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Synopsis

Ontogenetic dietary shifts are well studied in fishes. However, these shifts are rarely correlated with habitat
and morphology. This study investigates: (1) ontogenetic dietary changes in mullet; and if dietary shifts do
occur (2) whether they are correlated with feeding location, feeding behavior and/or feeding morphology.
Stomach contents from eight size classes, each with 25 individuals, were analyzed using a gravimetric sieve
fractionation procedure, Czechanowski’s Quantitative Index and cluster analysis. Core samples (5 mm deep)
were also analyzed in the same manner. Morphological characters were measured to detect differences
among the size classes. Cluster analysis showed three distinct trophic units for Mugil cephalus in Cross
Bayou: (1) 20.0mm standard length - 30.0mm SL; (2) 30.0mm SL - 40.0mm SL; and (3) 40.0mm SL -
> 100 mm SL. Comparison of the gut contents to the sediment contents for each size class showed an increase
in similarity as the fish grew. Mullet gut contents from fish 20-25 mm SL were only 45% similar based on the
weights of the prey items to the sediment subsample prey items, while stomach contents from fish > 100 mm
SL were 84% similar to the sediment subsample contents. Gill raker length and interraker spacing of four gill
arches were allometric with respect to standard length. Prey particle size within size classes appeared to be
more correlated with feeding behavior than gill interraker spacing because smaller particles than predicted
by the interraker spacing were ingested. It is suggested that smaller fish may be browsing more selectively
than larger fish which graze.

Introduction type of teeth and gill raker structure. Moyle &

Senanayake (1984) found that morphological dif-

Ecomorphological studies of fishes are important
for our understanding of fish feeding. Several con-
trasting hypotheses concerning the role of mor-
phology in regulating fish diets have emerged.
Chao & Musick (1977) found that dietary differ-
ences among sciaenid species are probably due to
differences in feeding behavior imposed upon them
by adaptive morphological limitations such as the
position, size and protrusibility of the mouth, the

ferences in the mouth position and size, barbels
and gill raker structures in Sri Lankan fishes were
associated with dietary and/or microhabitat spe-
cializations. In contrast, Liem (1980) analyzed ci-
chlid feeding repertoires and found that a highly
specialized rock scraper Petrotilapia tridentiger
possessed eight distinct feeding methods. lts feed-
ing behavior was not limited by morphological limi-
tations but rather expanded by alternative feeding
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Fig. I. Study site near St. Petersburg, Florida. Asterisk denotes study site location.

pathways. Also, Gatz (1979) suggested that for 44
species of stream fishes, size of prey was the most
important component in separating the diets, and
vertical position of the prey was the second most
important component. Methodological differences
among the studies may be one reason the role of

morphology in regulating fish diets has been both
supported and rejected.

Dietary choice in fishes has not only been corre-
lated with morphological features but also with
ontogeny and availability of suitable food types.
Both ontogeny (Huh & Kitting 1985, Keast 1985)
and availability of suitable food types, which are



influenced by environmental factors, such as sea-
sonality effects (Keast & Welsh 1968, Bell et al.
1978a, b, Harmelin-Vivien et al. 1989), time of day
(Hobson 1974, Marais & Erasmus 1977, Bison
1978, Robertson & Howard 1978), locality (Feller
& Kaczynski 1975, Love & Ebeling 1978) and tidal
fluctuations (Odum 1970, Marais & Erasmus
1977), if confounded, can influence the conclusions
of the studies. To eliminate these potential prob-
lems, studies should encompass as many of these
factors as possible in their experimental design or
eliminate them by holding them constant through-
out the study.

Many studies quantify diet according to feeding
guilds (Smith 1978), which are often based on taxo-
nomic criteria (Chao & Musick 1977), location of
feeding (Harmelin-Vivien & Bouchon-Navaro
1983), or type of feeding (Hiatt & Strasburg 1960,
Hobson 1968). Examples of these guilds include
molluscivores, benthic feeders, or suction feeders
respectively. However, these categories may be
useful in ontogenetic studies but must be applied to
a specific size class. Livingston & Stoner (1984)
suggested the use of ‘ontogenetic trophic units’.
These units are ontogenetic intervals in diet as
revealed by studies of diet and cluster analysis for
individual species. Those groups of individuals
from one or many species found to consume the
same prey items (80% similar) are clustered into an
ontogenetic trophic unit. In this manner, groups of
fish analyzed by size class can be clustered into an
ontogenetic trophic unit. The same species may
occupy several trophic units depending on its onto-
genetic progression in diet.

The majority of studies (Hiatt 1944, Pillay 1953,
Ebeling 1957, Odum 1968, Hickling 1970, Blaber
1976, Marais 1980, Minckley 1982, Das & Chowd-
hury 1983, Romer & McLachlan 1986) on different
species of mullet (i.e. Mugil cephalus, M. curema,
Liza tricuspidens, L. ramada, L. aurata, L. ri-
chardsoni, L. subviridis, Valumugil speigleri and
Xenomugil sp.) have shown that the adult diet (fish
>30mm SL) consists of detritus, diatoms, sand
grains, crustaceans, algae and decomposed organic
matter. The studies on juvenile mullet (fish <30mm
SL) are less extensive (Ebeling 1957, Blaber &
Whitfield 1977, De Silva 1980. Loftus et al. 1983).
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Juveniles are mainly carnivorous, eating plankton,
microcrustaceans, shrimp larvae and zooplankton.

The above studies suggest that Mugil cephalus
undergoes an ontogenetic shift in its diet. How-
ever, this shift has rarely been correlated to the
feeding location (i.e. seagrass beds, sandy sub-
strate) in which each size class is found or to onto-
genetic changes in feeding morphology or behav-
ior. Wood (1953) & Odum (1968) both measured
and compared the particle size in the digestive tract
of mullet with that of the habitat sediment. Mugil
cephalus selected smaller particles over larger par-
ticles in the sediment. Therefore, this preference
could be correlated with (a) the availability of suit-
able food types found in the sediments or (b) selec-
tivity for the prey items due to morphological par-
ameters such as the size of the mouth, length of the
gill rakers, interraker distances and the length of
the intestines. Several investigators (Odum 1968,
Grant & Spain 1975, Wijeyaratne & Costa 1986,
1987) have related morphology to diet but rarely
has feeding morphology been correlated with onto-
genetic dietary changes in mullet. The purpose of
this study is to investigate ontogenetic dietary shifts
in a population of striped mullet, Mugil cephalus,
in Cross Bayou, Florida and determine if dietary
differences are correlated with changes in feeding
location, feeding behavior or feeding morphology.

Materials and methods
Sampling

The striped mullet Mugil cephalus was studied in
Pinellas County east of Cross Bayou (82°45'W,
27°50’'N; T30S; RISE; Township 36, Pinellas
County, St. Petersburg, Florida, U.S.A.) (Fig. 1).
The tidal area was approximately 60 X 300 m with
a mean water depth at low tide of 0.5 m. The sedi-
ment consists of very fine sand and mud approxi-
mately 15cm in depth. The tidal area had an aver-
age salinity of 30 ppt.
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Ontogenetic dietary shift

To detect ontogenetic dietary shifts, juveniles of
M. cephalus were sampled repetitively until 25 in-
dividuals were obtained for a given size class.
Stomach contents were analyzed as to percent com-
position using a modified gravimetric sieve frac-
tionation procedure of Carr & Adams (1972). Cze-
chanowski’s Quantitative Index was calculated
based on the weights of the prey items and used in
cluster analysis for detection of trophic units.

Individuals of Mugil cephalus were collected
from March 1989 to May 1990 in the morning hours
between sunrise and noon and during times of low
tide to eliminate variation in feeding and to aid in
the capture of the fish. Sampling continued on a
bimonthly schedule during low tide (see below) until
each size class was represented by 25 individuals.

Large Mugil cephalus (>40mm SL) were col-
lected with a bag nylon seine (15mm X 25m).
Smailer mullet (< 40 mm SL) were collected with a
mullet cast net (2m diameter X 15mm) and a large
bagless seine (5 mm X 30m).

The fish were grouped into eight size classes:
20-25mm SL (size class 1), 25-30mm SL (2), 30~
35mm SL (3), 3540 mm SL (4), 40-50mm SL (5),
50-70mm SL (6), 70~-100 mm SL (7) and > 100 mm
SL (8). To achieve 90% food item representation,
twenty-five individuals from each size class were
used in the analysis. Dates of collection, from April
1989 to May 1990, are indicated in Figure 8. All fish
in a size class were collected from the same location
about 20m from each other. Fish were placed in
10% buffered formalin/rose bengal solution after
capture and later stored in 70% buffered ethyl
alcohol for further examination.

All stomach contents from the same size class
were pooled together and analyzed as to percent
composition using the modified gravimetric sieve
fractionation procedure of Carr & Adams (1972).
This procedure was followed except: (1) The petri
dish was gridded at 10 lines per 10mm; and (2)
Organic matter from each sieve fraction was teased
apart and analyzed on a gridded slide (10 lines per
10mm). Frequency of occurrence was taken accord-
ing to the procedure of Carr & Adams (1972).

Similarity of the feeding habits among size class-
es was measured using Czechanowski's Quantita-
tive Index (C.Q.1.):

2} min(x,.x,;)

—z (xu + xk))

where x, was the food item percentage for the ith
size class and jth food item and x,; was the food
item percentage for the kth size class and jth food
item. This method has been used extensively in
describing ontogenetic variation in diets of fishes
and invertebrates (Field & McFarlane 1968, Dauer
& Simon 1975, Livingston 1980, Stoner 1980, Li-
vingston & Stoner 1984). This method determines
whether the diets of all size classes were similar
(i.e. a priori judged as 80% similar, sensu Living-
ston 1982).

Cluster analysis using Czechanowski’s Quantita-
tive Index was used to measure the similarity of
feeding habits between size classes, revealing onto-
genetic feeding relationships among the size class-
es. In this study, a cluster was interpreted as a
distinct ontogenetic dietary progression or trophic
unit (Livingston & Stoner 1984).

Feeding location

To determine if ontogenetic dietary shifts are cor-
related with feeding location, sediment cores were
taken on the days of fish capture. Prey items in the
sediment cores were analyzed as to percent compo-
sition using the modified gravimetric sieve fraction-
ation procedure outlined above. Czechanowski’s
Quantitative Index was calculated based on the
weights of the prey items found in the sediment and
used in cluster analysis. Similarly, the stomach con-
tents and sediment contents were analyzed togeth-
er using C.Q.1. and cluster analysis.

Sediment sampling was conducted at the same
time of fish capture and included two replicates for
each date of fish capture. The sediment was sam-
pled with a core sampler (5cm?) to a depth of 5¢m
and preserved in 10% buffered formalin/rose ben-
gal solution. It was found using C.Q.I. and cluster



analysis that two replicates were sufficient to accu-
rately describe the prey items at major taxon levels
in the sediment. These replicates were haphazardly
taken near the site of fish capture with at least one
meter between replicates. These replicates are des-
ignated ‘a’ and ‘b’ (i.e. April 7a, April 7b).

A pre-analysis experiment on Mugil cephalus
was done to determine the depth of feeding. Sedi-
ment from the sampling site was placed in a 251
aquarium and allowed to settle. Three mullet of
40 mm, 105mm and 110mm SL were placed sep-
arately into the aquarium and allowed to feed on
the benthos for two days. Based on this experiment
(see Results), the sediment samples taken at the
study site were allowed to settle for one day and a
subsample was taken from the upper 5.0 mm. Each
of the subsamples (replicates) were then analyzed
separately using the gravimetric sieve fractionation
procedure.

Cluster analysis using Czechanowski’s Quantita-
tive Index was first used to compare all replicates (2
replicates per sampling day) to each other. Second-
ly, it was used to compare the similarity between
the prey items found in the stomach contents and in
the sediment subsamples. For example, fish 20-
25mm SL and 25-30mm SL were captured on
April 7, 1989. The prey items in the stomach con-
tents were compared to the prey items in the two
subsamples of two replicate sediment cores taken
on April 7, 1989.

Morphological measurements

To determine if ontogenetic dietary shifts are cor-
related with feeding morphology each individual of
each size class was measured for standard length,
total length, mouth size (gape height and gape
width), intestinal length, wet weight of intestine
and wet weight of the fish, In addition, each of the
four gill arches was measured for interraker spac-
ing and gill raker length on each specimen. In-
terspine spacing was measured on the first arch of
five fish from each size class. Regression analysis
was used to test the null hypothesis that these par-
ameters do not differ among size classes.
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The relationship between gape height and gape
width to standard length for all 25 individuals of
each size class was examined. Gape width was tak-
en at the widest point on the inside of the open
mouth and gape height was taken at the highest
point after opening. Measurements were taken to
the nearest tenth of a millimeter with Vernier cali-
pers.

To test for differences in potential prey retention
capabilities, measurements were taken on the
largest distance between five gill rakers and length
of the five longest gill rakers on each of the four gill
arches from the left side of the fish. Typically these
measurements were taken at the border between
the ceratobranchial and epibranchial (Fig. 2, 3).
Interspine distances between five spines on the first
arch from five individuals per size class were taken
at the same location as the previous measurements.
The distance measured was the largest distance
between adjacent spines (Fig. 3). Measurements
for each fish of each size class were taken with a
JENA GF-P dissecting microscope fitted with an
ocular micrometer.

The intestines less the stomach were dissected
and uncoiled from the mullets from each size class
and measured to the nearest millimeter. Measure-
ments including total length and standard length
followed Hubbs & Lagler (1958).

Regression analysis was used to test the null
hypothesis that the gape height, gape width, in-
testinal length, gill raker length and interraker
spacing do not differ among size classes. The data
were multiplied by a constant to eliminate deci-
mals, log transformed and plotted against the log of
standard length.

Specimens as well as their alimentary canal from
stomach to rectum (including gut contents) were
weighed in order to obtain for each size class, mean
weight of fish (W) and mean weight of guts (I). The
global repletion index R = [/W - 100 was then cal-
culated (Harmelin-Vivien & Bouchon-Navaro
1983).

Absolute interraker distance, interspine dis-
tance, mouth width, mouth height and intestinal
length for each size class were obtained from exist-
ing data. These measurements were compared to
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Fig. 2. Scanning electron micrographs of the four gill arches from a 100mm SL Mugil cephalus: a-first gill arch; b-second gill arch
showing measurement of the length of the gill rakers: c-third gill arch: d-fourth gill arch. GD = gill bar; GF = gill filament: GR = gill

raker; 1 = length of gill raker; SUP = superior area of the gill arch.

the cumulative percent by sieve size of prey item
weights in the stomach contents. Correlations be-
tween the size of the particles found in the stomach
contents and these morphological parameters were
analyzed.

Storage, retrieval and analysis of data were per-
formed using SAS and SYSTAT Inc. All cluster
analyses were run using Czechanowski’s Quantita-
tive Index. BMDPIM, using average linkage, pro-
vided the similarity coefficients to construct the
cluster diagrams.

e e A

SEM preparation

The four gill arches from the left side of freshly
killed mullet were fixed for 24 hours in 2.5% glut-
araldehyde/2.0% formaldehyde buffered in seawa-
ter, critical point dried and coated with gold/palla-
dium. A Zeiss Novascan 30 scanning electron mi-
croscope was used to examine the gill arches.
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Fig. 3. Scanning electron micrographs of gill rakers: a-first gill arch showing measurement of the interraker distance between adjacent
gill rakers; b-third gill arch showing measurement of the interspine distance between adjacent spines. GR = gill rakers: s = interraker

spacing; SP = spines: ss = interspine spacing.
Results
Stomach contents

In the stomach of Mugil cephalus, diatoms, des-
mids, green algae. crustaceans, nematodes, inver-
tebrate eggs. polychaetes. foraminiferans, sili-
ceous spines, detritus and sand are present (Table
1). At the level of identification used here. the
number of different food items is greater (13) for
the largest size class (> 100mm SL) than for the
smaller fish (<40mm SL, mean prey categories
for the four size classes = 10.5). This is due to the
increase in the number of diatom species and in-
vertebrate eggs found in fish > 100 mm SL.
Mugil cephalus undergoes an ontogenetic shift in
diet (Fig. 4, 5). Early growth stages (20-25 mm and
25-30mm SL) are characterized by small amounts
of sand, large amounts of organic matter, algae and
the diatom, Diploneis sp.. Sand accounts for 13.0%
and 17.6% of the stomach contents for fish 20-
25 mm SL and 25-30 mm SL, respectively. Organic
matter, defined as spheroid particles that cannot be
identified, contributes 27.0% and 26.1% and Di-
ploneis sp. accounts for 24.6% and 23.7% of the
diet of fish 20-25 mm SL and 25-30 mm SL, respec-
tively. Algae contributes 18.11% and 12.5% of the
diet of fish 20~25 mm SL and 25-30 mm SL, respec

tively. Overall, these size classes have a less varia-
ble diet than the larger size classes (Fig. 4). With
growth (30-35mm and 35-40 mm SL), the striped
mullet includes more sand and less organic matter
and Diploneis sp. in its diet. Sand accounts for 25%
of the stomach contents of fish 30-35 mm SL and
27% of the contents of fish 3540mm SL. The
diatom, Diploneis sp. contributes 16.5% and
16.6% of the stomach contents for fish 30-35mm
SL and 35-40 mm SL, respectively. Organic matter
decreases to 19% for both size classes. Further
growth (40-50mm, 50-70mm, 70-100mm and
> 100 mm SL), is accompanied by the addition of
more sand particles and a wider variety of diatom
genera as well as other food particles. Sand ac-
counts for approximately 57% of the stomach con-
tents in each of the remaining size classes. The
amount of organic matter decreases to 20%, 13.8%,
10.8% and 13.8%. Diploneis sp. becomes less im-
portant but the other diatom genera increase in the
percent weight of the stomach contents. The com-
bined addition of sand and organic matter contrib-
utes greatly to the ontogenetic progression of the
diet.

Three ontogenetic trophic units are revealed
through clustering (Fig. 5). The first unit consists of
fish 2025 mm SL and 25-30 mm SL which are 88%
similar in diet. Mullet 30-35 mm SL and 3540 mm
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SL are 87% similar in diet and represent the second
trophic unit. These two units (1 & 2) are 70%
similar in diet. The third trophic unit contains fish
40-50mm, 50-70mm, 70-100mm and >100mm
SL. The similarity among these size classes is
greater than 80%. The third trophic unit (3) is 49%
similar in diet to the first two trophic units (1 & 2).

Sand is included in the analysis to be consistent
with other studies (Odum 1968, Blaber & Whitfield
1977, Marais 1980. Wijeyaratne & Costa 1986, Tosi
& Torricelli 1988). Cluster analyses performed on
data without sand reveals the same trophic units,
although the similarities between individuals in a
cluster and among the clusters are lower. The first
trophic unit is 86% similar in diet and the second
trophic unit is 78% similar in diet. These two units
(1 & 2) are 73% similar in diet. The third trophic
unit (3) has similarity greater than 65% among the
remaining size classes and is 53% similar to the first
two trophic units (1 & 2).

Feeding experiment

Small mullet (< 40 mm) did not leave any discerna-
ble scrapes or marks due to feeding methods during
the 2 day feeding period. However, a 105mm SL
mullet scraped on average the top 6.75mm (n= 4
scrapes) and 6.16 mm (n = 6 scrapes) of sediment
during two separate feeding experiments. A 110 mm
SL mullet scraped the top 4.9 mm (n = 8 scrapes) of
the sediment.

Feeding location

Cluster analysis using Czechanowski’s Quantita-
tive Index based on the weights of prey items in the
sediment subsamples shows at least 80% similarity
among samples on dates collected (Fig. 6). Numer-
ous dates exceeded 90% similarity. The most com-
mon item found in the subsamples was sand which
accounts for 38.6-56.6% by weight (Fig. 7). Sand is

Table I. Food items present in the stomach contents. Each size class contains 25 individuals. (+) = present. (—) = absent.

Size class (mm)

20-25 25-30 30-35 35-40 40-50 50-70 70-100 > 100

Macroalgae + + + + - + + _
Desmid:

Closterium + + - - - - - -
Diatoms:

Diploneis + + + + + + + +

Nitzchia + + + + + + + +

Pleurosigma + + + + + + + +

Navicula - - - + + + + +

Amphora - + + + + + + +

Pinnularia - - + + + + + +

Gyrosigma - + + + - - + +
Centric diatoms - - - - + - + —
Crustacea:

Copepods + + - - - - - -

Unid. crust. - - - + + + — _
Nematoda - - - - + - — -
Invertebrate eggs - - - - + + + +
Polychaeta + + - - - - - -
Foraminifera - - - - - + +
Animal remains + + - - - - — -
Siliceous spines - - - + + + + +
Organic matter + + + + + + + +
Sand + + + + + + + +

L YT sy



100 A

90 - '\\\

30 -

Stomach contents (%)
]

20

10

N\
I\
NN Z
MW~

147

[T Animal remains
E=] Polycheaetes
(] Algae

HH] Foraminiferans
I Centric diatoms
[} Crustaceans
HH Nematodes
(IT1 Spines

[1T] Closterium sp.
(I Copepods

DWW

E28 Invertebrate eggs
EXA Gyrosigme sp.
Pinnularia sp.
Amphora sp.
Il Navicula sp.
Pleurosigma sp.
Nitzchia sp.

B33 Diploneis sp.
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Size class (mm)

1
20-25 25-30 30-35 35-40 40-50 50-70 70-100 >100

Fig. 4. Stomach contents of mullet. Bar graph for cach size class shows percentage of total stomach contents attributed to individual food

items.

included in the analysis to remain consistent with
the stomach content analysis. Cluster analysis per-
formed on subsamples without sand had high simi-
larity among them (not illustrated; similarity
>T74% for all dates). Organic matter ranges from
16.0% (July 14) to 29.5% (June 27). These two
items contribute over two-thirds of the weight of
each sediment subsample and the homogeneity
found in these parameters greatly contributes to
the similarity found among the subsamples. Dia-
toms represent 11.2% —26.4% by weight. The most
common diatom genera are Diploneis and Ampho-
ra which account for an average weight of 2.5%.
Meiofauna, including polychaetes, copepods, am-
phipods, ostracods and bivalves are rarely present
in high numbers and usually contribute less than

2.0% of the weight. Plant matter, including decay-
ing mangrove leaves and other leaf litter, account
for 1.8% of the subsamples.

In the sediment subsamples, diatoms, algae, co-
pepods, amphipods, ostracods, cumaceans, nema-
todes, invertebrate eggs, polychaetes, fish embryos
and larvae, bivalves, foraminiferans, siliceous
spines, organic matter and sand are present. Table
2 indicates presence/absence of each prey item for
each sampling date. In addition to sand, each sub-
sample contained at least 6 species of diatoms and
always contained algae, siliceous spines, and orga-
nic matter. Many of the food items present in sam-
ples are rarely found in the stomach contents.
Meiofauna is under-represented in the diet as is
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Size class Date
20-25 mm May 20b
25~30 mm :—_— May 152
30-35 mm May 8b
35-40 mm :—_— May 20a
40-50 mm June 27b
70-100 mm July 14b
50-70 mm — April 7a
>100 mm ] April 7b
! ! ! ! ! ) July 142
1008 90% 80% 70% 60% 50% 40% May 8a
Similarity May 15b
June 27a
Fig. 5. Cluster analysis of prey similarity among size classes of ! | ! ! [
mullet. Ordering of trophic units from individual size classes 100t 0% 8oy 703 603 S0 40}

(n= 25 size per class) were based on similarity coefficients Similarity

greater than 0.80. . . o .
Fig. 6. Cluster analysis of similarity among sediment subsamples

taken in Cross Bayou. a = replicate 1, b = replicate 2.

Table 2. Contents found in the sediment subsamples. Each date represents two replicates. (+) = present, (—) = absent.

Date of sediment sample

7 Apr 8 May 15 May 20 May 27 Jun 14 Jul

Macroalgae + + + + + +
Desmid:

Closterium - - - - - -
Diatoms:

Diploneis + + + + + +

Nitzchia + + + + + +

Pleurosigma + + + + + +

Navicula + + + + + +

Amphora + + + + + +

Pinnularia + + + + + +

Gyrosigma + - + + - +
Centric diatoms + + + + + +
Crustacea:

Copepods + + + + + +

Amphipods + + + - + +

Ostracods + + + - + +

Cumaceans - - + - - +
Nematoda + + + + + +
Invertebrate eggs + + + + + +
Polychaeta + + + + + +
Fish larvae - - + - — -
Bivalve - - - - + +
Foraminifera - - - + + -
Siliceous spines + + + + + +
Organic matter + + + + + +
Sand + + + + + +

T T N T I P T T
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A\ Plant matter
[T1] Bivalves

£ Polychaetes

[ ] Algae

B Foraminiferans
I Centric diatoms
f—] Cumaceans
i Nematodes
[III1 Spines

E= Ostracods

B Amphipods
[l copepods
Invertebrate eggs
KX Gyrosigma sp.
Pinnularia sp.
Amphora sp.
Bl Navicula sp.
Pleurosigma sp.
Nitzchia sp.
B2 Diploneis sp.
K Organic

Sand

Fig. 7. Sediment contents in sediment subsamples. Bar graph for each sampling date shows percentage of total sediment contents

attributed to individual items. a = replicate 1; b = replicate 2.

plant matter. Most of the other items are present in
similar but varying amounts (Fig. 4, 7).
Comparison of the gut contents (including sand)
with the subsample contents (including sand) for
each size class using C.Q.I. and cluster analysis
based on prey item weight (Fig. 8) shows a gradual
increase in similarity as the fish increases in size.
The prey items found in the gut contents were
compared to the prey items from the subsample
contents taken on the day that particular size class
was captured (see Materials and methods). Stom-
ach contents from 20-25 mm SL fish are 45% simi-
lar to the sediment subsamples, 25-30mm SL are
54% similar to the sediment subsamples, 30-35 mm
SL fish are 58% similar to the subsamples, 35—
40 mm SL fish are 67% similar to the subsamples,
40-50 mm SL fish are 70% similar to the subsam-

ples, 50-70 mm SL fish are 8§2% similar to the sub-
samples, 70-100 mm SL fish are 83% similar to the
subsamples and > 100 mm SL fish are 84% similar
to the subsample contents.

Morphometrics

Mean gill raker length, mean interraker spacing,
mouth height, mouth width and intestinal length
are each positively correlated with mullet standard
length (Fig. 9-12). Each regression line consists of
data from all eight size classes (n = 200).

Mean gill raker lengths for all four gill arches
show allometric growth with each gill raker slope
being significantly different from a predicted slope
of 1.0 (p < 0.001, Fig. 9). The first and fourth gill
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Fig. 8. Cluster analysis of stomach contents and sediment sub-
sample content similarity. Stomach contents are analyzed with
subsamples for the date the size class was captured. a = repli-
cate 1: b = replicate 2.

arches differ significantly in mean gill raker length
(p < 0.001) from all other gill arches but the second
and third gill arches are not. Gill raker length for
the first arch is relatively shorter for larger fish (x =
0.911) whereas it is relatively longer for larger fish
for the other three gill arches (x = 1.132, % = 1.112,
x = 1.102, respectively).

The four interraker spacing slopes are signif-
icantly different from a slope of 1.0 (p < 0.001) and
from each other (p < 0.001, Fig. 10) and are nega-
tively allometric. The first and fourth gill arches
differ significantly in mean interraker spacing from
all other gill arches but not from one another. Also
the second and third gill arches do not differ signif-
icantly from each other. Gill raker spacing is rela-
tively smaller for larger fish (arches 1-4; % = 0.405,
x= 0.457, x = 0.449, x = 0.403, respectively).

Mouth width and mouth height are positively
allometric with each slope being significantly dif-
ferent from a slope of 1.0 (p< 0.001, Fig. 11).
Larger mullet have relatively larger mouth heights
and widths than smaller mullet (x = 1.108, % =
1.023, respectively).

The relative gut length varies from 25-575 and a

significant change with standard length is observed
(Fig. 12). The intestinal length is positively allo-
metric (p< 0.001; x = 1.525), otherwise the rela-
tive intestinal length increases with size.

Differences are found in R, the global repletion
index, among the size classes but no overall trend is
apparent (Table 3). The repletion index of the
smallest size class is as high as that of the largest size
class. The middle size classes (2—4) had the highest
repletion indices of 17.59, 22.67 and 17.52, respec-
tively.

Gill interraker spacing from arch 1, interspine
spacing from arch 1, cumulative percent of prey
item weights in stomach contents of each sieve
fraction and cumulative percent of prey item
weights in sediment subsamples of each sieve frac-
tion are depicted in Figure 13. As the fish grows the
absolute interraker distance between gill rakers on
the first gill arch increases (Fig. 13a). This distance
is larger than the sieve size retaining 50% of the
prey items (Fig. 13b). The interspine spacing re-
mains constant as the fish grows and is smaller than
the interraker distances and reaches a maximum
distance of approximately 0.048 mm (Fig. 13a).
The interspine distance is smaller than any sieve
size utilized (Fig. 13b). The cumulative percent
weight of prey items of each sieve for the size
classes does not change in accordance with the
spacing of the gill rakers, rather in every case the
majority of the ingested particles are smaller than
predicted by the interraker distances. The smallest
particle sizes found in the stomachs are about the

Table 3. Variations of the global repletion index R for all the
studied size classes [N = number of specimens examined: W =
mcan weight of specimens (g): I = mean weight of intestine guts
(g): R = global replction index R = \IV x 100].

N W I R

Size class 1 (20.0-25.0mm) 25 0.080 0.009 11.80
Size class 2 (25.0-30.0mm) 25 0.339  0.059 17.59
Size class 3 (30.0-35.0mm) 25 0.658 0.149 22.67
Size class 4 (35.0-40.0mm) 25 0.900 0.157 17.52
Size class 5 (40.0-50.0mm) 25 2.19 0.296 13.50 \
Size class 6 (50.0-70.0mm) 25 4.11 0.446 10.85
Size class 7 (70.0-100.0 mm) 25 9.89 1.666 16.83
Size class 8 (> 100.0 mm) 25 20.82 2.58 12.43
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same size as the interspine distances and the major-
ity of the particles are larger than the interspine
distances. The cumulative percent of prey item
weights in the sediment subsamples is approxi-
mately the same as the stomach contents (Fig. 13b,
c). Over 75% of the prey items by weight are re-
tained in the three smallest sieve sizes. These small
particles are smaller in diameter than the interrak-
er distance but larger than the interspine distances.

Discussion

The main tenet of the ecomorphological hypothesis
is that morphological specializations limit prey uti-
lization and thus species with similar morphologies
should possess similar diets (Wiens & Rotenberry
1980, Findley & Black 1983). There has been no
clear consensus from this apparently simplistic
working hypothesis. Studies by Karr & James
(1975), Chao & Musick (1977), Gatz (1979), Find-
ley & Black (1983) and Moyle & Senanayake
(1984) have shown that the diet is correlated to
morphology. Wiens & Rotenberry (1980) found
that the few correlations between prey size and
suites of covarying morphological traits were quite
weak. Grossman (1986) found little support for the
ecomorphological hypothesis when he failed to
find correlations between feeding morphology,
particularly size of the head and jaws, protrusibility
and orientation of the jaws, number of gill rakers,
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and dietary analysis. His results suggest that behav-
ior is more important than morphology in deter-
mining prey utilization. Liem (1980) also has shown
that morphologically specialized African cichlids
can behaviorly alter their feeding modes. Further
complicating the ecomorphological hypothesis is
ontogenetic dietary change that occurs in most ani-
mals. Therefore, one approach to aid in the under-
standing of ecomorphological relationships is to
study dietary determinants during ontogeny.

Diet

Mugil cephalus undergoes an ontogenetic shift in
diet. Fish of 20-30 mm SL ingest small amounts of
sand and large amounts of organic matter and dia-
toms. Copepods, amphipods, ostracods, poly-
chaetes, and bivalves contribute minimally to the
diet. These results conflict with previous studies
which report M. cephalus to be primarily carnivo-
rous at these sizes (Ebeling 1957, Odum 1970,
Blaber & Whitfield 1977, De Silva 1980, Loftus et
al. 1983). However, De Silva & Wijeyaratne (1977)
obtained similar results for mullet 20-55mm TL.
The first ontogenetic trophic unit includes mullet
20-25 mm SL which are 88% similar in diet to fish
25-30 mm SL (Fig. 5).

The second ontogenetic trophic unit reported
here occurs at 30—40mm SL. These mullet ingest
more sand, less organic matter, no zooplankton
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and more species of diatoms than the previous size
classes (Fig. 4. Table 1). The higher amounts of
sand present in the diet suggest that these fish may
be transitional from a browsing feeding habit to a
grazing one. Mullet of 110 mm SL were found to dig
an average of 6.75mm. 6.16 mm and 4.9 mm into
the sediment during three separate feeding experi-
ments. Mullet <40 mm do not dig into the sedi-
ment during feeding but browse on the surface
film. The relatively and absolutely greater mouth
height and mouth width may permit these larger
mullet to scrape deeper into the sediment. The
second ontogenetic trophic unit (30-40mm SL;
Fig. 5) includes mullet 30~35 mm SL which are 87%
similar in diet to 35-40 mm SL fish.

The third ontogenetic trophic unit occurs at > 40
100 mm SL. including fish 40-50mm, 50-70mm.
70-100 mm, and >100mm SL. This interval is
characterized by greater ingestion of sand and dia-
igm species and less ingestion of organic matter
(Fig. 4). Benthic grazing is typical of mullet in this
size range and larger (Odum 1968, 1970, Hickling
1970. Blaber 1976. Blaber & Whitfield 1977. De
Silva & Wijeyaratne 1977, Marais 1980, Das &
Chowdhury 1983. Romer & McLachlan 1986). Fish
50~70 mm SL and > 100mm SL are 97% similar in
diet composition. This cluster is 87% similar to fish
70~-100 mm SL and 83% similar to fish 40-50mm
SL.

Odum (1970) found that adult M. cephalus select
fine sand particles that are rich in adsorbed organic
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Fig. 12. Plot of Log(standard length) vs. Log(intestinal length)
for Mugil cephalus.

matter, Protozoa and bacteria. In this study. sand
particles contained high amounts of organic matter
but bacteria and Protozoa were not observed. Le-
wis & Peters (1984) have shown that certain types
of detritus are 60-75% digestible by menhaden and
are nutritionally adequate to support growth of
detritivores. Darnell (1961) found that organic de-
tritus. including phytoplankton. vegetation and
other material in stages of bacterial decomposition,
have a major contribution to the togal food volume
of fishes of the Lake Pontcha@ in community.
Vallet et al. (1970) consider detritus to be a good
source of vitamin B, for mullet. The fact that mul-
let of all size classes feed on the benthos and ingest
large amounts of detritus supports the concept that
detritus may be an important food source for mul-
let.

Comparison of prey items from stomach con-
tents and sediment cores using C.Q.I. and cluster
analysis reveals increasing similarity with increas-
ing size class. The diets of fish 20-35mm SL are
only 54% similar to the sediment. while those of
fish 40-50mm SL and > 100 mm SL are 76% simi-
lar to the sediment (Fig. 8). The high percentage of
sand in the diet of mullet could account for the high
similarity among the size classes. However. analy-
sis of the diet with sand excluded also has the same
trophic units and high similarities between and
among clusters.

Therefore, evidence that a change in feedin
behavior from browsing to grazing determines oni
togenetic dietary change are three fold. Experi-
ments on the depth of feeding by mullet indicate
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that mullet 105mm SL and 110 mm SL graze to a
depth of approximately 5.0 mm into the sediment
while mullet <40mm SL select prey items from
the surface by browsing, leaving no marks in the
sediment during feeding. Secondly, the diet con-
tains more sand as size increases. Thirdly, cluster
analysis reveals that the diet of Mugil cephalus be-
comes more similar to the sediment during ontogeny.

Feeding location

Ontogenetic dietary shifts in mullet do not occur
due to changes in feeding location. Mullet from all
size classes were captured at the same location and
under similar conditions (i.e. tide, time of day).
Intra-habitat differences in prey items as measured
by sediment subsample content similarity are very
Jow. Similarity of the prey items found in the sedi-
ment subsample contents among sites and locations
within the sites is >80% (Fig. 6). Therefore, nei-
ther feeding location nor intra-habitat differences
account for the ontogenetic dietary shift of mullet.
However, the location of this study differs greatly
from the habitat of other studies (i.e. oceanic and
bay waters). Tampa Bay is an estuarine habitat
with inflow from five major rivers (Comp & Sea-
man 1988). The bay is characterized by nitrogen
and phosphorus enrichment (Johansson et al.
1982). high productivity of seagrass epiphytes. ben-
thic microalgae and phytoplankton, with a 81%
reduction in seagrass meadows in some areas (Le-
wis et al. 1982, Heffernan & Gibson 1982). This
detrital-rich ecosystem contrasts to that of other
studies on mullet feeding. Hiatt (1944) studied Mu-
gil cephalus in Hawaiian fish ponds, Blaber (1976)
and Blaber & Whitfield (1977) collected M. cepha-
Ius and other species from the St. Lucia lake system
and various estuaries in south-east Africa, Marais
(1980) examined feeding of Liza dumerili and L.
richardsoni from Swartkops Estuary in South Afri-
ca. and Das & Chowdhury (1983) studied grey
mullet in the Matamhury River estuary, Bangla-
desh. Consequently, this may account for the rela-
tively larger proportion of organic matter and dia-
toms in the guts of juvenile M. cephalus (<40mm
SL) in the Tampa Bay estuary.
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Feeding morphology

Gill raker length on each of the four gill arches is
allometric with respect to standard length (Fig. 9).
The rakers on gill arch one are negatively allo-
metric while the others are positively allometric.
Therefore, smaller fish have relatively longer rak-
ers on the first arch and larger fish have relatively
longer rakers on the remaining arches. The first
branchial arch has the most developed and elongat-
ed gill rakers and is responsible for the majority of
the prey retention found in filter-feeding fish
(Drenner et al. 1978, Wright & O’Brien 1984).

Mean interraker spacing on each of the four gill
arches is negatively allometric with respect to stan-
dard length (Fig. 10). Therefore, larger fish have
relatively closer spaced gill rakers. Perhaps a better
measure of gill filtering size is interspine distance
(Fig. 3) which is less than interraker distance and
does not change appreciably in fish greater than
30 mm SL (Fig. 13a). These long. relatively closely
spaced gill rakers may be suited for planktonic
feeding in small mullet (<40mm SL) which has
been observed in other studies (Ebeling 1957,
Blaber & Whitfield 1977, De Silva 1980, Loftus et
al. 1983). Among all fish sizes, over 68% of the
prey items by weight in the stomach contents are
less than or equal to 0.125mm in diameter (Fig.
13b). This size (0.125mm) is greater than the in-
terspine distance but less than the interraker dis-
tance indicating that the spines could act as an
effective filter in retaining prey.

Three processes by which fishes might use their
gill rakers to retain prey are: (1) mechanical cap-
ture, (2) dynamic capture, and (3) active selection.
Mechanical capture (Rosen & Hales 1981, Drenner
et al. 1984.) occurs when fish swim through the
water column with their mouths open and strain all
particles from the water. Dynamic capture (Mac-
Neill & Brandt 1990) occurs when fish actively
adjust their interraker spacing to match the size of
the particles they are ingesting. Whether or not any
filter-feeding species actually does vary the inter-
raker spacing in relation to prey size is unknow
Active selection (Brooks & Dodson 1965, Gal-
braith 1967) is a process by which fishes actively
pursue and ingest certain sizes of plankton. Those¢



particles smaller than the interraker spacing are
passed through the gill rakers and out the gill open-
ing. In addition, gill rakers are thought to act as
either a non-sticky or sticky filtering mechanism.
The sticky filter hypothesis suggests that smaller
particles than expected are retained due to mucus
present in the gills. Weisel (1973) states that nu-
merous mucus secreting cells in the gill epithelium
of paddlefish may provide a means by which food in
the gill rakers that would ordinarily be too small is
retained. Robotham (1982) describes mucus pro-
ducing goblet cells in the buccal cavity of the spine
loach, Cobitis taenia, and proposes a mechanism
for food separation utilizing mucus. Mugil cephalus
retains prey of approximately the same size and
larger than the interspine distance (Fig. 13) per-
haps indicating that the gill rakers are used solely as
a mechanical filter. Particles smaller than the in-
terspine distances, diatoms and algae, may be
trapped in organic matter and ingested. On the
other hand, the gill rakers may play a limited role in
benthic feeding as evidence by the high similarity
among the stomach contents of fish >50mm SL
and the sediment subsamples (Fig. 8). Also, the
cumulative percentages of prey item weights in the
sieve fractions (Fig. 13b, c) from the stomach con-
tents and sediment subsamples are very similar.
The mullet may not be filtering the particles but
rather ingesting all available particles found in the
sediment. Each of these concepts must be tested to
determine which if any are occurring in mullet.
Intestinal length (Fig. 12) is strongly positively
allometric with respect to standard length. The
length is relatively greater in large mullet (> 100 mm
SL) than in small mullet (< 40 mm SL). Increase in
relative intestinal length with growth is character-
istic of herbivorous fishes (Harmelin-Vivien &
Bouchon-Navaro 1983, Wijeyaratne & Costa
1987). Symbiotic algae in coral and in sediment
result in essentially a herbivorous diet. Supporting
this concept are studies (Ebeling 1957, Blaber &
Whitfield 1977, De Silva 1980) that have shown
small mullet to be carnivorous and large mullet to
be herbivorous (Hickling 1970, Blaber 1976, Ma-
rais 1980, Minckley 1982). However, in this study,
all size classes were found to be herbivorous and
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indicates that this parameter should not be used by
itself to predict a fish’s diet.

The global repletion index (Table 3) varies with
size class and does not clearly show an increase in
importance of the intestine with growth. However,
this index is based on the weight of the intestine and
can vary depending upon the amount of food pre-
sent in each intestine. A better predictor of the
importance of the intestines would be to measure
empty intestines. This may provide a stronger cor-
relation between the weight of intestines and the
importance of herbivory in the diet.

The explanation that a change in feeding mor-
phology results in the ontogenetic dietary change in
mullet is not supported. Despite increasing gill rak-
er length, interraker spacing, mouth width and
height during ontogeny, overall stomach content
particle size does not change. Increase in relative
intestinal length in large mullet may be correlated
with its herbivorous feeding habit and not a change
that results in the ontogenetic dietary shift. It ap-
pears that ontogenetic dietary change is associated
with a change in feeding behavior from browsing
on to grazing in the sediment. Blaber (1987) found
that diet of Mugilidae changed upon entering estu-
aries. Transitions in diet were closely linked with
the mechanism for migration into estuaries and a
change from a pelagic to benthic mode of life. The
fact that the mullet of this study were caught well
into an estuarine system suggest that the mecha-
nism for migration (i.e. salinity and turbidity gra-
dients) and feeding behavior may have synergistic
effects on diet.

In conclusion, an ontogenetic dietary shift in
Mugil cephalus occurs. Three distinct stages of
feeding are observed (20-30mm, 3040 mm and
>40 100 mm SL) and the contribution of sand and
organic matter are primarily responsible for the
change in diet. Small mullet (<40mm SL) are
found to feed exclusively on the sediment by brows-
ing. Large mullet (>40mm SL) had: (1) a high
similarity between their stomach contents and the
contents of the sediment subsamples. (2) increas-
ing proportions of sand in the diet, and (3) been
observed to graze in laboratory experiments This
suggests that mullet of this size are grazers on the
sediment. Feeding location is not responsible for
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the ontogenetic dietary change in mullet because
both feeding location and intra-habitat location
were similar. Morphological measurements such as
interraker distances, interspine distances, gill raker
lengths, intestinal length and mouth width and
height appear not to contribute to the shift in diet.
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