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Abstract We documented patterns of age-structured bi-
otic interactions in four mesocosm experiments with an
assemblage of three species of co-occurring fishes from
the Florida Everglades, the eastern mosquitofish (Ganm+
busia holbrooki), sailfin molly (Poecilia latipinna), and
bluefin killifish (Lucania goodei). These species were
chosen based on their high abundance and overlapping
diets. Juvenile mosquitofish and sailfin mollies, at a
range of densities matching field estimates, were main-
tained in the presence of adult mosquitofish, sailfin mol-
lies, and bluefin killifish to test for effects of competition
and predation on juvenile survival and growth. The me-
socosms held 1,200 | of water and all conditions were set
to simulate those in Shark River Slough, Everglades
National Park (ENP), USA. We placed floating mats of
periphyton and bladderwort in each tank in standard vol-
umes that matched field values to provide cover and to
introduce invertebrate prey. Of 15 possible intra- and in-
terspecific age-structured interactions, we found 7 to be
present at the densities of these fish found in Shark River
Slough marshes. Predation by adult mosquitofish on ju-
venile fish, including conspecifics, was the strongest ef-
fect observed. We also observed growth limitation in
mosquitofish and sailfin molly juveniles from intra- and
interspecific competition. When maintained at high den-
sities, juvenile mosquitofish changed their diets to in-
clude more cladocerans and fewer chironomid larvae rel-
ative to low densities. We estimated size-specific gape
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limitation by adult mosquitofish when consuming juve-
nile mosquitofish and sailfin mollies. At high field densi-
ties, intraspecific competition might prolong the time pe-
riod when juveniles are vulnerable to predation by adult
mosquitofish. These results suggest that path analysis, or
other techniques used to document food-web interac-
tions, must include age-specific roles of these fishes.

Keywords Food web - Age-structure - Competition -
Predation - Cannibalism

Introduction

A large number of biotic interactions are possible among
the species in even a small assemblage (Wootton 1994).
Age-structured interactions within and among species
greatly expand the list of possible interactions, even
when those known to be unlikely are excluded. For ex-
ample, the difference in size between juveniles and
adults may result in a predator-prey relationship between
age classes of species that compete for food as similar-
sized adults (Wilbur 1988). Cannibalism is probably un-
der-appreciated as a factor in population and community
dynamics (Polis 1981). Few studies attempt to consider
both intra- and interspecific age-structured biotic interac-
tions (Winemiller and Polis 1996), though overlooking
the complete array of interactions may limit the ability to
predict how changing environmental conditions will af-
fect the community (Wootton 1994).

In size or age-structured populations, the influence of
intra- or interspecific competition on juvenile growth
rates can have important effects on population dynamics
and community structure by shaping age-specific mortal-
ity patterns (Reznick and Endler 1982; Persson 1988;
Polis et al. 1989; Abrams and Rowe 1996; Reznick et al.
1996). The relative strength of intraspecific and interspe-
cific interactions plays a central role in population and
community regulation (Connell 1983; Sih et al. 1985;
Polis et al. 1989). Intra- or interspecific competition and
predation may occur simultaneously in size-structured
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assemblages and may yield complex or unexpected com-
munity dynamics. Predation on potential competitors (in-
traguild predation) can have effects beyond the outcomes
predicted by direct competition or predation alone and
can result in unstable dynamics or aternative stable
states (Holt and Polis 1997). For example, Strauss
(1991) found that damage caused to a plant by one spe-
cies of herbivorous beetle facilitated the oviposition of
another competing species, thereby increasing its com-
petitor’s population density. Thus, the interactive effects
of competition and predation have the potential to pro-
duce arich array of outcomes that can not be predicted
by examining either process alone (Bender et al. 1984;
Poliset a. 1989).

We examined the relative importance of intra- and in-
terspecific competition and predation in an experimental
assemblage of small fishes that inhabit freshwater
marshes of the Florida Everglades. We chose to study
three abundant and co-occurring species that share over-
lapping diets to separate the relative strengths of their in-
teractions. These species included two poeciliids, the
eastern mosquitofish (MF), Gambusia holbrooki, and the
sailfin molly (SM), Poecilia latipinna, and one fundulid,
the bluefin killifish (BFK), Lucania goodei. The MF
consumes both larval and neonate fish and invertebrates,
as well as plant and detrital material (Loftus and Kushlan
1987; Belk and Lydeard 1994; Winkleman 1996). BFK
feed primarily on small invertebrates, and SM are herbi-
vores that feed primarily on algae (Loftus and Kushlan
1987). Thus, BFK and SM potentially compete for a por-
tion of the MF diet, and juveniles of all three species are
potential prey for adult MF. We identified 15 potential
interactions among these three species based on their
feeding ecology (Fig. 1A), and developed four experi-
ments to test the relative strength of each of these inter-
actions. Previous studies (Belk and Lydeard 1994,
Schaeffer et a. 1994) have addressed the importance of
predation and interspecific competition among MF and
another co-occurring poeciliid fish, Heterandria formo-
sa. This study differs from the previous work in three
ways. Firgt, it addresses the importance of interspecific
competition and predation in relation to population age-
structure. Second, the effects of competition and preda-
tion are measured directly from growth and survival data
rather than inferred from population size structure. Final-
ly, this study examines the importance of intraspecific
competition.

There are contrasting views about the ability to scale
up mesocosm studies of experimental assemblages to
field conditions, and about their overall usefulnessin un-
derstanding field ecology (e.g., Carpenter 1996; Wilbur
1997). As an alternative, statistical techniques have been
developed that permit estimating biotic interaction webs
from field experiments and sampling data (e.g., Wootton
1994; lves et al. 1999), but these inevitably suffer from
the problems of multicolinearity (Petraitis et al. 1996).
We advocate a mixture of field and mesocosm experi-
ments and the analysis of field time-series as the most
powerful approach to understanding the complexity of
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Fig. 1 A Conceptua model of interactions among fish species ex-
amined in this study. This model does not address all possible, or
even all likely, interactions. For example, we were unable to ob-
tain enough juvenile bluefin killifish (BFK) to include them in the
study. One-way solid arrows indicate predation of adult fish on ju-
veniles, and two-way dotted arrows indicate competition for food
resources. B Conceptual model indicating interactions among fish
species found to be significant in this study. The strength of inter-
actions, based on the effect sizes measured, is indicated by thick-
ness of arrows. Strong interactions are depicted with bold arrows,
weak interactions are depicted with thin arrows. The +/— indicates
apositive or negative interaction

species interactions and, ideally, to develop a predictive
understanding of community regulation. The mesocosm
studies reported here are instructive about the dynamics
of age-structured biotic interactions. Our use of realistic
densities of animals and experimental conditions are in-
tended to complement a collection of studies seeking to
describe natural food webs in the Florida Everglades
(Trexler et al. 2000).

Materials and methods

Natural history

We selected our study species and experimental designs based on
the natural history of fish in the Florida Everglades, USA. Ever-
glades marshes are spatially extensive, shalow (usualy <1 m



deep) wetlands that derive their water from seasonal rainfall and
overland sheet flow. Approximately 85% of the annual rainfall oc-
curs during the wet season, May through October, though there is
marked interannual variation (Fennema et a. 1994). In many
years, large portions of the marsh dry from November to May,
leaving only the lowest elevations inundated, and confining aquat-
ic animals to refugiain aligator ponds or solution holes. The sea-
sonal hydrology of the Everglades shapes its aquatic communities
along patterns of hydroperiod (Loftus and Eklund 1994), defined
as the number of days per year that agiven areais inundated.

The fish community in Everglades marshes is numerically
dominated by small fish species [<8 cm standard length (SL) at
maturity], primarily cyprinodontoids. Large piscivorous fishes
(>8 cm SL at maturity), such as sunfishes (Lepomis spp.), large-
mouth bass (Micropterus salmoides), gar (Lepisosteus platyrhin-
cus), and yellow bullhead (Ameiurus natalis), are sparsely distrib-
uted. Their influence on community structure is poorly known and
may be limited to relatively long-hydroperiod areas (Kushlan
1976; Loftus and Eklund 1994; Jordan and McCreary1996;
Trexler et al., 2000). Our study focused on three of the most abun-
dant and widespread fishes in Everglades marshes (Loftus and
Kushlan 1987). Between 1992 and 1995, MF comprised 30% of
the fishes (mean density =4.9-7.5 m2, n=3 sites) collected at typi-
cal long-hydroperiod sites in the Shark River Slough (SRS), the
main drainage through Everglades National Park (ENP). BFK
comprised 21% (mean density =3.4—6.6 m2, n=3 sites), and SM
comprised 4% (mean density = 0.6-2.2 m2, n=3 sites) of the fish-
es at those sites. The density estimates were taken from 5 sam-
pling months throughout the year (February, April, July, October,
and December). The average density of fishes was 18.5 m2 (SE
=0.3, range 0-99m—2, n=1,292 samples collected by 1 m?2 throw
trap; Trexler et a. 1996). The relative mix of these species varied
seasonally and spatially depending on hydroperiod and nutrient
status of local sites (Loftus and Eklund 1994; Trexler et a., 2000).
Thus, the interactions we examined experimentaly are likely to
represent conditions experienced by these species in the marsh.

Mesocosm experiments: overview

We conducted four experiments in mesocosm tanks housed at
the Daniel Beard Natural Resources Center, ENP. We used 36 ce-
ment tanks, each with a capacity of 1,200 | and a surface area of
1.06 m2. The tanks were filled with well water to a depth of 45 cm
to match the typical wet-season water depths of many marshes in
ENP. Each tank was fitted with a screen cover to exclude preda
tors such as dragonfly naiads. We then manipulated the abundance
and composition of adult and juvenile fishesin the tanks (Table 1).
The mixtures of fishes in the experimental tanks were representa-
tive of the diversity in composition and density indicated by field
data. Because of their high relative abundance, we focused on ju-
venile MF as competitors while adult MF acted as predators, com-
petitors, or both. The first experiment ran for 18 days and the final
three experiments each ran for 14 days.

All experimental conditions were chosen to match field condi-
tions in SRS as closely as possible. Dense floating mats of peri-
phyton and bladderwort spp. are characteristic of many Ever-
glades marshes (McCormick et al. 1998) and provide cover for
small fishes and invertebrates. A floating algal mat covering 12%
of the surface area was added to each tank to provide cover and a
food base. We examined the tanks for 7 days prior to starting each
experiment to ensure that fish were not accidentally introduced
with the vegetation. Field data from 2 yearsin SRS show that the
water-surface coverage by floating algal mats ranged from 1.5%
to more than 85%, with an average of 37%. The volume of float-
ing mat ranged from 264.0 to 4,800.0 ml/m2, with an average vol-
ume of 2,585.0 ml/m2 and biomass of 36.7 g/m? (Geddes, unpub-
lished data). The 12% cover in our tanks yielded an average vol-
ume of 1,750.0 ml/m2, and a biomass of 22.8 g/m2. The percent
cover and biomass of floating algal mat in our experimental tanks
was lower than average, but within the range of that found in the
field.
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Table1 Number of replicates used in each mesocosm experiment.
All control tanks contained 0 adult fish, and the density of adults
and juveniles in each treatment is indicated in parentheses. BFK
Bluefin killifish, MF mosquitofish, SM sailfin molly

Experiment 1. All tanks contained 5 juvenile SM

Juvenile Adult treatments

MF Control MF (5) SM (5) BFK (5)
Low (2) 3 3 3 3

Med (5) 3 3 3 3

High (12) 3 3 3 3

Experiment 2. All tanks contained 5 juvenile SM, juvenile size
>experiment 1

Juvenile Adult treatments

MF Control MF (5) SM (5)  BFK (5)
Low (3) 4 4 4 4

High (12) 4 4 4 4

Experiment 3. All tanks contained 5 juvenile SM.

Juvenile Adult treatments

MF Control MF(5) MF(5)) MF (5) + SM (5)
+SM (6 + BFK (5)

Low (2) 3 3 3 3

High(12) 3 3 3 3

Experiment 4.

Adult treatments

Juvenile treatment Control MF (5)

Low MF (3)/Low SM (3) 6 4

Low MF (3)/High SM (12) 4 6

High MF (12)/Low SM (3) 6 4

We examined the gut contents of al fish in the tanks to deter-
mine the degree of dietary similarity and the availability of inver-
tebrate prey during the experiments. The gut contents were ana-
lyzed by removing the stomachs of the specimens preserved in
10% formalin, followed by 70% ethanol, and examining the con-
tents under a dissecting microscope. We identified the inverte-
brates to the family level, estimated their dry mass, and preserved
the stomach contents in 70% ethyl alcohol.

Mesocosm experiment 1

Experiment 1, conducted in August 1997, tested the relative im-
portance of both age-structured predation and competition, but
was designed to be most sensitive to the effects of predation. Juve-
nile SM at one density were reared with three densities of juvenile
MF, and in four combinations of adult fish: no adults present
(Control), adult MF present, adult SM present, or adult BFK pres-
ent (Table 1). To measure the effects of competition and age-struc-
tured predation, we recorded survivorship and growth of juvenile
fish across all treatments and densities.

We varied the density of juvenile MF over three levels. The
low-density treatment received 2 juvenile MF, the medium level
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(5) was representative of the mean number of juvenile MF found
in the field, and the high level (12) was the maximum density
found at a nutrient-enriched site in SRS. The density of juvenile
SM was 5 per tank in al treatments, high for this species but with-
in the range commonly seen. SM were kept at higher than average
densities to increase the likelihood of observing an effect of this
herbivore, should one exist. The density treatments were crossed
with all four adult treatments.

At the beginning of the experiment, we measured the standard
length of al fish to the nearest 0.5 mm, and individuals were cho-
sen to be as similar in size as possible. The mean size of adult MF
was 24.6 mm (SE=0.76), the mean size of juvenile MF was
8.6 mm (SE=0.08), and the mean size of juvenile SM was 9.1 mm
(SE=0.08). At the end of the experiment all tanks were drained
and the fish collected. The fish were preserved in 10% formalin
and later transferred to 70% ethanol. The number of fish in each
tank was counted and each fish was measured. In treatments con-
taining adult MF and SM, we used only females because female
MF are usually more aggressive than males, and sex ratios of poe-
ciliids are often female-biased (Meffe 1985; Snelson 1989; per-
sonal obervations). We used only females that had recently given
birth to avoid reproduction, which would have increased the num-
ber of juvenilesin the tank.

Mesocosm experiment 2

We conducted a second mesocosm experiment in July 1998 to re-
lax the effects of predation and more fully address the effects of
competition. This experiment was conducted in the same fashion
as the previous experiment, with two exceptions (Table 1). First,
based on results from experiment one, we eliminated the medium
density of juvenile MF and increased the low density to 3 individ-
uals. Second, size of the MF was manipulated (average adult size
=17.8 mm, SE=0.18; average juvenile size =9.7 mm, SE=0.05) so
that the juveniles were dlightly larger than the adults could con-
sume, based on average gape size (see below). This increased the
probability that juveniles would survive until the end of the exper-
iment, allowing comparisons of juvenile growth across al treat-
ments.

Mesocosm experiment 3

In August 1998 we conducted a third tank experiment to test for
the effects of adult interactions on age-structured predation. This
experiment differed from the previous two in that various combi-
nations of adult species were placed in tanks with juveniles
(Table 1). The objective was to test for the effects of predation un-
der conditions that are closer to those found in natural habitats
(i.e., severa species of adults interacting). We placed one or two
male MF and SM per tank, whereas adult poeciliids in previous
experiments were al female. The mean size of adult MF in this
experiment was 28.5 mm (SE=0.52) and the mean size of juvenile
MF was 9.2 mm (SE=0.06). Otherwise, this experiment was con-
ducted similarly to the previous two.

Mesocosm experiment 4

The final tank experiment (conducted in July 1999) was designed
to test for competition between juvenile SM and MF by decreasing
the predation efficiency of adult MF. In the previous three experi-
ments, cover for the juvenile fish consisted exclusively of the
floating algal mat and associated dead macrophytes. In this experi-
ment, artificial vegetation was added to the tanks to increase the
amount of cover available to juvenile fish, and thus decrease the
effectiveness of adult MF as predators. The artificial vegetation
was constructed of strips of black polyethylene plastic tied onto a
steel mesh frame. One mesh frame containing 120 plastic strips
was placed on the bottom of each tank, resulting in 112 strips/m?2.
The artificial vegetation strips floated in the water column and

reached the surface, thus simulating the abundant submerged ver-
tical stems found in SRS (average stem density of spikerush, Ele-
ocharis spp., =100.1 m—2, SE=3.4, n =749, range 0-549 m2). As
in the previous experiments, a floating algal mat was added to the
tanks covering approximately 12% of the surface area.

In this experiment, juvenile MF and SM were exposed to one
of three density combinations: low MF/low SM, low MF/ high
SM, and high MF/low SM (Table 1). The densities of fish in this
experiment were the same as in previous experiments with the low
density consisting of three individuals and high density consisting
of 12 individuals. All juvenile density combinations were crossed
with treatments containing 0 MF or 5 MF adults. Because we were
unable to obtain large humbers of juvenile fish for this experi-
ment, replication of treatment combinations was unequal. In addi-
tion, the starting date of our 9 replicates was staggered by 4 days
because of problems collecting enough fish. The mean size of
adult MF in this experiment was 24.0 mm (SE=0.51) and the mean
size of juvenile fish was 8.4 mm (SE=0.07).

Gape limitation

We conducted a gape-limitation study during the summer of 1998
to determine the maximum-sized juvenile poeciliid fish that could
be consumed by an adult MF. This experiment was important in
determining the size of juvenile MF in experiment 2 that would
not be consumed by adult MF placed in the tanks. Also, it permit-
ted us to determine the amount of time (based on growth rates)
that juvenile fish are vulnerable to predation by adult MF. We
measured 9 male and 18 female MF to the nearest 0.5 mm stan-
dard length and placed them individualy into 19-I aquaria. The
adult fish were fed flake food and allowed to acclimatize to aquar-
ium conditions for 4 days. After the acclimatization period, a sin-
gle juvenile MF or SM was measured to the nearest 0.5 mm and
placed in the tank with the adult. Each feeding trial was allowed to
run for 5 min. If the adult fish consumed the juvenile within that
time period, the trial was repeated 2 days later using a juvenile be-
tween 0.5 and 1.0 mm longer. These trials were repeated until the
juvenile fish placed in the tank reached a size that could no longer
be consumed by the adult. Thus, each observation was the maxi-
mum-sized juvenile consumed by a particular adult MF.

Statistical analyses

Survivorship of juvenile MF and SM was analyzed using aloglin-
ear model for the analysis of categorical data. The survivorship
data were binomially distributed and did not meet the assumptions
of ANOVA for continuous variables. The loglinear models were
decomposed to find which factors yielded the most parsimonious
explanation of the data (Fienberg 1980). This analysis yields esti-
mates of standardized deviates from the expectations when all
treatments are equal, as a measure of the magnitude of treatment
effects (Fienberg 1980).

Growth of juvenile MF and SM was analyzed in a two-factor
analysis of variance and a Tukey multiple-comparison post-hoc
test. Growth rate was estimated from the difference between the
average size of fish placed in atank at the beginning of the experi-
ment and the average size of fish removed at the end of the experi-
ment. Type 111 sums of squares were used to account for unequal
replicates in experiment four. A Box-Cox test was performed to
determine which transformations, if any, were needed to fulfill as-
sumptions of normality and homoscedasticity for subseguent ana-
lyses (Sokal and Rolf 1981). We report the coefficients of determi-
nation (CD) for significant terms in the analyses, calculated by di-
viding the treatment sums of squares by the total sums of squares
for the model. This indicates the minimum percentage of variation
attributable to each factor in the model, and provides a measure of
effect size (Richardson 1996).

Gut contents were analyzed to determine the relative consump-
tion of each prey category identified. The percent dry masses of
the gut contents of all fish in each tank were pooled and analyzed



using analysis of variance to determine if diets changed with our
treatments. The angular transformation was used to fulfill the as-
sumptions of ANOVA (Zar 1999) and the CD was reported for
significant terms.

Results
Mesocosm experiment 1

The presence of adult MF had a strong negative effect on
survivorship of both MF and SM juveniles (Fig. 2). Log-
linear analysis revealed that treatment was a significant
predictor of juvenile mortality for both species (MF:
X2,=15.43, P<0.001; SM: x 2,=13.61, P<0.001). Exami-
nation of the standardized deviates indicated that
the adult MF treatment produced the greatest deviation
from expected values of survival for both MF juveniles
(mean deviate across juvenile densities. Control =1.02,
MF =-3.40, SM =1.15, BFK =0.28) and SM juveniles
(mean deviate: Control =0.82, MF =-3.29, SM =0.54,
BFK =1.00). This indicated that adult MF were responsi-
ble for the high juvenile mortality in this experiment. Ju-
venile MF in high-density MF tanks had higher rates of
mortality than juveniles in tanks with low densities (de-
viate in MF treatment: low density =—1.99, medium den-
sity =—3.43, High density =—4.77); every juvenile SM
was consumed in the MF treatment tanks, no matter the
density. The survivorship of juvenile MF in high-density
tanks was 11.7% lower than in low-density tanks. How-
ever, the low and high density treatments remained dis-
tinct during the course of the experiment.

Intraspecific competition by juvenile MF limited their
growth rates in our tanks. Analysis of growth indicated
that an increasing density of juvenile MF had a signifi-
cant negative effect on their growth (Fig. 3A; F,g=
13.32, P<0.001, CD=0.48), but had little effect on juve-
nile SM growth (F, 15=1.91, P=0.177). The presence of
adult SM or BFK had no significant effect on growth of
juvenile MF (Fig. 3B; F,,4=3.0, P=0.07) but did have a
significant effect on the growth of juvenile SM (F; 15=
6.77, P=0.006, CD =0.35). The growth of juvenile SM
during the experiment did not differ significantly be-
tween the control (no adult) treatment and the adult SM
treatment, but was approximately 52% faster in the treat-
ment containing only BFK adults compared to the adult-
SM and control treatments.

Stomachs of both adult and juvenile MF were found
to contain invertebrates and algal material. Nearly 80%
of juvenile MF ate invertebrates, with adult midges and
cladocerans constituting the majority of the invertebrate
diet, 40% and 11% by dry mass, respectively. No juve-
nile MF had empty stomachs. There were no significant
differences in the percent composition of midges in the
diet of juvenile MF across treatments (F,,,=0.705,
P=0.504). Juveniles did significantly increase consump-
tion of cladocerans at higher densities (F,,,=5.310, P=
0.012 CD=0.30). Seventy-seven percent of adult MF had
invertebrates in their stomachs, with adult midges and
gastropods comprising the magjority of their diet. No
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A Estimates of growth of juvenile fish across the three densities of
juvenile MF. B Estimates of growth of juvenile fish across three
adult treatments. Error barsindicate 1 SE
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adult MF had empty stomachs. Both juvenile and adult
MF aso fed on beetle larvae, eggs, mites, and algae, but
in relatively low proportions. There were no significant
differences in the diets of adult MF at any density of ju-
venile MF (F; ¢=0.917, P=0.449).

While BFK stomachs contained some algal material,
they primarily contained a variety of small invertebrates.
Relatively large invertebrate types, such as midges, were
virtually absent from their diets. Cladocerans were the
dominant food item, approximately 43% of prey by dry
mass, with mites making up an additional 13% of the di-
et. Beetle larvae, eggs, gastropods, and algal material
made up the remaining 44% of the stomach contents.
Only one adult BFK was found to have an empty stom-
ach. All adult and juvenile SM had full guts containing
only algal material.

M esocosm experiment 2

We used smaller adult MF (17.8 mm mean standard
length, SE=0.18) in this experiment than in experiment 1
to minimize the predatory effect of adult MF on survi-
vorship of juveniles. Loglinear analysis indicated that ju-
venile density did contribute significantly to mortality of
juvenile MF (x2,=168.20 P<0.001). However, the actual
differences in survivorship were small. The mean survi-
vorship for juvenile MF in low-density tanks was 95.9%
(SE=2.0), while the survivorship in the high-density
tanks was 91.7% (SE=2.8). As in experiment one, the
densities remained distinct.

Asin the first experiment, the density treatment had a
strongly negative effect on the growth of juvenile MF
(Fig. 4A). Jduvenile MF exhibited significantly less
growth in the high-density treatments compared to the
low-density treatments. Density explained 44% of the
variation in growth (Table 2). Over the course of the ex-
periment, the mean growth of juvenile MF was 5 mm
(0.35 mm/day) in the low-density tanks, and 2.5 mm
(0.179 mm/day) in the high-density tanks. The presence
of adults did not significantly affect juvenile MF growth,
though there was a trend of relatively slow growth by ju-
venile MF in tanks containing adult conspecifics
(Fig. 4B). Contrary to juvenile MF, the presence of adult
conspecifics significantly decreased juvenile SM growth
(Table 2, Treatment effect). Juvenile SM exhibited the
dowest growth in tanks containing adult SM, and the
fastest growth in tanks with BFK (Fig. 4B). The density
of juvenile MF did not significantly affect juvenile SM
growth (Table 2).

The stomach contents of MF at the end of this experi-
ment included a variety of invertebrates, suggesting that
invertebrates were available to them over the entire dura-
tion of the experiment. Both adults and juveniles fed on
alga and invertebrate material, though invertebrates
were the dominant item. Sixty-seven percent of juvenile
MF ate invertebrates, and the remaining fish had only al-
ga material (31.2%) or empty guts (1.8%). Adult midges
and cladocerans constituted the majority of the inverte-
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Fig. 4A, B Growth of juvenile MF and SM in tank experiment 2.
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adult treatments. Error barsindicate 1 SE

Table 2 Results of analysis of variance for growth of juvenile MF
and SM in experiment 2

MF source df SS MS F P CDa
Treatment 3 10.859 3.620 2.496 0.084
Density 1 39316 39316 27.116 0.0001 0.44
Den. x Treat. 3 2.907 0.969 0.668 0.580

Error 24  34.798 1.450

SM source

Treatment 3 0.571 0.190 3.297 0.038 0.29
Density 1 0.087 0.087 1506 0.232

Den. x Treat. 3 0.065 0.022 0.372 0.774

Error 24 1.386 0.058

aCoefficient of determination (see Materials and methods)

brate diet. Although the percent dry mass of midges in
the diet of juvenile MF declined 62% from the high-den-
sity tanks to the low-density tanks, the difference was
not significant (F;,,=1.303, P=0.29). However, clado-
cerans in juvenile stomachs increased significantly from



17.7% in the low-density tanks to 50.2% in the high-den-
sity tanks (F; ,;=8.51, P=0.007, CD =0.22).

Eighty-seven percent of adult MF contained some in-
vertebrate materia in their stomachs, and the remaining
13% of adult fish fed only on algal material. Midges ac-
counted for 44% of the invertebrate diet of adult MF
from tanks containing low densities of juvenile MF, and
8.9% of the adult diet in tanks containing high densities
of juvenile MF. Although there was a large decline in
midge consumption by adult MF between low and high-
density tanks, this difference was not significant (F; ¢=
2.11, P=0.20). Similarly, the change in consumption of
other invertebrates (primarily gastropods) did not differ
significantly between low and high-density tanks (F; ¢=
2.59, P=0.16). No adult fish had an empty stomach at the
end of the experiment. All SM had full stomachs con-
taining only algae.

Mesocosm experiment 3

Adult MF, either alone or in combination with other spe-
cies, decreased survivorship of juvenile MF and SM by
60% or more relative to the control tanks (x,2=8.35,
P<0.0001). Surviva of juveniles was very high in the
control tanks (MF 80%, SM 100%). As in the previous
experiments, loglinear analysis indicated that density
was a significant factor in predicting mortality in juve-
nile MF (x,2 =81.27, P<0.0001). The mean survivorship
for juvenile MF in low-density tanks was 27% (SE=9.0),
while the survivorship in the high-density tanks was 24%
(SE=0.1). Since the overall survivorship of juvenile MF
was low in this experiment, we do not report growth or
diet analyses of the small number of survivors. Also, the
results were in agreement with experiments 1 and 2.

Mesocosm experiment 4

As in previous experiments, the survivorship of juvenile
fishes was lower in tanks containing adult MF than in
predation-control tanks lacking adult MF (x,2=79.59,
P<0.0001). In the presence of adult MF, there was no
significant difference in the mean survivorship of either
species of juvenile fish (MF survivorship =45.3% and
SM survivorship =34.5%; F;,5=1.42, P=0.244). For ju-
venile MF, there was a significant treatment by density
interaction effect on survivorship (x;2=6.45, P=0.039).
Also consistent with all previous experiments, there
was a significant negative effect of density on the growth
of juvenile MF (Table 3). Juvenile MF grew 4.55 mm
(SE=0.41) in low-density tanks, but only 3.18 mm
(SE=0.47) in high-density tanks. The growth rate of ju-
venile MF was relatively low in the presence of high
densities of juvenile SM, but the effect was not signifi-
cant (Table 3). SM did not display intraspecific competi-
tion; the density of juvenile SM had no significant effect
on their growth (Table 3). The growth of juvenile SM
was 3.59 mm (SE=0.41) in tanks with low densities of
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Table 3 Analysis of variance table for growth of juvenile MF and
SM in experiment 4

MF source df SS MS F P CDha
Treatment 1 0.088 0.088 0.559  0.463
Density 2 1215 0.608 3.863 0.038 0.28
Den. x Treat. 2  0.766 0.383 2436 0.113

Error 20

SM source

Treatment 1 0.0001 0.0001 0.002 0.963
Density 2 0.628 0.314 2321 0127

Den. x Treat. 2 0.136 0.068 0.501 0.614

Error 18 2435 0.135

aCoefficient of determination (see Materials and methods)

SM and 3.68 mm (SE=0.44) in tanks with high densities
of SM.

Invertebrates and algal material were present in the
guts of both juvenile and adult MF, with invertebrates
predominating. Midges and cladocerans respectively
made up 35.7% and 39.9% of the invertebrate dry mass
in juvenile MF stomachs. There was no significant dif-
ference in the percent composition of invertebratesin ju-
venile MF guts among any treatments, and only one ju-
venile MF was found to have an empty stomach. Midges
constituted 52.7% of the invertebrate dry mass in adult
MF stomachs. All juvenile SM had full guts containing
100% agae.

Gape limitation

The gape limitation study revealed a linear relationship
between MF body size and the size of the juvenile that
could be consumed. The largest juvenile MF consumed
was 14.5 mm by a43.0 mm male MF (Fig. 5A). MF gen-
erally do not grow larger than about 26.0 mm standard
length in SRS marshes, and this fish was taken from
brood stock maintained in artificial pools. The smallest
adults used in this portion of the study were 19.0 mm
standard length, and the maximum size juvenile MF con-
sumed by either male or female MF of this size was
7.5 mm. There was no difference in the ability of adult
male or female MF to consume juveniles at this size
class. In larger adults (>25 mm), females consumed larg-
er juvenile fish than males, but this difference was not
significant (size by sex interaction F, ,,=0.069, P=0.79).
Field data from SRS indicated that approximately 27%
of the MF population consists of adults greater than
20 mm SL, with an average size of 22.1 mm (Trexler,
unpublished data). The results of the gape-limitation
study indicate that juvenile fish are vulnerable to this av-
erage-sized adult until they reach a standard length be-
tween 8.5 and 9.0 mm. We found no significant differ-
ence in the ability of MF to consume either juvenile SM
or MF (Fig. 5B; F;15=3.55, P=0.078). However, adult
MF of a given size consistently consumed juvenile MF
that were dlightly longer than juvenile SM; the lack of
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Fig. 5A, B Gape limitation results illustrating the relationship of
the maximum size juvenile fish an adult MF of a given size can
consume. A Maximum-sized juvenile fish that could be consumed
by adult male and female MF. At larger sizes, females could con-
sume larger juvenile fish than males of an equivalent size, al-
though this difference was not significant. B Maximum-sized ju-
venile MF and SM that could be consumed by adult female MF.
Adult females could consume juvenile MF that were slightly lon-
ger than juvenile SM but this difference was not significantly dif-
ferent

significance may have been a problem of low sample
size.

Discussion

Of the 15 possible interactions examined in this study,
only 7 were found to be present (Fig. 1B). Of these 7,
only 3 could be described as strong interactions under
our study conditions, based on the magnitude of effects
documented. The strong interactions were predation by
adult MF on both juvenile MF and SM, and intraspecific
competition among juvenile MF. Weak interactions
that we detected included intraspecific competition be-

tween adult and juvenile MF, and between adult and ju-
venile SM. Finally, adult BFK actually enhanced growth
of both juvenile SM and MF, possibly as a result of nu-
trient dynamics in our tanks from increased fish biomass
(Geddes 1999).

Some expected effects not observed surprised us by
their absence, while others were not expected and their
absence is trivial. For example, we expected neither pre-
dation among the juveniles, nor by SM adults which are
known to be herbivores. More interesting were the ab-
sence of interspecific competitive effects by either adult
or juvenile SM, and the presence of only weak intraspe-
cific competition in this species between adults and juve-
niles. SM are generally much less abundant in the Ever-
glades than MF or BFK. However, at nutrient-enriched
locations they may reach densities up to 16.6m=2, over
390% higher than the average density in SRS, and well
above our experimental densities. Intraspecific competi-
tion for food may be present for SM under such circum-
stances. Adult BFK had minimal effects on any other
species in our study, presumably because their diet of
small crustaceans had minimal overlap with the other
two species. Adult MF displayed no interspecific com-
petitive effects in our tanks. We did not test for intraspe-
cific competition in adult MF, SM, or BFK in these stud-
ies, but there is evidence for density-dependent limita-
tion of adult MF growth across the range of densities
employed in these experiments (Geddes 1999). Addi-
tional evidence of competition comes from our diet ana-
lyses. Juvenile MF included more cladocerans in their
diets in the high density tanks than in the low density
ones in experiments 1 and 2, and adult MF diets indicat-
ed a similar change in experiment 2 that was not signifi-
cant.

Several studies have noted that MF will consume
their own offspring (Nesbit and Meffe 1993), fueling
speculation of interesting feedbacks in their own popula-
tion dynamics. We noted near-zero survivorship of MF
juveniles in experiments 1 and 3, and 45.3% in experi-
ment 4 with MF adults present. Not surprisingly, increas-
ing cover in experiment 4 increased the survivorship of
juvenile MF. Perhaps more interesting was that juvenile
SM had a 34.5% survivorship, indicating little, if any,
avoidance of conspecifics by adult MF. The overall sur-
vivorship of juvenile fish in 0 MF adult treatments, in-
cluding treatments containing SM and BFK adults, was
greater than 90% in all of our experiments. Based on
gut content analyses from wild-caught fish, Nesbit and
Meffe (1993) suggested that cannibalism was uncommon
in a population of G. holbrooki from South Carolina, and
they proposed that previously reported cannibalism rates
may be an artifact of confined laboratory conditions.
However, gut-content data may under-represent canni-
balism because small fish are digested more rapidly than
other MF food items (Winkleman and Aho 1993). Our
tanks had a capacity of 1,200 I, contained cover, had
densities of fish comparable to those found in the field,
and had alternative invertebrate prey available. There-
fore, confinement effects and hunger probably had little



influence on the predation rates we observed. Experi-
ment 4 demonstrated that greater habitat structural com-
plexity in the field, compared to the experimental tanks,
could reduce the overall predation rates below what we
recorded.

Because MF are often the most abundant fish in Ever-
glades marshes, their predation on juvenile fish arguably
represents one of the strongest predatory interactions in
this community. MF have demonstrated their potential
to be important predators in other ecosystems by chang-
ing community composition after their introduction
(Hurlbert and Mulla 1981; Meffe et al. 1983). Experi-
mental studies have aso indicated that MF can directly
decrease their prey’s abundance, or even drive them lo-
cally extinct (Hulbert et a. 1972; Bence and Murdoch
1986; Belk and Lydeard 1994; Schaefer et al. 1994;
Harris 1995; Goodsell and Kats 1999). MF appear to be
opportunistic predators of fish juveniles or larvae in the
Everglades. They congregate around the nests of sub-
strate-spawning fish and consume eggs and larvae (X.
Pagan and W. Loftus, unpublished data), though random-
ly collected individuals rarely have fish larvae in their
guts (A. Jelenszky and J. Trexler, unpublished data). Be-
cause MF often comprise over 30% of the fish in Ever-
glades marshes, even a relatively low predation rate on
juvenile fish could have important effects on the fish
community (Meffe 1985).

The results from our experiments suggest that compe-
tition for food resources may have important implica-
tions for MF populations, but less so for SM or BFK at
the densities we studied. The growth rates of juvenile
MF in the low-density tanks was 0.35 mm/day, while the
growth rate of juvenile MF in high-density tanks was al-
most 50% lower (0.18 mm/day). Juvenile fish become
too large for the average size adult MF to consume at ap-
proximately 8.5-9.0 mm standard length. The growth
rate in the high-density treatment required a period of
8-11 days for juvenile MF to reach 9 mm, in contrast to
the 5-7 day period in the low-density tanks. Haake and
Dean (1983) estimated growth rates of MF in SRS from
otoliths, and found that they grew an average of
0.20 mm/day during the first 14 days of life. Juvenile
MF reared in enclosures in the field exhibited growth
rates between 0.12 and 0.24 mm/day, with an average of
0.14 mm/day (Loftus, unpublished data). These data
from fish in the field demonstrate that the growth of MF
in our high-density treatment was closest to growth rates
under natural conditions. This suggests that juvenile MF
in the low-density tanks underwent competitive release
and were able to increase their rate of growth, compared
to field conditions. The importance of food limitation for
juvenile fishes probably lies in the ability of juveniles to
grow out of the size at which they are most vulnerable to
predation. Thus competition and predation appear to
have strongly interactive effects for MF.

Juvenile MF and SM exhibited the greatest growth
rates in tanks containing adult BFK (experiments 1 and
2), indicating that adult BFK actually had a positive ef-
fect on juvenile fish growth. The reason for this en-
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hanced growth is unclear, especialy for juvenile MF that
have similar dietary preferences to adult BFK. One ex-
planation may be diet separation. The gut contents analy-
sis showed that the highest percentage of midges were
found in the diet of juvenile MF in tanks containing
adult BFK, where adult BFK stomachs contained large
numbers of small aquatic invertebrates such as cladocer-
ans and mites. Adult BFK preying heavily on smaller
aquatic invertebrates such as cladocerans may force ju-
venile MF to consume larger prey items such as midges.
The growth of juvenile SM may have been enhanced by
increased nutrient cycling by adult BFK (Vanni 1997),
leading to increased algal food resources for the juvenile
SM. Tanks containing adult SM also may have had in-
creased nutrient recycling (compared to tanks with no
adult fish) but adult SM were also grazing on algae, low-
ering food availability for juveniles.

Though we only examined 3 fish species from a com-
munity of over 30 (Loftus and Kushlan 1987), our efforts
revealed a diversity of age-structured interactions. Fur-
ther untangling of the web of interactions in this commu-
nity would require consideration of a discouraging array
of potential regulatory paths. Multivariate statistical
techniques summarizing community changes over envi-
ronmental perturbations may be the only practical way to
further characterize the complexity of field communities.
This study suggests that fish species should not be con-
sidered as single variables in those analyses. Age-struc-
tured interactions should be included to capture their role
in community dynamics (Polis et a. 1989; Wilbur 1997),
possibly by categorizing species into at least two size
classes based on predation vulnerability. Among other
benefits, this would permit inclusion of feedback rela-
tionships in MF, including cannibalism. Our mesocosm
studies suggest that intraspecific competitive relation-
ships may be important in the Everglades, at least for
some species. Resource levels may be relatively low in
this oligotrophic ecosystem (Turner et a. 1999), possibly
yielding food limitation for the fishes at lower densities
than in other ecosystems with the same species.
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