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Abstract. Resource polymorphisms, or morphological variations related to resource
use, are common in fishes and are thought to be a possible step in speciation. This study
experimentally tests the hypothesis that fitness (as estimated by growth rates) is increased
by the presence of multiple trophic morphotypes (or morphs) within a population. Cage
experiments were used to quantify the intraspecific competitive interactions between morphs
of the polymorphic cichlid Herichthys minckleyi in Cuatro Ciénegas, Mexico. Results sug-
gest that competition is reduced between morphs in mixed-morph treatments relative to
equal-density single-morph treatments. Field studies revealed that the morphs feed in dif-
ferent microhabitats and use different feeding behaviors within these microhabitats. These
results suggest that the polymorphism is maintained in the population because it decreases
competition between the morphs, and that differencesin feeding behavior facilitate resource

partitioning.
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INTRODUCTION

Trophic polymorphisms, intraspecific variations in
feeding structures, are hypothesized to be important in
speciation (Sktlason and Smith 1995) and to reduce
intraspecific competition (McLaughlin et al. 1999).
This reduction in intraspecific competition, attributed
to differential resource use, could be a mechanism
mai ntai ning these polymorphisms (Skdlason and Smith
1995, Tregenza et al. 1996, McCann 1998). If mor-
photypes (or morphs) specialize on different food re-
sources, character displacement may separate morphs
into distinct ecological niches affecting community
structure (Roughgarden 1983, Rummel and Roughgar-
den 1983, Robinson and Wilson 1994). In addition to
morphological differences, morphs may use different
habitats and feeding behaviors (Robinson and Wilson
1996). Differences in feeding behavior may constitute
an early stage in the evolution of polymorphisms and
be integral to their maintenance (Skllason and Smith
1995, McLaughlin 2001).

The Cuatro Ciénegas cichlid, Herichthys minckleyi,
endemic to the spring-fed pools of the Cuatro Ciénegas
basin in Coahuila, Mexico, demonstrates at | east three
distinct morphological types (Minckley 1969, Korn-
field and Taylor 1983, Stephens and Hendrickson
2001). The two most abundant morphs are distin-
guished by extreme differences in pharyngeal jaw mor-
phology. The third morph, a piscivore, shows a dif-
ferent body form, but can have pharyngeal jaw mor-
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phology similar to either of the other two morphs. The
papilliform morph has narrow, needle-like teeth, grac-
ile pharyngeal jawbones, and small pharyngeal jaw
musculature (Liem and Kaufman 1984). This morph
feeds primarily on detritus, algae, and soft-bodied in-
vertebrates (Smith 1982). The molariform morph has
large, molar-like teeth, robust pharyngeal jawbones,
and hypertrophied associated musculature. In addition
to detritus, algae, and soft-bodied invertebrates, this
morph also eats snails (Smith 1982, Liem and Kaufman
1984, Hulsey et al. 2001). The molariform morph is
generally less frequent in the population than the pa-
pilliform morph (Kloeppel 2002; D. A. Hendrickson,
personal observation).

Polymorphism in H. minckleyi is proposed as an ad-
aptation for resource partitioning and reduced intra-
specific competition (Kornfield and Taylor 1983, Liem
and Kaufman 1984). Jaw morphology in other poly-
morphic fish changes in response to resource abun-
dance; aresponse that is both genetically and environ-
mentally induced (Meyer 1989, Mittelbach et al. 1992)
This response is consistent with the theory that trophic
polymorphisms are adaptations for partitioning re-
sources, but does not directly test if competition is
reduced between morphs. We quantified competitive
interactionsin H. minckleyi using growth rates as proxy
for fitness (after Pritchard and Schluter 2001). We es-
timated within-morph (or intra-morph) competition and
between-morph (or inter-morph) competition to test the
hypothesis that intraspecific competition is reduced in
a population containing multiple trophic morphs. To
examine the proximate mechanism of resource parti-
tioning between morphs, we examined feeding behav-
iorsin the field. We tested the hypothesis that there are
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differences in the microhabitat used for feeding and/
or feeding behavior used between the morphs.

METHODS

The competition experiment was conducted in Mo-
jarral Este, an ~2 m deep pool with an area of ~11 642
m2, in the Protected Areafor Floraand Faunain Cuatro
Ciénegas, Mexico. Cages (n = 25) 1 m® were con-
structed of 0.56-cm (0.25-inch) Vexar brand aquacul-
ture mesh (DuPont Canada, Incorporated, Mississauga,
Ontario, Canada) and polyvinyl chloride (PV C) tubing.
Cages were arbitrarily placed along the periphery of
the pool in <1 m of water, and randomly assigned to
one of fivetreatments: 1) molariform high-density, with
four molariform individuals, 2) molariform low-den-
sity, with two molariform individuals, 3) papilliform
high-density, with four papilliform individuals, 4) pa-
pilliform low-density, with two papilliform individu-
als, and 5) a mixed high-density treatment, with two
individuals of each morph. Each treatment had five
replicates for atotal of 25 cages and 80 fish. Densities
within the cages (fish per square meter) mimicked the
upper range of ambient fish density (Kloeppel 2002).
Previous researchers have suggested that variation in
feeding morphology is most important in times of low
food availability because individuals with alternative
morphology are able to switch to a suboptimal food
source (Boag and Grant 1981, McKaye and Marsh
1983, Liem and Kaufman 1984, Robinson and Wilson
1998). Thus, the experiment was designed to generate
intense competition for food resources within the cag-
es.
Fish were captured using hook and line and gill nets,
and anesthetized with ~20 drops of clove oil in ~8 L
of water (Munday and Wilson 1997). Individuals with
standard lengths (SL) between 70 and 100 mm were
categorized by morph by examining pharyngeal teeth
through an otoscope with categories defined by Korn-
field and Taylor (1983), measured (mass, SL), photo-
graphed, and marked with an fin clip code. There was
no significant difference in fish length among treat-
ments (F, ¢ = 0.146, P = 0.96). Most individual s with-
in the population could be categorized into a distinct
morph based on pharyngeal tooth morphology. Some
individuals have intermediate morphology; however,
their abundance in the population isrelatively low. For
these experiments, only individuals with pronounced
molariform or papilliform morphology were selected.
(It is unclear whether the polymorphism is genetically
based or environmentally determined and if the inter-
mediates represent a continuum in morphologies or on-
togenetic devel opment towards the molariform morph.)
Fish were placed in cages on 28 and 29 May 2001.
Fish were collected on 10-12 August 2001 using bub-
bled CO, (as anesthesia) and dip nets. Individuals were
identified, then weighed, re-photographed, and re-
leased. Changesin mass were cal culated by subtracting
pre-experiment mass from post-experiment mass, and
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converted to growth rates by dividing by the duration
of the experiment in weeks (change in mass over time
was used as growth rate for this experiment). Growth
rates were compared among treatments using ANOVA
with the random effect of cage nested within the fixed
effect of treatment.

For the behavioral study, feeding events were re-
corded in Mojarral Oeste, a5 m deep pool with an area
of ~1298 m?, which contains multiple distinct micro-
habitat types. Surrounding the large inflow spring isan
area of stromatolite travertine deposit, which forms a
hard shelf covered with filamentous cyanobacteria and
diatoms. The margins of the pool are covered with
thick, soft, flocculent material, with high densities of
hydrobiid snails (Minckley 1969). The pool also has
patches of gravel substrate and submerged and emer-
gent water lilies. We used this pool because it has dis-
tinct microhabitats, and a limited fish population in a
confined area, increasing the likelihood of observing
tagged fish. Individuals of H. minckleyi were caught
on 4 and 5 January 2001 and processed as above (70
individuals: 34 molariform and 36 papilliform). Fish
were measured (SL) and labeled with unique, num-
bered, plastic tags sutured to the epaxial musculature
near the rostral base of the dorsal fin with absorbable
dental sutures. We were able to identify these for up
to one week; after which the sutures softened and the
tags fell off.

Behavioral observations were recorded from 7-11
January 2001 using a digital-video camera in an un-
derwater housing. Recordings were made for one-hour
periods four times per day, for five consecutive days.
Feeding events were recorded by arbitrarily moving
around the pool and video taping tagged fish. The ob-
server was blind to morph while recording feeding
events. The digital videotapes were examined and each
feeding event was scored for microhabitat use. A total
of 362 feeding events were analyzed: 163 observations
of molariform individuals and 199 observations of pa-
pilliform individuals. Five categories were used to
identify microhabitat type: 1) water surface (hereafter
surface), 2) submerged vegetation (vegetation), 3)
gravel substrates (gravel), 4) travertine shelf (hard),
and 5) flocculent bottom sediments (soft). An expected
contingency table was constructed using the total num-
ber of feeding events in each microhabitat and the total
number of feeding events by each morph. A x? test was
used to test whether the frequencies of observed feed-
ing events differed from the null model of no difference
between the morphs in microhabitat use. This design
tested whether there was a difference between the
morphs in frequency of feeding in microhabitat, irre-
spective of microhabitat availability.

A subsample of these events (n = 111) with excep-
tionally clear digital images were visually categorized
into four feeding behaviors: (1) ‘‘suction feeding,”
where the fish produced suction to capture food items;
(2) **scraping,” where the fish pressed its jaws against
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Fic. 1. Video images representing the four feeding behaviors observed in Herichthys minckleyi during the study period.
(A) Suction feeding consists of the fish using suction to acquire food from any substrate. (B) Scraping consists of the fish
pressing its jaws against a hard substrate and using friction to remove material from the surface. (C) Diving consists of the
fish diving into the soft substrate to grab a mouthful of flocculent material. (D) Scooping consists of the fish gathering

sediment off of the surface of the soft substrate.

a hard surface and removed food items with friction;
(3) ““diving,” where the fish dove and inserted a large
portion of its body into soft sediments; and (4) ** scoop-
ing,” where the fish acquired a mouthful of soft sed-
iment off of the bottom (see Fig. 1). Sequences of suf-
ficient quality were used to quantify feeding behavior
using Didge software, version 2.3, Beta 1. Kinematic
variables calculated included gape, gape angle, angle
of interaction with the substrate, premaxillary protru-
sion, and depth into the substrate. These variableswere
compared among behaviors to verify that behavioral
categories were based on consistent, measurable dif-
ferencesin feeding movements. Additional eventswere
added to the behavior data set for atotal of 314 events.
A x? test was used to determine if the morphs used
behaviors at different frequencies. Because certain be-
haviors can only occur within a particular microhabitat
(e.q., scraping only occurs on hard substrates and div-
ing only occurs in the soft sediment), we used separate
x? tests on soft and hard microhabitats to test if the
morphs use different behaviors within a given micro-
habitat.

REsSULTS

The results of the cage experiment suggest that com-
petition between morphs is reduced relative to com-

petition within morphs. (Intra-morph competition was
assessed by comparing the high- and low-density treat-
ments within a morph. Inter-morph competition was
assessed by comparing high-density treatments to the
individuals of the same morph in the mixed treatment.)
There was no cage effect in the nested ANOVA (Fg¢3
= 1.18, P = 0.323). Fish in all cage treatments |lost
weight during the competition experiment, which con-
firmed that the relatively high densities used in the
experiment elicited strong competitive interactions
among individuals. Fish in high-density (single morph)
treatments lost more weight than the low-density treat-
ments or the mixed treatment (F,,5 = 3.04, P < 0.05;
Fig. 2). Growth rates for the molariforms were lowest
in the high density, intermediate in the mixed, and high-
est in the low-density treatments (F,,, = 7.48, P <
0.01; Fig. 3), indicating that inter morph competition
is less than intra-morph competition. There were no
statistically significant differences between papilliform
treatment growth rates (F, .5 = 2.03, P = 0.18; Fig. 3).
However, because of incidental death and/or escape,
the number of replicate cages in the high-density pa-
pilliform treatment was reduced from five to three. The
trends for the papilliform treatments were similar to
the molariform treatments, with the fish in the high-
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Fic. 2. Mean growth rates = 1 sem for all five treatments
in the competition experiment. ‘M high” cages contained
four molariform individuals, and *“M low’’ cages contained
two molariform individuals. “‘P high” cages contained four
papilliform individuals, and ‘P low’ cages contained two
papilliform individuals. **Mix’’ cages contained two individ-
uals of each morph.

density cages losing more weight than the fish in the
low-density or the mixed morph cages. A two sample
Student’s t test revealed that papilliforms lost signifi-
cantly less weight than the molariforms in the mixed
treatments (t, = 2.95, P < 0.05).

Morphs differed in microhabitat use (x3 = 56.3, P
< 0.01). The molariforms used the soft sediment mi-
crohabitat more than expected, and the papilliforms
used the hard travertine substrate more than expected
(see Appendix A). The morphs also performed feeding
behaviors at different frequencies (x3 = 35.0, P <
0.01). Molariforms used the diving behavior more than
expected, whereas papilliforms used the scraping and
the scooping behaviors more than expected (see Ap-
pendix B). Within a given microhabitat (e.g., hard sub-
strate or soft substrate), the morphs also used behaviors
at a frequency different from random (x = 4.67, P <
0.05 for hard substrate; x3 = 18.46, P < 0.05 for soft
substrate). On the hard substrate, the papilliforms used
the scraping more than expected, and in the soft sed-
iments, the molariforms used the diving behavior more
than expected (see Appendix C). In summary, molar-
iforms feed more frequently in the soft flocculent sed-
iments where snails are abundant, and papilliformsfeed
more frequently on the travertine shelf in the pool,
which is covered with algae and soft-bodied invertebrates.

DiscussioN

Resource partitioning has been hypothesized to
cause character displacement and to reduce competition
in closely related species (Pacala and Roughgarden
1982, Roughgarden 1983, Robinson and Wilson 1994,
Pritchard and Schluter 2001). Similarly, trophic mor-
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photypes may allow reduced competition within a spe-
cies (Skllason and Smith 1995, McLaughlin 2001).
However, without an individual fitness advantage to
being part of a polymorphic population, one of the
morphs is expected to be rapidly lost (Hedrick et al.
1976). This study demonstrates that polymorphism re-
duces competition, conferring an advantage to main-
taining polymorphic populations, similar to that ob-
served in competition experiments conducted with dif-
ferent age classes of the same species (Webster and
Hixon 2000), and between closely related species
(Bengtson 1985).

We observed reduced weight loss (aproxy for fitness,
see Pritchard and Schluter 2001) in treatments con-
taining both morphs when compared to treatments at
the same density containing only a single morph. The
individuals in the mixed treatment had growth rates
intermediate between the high- and low-density single-
morph treatments, indicating that intraspecific com-
petition is reduced, but not eliminated, across morphs
in this polymorphic population. Decreased intraspecific
competition in a polymorphic population relative to a
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Fic. 3. (A) Mean growth rates = 1 sem for molariform
fish in each treatment containing molariform morphs. (B)
Mean growth rates + 1 sem for papilliform fish in each treat-
ment containing papilliform morphs. Densities and abbrevi-
ations are given in Fig. 2.
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monomorphic population (exemplified by the mixed
treatment and the high-density treatment, respectively)
will increase individual fitness if the reduction in com-
petition translates into either lower mortality or higher
fecundity (Smith and Skllason 1996). Polymorphism
in cichlid pharyngeal jaw morphology is common
(Meyer 1989); however, this is one of the first exper-
iments to demonstrate a sel ective mechanism that could
be responsible for the maintenance of these polymor-
phisms.

Although our experimental densities were high, this
served as amodel for periods of limited food resources
when competition should be very intense. Liem and
Kaufman (1984) hypothesized that the polymorphism
in H. minckleyi may have evolved during, and may be
maintained by, periods of low food availability. This
pattern of competition and resource partitioning only
during relatively infrequent stressful periods (see
Weins 1977) is also seen in interspecific interactions
of cichlids (McKaye and Marsh 1983) and ground
finches (Boag and Grant 1981). Density did not influ-
ence the outcome of competition experiments using
juvenile H. minckleyi and an exotic cichlid, which
showed the same competitive patterns at low and high
densities. This suggests that, had we conducted this
experiment at lower densities, we would have found
consistent patterns, but reduced competition (William-
son et al. 2001).

Within the mixed morph treatments, the papilliforms
lost less weight than the molariforms, suggesting that
under conditions of low food availability, the papilli-
form individuals may be better at acquiring rapidly
renewable resources such as algae, detritus, and soft-
bodied invertebrates. Molariforms, which are able to
crush large snails (Liem and Kaufman 1984), may be
at a disadvantage when snail populations are low. Sim-
ilarly, populations of Lepomis species express molar-
iform morphology when snail resources are available,
and a more generalized morphology when snails are
depleted (Mittelbach et al. 1992). These results, com-
bined with field observations that the molariform
morph is less abundant than the papilliform morph
(Kloeppel 2002), suggest density-dependent selection.
In this situation, resource partitioning benefits both
morphs as long as the density of the molariformsis not
so high that it depletes snails. Exclosure experiments
in this system show that fish can significantly reduce
snail populations (Kloeppel 2002). In some scal e-eat-
ing cichlids, the fitness of the rare morph (left- or right-
handed scal e eating) is higher than the common morph,
which results in the frequencies of the morphs oscil-
lating ~50% (Hori 1993). In contrast, the frequency of
morphs in H. minckleyi is skewed, with molariform
morphs rarely reaching 50%. If this is an example of
frequency- or density-dependent selection, it provides
a possible mechanism for the maintenance of the tro-
phic polymorphism (Wimberger 1994, Smith and Ski-
lason 1996). To more thoroughly understand the den-
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sity- and frequency-dependent interactions between the
two morphs, it will be necessary to conduct further
experiments varying the relative densities of the
morphs. We expect that the rare morph, if it has rela-
tively abundant food resources, should have a selective
advantage over the more abundant morph. Additional
experiments are currently underway to test this hy-
pothesis.

Previous work on trophic polymorphism has sug-
gested that individuals with different morphologies
also segregate resources behaviorally (Skdlason and
Smith 1995, McLaughlin 2001). This study provides
evidence that different morphotypes partition resources
by using different microhabitats (Ross 1986, Pritchard
and Schluter 2001) and different feeding behaviors
(McLaughlin et al. 1999, McLaughlin 2001). Molari-
form individuals more often used a diving behavior in
the soft sediment, which would provide accessto snails
living deep within the sediment. Papilliform individ-
uals more often used the scraping behavior, which re-
moves filamentous algae and diatoms from the surface
of the travertine. These differences between the two
morphs provide a behavioral mechanism by which they
can partition available food resources. Indeed, behav-
ioral exposure to different resources may generate dif-
ferences in diet, irrespective of differences in feeding
performance (Liem 1979, 1980, McLaughlin 2001).
These observed differences in feeding behavior may
be one of the first stages in the evolution of different
trophic morphs and may be integral to the maintenance
of this diversity (Skdlason and Smith 1995, Mc-
Laughlin 2001).
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APPENDIX A
A table of microhabitat use by morphotypes of Herichthys minckleyi isavailablein ESA'sElectronic DataArchive: Ecological

Archives E084-036-A1.

APPENDIX B
A table of feeding behaviors used by morphotypes of Herichthys minckleyi is available in ESA’s Electronic Data Archive:

Ecological Archives E084-036-A2.

APPENDIX C
A table of feeding behaviors in the two most commonly used microhabitats by Herichthys minckleyi is available in ESA's

Electronic Data Archive: Ecological Archives E084-036-A3.



