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Habitat use by an intertidal salt-marsh fish: 
trade-offs between predation and growth 
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ABSTRACT: Biological and physical factors interact to determine habitat use by animals. While sessile 
organisms inhabiting intertidal areas have been weil studied, the processes underlying the use of inter- 
tidal areas by highly mobile animals such as fishes remain poorly understood. This study examines 
whether an intertidal fish, the mumrnichog Fundulus heteroclitus, preferentiaiiy uses habitats where 
growth rate is maxirnized or, like most sessile animals, is restricted to habitats providing escape from 
strong negative biological interactions but comprornising growth. 1 compared growth rates and preda- 
tion rates on adult E heteroclitus at 3 Rhode Island salt marshes in 2 seasons (summer and faü). Salt 
marshes varied in the types of habitat (creek, pond, channel, mudflat) avaiiable to fishes within each 
marsh. Growth rates of marked mummichogs held in cages were determined in each habitat and each 
marsh for 6 wk. Predation nsk was assessed by deterrnining mortality of E heteroclitus tethered in each 
habitat in each of the 2 seasons. Habitat use was quantified by trapping fish in each habitat in each sea- 
son. Both growth rate and predation nsk infiuenced habitat use by F. heteroclitusin these intertidal salt 
marshes. Overall, salt marshes offered opportunities for both higher growth rates and shelter from pre- 
dation compared to areas outside salt marshes. However, murnmichogs often faced trade-offs between 
predation refuge and growth in specific habitat types. When predation risk was high across ail habitat 
types in a marsh, habitats associated with the highest growth rates were used. If a predation refuge was 
available, habitat use increased, even when growth rates in the habitat were low. A habitat character- 
ized by both shelter and high growth rates, e.g. Coggeshd Cove ponds in faii, were used almost exclu- 
sively. Variation in quality of the Same habitat type in different marshes led to differences in overaü 
marsh quality. Determination of profitability of habitat for fishes cannot be assessed through habitat 
use alone; measurement of factors, such as predation risk and growth, which influence habitat quality 
are also necessary. 
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INTRODUCTION 

Animals and plants frequently face trade-offs between 
their requirements for maxirnizing growth and mini- 
rnizing mortality risk. The ideal free distribution (IFD) 
theory (Fretwell & Lucas 1970) predicts that organisms 
will forage in those habitats that provide the highest 
energetic return as mediated by intraspecific competi- 
tion. These habitats can be thought of as physiological 
optima, i.e. physical and biological conditions are such 
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that organism growth is maximized. IFD models have 
commonly been applied to mobile animals (review: 
Tregenza 1995). While IFD models have produced 
mixed results in laboratory and some field situations, 
most researchers have found that an organism's ability 
to forage optimally is frequently thwarted by strong 
negative interactions with competitors and predators 
(Werner et al. 1983, Jefferies & Lawton 1984, Milinski 
1986, Holbrook & Schmitt 1988a, Werner & Hall 1988, 
Lirna & Dill 1990, Peckarsky et al. 1993, Turner 1996). 

Nowhere have foraging models such as the IFD been 
more controversial than in intertidal ecology. Intertidal 
areas such as rocky shores and salt marshes have often 
been used as general models for ecological interac- 
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tions because of the ease of expenmentation on sessile 
organisms with restncted distnbutions. Ac in other eco- 
Systems, early ecological theory assumed that the dis- 
tnbution patterns of intertidal species resulted from 
species segregating according to physiological optima 
(Lewis 1963, Newell 1979). Over 30 yr ago, ecologists 
challenged this idea by performing field experiments 
that moved organisms into areas outside their normal 
ranges. From these and similar experiments it was 
concluded that most intertidal organisms inhabit phy- 
siological refugia and are excluded from areas of phy- 
siological 'optima'. Many intertidal habitats provide 
refuge from competition and predation that exclude 
sessile animals from lower zones (reviews: Connell 
1972, Underwood et al. 1983, Underwood & Denley 
1984, Menge & Sutherland 1987). These studies indi- 
cated that organisins were seidom abie to select habi- 
tats based on energetic return. However, this discre- 
pancy may be related to the preference of sessile 
organisms as study subjects in the intertidal. 

Sessile anirnals can only enter habitats through re- 
cruitment and leave them through death. Mobile ani- 
mals may abandon and recolonize habitats on a tidal, 
diurnal, or seasonal basis without suffering mortality. 
Therefore, the population dynamics and regulatory 
processes of sessile organisms could dramatically dif- 
fer from those of'highly mobile organisms because of 
the ability of mobile animals to rapidly respond to envi- 
ronmental change (Breitburg 1992). 

Within the intertidal, 'resident' fishes remain in in- 
tertidal areas at low tide and are rarely found in the 
subtidal (Gibson 1969); they are thus permanently 
exposed to the extreme physical conditions associated 
with intertidal habitats. Within salt marshes at low 
tide, resident fishes remain in a.vanety of habitats such 
as ponds, creeks, mudflats and large channels, where 
water remains available until return of the flood tide. If 
resident intertidal fish populations are structured in 
the same manner as their sessile intertidal counter- 
Parts, then predation or competition will exclude them 
from those habitats in which their growth rates would 
otherwise be maximized. Alternatively, because of 
their high mobility, fishes may be able respond to 
environmental change and use those habitats in which 
their growth is maximized. This study examined mum- 
michogs inhabiting intertidal salt marshes, because 
(1) they can serve as a general model of highly mobile 
animals within intertidal areas, and (2) salt marshes 
are important ecosystems. Since salt marshes serve as 
nursery grounds for many species, an understanding 
of the processes governing fish dynamics is essential 
(Weinstein 1979, Bozeman & Dean 1980, Boesch & 
Turner 1984, Rogers et al. 1984). Fish populations of 
salt marshes constitute an important energetic link 
between the marsh and the Open sea (Nixon & Oviatt 

1973). Therefore, to fully understand intertidal fish 
ecology, we must also investigate vanations in habitat 
use within the intertidal. 

The mummichog Fundulus heteroclitus is a resident 
species of intertidal salt marshes on the east coast of 
North Arnenca (Bigelow & Schroeder 1953, Halpin 
1997). It remains in the marsh at low tide, in water 
retained within the marsh. From fall to spring, mumrni- 
chogs concentrate in high intertidal habitats such as 
ponds and creeks in the marsh meadow. In summer 
when their abundance is highest, channel and mudflat 
habitats are also used intensively (Halpin 1997 and 
unpubl. data). Murnmichog growth has been studied 
extensively both in the laboratory and in the field. 
Field estimates of growth have been provided by pop- 
ulation censuses and caging studies (Wnght 1972, 
'Xneib 81 Stiven 1378, Kneib 11981, Weisberg QL L~iiich 
1982, 1986, Weisberg 1986). No study so far has com- 
pared growth rates across the range of marsh habitats 
(e.g. ponds and mudflats) or determined growth rates 
of F. heterocLitus outside its normal distnbution areas. 

Salt-marsh fishes have been reported to alter their 
habitat use in response to predation. In a New Jersey 
salt marsh, McIvor & Odum (1988) demonstrated that 
at low tide Fundulus spp. occupied 'erosional' areas of 
water channels where predation was low but food re- 
sources were scarce. Juvenile F. heteroclitus in Geor- 
gia salt marshes are restricted to habitats where adult 
conspecifics cannot cannibalize them (Kneib 1987). 

This study exarnines the influence of the trade-off 
between growth rate and predation risk on habitat use 
by the mummichog Fundulus heteroclitus. The null 
hypothesis, Ho (habitat use is not associated with either 
growth rates or predation rates) was tested against 
2 alternatives, H1 (because of their mobility, E hetero- 
clitus will move to habitats where growth rates can be 
increased; i.e. high growth rates will be observed in 
habitats used with higher frequency), and Hz (predator 
pressure restncts E heteroclitus to habitats where 
growth rates are low; i.e. growth rates will be highest 
in habitats used with low frequency). 

STUDY SITES 

Three salt marshes (Spartina spp.) in the Narra- 
gansett Bay National Estuanne Reserve on Prudence 
Island, Rhode Island, USA (Fig. 1) were used as study 
area. All 3 marshes receive minimal freshwater input 
compared to the influx of manne water from tidal flow. 
The tidal range is approx. 1.5 m. The salt marshes con- 
sist of 3 intertidal zones; upper intertidal-zone mea- 
dows of S. patens and Juncus gerardi, middle-zone 
monocultures of S. alterniflora, and low-zone areas 
devoid of vegetation except for occasional drift algae. 
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Table 1. Habitat types in Jenny Creek, Nag Cove, and 
Coggeshall Cove salt marshes 

Study sites Habitat types 
Pond Creek Channel Mudflat 

Jenny No Yes Yes No 
Nag Yes Yes Yes No 
Coggeshaii Yes Little Yes Yes 

MATERIALS AND METHODS 

Habitat use. Habitat use of Fundulus heteroclitus was 
determined from capture rates obtained by placing 
minnow traps in each habitat in each marsh. This sam- 
pling was Part of a larger multi-year study on habitat 
use of marshes by various fishes (Halpin unpubl. data). 
A subsample of the data relevant to the time period and 
sites of the other experiments was used for the present 
study. Minnow traps capture smaii fish and mobile in- 
vertebrates without harrning them, except when envi- 
ronmental conditions become too stressful (e.g; sun at 
low tide in August). Traps were placed in aii habitats at 
aii 3 sites to compare capture rates among habitats and 
sites (Table 2). Traps were placed outside Nag Creek 
and Coggeshali Cove (one at each site) in summer, and 
one trap was placed outside Coggeshaii Cove in the 
fali. Organisms caught within the traps were identified, 
counted, and released. Traps were placed in aii habitats 
and sites, and were checked every 24 h for 3 d to reveal 

Fig. 1. Narragansett Bay, showing Prudence Island and loca- 
tions of 3 marshes studied any day-to-day variation in fish habitat-use. All habitats 

were sampled at each sampling penod. The average 

marshes. there ic ver" little creek I 1 

number counted for the 3 d sample was log-transformed 
All 3 salt marshes are bordered by barrier beaches. to meet assumptions of normality and homoscedasticity. 
They differed in the types of habitat available (Table 1): Normality of error terms was tested with JMP software 
(1) ponds, small areas in the marsh meadow that retain (SAS Institute Cary, NC, USA), and homoscedasticity 
water at low tide; (2) creeks <2 m across draining into was tested by visual examination of residuals. Trap- 
channels or mudflats; (3) channels >2 m across drain- capture was used as a dependent variable in an 
ing into mudflats or Open water; (4) mudflats, large ANOVA with habitat, season, and habitat nested within 
non-vegetated areas connected to the Open water. site as factors. Because of the low sample numbers, the 
Their habitat also varied in composition (Table 1): data from the traps outside the marsh were not in- 

Jenny Creek consists prirnarily of creeks connected cluded in the initial analyses, and were treated sepa- 
to a long channel. The water flow in the creeks results rately. Data from both seasons was pooled, and a non- 
from drainage of tidal water off the marsh meadow. parametric Kruskal-Wallis rank sum test was run using 
Jenny Creek lacks ponds and a mudflat. habitat as the factor, and the 3 d average trap-capture 

Nag Creek also contains creeks connected to a long as the dependent variable. 
channel; it has many ponds and 
no mudflat. Table 2. Number of traps placed in each site and habitat. When trap number differed 

Coggeshall Cove has a channel between seasons of experiment, month and corresponding nurnber of traps are given 

feeding into a large mudflat; it has 
many ponds. Unlike the other 2 ~ i t e  Pond Creek Channel Mudflat Outside marsh 

habitat. Subtidal areas immedi- 
ately adjacent to each marsh were 

Jenny Creek 0 4 (Aug) 7 (Nov) 9 0 0 
Nag Creek 3 3 (Aug) 4 (Nov) 8 (Aug) 7 (Nov) 0 1 (Aug) 0 (Nov) 
Coggeshaii Cove 0 2 5 1 

also used for experimentation. 
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Growth rates. To.examine the effect of habitat on 
growth of Fundulus heterociitus, they were penned in- 
side cages in all habitats at all 3 sites in 2 different sea- 
sons. Three cages each were placed in the creek and 
channel habitats at Jenny Creek; pond, creek, and 
channel habitats in Nag Creek; and pond, creek, chan- 
nel, and mudflat habitats at Coggeshall Cove. In addi- 
tion, 3 cages were placed outside each site to deter- 
mine growth rates outside of the mummichogs' normal 
distribution area. Minnow traps were placed in the 
cages to remove any stray fish captured in the cages 
during deployment. Cages were considered ready to 
use when no fish had been caught in them for 3 d. 

Ten Fundulus heterociitus, 5 to 7 cm in length, were 
collected, individually tagged by subdermal injection 
of acrylic paint (Thresher & Gronell 1978), anesthe- 
tized to prevent movement during pilotography, pno- 
tographed, allowed to recover, and placed into each 
cage. Tagging allowed identification of individual fish 
at the start and end of each experimental run. Digitiza- 
tion of the photographs provided the exact initial total 
length of the.fish. Anesthetized fish lay very flat and 
still on the photographic grid, allowing accurate as- 
sessmenf of length by digitization. At the end of the 
experiment, the fish were recaptured with baited min- 
now traps and re-photographed. Final total lengths 
were determined by digitizing the photographs, and 
growth rates were calculated as change in fish length 
(rnrn d- I). 

The cages were 1 m Square and constructed of knot- 
less nylon netting, 0.635 cm mesh size (Memphis Net 
and Twine, TN, USA). The netting for each cage was 
tied onto four 1.9 cm diameter steel reinforcing bar 
('rebar') poles which formed the 4 Corners of the cage. 
Poles were 2.4 to 3.0 m long, i.e. scaled to a size that 
would prevent the tops of the cages being submerged 
at high tide. At the bottoms of the cages, 1 m of each 
pole was not attached to the mesh to allow the pole to 
be driven into the substrate, and 1 m of netting was left 
unattached to the poles to form a skirt that lay just 
under the surrounding substratum outside the cage. 

In each habitat, the cages were deployed by dnving 
the rebar poles into the substrate until the attached 
mesh skirt was flush with the substraturn. The skirt 
was then buried under the sedirnent and secured in 
place by pinning lengths of pencil rebar where the 
cage walls met the substratum. Additional stakes en- 
suced that the skirt was spread out around the cage 
and did not bunch up through sediment movement or 
other disturbance. The skirt prevented predators such 
as blue crabs from burrowing into the cage. This cage 
design allowed prey such as the shore shnmp Palae- 
monetes pugio to pass into the cage, and gave the 
mummichogs unrestricted access to the water surface 
and substratum. 

The growth-rate experiment ran from 4 August to 
20 September (summer) and again from 5/6 October to 
16 November (fall) 1992. In the i ~ t i a l  data-analysis, an 
ANCOVA was run with growth rate as the dependent 
factor. Habitat, season and site were used as indepen- 
dent factors, with habitat nested within site and initial 
fish length as the covanate. However, since the slopes 
of the regression lines within groups were not parallel, 
the residuals from the regression of initial size on growth 
for the whole data set were used as the dependent V&- 

able in an ANOVA and habitat, season and site as the 
independent factors in the final model, with. habitat 
nested within site. Using the residuals as the dependent 
variable removes the confounding effect of non-parallel 
slopes and allows for more direct testing of the growth 
rates (Ramsey & Schafer 1997). Homogeneity of vari- 
ance was testea D y  visual inspection of residuals. To 
compare the growth of fish outside of sites with those 
within, a Student's t-test was performed on the residu- 
als of fish caged outside of coggeshall Cove with those 
caged within sites pooled over all habitats and sites. 

Predation rate. I used tethering experiments to esti- 
mate the relative predation risk in each habitat. Six teth- 
ering poles were placed in pond and creek habitats at 
each site and in the shallow subtidal outside each site. 
Twelve tethering poles were placed in the channel habi- 
tat at Jemy Creek and Nag Creek andin the mudflat at 
Coggeshall Cove. In summer (2 runs, 6 and 5 d, respec- 
tively) and fall(1 run of 8 d) poles were placed in Jenny 
Creek (creek, chamei), Nag Creek (pond, creek, chan- 
nel), Coggeshall Cove (pond, channel, mudflat), and in 
subtidal areas just outside each site. The tethers were 
checked daily at each run. When a fish was missing from 
a tether it was scored as lost and replaced. The total 
number of days a fish remained on a tether was scored. 

Individual Fundulus heterociitus (5 to 7 cm size class) 
were tethered to 0.5 m of 8 lb (3.64 kg) test fishing iine 
by either looping the line around the jaw with the aid 
of a needle, or by looping it through the mouth and out 
of the opercular flap. The other end of the line was 
attached to a 1.27 cm diameter PVC ring. The ring was 
slipped over a 2 to 2.5 m pencil rebar pole. The fish 
could swim around and up and down the pole. Prelim- 
inary observations indicated that the use of >0.25 m 
long tethers, with 0.5 m long tethers used during the 
actual experiment, eliminated most major behavioral 
differences between tethered and untethered fish. Fish 
were able to feed and swim on the tether. Tethered fish 
could also hide under drift algae and burrow shallowly 
in the mud, escape behaviors often exhibited by un- 
tethered fish. Additionally, fish could avoid approach- 
ing green crabs Carcinus maenus when the tether was 
at least 0.25 m long. Green crabs could potentially 
attack tethered fish, although they are normally not 
known to feed on F. heterociitus. The rebar pole ex- 



Halpin: Trade-offs affecting habitat use 207 

tended weil above the water surface; a loop at the end 
prevented the PVC ring from slipping off the end of the 
pole. To minirnize the risk of entanglement in vegeta- 
tion, the mummichogs were tethered in creek areas 
where no Spartina alterniflora was present within the 
tether radius (1 m diameter). In all habitats, fish were 
so placed as to avoid entanglement in vegetation. 

Controls were run in the field and laboratory. In the 
field, the fish were placed on tethers in unused growth 
cages, 1 fish per cage, in Runstick Cove, Rhode Island 
(see Halpin 1997 for description) (n = 3) and Nag Creek 
(n = 6) for 10 and 14 d, respectively. In the laboratory, 
they were tethered in aquaria (n = 10) for 2 wk. Addi- 
tionaily, fish (n = 10) were tethered in a flow tank 
(25 cm s-' current) separately for 24 h to determine if 
currents could pul1 them off their tethers. Since no fish 
were lost off tethers in any of the control groups, all 
fish missing from tethers in the field were considered 
to have been removed by a predator. 

Since the mummichogs remained on their tethers 
until death or the end of the experimental run, the data 
can be analyzed with statistical techniques developed 
for survival data. In these experiments fish were either 
removed by predators or, if they survived the full dura- 
tion of the experiment, by the investigator. Statisticians 
term data involving death and experimental termina- 
tion by investigators 'uncensored' and 'censored', re- 
spectively. As my data included both uncensored and 
censored data, I tested for significant differences 
between all habitats using an extension of Gehan's 
generalized Wilcoxon test and the Kruskal-Wallis 
1-way analysis of variance by ranks for censored data 
(Lee 1980). Gehan's generalized Wilcoxon test is a 
nonparametric method for comparing censored sur- 
vival distributions, whereby each observation in one 
sample is compared to each observation in a second 
sample and assigned a score. Once this score is calcu- 
lated, an extension of the Kruskal-Wallis 1-way analy- 
sis of variance by ranks (analogous to the F-test in an 
analysis of variance) is used to compare multiple sam- 
ples, using scores instead of original observations. This 
analysis tests against the null hypothesis that all the 
samples (here the tethering data from each habitat and 
site) are from the same distribution. According to the 
null hypothesis, the test statistic, X', has an approxi- 
mately chi-squared distribution with (K- 1) degrees of 
freedom, where K = the nurnber of samples. 

The product-lirnit estimate of the survival functikn 
S(t) (Lee 1980) was calculated to ailow graphical pre- 
sentation of the tethering data. The survival function 
gives the probability of an individual surviving beyond 
time t (e.g. at t = 0, S(t) = 1, when no survivors are left, 
then S(t) = 0). In this study, high values of S(t) indicate 
low predator-encounter rates, and low values of S(t) 
indicate high predator-encounter rates. The product- 

lirnit estirnate of the survival function incorporates cen- 
sored data in the calculation of S(t). 

Refuge use. To test the effect of predators on habitat 
use by Fundulus heteroclitus, I constructed predator- 
exclusion cages that provided refugia for F. hetero- 
clitus from predators. Cage sides were cable-tied onto 
wooden poles and erected in the channel at Nag 
Creek. Three sides consisted of -3 cm vexar mesh, the 
channel bank constituted the fourth side, and the 
vexar mesh fitted snugly against the bank. Flaps of 
vexar mesh extended from 2 of the wails over the 
marsh surface to prevent predator entry across the 
marsh surface on very high tides. The exclosure cages 
were Open at the top and bottom. The mesh was large 
enough for F. heteroclitus to move in and out of the 
exclosure areas, but most large predators were ex- 
cluded. Cage controls were similar to experimental 
cages, but with strip's of mesh removed to ailow preda- 
tor entry. Open controls were also set up, with poles 
marking the Corners of where the cage would be. 
Three replicates each of cage treatment, cage control, 
and Open control were used. The experiment was initi- 
ated in July 1993. In August 1993, traps were placed in 
the experimental areas, one trap per experimental 
area, for 5 d and checked every 24 h for presence of 
mummichogs. The results were analyzed by ANOVA, 
using fish captured as the dependent variable and 
treatment as the independent variable. 

RESULTS 

Habitat use 

Habitat use by Fundulus heteroclitus varied signifi- 
cantly between habitats nested within sites on a sea- 
sonally-dependent basis (ANOVA; site(habitat) X sea- 
son p = 0.019, df = 4: Table 3, Figs. 2 & 3). In summer, 
the creek and channel habitats at Jenny Creek, the 
creek habitat at Nag Creek, and the pond, channel and 
mudflat habitats and Coggeshall Creek were heavily 
used (Fig. 2). In the fall, the pond habitat at Coggeshall 
Cove and the creek habitat at Nag Creek were most 
heavily used, followed by creek habitat at Jenny Creek 
and the pond habitat at Nag Creek. The channel and 
mudflat habitats at Coggeshall Cove and the channel 
habitats at Jenny Creek and Nag Creek were not used 
heavily in the fall (Fig. 3). 

Overall, habitat had a significant effect on trap- 
capture rate when the capture rates for traps outside 
the marshes were included (Kruskal-Wallis rank-sum 
test, df = 4, p < 0.0001). The mean scores for channel, 
mudflat and outside the marsh traps were less than the 
expected mean ([mean score - expected mean score]/ 
expected SD = -2.53, -1.75, and -1.85, respectively), 
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Table 3. Funduius heterociitus. Results of analysis of variance testing effects of habitat, 
marsh and season on trap-captures. 'Significant at 0.05 level (see 'Results - Habitat 

use' for full details) 

Source df SS MS F P 

Habitat 3 0.041 0.138 4.0973 0.0962 
Season 1 0.007 0.007 0.1722 0.6988 
Marsh (habitat) 4 0.142 0.355 0.863 0.554 
Season X rnarsh (habitat) 4 0.168 0.042 3.023 0.019' 

while the mean scores for the creek and pond habitats 
were greater than the expected mean score ([mean 
score - expected mean score]/expected SD = 3.95 and 
1.57, respectively). The scores for traps outside the 
marsh, channel, and mudflat habitats were therefore 
more sirnilar to eacn other and lower in vaiue ihan the 
scores for the creek and pond habitats. 

Growth rates 

Growth rates of Fundulus heteroclitus varied signifi- 
cantly among habitats nested within sites (ANOVA, 
site(habitat) p = 0.0194, df = 5, Table 4, Figs. 2 & 3), but 
not among sites or between seasons. There were sig- 
nificant interactions between habitat(site) and season 
(ANOVA, df = 4, p < 0.0001), indicating that habitats 
differ from each other in a seasonally dependent fash- 
ion. As only one fish survived in creek cages in Jenny 
Creek, no growth rate could be calculated for that 
habitat at that site in Summer. In some cases, growth 

J I I I 
Jenny Nag Coggeshall 

Summer 

rates (as change in total length) 
were negative. In previous growth 
experiments with F. heteroclitus, 
Kneib (1981) also recorded neg- 
ative growth rates in response 
to density-related food lirnitation. 
His data confirmed that changes 
in length reflect changes in dry 
biomass'. 

Growth rates of mummichogs 
caged outside the marsh did not 

differ significantly from the combined growth rates 
recorded for fish cages within the marsh in either 
season. However, the habitat displaying highest fish 
growth was always inside a marsh (Figs. 2 & 3). The 
cages outside Jenny Creek and Nag Creek were all 
damaged by storms, and She fish within ihein escaped. 
The cages outside Coggeshall Cove retained their fish, 
so I used these individuals to obtain a general estimate 
of growth rates in non-intertidal habitats. 

With one exception, summer growth rates followed the 
patterns of habitat use very closely in summer (Fig. 2). At 
Jenny Creek, fish in the channel habitat grew very little, 
and the extremely poor survivorship in the creek cages 
indicate that neither habitat represents a good area for 
fish energetically. Capture rates were approximately 
equal in each habitat. In Nag Creek, large positive 
growth rates in creek habitats corresponded with heavy 
habitat use, and low growth rates within ponds and 

-0.1 - 
I I 

Jenny Nag Coggeshall 

Fall 

Fig. 2. Fundulus heteroclitus. Bars: average growth rate in Fig. 3. Funduius heterociitus. Bars: average growth rate in 
each habitat and marsh in summer (Jenny Creek: creek n = 0, each habitat and marsh in fall (Jenny Creek: creek n = 10, 
channel n = 23; Nag Creek: pond n = 18, creek n = 4, channel channel n = 24; Nag Creek: pond n = 17, creek n = 10, chan- 
n = 13; Coggeshali Cove: pond n = 7, channel n = 11, mudflat nel n = 16; Coggeshall Cove: pond n = 14, channel n = 6, mud- 
n = 9, outside marsh n = 7); lme graphs: captures of F. hetero- flat n = 15, outside marsh n = 4); line graphs: average capture 

ciitus. Error bars = 1 SE. ND: no data (poor survivorship) of F. heteroclitus. Error bars = 1 SE 
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Table 4. Funduius heterociitus. Resdts of analysis of vanance testing effects of habi- rates, with capture nearly zero. 
tat, marsh and season on residuals of regression of mummichog growth on initial size. ~ i ~ h  in both arid chamel 

'Significant (see 'Results - Growth rates' for fuii details) habitats in Jenny Creek exhibited 

Source df SS MS F P 

Marsh 2 0.138 0.069 1.984 0.2321 
Season 1 0.005 0.005 0.427 0.5144 
Habitat (marsh) 5 0.173 0.35 2.772 0.0194' 
March X season 2 0.016 0.008 0.079 0.9254 
Habitat(marsh) X season 4 0.415 0.104 8.292 0.0001' 
Residual 182 2.276 0.013 

low growth rates in fall. However, 
habitat use was higher in creeks. 

Predation rate 

Survival tirnes on tethers dif- 
fered sigmficantly among marsh 

channels corresponded with low habitat use. At Cogge- 
shaii Cove, Fundulus heteroclitus caged in mudflat habi- 
tat and chamei habitats displayed high growth rates, 
and these habitats had high trap-captures. Ponds at 
Coggeshall Cove constituted the only marsh habitat 
where use did not reflect growth rates. E heteroclitus in 
Coggeshall Cove ponds had very low growth rates, but 
the capture data reveals these habitats were used more 
heavily ihan habitats in ihe Same site wiih higher growth 
rates. E heteroclitus caged outside the marsh had Zero 
growth and corresponding low captures. 

In fall, the correspondence between habitat use and 
growth rates was much weaker (Fig. 3). At Nag Creek, 
growth rates were lowest and trap-capture highest in 
creek habitats. Conversely, Fundulus heteroclitus in 
the pond and channel habitats had low but positive 
growth rates and lower captures than those in creeks. 
In Coggeshall Cove, high growth rates we associated 
with high capture rates in ponds and low growth rates 
with low capture rates in channels. Murnmichogs in the 
mudflat cages in Coggeshall displayed high growth 
rates although few were trapped there; mummichogs 
outside the marsh displayed low but positive growth 

habitats in both surnmer (X' = 
98.76, p < 0.05, df = 10, n = 463, K = 11) and fall (X' = 

41.69, p < 0.05, n = 242, K = 11). In sumrner, predation 
rates were high in every habitat at every site except for 
ponds in Coggeshall Cove (Fig. 4), indicating that 
predators are rarely encountered in pond habitats at 
Coggeshaii Cove. Accordingly, ponds are the most 
intensively used habitat at Coggeshall Cove in the 
Summer, even more heavily used than ihose habitats in 
which fish exhibited higher growth rates (Fig. 2). Inter- 
estingly, the ponds at Nag Creek apparently did not 
offer the Same refuge from predation as ponds at 
Coggeshall Cove (Fig. 4). 

In fall, predation was much lower overail than in 
sumrner (Fig. 5). Areas outside the marshes always dis- 
played the highest predator-encounter rate. Ponds at 
Coggeshall Cove still had the lowest predator en- 
counter rate for tethered fish of any habitat. In the fall, 
ponds also had the highest growth rates in Coggeshall 
Cove, and were used alrnost exclusively by Fundulus 
heteroclitus (Fig. 4). At Nag Creek, both pond and 
creek habitats had low predation rates, followed by 
channel habitats, but only the creeks were heavily 
used (Fig. 3). At Jenny Creek, predation was similar 

A creek 
1 channel 
X out 

1 7  I f I I 7  
0 1 2 3 4 5 6 7  

Time in Days 

C. Coggeshall Cove 

Fig. 4. Funduius heterociitus. Survival function, S(t) (i.e. probability of individual surviving beyond time t)  for each habitat type 
vs time in days for fish tethered during surnmer in (A) Jenny Creek marsh (Day 1: creek n = 50, channel n = 65, outside marsh 
n = 18), (B) Nag Creek marsh (Day 1: pond n = 34, creek n = 47, channel n = 80, outside marsh n = 35) (C) Coggeshall Cove 

(Day 1:pond n = 18, channel n = 37, mudflat n = 72, outside marsh n = 16). Error bars = 1 SE 
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Fig. 5. ~ u f i d u l ~ s  heteroclitus. Survival fugction S(t) for Bach habitat type vs time in days for fish tethered during faii in (A) Jenny 
Creek marsh(Day 1: creek n = 24, channkl n = 36, outside marsh n = 29), (B) Nag Creek marsh (Day 1: pond n = 13, creek n = 9, 
channel n = 31, outside marsh n = 12) (C) Coggeshail Cove (Day 1: pond n = 12, channel n = 17, mudflat n = 37, outside marsh 

n = 23). Error bars = 1 SE 

between creek and channel habitats. Only creeks were 
heavily used at Jenny Creek, although no clear growth 
or predator refuge emerged (Fig. 5). E heterociitus 
tethered outside the marsh were always quickly lost. 

Refuge use 

Fundulus heteroclitus used exclosure areas pre- 
ferentially to non-exclosure areas. Trap-captures of 
F. heterociitus were higher in predator-exclosure areas 
than in either cage controls or Open controls (p < 0.001) 
(Fig. 6). 

DISCUSSION 

ThiS study demonstrates that the population dynarnics 
of mummichogs, Fundulus heterociitus, which are mo- 
bile intertidal animals, differ from those of sessile inter- 
tidal organisms. Adults altered their habitat use on a sea- 
sonal basis in response to environrnental changes. In salt 
marshes, habitat use is affected by a fish's ability to grow 
and escape predation relative to other available habitats. 
E heterociitus alters its habitat-use patterns to maxirnize 
growth when predator-encounter rates are high in all 
available habitat types. Faced with a trade-off choice be- 
tween predator avoidance and growth, the mummichogs 
used habitats offering predator refuge, such as ponds, 
more heavily. In one instance, fish were found both 
growth advantages and predator refuge in a single habi- 
tat-Coggeshall Cove ponds in fall-resulting in the 
almost exclusive use of this habitat at that time. 

Fundulus heterociitus exhibit strong seasonal chan- 
ges in habitat use (Halpin 1997). Previous work re- 
vealed that habitat type, month of sampling, and site 
sampled all interact to affect habitat use in E hetero- 
clitus (Halpin unpubl. data). This suggests that adult 
murnrnichogs can perceive and respond to habitat 
changes by adjusting use-patterns within marshes and 
between habitats. Highly mobile animals may respond 
to environmental change by abandoning a habitat per- 
manently or temporarily, but without the mortality 
associated with sessile communities (Karr & Freemark 
1985, Breitburg 1992). In mummichog populations, 
individuals may abandon habitats within marshes, but 
may not move the long distances required to travel 
between marshes (Lotrich 1975). However, habitat use 
alone does not reflect overall habitat quality, as the 

cage control open'control cage 
Treatment 

Fig. 6. Funduius heteroclitus. Average captures trap-' d-' in 
exclosure cages, cage controls and Open control areas. Error 

bars = 1 SE 



Halpin: Trade-offs affecting habitat use 211 

habitat use reflects the relative, not absolute, benefits 
of the habitat in companson to other available habitats. 
Costs and benefits such as growth advantages and pre- 
dation nsk must be measured to determine habitat 
quality, since fish may heavily use 'poor' habitats in 
one site if all other available habitats are also of poor 
quality. 

The influence of growth rates on habitat use was 
most apparent in the surnrner (Fig. 2). At a time when 
predation rates were high in aimost aii habitats, the 
fish used habitats in which growth was enhanced. At 
Jenny Creek and Nag Creek sites and in aii habitats 
except ponds at Coggeshall Cove, fish habitat-use 
closely paralleled growth rates. In the fali, habitat-use 
patterns did not parallel growth rates, except for heavy 
use of the ponds at Coggeshall Cove. Growth rate may 
be influenced by a nurnber of factors, both biotic and 
physical, such as food availability, heat stress, and oxy- 
gen depletion. This study suggests that mummichogs 
perceive those environmental variables that are re- 
sponsible for growth, and alter their habitat use ac- 
cordingly. Because habitat quality, as reflected by high 
growth rates, vaned between sites on a seasonal basis, 
fish would gain by responding directly to environmen- 
tal variables that influence growth, since those van- 
ables might not be consistent within a particular habi- 
tat or site. 

On a larger scale, overall growth rates of Fundulus 
heteroclitus in intertidal areas did not differ from those 
in the subtidal, though the highest recorded growth 
rates were aiways within the intertidai areas (Figs. 2 & 3). 
This is in marked contrast to growth patterns of many, 
but not all, sessile intertidal animals and plants, which 
display higher growth rates with increasing depth. 
Typically, in these cases, such organisms are excluded 
from high growth rate areas by strong negative in- 
teractions with other organisms (Connell 1961, 1972, 
Dayton 1971, Paine 1977, Menge et ai. 1994). Since 
recorded predation rates were also high outside the 
marshes in both seasons, E heterociitus obviously 
would gain little by straying outside its normal range 
unless to travel to a more profitable marsh. 

Many studies have shown the nsk of predation to 
influence patch-choice in foraging fish (Power 1984, 
Milinski 1986, Holbrook & Schmitt 1988a,b, Werner & 
Hall 1988, Gotceitas et al. 1995, Persson & Eklov 1995). 
Faced with a trade-off choice between high and low 
predation nsk, fish tend to choose lower predation nsk 
over higher food reward (Werner et al. 1983, Power 
1984, Holbrook & Schmitt 1988a). In this study, when 
low-predation habitats were created, as in the exclo- 
sure experiment, fish used them more heavily than 
control habitats with higher predation. Also, Fundulus 
heteroclitus faced a trade-off between high predator- 
encounter rates and growth at Coggeshall Cove in 

summer (Figs. 2 & 4C). Habitat use was high in ponds 
(Fig. 2), which offer refuge from predators (Fig. 4c) but 
may compromise growth (Fig. 2). This supports previ- 
ous work (Werner et al. 1983, Power 1984, Holbrook 
& Schmitt 1988) on patch-choice in vanous fishes. I 
observed an unusual seasonal shift in the use of the 
ponds at Coggeshall Cove that minimized trade-offs 
between growth and predator avoidance: when Cog- 
geshaii Cove ponds offered both a predator refuge and 
high growth rates (Figs. 3 & 5C), E heteroclitus used 
that habitat almost exclusively (Fig 3). 

Predation nsk within marshes declined in the fall, 
but remained high outside the marshes. In aii sites in 
fali, most ponds and creeks exhibited lower predator- 
encounter rates. In Jenny Creek, however, predator- 
encounter rates in the creeks were not much lower 
than in the channel habitats. In the fall, mumrnichogs 
used creeks heavily, although these did not offer a dis- 
tinct advantage in predator avoidance or growth over 
other available habitats (Figs. 3 & 5). Although this 
study has identified 2 major influences on habitat use 
by Fundulus heteroclitus, the explanation for preferen- 
tial creek use is not clear. Creeks may provide a better 
predator refuge than the present data reveal. 

Predation has been inferred to be an important factor 
determining habitat use in Fundulus heteroclitus juve- 
niles and adults (Kneib 1987, McIvor & Odum 1988). 
Kneib (1987) showed that juvenile E heteroclitus will 
recruit to intertidal zones below their normal distribu- 
tion range after exclusion of adult E heteroclitus, their 
chief predator. In the absence of adults, juvenile sur- 
vivorship was enhanced in zones deeper than their 
normal range. Adult E heteroclitus are preyed upon by 
the blue crab Callinectes sapidus, the bluefish Poma- 
tamus saltatnx, and the weakfish Cynoscion regalis 
(Bigelow & Schroeder 1953, Kneib 1982), all of which 
forage in marshes at high tide. Predator-encounter 
rates at flood-tide can be high in marshes (McIvor & 
Odum 1988). The present study has confirmed that 
marshes comprise important refuges from predation 
for small fishes. More study on how habitats vary in 
refuge potential within and between marshes is neces- 
sary to discover the mechanisms underlying predator- 
prey interactions in salt marshes. 

Tethenng has been heavily used in studies to assess 
relative predator-encounter rates with mobile prey 
(Shuiman 1985, Witman 1985, McIvor & Odum 1988, 
Aronson 1989, Wilson et al. 1990). Recent criticism of 
tethering as an experimental technique (Peterson & 
Black 1994, Zimmer-Faust et al. 1994) has centered on 
3 issues: (1) lack of correspondence between natural 
and tethered predation-rates (Peterson & Black 1994, 
Curran & Able 1998); (2) modification of prey escape- 
responses, with the result that tethered animals may 
be taken from the tether by predators they would nor- 
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mally avoid (Zimmer-Faust et al. 1994); (3) interactions 
between tethering and habitat effects that are not con- 
sidered, termed 'second-order artifacts' (Peterson & 
Black 1994, Curran & Able 1998). Second-order arti- 
facts can result when the habitat interferes with the 
behavior of tethered prey, e.g. by entanglement in 
vegetated areas and non-entanglement in Open areas. 

I believe that the data on tethered mummichogs 
gathered in this study are informative, and will address 
the above criticisms briefly: (1) While tethering does 
not directly measure predation rates of a natural popu- 
lation, it can provide a relative measurement of the 
predation risks associated with certain habitat types. 
For example, a 90% loss of a tethered organism does 
not mean that 90 % of an untethered population would 
be lost to predation. However, when one habitat dis- 
plays 90 % loss and another habitat displays 10 % ioss, 
there is obviously a greater risk of predation in the for- 
mer habitat than in the latter. (2) In this study, the use 
of long tethers (>0.25 m) eliminated most major behav- 
ioral differences between tethered and untethered fish 
(see 'Materials and methods - Predation rate'); there- 
fore, the major effect of the tethering was that inten- 
ded, i.e. restriction of overall mobility. (3) Two second- 
order artifacts are pertinent to this study: (i) differential 
potential for entanglement in vegetation between ha- 
bitats, and (ii) large differences in predator behavior 
between habitats. (i) In all habitats care.was taken to 
avoid potential entanglement of tethered fish. (ii) The 
blue fish Pomatamus saltatrix and the blue crab Call- 
inectes sapidus were the most common predators, both 
being fast-moving predators that pnmarily prey on 
fishes and shrimp. Between-predator artifacts are most 
common when predators differ greatly in behavior, e.g. 
the behavioral Patterns of fishes or crabs compared to 
that of seastars (Barbeau & Scheibling 1994). Since 
blue fishes and blue crabs have similar diets and pre- 
datory behavior, behavioral differences should there- 
fore have had no greater influence than that arising 
from natural vanation. Also, as pointed out by Peterson 
& Black (1994), separation of predator-habitat inter- 
actions in such a situation can be impossible. 

In this study, habitat quality also differed between 
sites in terms of both growth rates and predator refuge. 
Ponds at Coggeshall Cove differed in both growth 
rates and tether losses from ponds at Nag Creek. At 
both sites, some ponds are connected by small creeks 
to mudflats and chameis; this may increase access by 
predators and account for some differences in preda- 
tion rates between ponds. In those ponds that were 
not connected by creeks to other habitats, predators 
seemed to be better able to penetrate into ponds at 
Nag Creek than at Coggeshall Cove. During the study, 
blue crabs were observed in closed ponds at Nag 
Creek, but not at Coggeshall Cove. Differences be- 

tween sites do not necessarily arise from differences in 
the types of habitat available, but also from the overall 
quality of those habitats. Further experimental work is 
necessary to elucidate how and why sites diifer in 
overall habitat quality. 

Differences in overall habitat quality could con- 
tribute to differences in overall marsh quality through 
vanation in the type and abundance of habitats avail- 
able. For example, some habitats in Coggeshall Cove 
displayed high growth rates and low predator en- 
counter rates in summer and fall, but these were not 
always the same habitats (Figs. 2, 3, 4C & 5C). Also, 
Coggeshall Cove ponds in fall comprised the only 
habitat in any season or site providing both high 
growth rates and shelter from predation (Figs. 3 & 5C). 
Thus, fish at Coggeshall Cove always had access to 
nabitats Snat oiiered either high growth rates oi. icjw 
predation rates. Conversely, caged fish in all habitats 
at Jenny Creek never exhibited a strongly positive 
growth rate, and they disappeared quickly from teth- 
ers compared to other sites (Figs. 2, 3, 4A & 5A). These 
data suggest that fish in a site comprised of poor-qual- 
ity habitats such as Jenny Creek might profit by dis- 
persing to a site higher-quality habitats such as Cogge- 
shall Cove, depending on the risks of rnigration from 
marsh to marsh in relation to the potential benefit 
(Morris 1987). However, evidence suggests that Fun- 
dulus heteroclitus do not move long distances as adults 
(Fritz et al. 1975, Lotrich 1975), juveniles, or larvae, 
since this species undergoes direct development from 
eggs deposited on the marsh surface, and predation by 
adults restncts juveniles fo high-zone areas (Kneib 
1987). Tagging studies of between-marsh dispersal 
might reveal the extent to which F. heteroclitus 
switches marshes. 

In Summary, both predation risk and growth influ- 
ences habitat use by Fundulus heteroclitus in inter- 
tidal salt marshes. Overall, salt marshes provide both 
shelter and the potential for growth, but the fish 
must often comprornise between the 2 in certain 
habitat types. Predation risk takes primary irnpor- 
tance in determining habitat use by E heteroclitus; 
therefore this species cannot be considered to con- 
form to the ideal free distribution (IFD) Pattern. How- 
ever, when predation rates are consistently high 
across habitats, growth rates play an important Part 
in determining habitat use, in conforrnity with IFD 
predictions. Because the fish must often choose be- 
tween habitats of poor quality, profitability of a habi- 
tat for this species cannot be assessed by degree of 
habitat use alone, but must take into consideration 
factors such as growth and predation risk that influ- 
ence habitat quality. Future studies could focus on 
why habitats vary in growth and refuge potential be- 
tween sites. 
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