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ABSTRACT: The polymorphic coral reef fish genus Hypoplectrus (hamlets) provides an excellent sys-
tem for examining the initial stages of natural biological divergence in the expansive marine environ-
ment. Despite close genetic similarities, hamlets occur in assortatively mating colour morphotypes. In
this study, we determined whether ecological differences exist between morphs that could reinforce
the assortative mating pattern within morphs. We compared the carbon and nitrogen stable isotope
dietary signatures of 6 hamlet morphotypes from 5 geographically distant locations. Across 364 indi-
viduals, and with the exception of fish sampled in the Gulf of Mexico, no significant isotopic associa-
tions with morphotype were detected. Our results therefore provide no evidence that different
hamlet morphs are associated with distinct dietary niches, despite finding highly significant geo-
graphical differentiation for both isotopes. We argue that tight assortative mating without ecological
divergence could be maintained through the demands of reciprocal cooperation within a reproduc-

tive pattern of simultaneous hermaphroditism which characterises all hamlets.
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polymorphism
INTRODUCTION

Certain natural systems, such as the African lake
cichlids (Kornfield & Smith 2000), have provided evo-
lutionary biologists with excellent opportunities to
study speciation. These systems are often situated in
relatively enclosed environments and it is not yet clear
how the inferences derived from such studies apply to
organisms in the marine environment, where plank-
tonic larvae can facilitate long distance dispersal (e.g.
Bierne et al. 2003). Coral reef fish of the genus Hypo-
plectrus (hamlets), which have attracted increased
attention in recent years (McCartney et al. 2003,
Ramon et al. 2003, Puebla et al. 2007), provide an ideal
model for studying the speciation mechanisms of a
polymorphic group with high geographic genetic con-
nectivity within the expansive marine environment.
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Hamlets -
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Marine adaptive radiation - Colour

The Hypoplectrus species complex is composed of
brightly coloured predatory fishes inhabiting coral
reefs throughout the Caribbean and tropical western
Atlantic (Heemstra et al. 2002). The group includes 10
described ‘species,’ and many undescribed morphs
(i.e. colour forms), all of which are distinguished by
their distinct colouration and pattern. Up to 8 different
morphotypes can be found co-existing on a single reef
(Domeier 1994). Hamlets show very strong assortative
mating preferences for their own colour morph (Do-
meier 1994, Puebla et al. 2007). Despite this fact, there
are few clear genetic distinctions between morphs
(McCartney et al. 2003), which suggests recent morph
diversification.

While sexual selection is almost certainly involved
in the maintenance of Hypoplectrus colour morphs
(Fischer 1980, Puebla et al. 2007), ecological diver-
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gence is another important selective force that could
lead to the evolution and/or maintenance of the
morphs. Ecological variation is well recognised as an
agent of natural selection from which reproductive iso-
lation can develop (e.g. Seehausen 2006); however, the
explicit identification of ecological mechanisms of spe-
ciation has been challenging. Ecological divergence
may result in reproductive incompatibility, but a num-
ber of other potential isolating barriers may also have
arisen simultaneously or subsequently. As a result, the
initial forces responsible for divergence may no longer
be important for maintaining genetic isolation between
populations. Species in the initial stages of divergence,
such as hamlets, may therefore be particularly good
candidates for detecting primary ecological mecha-
nisms of isolation.

Ecological factors that have been implicated in
divergence within animal species include diet (Knud-
sen et al. 2006), predation (Nosil & Crespi 2006), habi-
tat (Langerhans et al. 2003), competition (Grant &
Grant 2006), and temporal separation in behaviour
(Denoél et al. 2006). Many of these factors may act con-
currently, and are often inter-related as they underpin
the acquisition of food. Dietary analyses may therefore
be useful indicators of general ecological differences.
Several studies on the diet of closely related sympatric
fish taxa have shown significantly different dietary
niches and have implicated a role for foraging ecology
in the initial stages of phenotypic divergence involving
both prey type (e.g. Adams et al. 2003, Lecomte & Dod-
son 2004, Horstkotte & Strecker 2005) and habitat use
(e.g. Lecomte & Dodson 2004).

For hamlets, divergence based on either diet or habi-
tat, or both, may be the most likely ecological basis to
the phenotypic polymorphism of the genus. There is no
current indication of differences between morphs in
risk of predation or behaviour. By contrast, differences
relating to diet have been noted (Randall 1967, White-
man et al. 2007) or suggested. Thresher (1978), for
example, proposed that hamlets are aggressive mimics
with different morphs evolving to resemble different
non-predatory model species which resulted in more
effective capture of crustacean prey. Differences in
depth distribution have also been anecdotally docu-
mented between some morphs (Fischer 1980, Domeier
1994). Both aggressive mimicry of different models
and depth differences could generate variation in diet,
involving either differences in food type, feeding habi-
tat or both.

Analyses of carbon and nitrogen stable isotopes have
been successfully used to measure differences be-
tween individuals, populations, and species with
regard to food sources and trophic levels associated
with different dietary and/or ecological niches (Gen-
ner et al. 1999, Guiguer et al. 2002, Adams et al. 2003).

Carbon and nitrogen stable isotope ratios obtained
from body tissues provide long-term, integrated
dietary information (Tieszen et al. 1983) that cannot
be obtained from gut content analyses alone. Nitro-
gen and carbon isotope ratios, *’N/*N and *C/'2C (ex-
pressed as 8N and 8°C respectively), are directly
related to diet. The 'heavy' nitrogen isotope (*’N) tends
to be enriched by about 3%. between predator and
prey (Minagawa & Wada 1984, Post 2002) and thus the
85N of predator tissue is often used to provide infor-
mation on its trophic position. The heavy carbon iso-
tope (°C) is only weakly enriched between trophic
levels, and is instead useful as an indicator of the iden-
tity of producers at the base of the food web (Tieszen et
al. 1983). Since sources of production vary geographi-
cally, carbon isotopes are often used as indicators of
spatial feeding dynamics (Vizzini et al. 2005), environ-
mental factors that influence primary producers and
members of lower trophic levels that feed on them
(Sammarco et al. 1999). Other stable isotopes used
in ecological studies (e.g. oxygen) have limited or no
relevance for understanding diet.

In the present study, we used both carbon and nitro-
gen isotope analyses to measure dietary variation
among hamlets. We sampled fish from a range of geo-
graphic locations to determine the extent of regional
variation in isotope signatures for carbon (as described
above) and for nitrogen due to variation in prey avail-
ability and/or feeding preferences. By sampling up to
5 sympatric morphs at each of 5 different locations
across the Caribbean, we analysed inter-morph varia-
tion, whilst controlling for regional variation for the
whole sample, and expected that the isotope signa-
tures served as indicators of whether different hamlet
morphs generally differ in diet and/or feeding niche.

MATERIALS AND METHODS

Fish collections. Sampling was undertaken accord-
ing to the laws and restrictions of each country, with
relevant collection and export permits obtained
beforehand. Using SCUBA, we collected hamlets from
coral reef sites at 5 Caribbean locations: off La Par-
guera in Puerto Rico (5 sites, sampled in November
2004), Curacao (9 sites, in June 2005), La Caleta,
Dominican Republic (2 sites, in July 2005), Veracruz in
Mexico (2 sites, in May 2006) and Bermuda (13 sites, in
June 2006) (Fig. 1). Morphotypes were identified using
widely available field guides (e.g. Humann 2002). The
number of individuals collected varied among loca-
tions, depending on local abundance (Table 1). Fish
were captured using a baited hook and line or, if nec-
essary and if local laws allowed, micro-spears. We
recorded the depth of capture for each individual and
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Fig. 1. Sampling sites included in stable isotope study of

the Hypoplectrus species complex. 1 = Bermuda, 2 = Curacao,

3 = La Caleta (Dominican Republic), 4 = Veracruz (Mexico)
and 5 = La Parguera (Puerto Rico)

the overall habitat type (i.e. rubble field, fringing coral
reef, or offshore reef) of each sampling site. After cap-
ture, fish were placed in bags, and put on ice. With the
exception of Puerto Rico (due to fieldwork constraints),
sampling was concentrated in late spring/early sum-
mer to minimize possible seasonal effects.

All fish were measured (total length in cm). Samples
of white muscle were removed from the posterior
region of the body; this is considered the most suitable
tissue for teleost stable isotopic analysis (Pinnegar &
Polunin 1999). Samples were dried at constant temper-
ature (60°C) for 24 h in a drying oven. Since no drying
oven was available in the Dominican Republic, sam-
ples were dried at room temperature for 48 h. All dried
samples were stored with silica gel until analysis.

Stable isotope analysis. Dried samples were ground
to a fine homogeneous powder using a Qiagen Tissue-
Lyser. Powdered samples weighing 0.7 mg were
placed into 0.3 X 0.5 mm tin capsules, then analysed for
carbon and nitrogen stable isotope ratios. The analysis

was carried out by continuous-flow isotope ratio mass
spectrometry (IRMS) using a Costech ECS4010 ana-
lyser connected to a Thermo Electron Delta XP Plus.
Fourteen gelatine standards of unequal mass were run
daily to give typical SD of 0.1 %o (3'*C) and 0.2 %o
(8'°N). Stable isotope ratios are expressed as 8'3C and
8N relative to primary international standards PDB
and air (the international standards for carbon and
nitrogen, respectively). Fourteen gelatine standards of
unequal mass were run daily to give typical SD of
0.1%0 (8'3C) and 0.2%. (8!°N). All isotopic analyses
were undertaken at the Natural Environment Re-
search Council Life Sciences Mass Spectrometry Facil-
ity (East Kilbride, UK).

Statistical analysis. §!3C and 8'°N were analysed
separately using 3-factor ANOVAs, with morphotype
(6 levels) and location (i.e. country, 5 levels) as fixed
factors. Site (i.e. where an individual was captured),
also a fixed factor, was nested within location. Pairwise
differences between levels of each factor were exam-
ined with Bonferroni post-hoc tests. We included cap-
ture depth and fish total length (cm) as covariates in
these ANOVAs, as previous studies have shown that
these factors may influence fish stable isotope ratios
(Darnaude 2005). Where one or both covariates
explained a significant amount of variance in isotope
ratios, they were included in the final model. We veri-
fied that all data met the assumptions of parametric
analysis, using Levene's test for homogeneity of vari-
ance and the Kolmogorov-Smirnov test for normality.

As sampling was dictated by the availability of
morphs, which varied between locations, the experi-
mental design was unbalanced and sample sizes were
at times relatively small (see Table 1). Both could have
affected the robustness of our results. To evaluate the
extent of this problem, we carried out separate
ANOVAs for those locations with the largest and most
balanced samples across morphs (Mexico, Curacao
and Dominican Republic). The results of these loca-
tion-specific analyses generally supported the results
of the overall analyses. In addition, we examined the

Table 1. Hypoplectrus spp. Number of different hamlet morphotypes analysed for stable isotope variation at 5 locations, from 3
different habitat types (rubble field, fringing coral reef, offshore reef), within the tropical western Atlantic. Dom. Rep.: Dominican

Republic

Location Habitats H. aberrans H. chlorurus H. nigricans H. puella H. unicolor Veracruz Total by

white location
Bermuda All 3 99 99
Curacao Offshore & Fringing reef 33 1 13 25 72
Dom. Rep. Fringing reef only 10 4 23 15 25 77
Mexico Fringing reef only 41 41 82
Puerto Rico Fringing reef only 2 14 4 8 6 34
Total by morph 12 51 69 135 56 41 364
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potential effect of having used a different sample dry-
ing method in the Dominican Republic. The coeffi-
cients of variation for both C and N of Dominican
Republic samples were not larger than those of other
locations (see Fig. 2), and exclusion of these samples
from the overall analyses did not alter our conclusions.
We therefore retained all samples in the analyses
presented below.

RESULTS

A total of 364 individuals were collected (Table 1)
and could be easily identified as belonging to
described hamlet morphotypes, with the exception of
41 fish from the Veracruz region of Mexico. According
to local sources, this morph is abundant and endemic
in the region. We refer to it here as the 'Veracruz
white' hamlet.

Stable isotope differences among morphs

Overall, 8'3C ratios did not differ among morphs
(8-way ANOVA, F; 350 = 0.22, p = 0.56) (Fig. 2), but
varied significantly with capture depth (3-way
ANOVA, F, 350 = 4.52, p < 0.001), with fish captured
deeper showing lower 83C (slope + 1 SE = -0.033 =
0.008). Fish length was not a significant covariate and
therefore was omitted from the final model.

There was significant variation in 8!°N, across
morphs (3-way ANOVA, p = 0.001) (Fig. 2); however,
only 3 pairwise comparisons, all of which involved the
Veracruz whites, were significant (Bonferroni post-hoc
tests, Hypoplectrus nigricans, p = 0.001; H. puella, p =
0.045 and H. unicolor, p = 0.043). In all 3 cases, Ver-
acruz whites were more enriched in >N. All other pair-
wise comparisons were not significant
(Bonferroni post-hoc tests, p > 0.05 in all
cases). When hamlets from Mexico
were removed from the analysis, there
was no significant effect of morph on
3N (3-way ANOVA, Fj,4 = 0.260,
p = 0.60). In general, §'"°N increased
significantly with fish size (3-way

16 15 14 13
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Fig. 2. Hypoplectrus spp. Mean stable isotope ratios of 6

morphotypes and from 5 different locations. 8'*C and §'°N

values represent the ratio of heavy to light isotopes for each

sample, relative to established international standards, for

carbon and nitrogen, respectively. Populations with small

sample sizes (i.e. <5) not shown. Error bars shown represent
95 % confidence intervals

ANOVA, F, 354 = 27.61, p < 0.001) (Fig. 2). Seven of the
10 pairwise differences in §!°C between locations were
significant (Table 2). 8"°N values also differed signifi-
cantly among locations (3-way ANOVA, Fj 554 = 51.25,
p < 0.001) (Table 2). Hamlets from Bermuda and the
Gulf of Mexico showed significantly greater enrich-
ment in '°N than hamlets from Caribbean Sea locations
(p <0.001 in all cases) (Fig. 2, Table 2), with §'°N in fish
from Bermuda being significantly higher than in those
from Mexico (p = 0.003) (Fig. 2, Table 2). 8°N did not
differ significantly between other locations (Fig. 2,
Table 2).

Table 2. Hypoplectrus spp. Pairwise comparisons of carbon (above the diagonal),
and nitrogen (below the diagonal) stable isotope ratios in all hamlets from 5 loca-
tions. Values represent differences in estimated marginal means of stable isotope
ratios (isotopic ratio of column location minus isotopic ratio of row location).*p <
0.05; **p < 0.01; ***p < 0.001; ns: not significant. All significant differences
remained significant after Bonferroni adjustment for multiple comparisons

ANOVA, F] 316=9.12, p = 0.003; slope + Bermuda Curacao Dom.Rep. Mexico Puerto Rico
1 SE = 0.077 + 0.028), but capture depth
was not a significant covariate. Bermuda 1.05 045 070 -0.53
Curacao 1.92*** -0.60*** -0.35ns -1.58***
Stable isotope differences among Dom. Rep. 1.74***  -0.17 ns 0.25ns -0.98**"
locations
Mexico 0.75** -1.17***  -1.00*** 1.23***
There were highly significant differ- Puerto Rico 1.81*** —0.10 ns 0.07 ns 1.07%**
ences in 83C among locations (3-way
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Stable isotope differences among sites

Stable isotopic ratios varied significantly among sites
within locations (3-way ANOVAs, §'3C: Fyg 350 = 4.16,
P < 0.001; 8'5N: Fyg 394 = 51.25, p < 0.001). Post-hoc tests
revealed that for §'3C, significant inter-site differences
occurred at only 2 locations, Bermuda and Puerto Rico.
In Bermuda, only 3 (of 78) pairwise comparisons
among sites were significant. In Puerto Rico, only 2
(of 10) pairwise comparisons among sites were signifi-
cant. A greater number of significant inter-site differ-
ences in 8N were found: 46 (of 78) in Bermuda, 8
(of 36) in Curacao and 1 (out of 1) in Mexico. The small
sample sizes at a few of the sites will undoubtedly have
decreased our ability to detect significant differences.

Many of the significant §!°N differences between
sites in Bermuda and Curacao involved sites with dif-
ferent habitats (the 2 Mexican sites were both fringing
reefs). When 8'°N comparisons were restricted to pairs
of sites with the same habitat type, only 6 (of 23) and
1 (of 22) inter-site comparisons were significant in
Bermuda and Curacao, respectively.

DISCUSSION

Significant variation existed in isotope signatures of
hamlets between sites and between habitats, but there
was no clear evidence that individual hamlet colour
morphs differed in diet. While hamlet morphs varied
significantly in 8'°N, which indicates trophic position,
the variation was driven solely by individuals from
Mexico. Our results showed high levels of variation
and large overlap in diet between morphotype, across
and within locations. These results do not suggest a
high degree of dietary niche specialisation within the
hamlet species complex.

The lack of difference in isotope signatures among
hamlet morphs in 8'°C is likely to be the result of
morphs incorporating similar carbon sources, suggest-
ing that there is little or no distinction among morphs
in the food webs on which they feed. There were also
no significant differences between morphs in 3N
once the Mexican fish were removed from the analysis.
Veracruz whites have higher 8N values than 3 of the
other morphotypes, suggesting a higher trophic posi-
tion, which may be due either to prey availability or
dietary preferences. The former is suggested by the
fact that the Mexican sample as a whole (i.e. both
black and Veracruz white) was more enriched in heavy
nitrogen than samples from all other locations other
than Bermuda. The presence of a new hamlet morph in
Mexico deserves further study. Marine populations of
other taxa from the Gulf of Mexico have been shown to

be isolated from those in the Caribbean and Atlantic
(Tringali & Bert 1996), and other endemic taxa have
been discovered in the region (Felder & Staton 2000).

The present study represents the most extensive sta-
ble isotope survey in the Caribbean Sea to date, and
we demonstrated significant variation in both §'*C and
8N among sampling locations. Gut content analyses
by Whiteman et al. (2007), which included some of the
fish sampled in this study, have shown that while
significant dietary differences exist between some
morphs within some locations, general morphotype
diet is not highly specific and variation exists within
morphs across locations. Our results revealed little
overall differences in long-term dietary niche and that
differences are not consistent across the distribution
range of hamlets. Taken together, these studies sug-
gest that ecological divergence through food partition-
ing does not play an important role in the maintenance
of hamlet morphs.

When compared with previous Caribbean coral reef
fauna isotope studies, hamlets seem to feed at a rela-
tively high trophic level typical of predatory fishes
(de la Moriniere et al. 2003). The relatively high over-
all 8!°N variation shown in our samples is unusual for
fish stable isotope studies, indicating that hamlet diet
is generalized. This is consistent with published gut
content analyses (e.g. Randall 1967, Whiteman et al.
2007), which found a variety of crustaceans, including
mysids, mantis shrimp, crabs and fishes, in Hypo-
plectrus stomachs. It remains to be determined
whether the highly significant spatial variation among
morphs found here and by Whiteman et al. (2007) is
caused by differences in food availability or foraging
preferences.

While other factors, such as predation, remain
untested, our stable isotope study adds to the results of
a number of studies which have failed to show distinct
hamlet colour morph ecological preferences (Fischer
1980, Domeier 1994, E. A. Whiteman et al. unpubl.
data). Consequently, the role of ecological factors in
the maintenance of this polymorphism is becoming in-
creasingly unlikely, and further investigation may ben-
efit from pursuing alternative explanations. One un-
explored possibility is that sexual selection itself may
reinforce the colour differences, which have perhaps
arisen or are at least maintained through assortative
mating. Hamlets are simultaneous hermaphrodites
that spawn using ‘egg-trading’ behaviour, whereby
individuals pair up and alternate sexual roles, sequen-
tially releasing either eggs or sperm (Fischer &
Petersen 1987). Such behaviours are thought to have
evolved to reduce the opportunities for ‘cheating,’
which would occur if individuals predominantly
played the less-costly ‘male’ role in spawning. The
requirements for reciprocal cooperation within simul-
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taneous hermaphroditism may generate strong sexu-
ally selected signals (such as colour pattern) even
when ecological differences are small. Therefore, in
the absence of clear ecological differences between
morphs, we suggest that a future area of investigation
should be to determine whether divergent colour poly-
morphism in hamlets is maintained by the costs of
‘hybrids’ failing to find a reciprocally cooperating
mate, rather than ecological fitness costs of poorly
adapted hybrids.

Our results do not exclude the possibility that feed-
ing ecology initially drove hamlet colour morph diver-
gence but is no longer required to maintain the poly-
morphism. Further molecular work is also required in
order to resolve the current status of colour morphs
and the overall nature of the species complex. Our
study demonstrates the importance of sampling hamlet
populations throughout their overall distribution to
allow for more general conclusions to be reached
regarding their ecology.

Acknowledgements. We thank Dr. E. A. Whiteman for her sup-
portin the field, and also to the staff at Magueyes Laboratories
(Puerto Rico), CARMABI (Curacao), The National Aquarium
(Dominican Republic), Centre of Ecology & Fisheries (Mexico)
and B.B.S.R. (Bermuda). We especially thank Y. Leon, T. Mur-
doch, H. Perez, J. Pitt, and M. Vega for their invaluable
assistance in the field. This work was funded by the National
Environment Research Council (studentship S NER/SJ2004/
13064 and LSMSF application no. EK76-02/05), with additional
funding by the Sydney L. Wright Fellowship (contribution num-
ber 1700). In addition, we thank L. Atkins (Executive Director of
the Reef Environmental Education Foundation), who informed
us of the existence of the Veracruz white and also provided us
with images of this morphotype.

LITERATURE CITED

Adams C, Fraser D, McCarthy I, Shields S, Waldron S,
Alexander G (2003) Stable isotope analysis reveals ecolog-
ical segregation in a bimodal size polymorphism in Arctic
charr from Loch Tay, Scotland. J Fish Biol 62:474-481

Bierne N, Bonhomme F, David P (2003) Habitat preference
and the marine-speciation paradox. Proc R Soc Lond Ser B
270:1399-1406

Darnaude AM (2005) Fish ecology and terrestrial carbon use
in coastal areas: implications for marine fish production.
J Anim Ecol 74:864-876

de la Moriniere EC, Pollux BJA, Nagelkerken I, Hemminga
MA, Huiskes AHL, van der Velde G (2003) Ontogenetic
dietary changes of coral reef fishes in the mangrove-
seagrass-reef continuum: stable isotopes and gut-content
analysis. Mar Ecol Prog Ser 246:279-289

Denoél M, Whiteman HH, Wissinger SA (2006) Temporal shift
of diet in alternative cannibalistic morphs of the tiger sala-
mander. Biol J Linn Soc 89:373-382

Domeier ML (1994) Speciation in the serranid fish Hypoplec-
trus. Bull Mar Sci 54:103-141

Felder DL, Staton JL (2000) Lepidophthalmus manningi, a
new ghost shrimp from the southwestern Gulf of Mexico
(Decapoda: Thalassinidea: Callianassidae). J Crustac Biol
20:170-181

Fischer EA (1980) Speciation in the hamlets (Hypoplec-
trus, Serranidae)—a continuing enigma. Copeia 1980:
649-659

Fischer EA, Petersen CW (1987) The evolution of sexual pat-
terns in the seabasses. Bioscience 37:482-489

Genner MJ, Turner GF, Barker S, Hawkins SJ (1999) Niche
segregation among Lake Malawi cichlid fishes? Evidence
from stable isotope signatures. Ecol Lett 2:185-190

Grant PR, Grant BR (2006) Evolution of character displace-
ment in Darwin's finches. Science 313:224-226

Guiguer K, Reist JD, Power M, Babaluk JA (2002) Using sta-
ble isotopes to confirm the trophic ecology of Arctic charr
morphotypes from Lake Hazen, Nunavut, Canada. J Fish
Biol 60:348-362

Heemstra PC, Anderson JD, Lobel PS (2002) Groupers
(seabasses, creolfish, coney, hinds, hamlets, anthiines,
and soapfishes) In: Carpenter K (ed) FAO species identifi-
cation guide for the Western Caribbean. FAO, Rome,
p 1308-1369

Horstkotte J, Strecker U (2005) Trophic differentiation in
the phylogenetically young Cyprinodon species flock
(Cyprinodontidae, Teleostei) from Laguna Chichancanab
(Mexico). Biol J Linn Soc 85:125-134

Humann P (2002) Reef fish identification: Florida, Caribbean,
Bahamas, 3rd edn. New World Publications, Jacksonville

Knudsen R, Klemetsen A, Amundsen PA, Hermansen B (2006)
Incipient speciation through niche expansion: an example
from the Arctic charr in a subarctic lake. Proc R Soc Lond
Ser B 273:2291-2298

Kornfield I, Smith PF (2000) African cichlid fishes: model
systems for evolutionary biology. Annu Rev Ecol Syst
31:163-196

Langerhans RB, Layman CA, Langerhans AK, Dewitt TJ
(2003) Habitat-associated morphological divergence in
two Neotropical fish species. Biol J Linn Soc 80:689-698

Lecomte F, Dodson JJ (2004) Role of early life-history con-
straints and resource polymorphism in the segregation of
sympatric populations of an estuarine fish. Evol Ecol Res 6:
631-658

McCartney MA, Acevedo J, Heredia C, Rico C, Quenoville B,
Bermingham E, McMillan WO (2003) Genetic mosaic in a
marine species flock. Mol Ecol 12:2963-2973

Minagawa M, Wada E (1984) Stepwise enrichment of N-15
along food-chains—further evidence and the relation be-
tween delta-N-15 and animal age. Geochim Cosmochim
Acta 48:1135-1140

Nosil P, Crespi BJ (2006) Experimental evidence that preda-
tion promotes divergence in adaptive radiation. Proc Natl
Acad Sci USA 103:9090-9095

Pinnegar JK, Polunin NVC (1999) Differential fractionation of
delta C-13 and delta N-15 among fish tissues: implications
for the study of trophic interactions. Funct Ecol 13:225-231

Post DM (2002) Using stable isotopes to estimate trophic posi-
tion: models, methods, and assumptions. Ecology 83:
703-718

Puebla O, Bermingham E, Guichard F, Whiteman E (2007)
Colour pattern as a single trait driving speciation in
Hypoplectrus coral reef fishes? Proc R Soc Lond Ser B 274:
1265-1271

Ramon ML, Lobel PS, Sorenson MD (2003) Lack of mitochon-
drial genetic structure in hamlets (Hypoplectrus spp.):
recent speciation or ongoing hybridization? Mol Ecol 12:
2975-2980

Randall JE (1967) Food-habits of reef fishes of the West-
Indies. Stud Trop Oceanogr 5:665-847

Sammarco PW, Risk MJ, Schwarcz HP, Heikoop JM (1999)
Cross-continental shelf trends in coral delta N-15 on the



Holt et al.: Diet of Hypoplectrus spp. colour morphs 289

Great Barrier Reef: further consideration of the reef nutri- Oecologia 57:32-37
ent paradox. Mar Ecol Prog Ser 180:131-138 [] Tringali MD, Bert TM (1996) The genetic stock structure of
Seehausen O (2006) African cichlid fish: a model system in common snook (Centropomus undecimalis). Can J Fish
adaptive radiation research. Proc R Soc Lond Ser B 273: Aquat Sci 53:974-984
1987-1998 [] Vizzini S, Savona B, Chi TD, Mazzola A (2005) Spatial vari-
Thresher RE (1978) Polymorphism, mimicry, and evolution of ability of stable carbon and nitrogen isotope ratios in a
hamlets (Hypoplectrus, Serranidae). Bull Mar Sci 28: Mediterranean coastal lagoon. Hydrobiologia 550:73-82
345-353 Whiteman EA, Co6té IM, Reynolds JD (2007) Ecological differ-
[ ] Tieszen LL, Boutton TW, Tesdahl KG, Slade NA (1983) Frac- ences between hamlet (Hypoplectrus: Serranidae) colour
tionation and turnover of stable carbon isotopes in animal morphs: between-morph variation in diet. J Fish Biol 71:
tissues—implications for delta-C-13 analysis of diet. 235-244
Initial editorial responsibility: Howard Browman, Storebg, Submitted: August 7, 2007; Accepted: November 19, 2007
Norway (until November 5, 2007); Final editorial responsibility: Proofs received from author(s): March 19, 2008

Matthias Seaman, Oldendorf/Luhe, Germany



	cite1: 
	cite2: 
	cite3: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite10: 
	cite11: 
	cite12: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 


