.1%) 9 (51.6%)
Sesarminae 16 (31.7 %) 4 (52.0%) 2 (50.0%)
Sarmatium germaini 0(0%) 6 (5.1%) 9 (15. 1%)
Perisesarma messa 10 (19.5%) 30 (19.4%) 41 (25.4%)
Perisesarma semperi 2(4.9%) 15 (10.2%) 12(72.1%)
longicristatum
Neosesarma sp. 0 (0%) 9(9.2%) 7 (3.2%)
Xanthidae 10 (17.1%) 23 (18.4 %) 5(4.0%)
Pilumninae Glabropilumnus cf. dispar 4 (7.3%) 0 (0%) 0 (0%)
Ocypodidae 6(12.2%) 7 (5.1%) 0 (0%)
Macrophthalminae Leipcten trigranulum 5(12.2%) 5(5.1%) 0 (0%)
Caridea 10 (24.4%) 11 (11.2%) 33 (22.2%)
Alpheidae 9 (22.0%]) 9(8.2%) 24 (17.5%)
Palaemonidae 1(2.4%) 2(2.0%) 9{7.1%)
Penaeoidea Penaeidae 2 (4.9%) 6(4.1%) 21 (11.9%)
Perciformes 6 (14.6%) 7 (6.1%) 51 (31.0%)
Gobiidae 0(0%) 3(3.1%) 11 (7.1%) J
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stomachs containing prey. Alpheid shrimps (mainly
represented by the major chela only) were also impor-
tant, particularly for E. coicides and L. argentimacula-
tus.

Carapace width was an excellent predictor of weight
{(weight = 0.00020 x width®3; r? = 0.996) for 73 Perise-
sarma messa captured from Ross River mangroves.
The data for the 24 P. messa from stomachs that were
complete enough to provide useful weights fitted this
relationship well. Although there was a tendency for
weights to be slightly lower than for crabs collected
fresh from Ross River, the difference was not substan-
tial (F=1.401, df = 2/94, p = 0.2516). Because P. messa
removed in good condition from stomachs provided a
reasonable approximation to the weights of fresh-
caught individuals, it was considered that carapace-
weight relationships derived from crabs of other spe-
cies taken from the stomachs of fishes would provide a
reasonable approximation to the true relationships. For
most species the relationship was similar to that for
P messa. However, the sesarmid genus Sarmatium
(weight = 0.0012 x width?®) and family Xanthidae
(weight = 0.00070 x width?®) required separate regres-
sions.

When the distribution of carapace widths for sesar-
mids and xanthids from stomachs are converted to
approximate weights it is clear that the great majority
of xanthids (mean + SE, 2.04 + 0.735) were very small
compared to sesarmids (mean + SE, 4.79 + 0.314).
Thus, as well as dominating the diets of Epinephelus
coioides, E. malabaricus and Lutjanus argentimacula-
tus numerically, sesarmids dominated the brachyuran
component of the diet of all 3 species in terms of bio-
mass. Furthermore, although there were some changes
in the proportion of fishes of different weights utilizing
various prey types, for L. argentimaculatus and E. mal-
abaricus sesarmids were the major dietary component
throughout the size range (Fig. 2).

The final logistic model for the presence/absence of
sesarmids, xanthids, alpheids and fishes in the guts of
Epinephelus coioides, E. malabaricus and Lutjanus ar-
gentimaculatus included an interaction between prey
type and fish species and an independent effect of lo-
cation (Fig. 3). The major differences in the diets of the
3 species were a low probability of occurrence of sesar-
mids in E. coioides and a high probability of occur-
rence of fish in L. argentimaculatus. The effect of loca-
tion was due to a relatively low probability of finding
any of the prey categories in fish from Press's Pocket.

A large proportion of fish had empty stomachs
shortly after high tide (Fig. 4a). This proportion de-
creased over the 4 hours following high tide, then
increased around the bottom of the tide (Hours 5 and 6)
and early flood tide (Hour 7), stabilizing during later
parts of the flood tide. The number of sesarmids in-

1.0 4 E. coivides

Proportion

1.0 E. malabaricus

Proportion

Proportion

Prey category

7 400-599 g
E= 600-799 g

=3 800-999 g
>999 ¢

T <200g
1 200-399 g

Fig. 2. Proportion of fish of different weights containing vari-
ous prey categories

creased from high tide to some 4 hours after high
(Fig. 4b), then fell away and remained low throughout
the rest of the tidal cycle. The total number of prey also
increased during the ebb tide, mainly due to the
increase in sesarmid numbers. Factoring out the
change in sesarmid numbers, the total number of prey
remained similar throughout the tidal cycle.

The diets of Epinephelus coioides, E. malabaricus
and Lutjanus argentimaculatus were similar, and quite
distinct from the other 9 species analyzed by NMDS
(Fig. 5). The diets of these 3 species were characterized
by high proportions of crabs, primarily sesarmid crabs,
and alpheid shrimps. Of the 12 species of fish analyzed
using NMDS the only other species to include a sub-
stantial (but much smaller) proportion of sesarmid
crabs in its diet was the sparid Acanthopagrus berda.
Of the 11 species not included in the NMDS because of
small sample size only Toxotes chatareus fed on, or
was reported to feed on, sesarmid crabs (Table 1). The
NMDS, supported by K-means clustering (Fig. 5), indi-
cated 3 other dietary groups. The sparids Acanthopa-
grus australis and A. berda, the haemulids Pomadasys
argenteus and P. kaakan, and the sillaginid Sillago
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sihama were benthic feeders, with
bivalves the dominant prey items, but
also including prey such as poly-
chaetes, tunicates, gastropods, and
micro-crustaceans (e.g. tanaids and
amphipods) in their diets. The platyce-
phalid Platycephalus fuscus and the
carangids Caranx ignobilis and Scom-
beroides lysan fed mainly on fish and
the sergestid shrimp Acetes australis,
but also consumed penaeid shrimps.
The diet of the carangid Caranx sex-
fasciatus was distinct from that of the
other species in that C. sexfasciatus
fed almost exclusively on A. australis
with the only other dietary component
being a small proportion of fish.
Mangrove stable isotope values
(Fig. 6) were similar to those reported
in other studies {e.g. Rezende et al.
1990, Primavera 1996). 8'3C ranged
from -28.60 to -24.28 and §"°N from
0.04 to 6.45. 5'°C and 8N for benthic
filamentous algae from mangrove for-

high tide. Error bars are +1 SE

Non-sesarmid crabs

® A. berda

-|2 Dimension 1 -I1 P keakan 'Il
C. sexfasciatus 1 ® @ A australis
P. fuscus, Ish
‘ ® Bivaives S. sihama
Acetes - S
. . P. argenteus
C. ignobilis gg 9
S. lysan

-1 1 Dimension 2

Fig. 5. Two-dimensional solution (Kruskal's STRESS1 = 0.054) of a non-metric
multidimensional scaling of the proportions of prey categories consumed by 12
species of fish. Filled circles indicate the relative positions of the fish species
(italicized labels) in 2-dimensional space. Vectors indicate the directions of
greatest increase of values for each of the prey categories (bold labels) in the
2-dimensional space. Only prey categories with a squared multiple correlation
coefficient of >0.3 are represented. Lengths of vectors are proportional to the
squared multiple correlation coefficients, with a vector of unit length indicating
a correlation coefficient of 1. Open circles include fish species grouped together
by a K-means (K = 4) cluster analysis



104

Mar Ecol Prog Ser 199: 97-109, 2000

est floors ranged from -25.32 to —24.09 and 4.10 to 4.75
respectively. Three samples, mainly comprising the
chain-forming, planktonic diatom Bacteriastrum sp.
(813C: —27.9 to -25.8) were collected but are not in-
cluded in Fig. 6 because such a small sample size was
unlikely to represent the stable isotope values of phy-
toplankton consumed over time by phytoplanktivores.
A broad range of values of §°C (-30 to -18, Fry & Sherr
1984) have been reported for estuarine phytoplankton,
and given the dynamic nature of planktonic systems,
phytoplankton §*C values are likely to fluctuate sub-
stantially over short periods of time as the composition
of the phytoplankton community changes.
Epinephelus coioides, E. malabaricus and Lutjanus
argentimaculatus were distinct from most other spe-
cies of fish in terms of §'°C and 8'°N (Fig. 6). All had
mean §'°C enriched by between about +0.75 and +2.0,
and mean 8!°N enriched by between +1.5 and +2.5 rel-
ative to the sesarmid crab Perisesarma messa. If an
estimate of enrichment of about +1 3°C and +2 to +3
8'°N per trophic interaction is assumed (Peterson & Fry
1987), the stable isotope values of
most of this group, particularly E.

much closer to those expected for a mangrove leaf
feeder (Fig. 6).

Other species of fish had §'°C and §'°N values quite
different from Epinephelus coioides, E. malabaricus,
Lutjanus argentimaculatus, Acanthopagrus berda and
Toxotes chatareus, suggesting different nutritional
sources. A group including the benthic invertebrate
feeders Pomadasys argenteus, P, kaakan and A. aus-
tralis (Fig. 5, Table 1) had similar §°N values but was
more greatly enriched in 8*C, suggesting a different
source of primary productivity. Even P. argenteus, the
species closest in 8'°C values to the sesarmid crab
feeders, had a mean carbon isotopic ratio enriched
enough compared to Perisesarma messa (+2.9) to make
it unlikely that P. messa, or animals with similar diets,
contributed greatly to its nutrition. Stable isotopic
ratios for the remaining species were even more
enriched in §°C and §'N. These species include Ca-
ranx ignobilis, Platycephalus fuscus and Scomberoides
lysan, identified as predators on fish and shrimps from
gut content analysis (Fig. 5, Table 1).

riched compared to the maximum
value of mangroves §C. Addition-
ally, mean 8!°N for P. messa were +4
enriched over the mean of mangrove
8°N. In contrast, 6'*C and 8°N of
P. messa were only enriched by +1.4
and +3.2 respectively compared to
the filamentous benthic alga com-
mon in mangrove forests in the area.
The alpheid shrimp Alpheus cf. mal-
abaricus had §'*C and §'*N values

18 -
malabaricus and L. argentimacula- S 8"""’9+ H. affinus
tus, are in the expected range for 16 - G. filamentosi S. commersonnianus
fish utilizing P. messa (or prey spe-
cies with a similar diet) as a major
food source. The mean 8'3C of E. coi- 14 1
_ oides was more enriched (+2 §3C) . putnami l L
relative to P. messa than either E. 12 4 A hya,mmf ) Lnlsselll gmafe'
malabaricus or L. argentimaculatus M 9'1?9" - b
N ja
(both about +0.75 enriched). This is 10 L argentimaculatus p keskan © o C
consistent with the stomach content - E. malabaricus S A. sustralis
analysis showing that E. coioides o P. argenteus
i i 8 P.messal A. derda T-C"H'BFBUS
included a considerably smaller pro-
: . e s . R. mucronata
portion of sesarmid crabs in its diet.
. i 6
The only species with similar values A comiculah Alpheus of. matabark
were Acanthopagrus berda and Tox-
otes chatareus, both of which also 44 s ab +B”a"'"°'a Benthic algae
feed on sesarmid crabs (Table 1). 8. oymnonbi
5 za
Mean §'3C values for Perisesarma 2 | e
messa were enriched by more than A. marina
C. austrplis
+4 compared to the overall mean
8°C of all mangroves and +1 en- 0 R P
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8%

Fig. 6. Mean 8*C and §'°N values for fish and crustaceans (o), and primary pro-
ducers (mangroves o, benthic algae m). Error bars represent +1 SE. The large box
indicates the range of values for mangroves. The large arrow indicates the relative
position of 1 trophic level away from an organism, based on an enrichment of
+1 3'3C and +3 8!5N per trophic interaction, assuming an organism fed on only a
single prey type. Sample sizes for plants are, mangroves: Aegiceras corniculatum
2, Avicennia marina 2, Bruguiera gymnorrhiza 2, Bruguiera parviflora 2, Ceriops
australis 1, Rhizophora mucronata 2, Rhizophora stylosa 2, Sonneratia alba 1; ben-
thic algae, unidentified filamentous chlorophytes 3. Sample sizes of animals are

given in Table 1
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Stable isotope values make it unlikely that species
other than Epinephelus coioides, E. malabaricus, Lut-
janus argentimaculatus, Acanthopagrus berda and To-
xotes chatareus relied directly on mangrove primary
productivity. Unfortunately, the ability of $'°C and §'°N
analyses to resolve the sources of .primary productivity
of these species is limited because of the overlapping
83C and 8'°N values of the wide variety of primary
producers present in tropical estuaries (mangroves,
seagrass, benthic algae, phytoplankton).

DISCUSSION

Crabs of the brachyuran subfamily Sesarminae dom-
inated the diets of Epinephelus coioides, E. malabari-
cus and Lutjanus argentimaculatus in the mangrove
systems studied. The most commeonly consumed sesar-
mid crabs were Perisesarma messa and P. semperi
longicristatum, 2 leaf-feeding species that dominate
many mangrove crab faunas in northeastern tropical
Australia (Robertson & Daniel 1989, Smith et al. 1991).
Not only were sesarmids the most abundant prey in
percentage occurrence and overall numbers, they
were dominant in terms of biomass. Xanthid crabs, the
only other common brachyuran family, were almost
invariably small relative to sesarmids. Although fish
were a relatively important prey category for L. argen-
timaculatus (32 % of stomachs containing food), they
were generally small (mean weight: 2.6 + 0.8 g) com-
pared to sesarmids {mean weight: 6.4 + 0.6 g). The do-
minance of sesarmids is even more impressive when it
is considered that many of the crabs that were catego-
rized as Grapsidae or Brachyura, because they were
too damaged to be classified to a lower taxonomic
level, were probably sesarmids also. Not only were
sesarmids consumed extensively, but §3C and §'*N
values (Fig. 6) indicate that sesarmids, and/or prey
with similar isotopic ratios (i.e. likely to have a similar
trophic position as sesarmids), probably provided a
large part of the carbon assimilated by these fishes.

The patterns of proportion of full stomachs, number
of sesarmid prey and total prey numbers with time
after high tide (Fig. 4) are consistent with an emphasis
on feeding when the intertidal mangrove forests are
inundated. The proportion of empty stomachs de-
creased and the proportion of sesarmids in the diets
increased during the first part of the falling tide. This is
what would be expected if the number of fish that had
successfully captured prey increased with duration of
time that the mangrove forest was accessible. During
the low and early rising tide there was an increase in
the proportion of empty stomachs and a decrease in
the sesarmid content. This is as would be expected as
prey caught during the previous high tide were passed

from stomachs into intestines. During the late flood
tide the proportion of empty stomachs stopped increas-
ing and leveled out, indicating that many fish had cap-
tured fresh prey. Throughout the tidal cycle there was
a consistent proportion of non-sesarmid prey over and
above the sesarmid component. Thus, although there
was an emphasis on feeding during the time when
mangrove forests, and thus sesarmid prey, were avail-
able, a level of feeding on other prey continued
throughout the tidal cycle.

The extent to which the dominance of sesarmids in
the diet of Epinephelus coioides, E. malabaricus and
Lutjanus argentimaculatus is applicable throughout
the ranges of these species is unclear because previous
studies have either been based on small sample sizes
or not classified prey below the level of family or order.
It does seem likely that sesarmids are important
throughout much of eastern tropical Australia. Salini et
al. (1990) reported that Brachyura was the dominant
prey for both E. coioides (as E. suillus) {n = 20) and L.
argentimaculatus (n = 11) from the Embley Estuary, a
site separated from the site of the present study by
some 1500 km of coastline. In the same area as the pre-
sent study, Robertson & Duke (1990) found that sesar-
mids comprised more than 30% by volume of the diet
of L. argentimaculatus (n = 10). Data from other areas
are sparse. Morgans (1966) reported that E. coioides
(n = 9) from estuaries in Africa fed on small fishes and
shrimps, while van der Elst (1981) reported that the
diet of E. malabaricus from the same area consisted
primarily of fishes, with crayfish and crabs also being
important.

The diets (Fig. 5, Table 1) and stable isotope profiles
(Fig. 6) of Epinephelus coioides, E. malabaricus and
Lutjanus argentimaculatus are quite different from
most sympatric fishes. The archer fish Toxotes chata-
reus, usually thought of as an insectivore, had similar
stable isotope values, and the stomachs of the 3 indi-
viduals sampled all contained small (<7 mm carpace
width) sesarmid crabs. Thus T. chatareus probably also
feeds extensively on sesarmids or prey with similar sta-
ble isotope values. However, given the much smaller
size of T. chatareus (maximum length 300 mm, 0.5 kg
(Allen & Swainston 1988) it is probably limited to feed-
ing on small crabs and other prey items. The sparid
Acanthopagrus berda, a medium-sized (reaching a lit-
tle over 300 mm in the area sampled; Tobin et al. 1997)
benthic omnivore, also had similar stable isotope val-
ues, and included a moderate number of sesarmids in
its diet (present in 12 % of fish). In contrast to E. coio-
ides, E. malabaricus and L. argentimaculatus, because
of their smaller sizes T. chatareus and A. berda are
unlikely to be close to the top of estuarine food webs.
Other large predators, such as Caranx ignobilis and
Platycephalus fuscus, likely to be close to the top of
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estuarine food webs, had diets quite different (fish and
penaeids) from E. coioides, E. malabaricus and L.
argentimaculatus, and probably derived much of their
carbon from different primary producers (enriched by
an additional +3 §'3C),

There was a general trend for stable isotope values
of most fish, except Lutjanus argentimaculatus, Epi-
nephelus malabaricus and perhaps Acanthopagrus
berda, to fall below the 1:2 or 1:3 slope expected if
there was a simple food chain leading from mangrove
primary productivity (Fig. 6). Given this low slope, the
stable isotope values of these species probably réflect
either quite different primary producers or mixing
among primary producers, rather than simple trophic
enrichment. This low slope is apparent for E. coioides,
and probably reflects the derivation of carbon from a
number of primary producers. This is consistent with
the dietary data. Sesarmid crabs made a smaller con-
tribution to the diet of E. coioides than to the diets of L.
argentimaculatus or E. malabaricus. The enriched val-
ues of other species, such as the herbivore Hyporam-
phus affinis, the planktivore Sardinella albella, and
pelagic predators like Scomberoieds lysan and Caranx
ignobilis, probably reflect trophic webs based on pri-
mary producers other than mangroves.

Although the relative positions of §'3C and §"N of
Epinephelus coioides, E. malabaricus, Lutjanus argen-
timaculatus and Perisesarma messa are consistent with
the dietary analysis, stable isotope values for P. messa
were more enriched relative to mangroves than would
be expected of an animal deriving most of its organic
carbon from mangrove productivity. This probably
cannot be explained by P. messa feeding on leaves
more decomposed than those analyzed here, because
813C of mangrove leaves generally shows little change
during decomposition and if anything 5'°N values be-
come more depleted (Zieman et al. 1984). Thus the sta-
ble isotope data suggest that although P. messa con-
sumes a large quantity of mangrove leaves (Robertson
& Daniel 1989) these may not be its only source of
nutrition. This idea gains some support from the §'3C
and 8N values for the alpheid shrimp Alpheus cf.
malabaricus that are more typical of those expected of
a mangrove litter feeder. A. cf. malabaricus is a man-
grove crustacean that also collects and consumes man-
grove leaves (J. Sheaves unpubl. data). Observations
indicate that P. messa also spend a considerable
amount of time picking from the mud surface, so may
include other material in their diet. For example, the
833C and 8'°N values of benthic filamentous algae sug-
gest that this could be a food source of P. messa (Fig. 6).
Other studies have also found unusually enriched §°C
values for different species of intertidal crabs (France
1998), and attributed this enrichment to selective as-
similation following ingestion. Unambiguous conclu-

sions about the diet of P. messa are not possible, how-
ever, because crab muscle tissue was analyzed so that
values obtained would be consistent with the analysis
of fish muscle. Muscle tissue tends to be enriched in

. 6*C compared to constituents such-as lipid (e.g.

Tieszen et al. 1983),.so may not provide an accurate
reflection of the relationship between mangrove car-
bon and P. messa tissue.

Ecological implications

Whatever the exact diet of the sesarmid crabs con-
sumed by Epinephelus coioides, E. malabaricus and
Lutjanus argentimaculatus, they still have low 8§!3C and
815N, suggesting a trophic position close to primary pro-
ductivity. In turn, the diet and §°C and 8N of E.
coioides, E. malabaricus and L. argentimaculatus imply
that they derive much, or even most, of their nutrition
from primary consumers. This suggests that food chains
leading to these species are considerably shorter than
might be expected for fish at or near the top of tropical
estuarine food chains. This has a range of implications
for the ecology of tropical mangrove systems in the
Indo-Pacific region, in terms of food web complexity,
food chain lengths, the retention and export of man-
grove-derived productivity, and theories as to the value
of mangrove systems as nursery grounds for fishes.

Recently it has been argued that food webs are usu-
ally more complex than suggested by conventional
wisdom (Polis 1991, Hall & Raffaelli 1993). An under-
standing of the pivotal role of sesarmid crabs in the
functioning of Indo-Pacific mangrove ecosystems (Ro-
bertson 1991) has led to a reappraisal of early models
of food webs for these systems (Fig. 7a). The addition of
substantial, direct consumption of mangrove leaves by
sesarmids, and the consequent retention of nutrients
within the system, necessitates a more complex food
web model (Robertson et al. 1992) (Fig. 7b). Extensive
consumption of sesarmids by fishes, which would nor-
mally be considered higher carnivores, adds another
layer of complexity (Fig. 7c). Because ecological rela-
tionships in mangrove systems are still incompletely
understood, further study will probably uncover even
greater complexity. Such complex pathways of energy
flow profoundly affect web dynamics, spreading the
effects of consumption and productivity throughout
the web (Polis & Strong 1996). At least in the Indo-
Pacific, mangrove food webs can no longer be charac-
terized as dominated by a simple uniserial chain. In-
stead there is an alternative pathway that, as well as
directing nutrients back into the system, branches to
lead directly to higher predators (Fig. 7c).

The bifurcation of this pathway has profound impli-
cations. The food chain leading from mangrove pro-
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ductivity to higher carnivores, which would normally
involve an intermediate predator, is shortened by the
direct feeding on leaf-eating sesarmids by lutjanids
and serranids. This is important because a consider-
able amount of energy is lost in each trophic interac-
tion, meaning that in most systems very little of the
energy derived from primary productivity reaches top
predators (Cousins 1996). Thus, compared with the de-
tritus base system of Odum & Heald (1975) (mangrove
detritus — saprophytes — detritivores — lower con-
sumer — higher consumer), a food chain with only 2
trophic interactions (mangrove leaves — crabs — fish)
between primary producers and top predators allows a
greater proportion of primary production to be chan-
neled to the top of the food chain.

The channeling of primary productivity to the top of
a shortened food chain is particularly important be-
cause of the life-history of Epinephelus coioides, E.
malabaricus and Lutjanus argentimaculatus. Usually
the consumption of sesarmid crabs by mangrove-asso-
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Fig. 7. Diagrammatic representations of 3 models of man-

grove food webs. (a) A simple detritus base system (based on

Odum & Heald 1975), (b) a modified model including the

influence of leaf eating sesarmid crabs, and (c) the modified

model with the addition of direct consumption of sesarmid
crabs by higher carnivores

ciated fauna would mean that on the death of the
predator energy derived from mangrove carbon would
be reincorporated into the mangrove system through
decomposition. Estuarine populations of E. coioides,
E. malabaricus and L. argentimaculatus consist of ju-
veniles that eventually migrate to adult habitats off-
shore (Sheaves 1995). Thus, rather than being retained
within mangrove systems, a proportion of the man-
grove productivity incorporated into sesarmid crab
biomass and harvested by these fishes is exported from
mangrove systems. Although estimates of energy and
nutrient loss via this pathway are not available, the
quantities of energy and nutrients exported from estu-
aries by biotic transport can be substantial. In estuaries
of the Gulf of Mexico as much as 5 to 10% of total pri-
mary production is transported offshore during the
migration of Brevoortia patronus from estuarine nurs-
ery grounds (Deegan 1993).

Assuming enrichment of about +1 §3C per trophic
level, most fishes other than the sesarmid crab feeders
were between 4 and 8 steps away from mangrove pro-
ductivity. Fish well away from mangrove productivity
(enriched by >+6 83C over maximum mangrove val-
ues) included a herbivore (Hyporhamphus affinis), ben-
thic feeders (e.g. Gerres filamentosus), planktivores
(e.g. Sardinella albella) and predators (e.g. Caranx ig-
nobilis) (Fig. 6). This suggests either very long food
chains or that the food chains that many of these spe-
cies participate in are largely based on primary produc-
ers other than mangroves. This is despite carbon fixed
by mangroves usually providing the dominant contri-
bution to food chains in riverine mangrove systems in
the study area and other parts of the Indo-Pacific
(Rodelli et al. 1984, Robertson et al. 1992). That many
food chains appear to be based on alternative primary
producers, despite the high and dominant productivity
of mangroves, probably reflects the degree of recycling
within mangrove forests. Thus the short food chain
leading to predators like Epinephelus coioides, E. mal-
abaricus and Lutjanus argentimaculatus, which export
mangrove productivity when they migrate offshore,
may be one of the few biological pathways channeling
mangrove productivity out of these systems.

The importance of the link between sesarmid crabs
and Epinephelus coioides, E. malabaricus and Lut-
Jjanus argentimaculatus is difficult to quantify because
2 important pieces of information are missing: accurate
estimates of the abundance of sesarmid crabs and
crab-eating fish, and how much prey a given predator
consumes. Sesarmid crabs, such as Perisesarma messa,
are known to consume a large proportion of annual
mangrove leaf fall (Robertson 1986, Robertson et al.
1992), and are dominant components of Indo-Pacific
mangrove forest fauna for sites where abundance esti-
mates are available (Robertson 1986, Smith et al.
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1991). Unfortunately, estimates of their abundance are
available for only a few sites, and estimates differ
greatly between forest types (Robertson 1986), making
extrapolation of abundances to other sites or larger
scales of dubious validity. The situation for the fishes is
worse because the snaggy habitats occupied by these
species are difficult to sample quantitatively (Sheaves
1995). Even if reliable estimates of abundance were
available, estimating the strength of links would still
be problematic because determining exactly how many
prey predators consume is a difficult task, to the extent
that such information is rarely available for any system
(Hall & Raffaelli 1993). Despite these difficulties, leaf-
eating sesarmid crabs are abundant and E. coioides, E.
malabaricus and L. argentimaculatus are generally
considered to be common in tropical Indo-Pacific estu-
aries (Blaber et al. 1989, Robertson & Duke 1990,
Sheaves 1992, 1995, 1996b), and make up a consider-
able proportion of recreational anglers’ catches (ANSA
1991, Sheaves 1992). As a consequence the flow of
energy from sesarmid crabs to these fishes is likely to
be substantial. However, crab abundance often in-
creases with increasing tidal elevation, probably
reflecting high predation risk in frequently flooded
areas (Mclvor & Smith III 1995j. This suggests that pre-
dation on sesarmids by predators, like L. argentimacu-
latus, E. coioides and E. malabaricus, may be substan-
tial in lower intertidal areas. It also suggests that any

major 'short- circuiting’ of mangrove food chains may

be confined to these areas. Accurate estimates of abun-
dance of both crab-eating fishes and sesarmid crabs, as
well as estimates of consumption rates, are necessary
before the importance of this link can be established.
The low rate of piscivory of estuarine phases of Lut-
janus argentimaculatus, Epinephelus malabaricus and
E. coioides has implications for theories relating to the
nursery ground values of mangrove systems. It has
been suggested that predatory fish are uncommon in
tropical mangrove systems (Blaber 1980) and that this
lack of predators, and consequent enhanced survivor-
ship of small, juvenile fishes, may be one possible ad-
vantage of using tropical mangrove systems as nursery
grounds (Robertson & Blaber 1992). To some extent the
apparent lack of predatory fish in tropical estuaries
may result from a sampling artefact. Fish trap studies
in complex habitats, inaccessible to other gears
(Sheaves 1992, 1996a), suggest that large, habitat asso-
ciated predators such as L. argentimaculatus, E. mal-
abaricus and E. coloides may be much more common
than the results of netting surveys would suggest. Fur-
thermore, unlike predators such as carangids and car-
charhinids that visit mangrove systems temporarily
(Blaber et al. 1985), these serranids and lutjanids are
present throughout the tidal cycle and throughout the
year (Sheaves 1995). This line of argument would sug-

gest that the 'few predator’ theory may need to be re-
vised. However, the present work indicates that fishes
are minor components of the diets of E. coioides and E.
malabaricus in estuaries. Furthermore, although L. ar-
gentimaculatus consume substantial numbers of fishes,
rather than being juveniles of species from other habi-
tats, these are mainly resident fishes such as gobiids.-
Thus, in a functional sense, the ‘few predators’ theory
may still be tenable despite the large numbers of
predatory serranids and lutjanids present in tropical
mangrove systems. A further consequence is that if
many of the large predators associated with complex
habitats (fallen timber and mangrove prop-roots) do
not target small juvenile fishes extensively, then these
habitats may be more useful as shelters for juvenile
fishes from open-water predators than it would appear
at face value.
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