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I examined the spatial and temporal dynamics of

tadpoles and aquatic insect predators in 12 temporary

wetlands in south-central Florida. I also conducted

experiments on the role of habitat structural complexity in

mediating predator-prey interactions. Eleven species of

anurans bred in the wetland sites. Rana utricularia

accounted for 44% of all captures. Species diversity was

positively correlated with wetland size but was unrelated to

hydroperiod. Varied meteorological conditions, coupled with

the presence of a system of drainage ditches, resulted in

annual variation in hydrologic conditions that had a large

effect on species composition. Flooding resulted in the

intrusion of water from ditches that contained fish into

otherwise isolated wetlands. Species that breed exclusively
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in sites without fish avoided these sites. Hydrologic

disturbance resulted in a system that is both spatially and

temporally dynamic resulting in variable assemblage

structure and composition at affected sites. Distribution

patterns of tadpoles within wetlands were related weakly to

habitat features. Both tadpole and aquatic insect predator

numbers varied among wetlands and across time, but were

distributed relatively evenly within wetlands. Thus,

selection for microhabitat at the within-wetland scale did

not appear to be strong. Distribution patterns of tadpoles

appear to be more strongly related to macrohabitat selection

of breeding sites by adults than by microhabitat selection

within wetland sites. Experiments demonstrated that

increased cover can reduce predation rates by aquatic

insects on tadpoles that reduce activity in response to

predators (R. utricularia ) , and those that do not (Hyla

squirella ) . Thus, although distribution patterns in the

field were not correlated strongly to habitat features,

tadpole success still may be influenced strongly by them.

Finally, reductions in activity in response to predators had

growth and developmental costs in R. utricularia that were

dependent on background resource level. Tadpoles on low food

metamorphosed at later dates but at larger sizes when

exposed to predators. Tadpoles on high food also had

prolonged development but were smaller compared to tadpoles

not exposed. Thus, assessment of responses to both resource

xvi



level and threat of predation may be necessary for

understanding the consequences of cost-benefit trade-offs

mediated by behavior.
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CHAPTER 1

INTRODUCTION

Overview

One of the major goals in ecology is to determine the

factors that influence patterns of distribution and

abundance of species. This task is not a simple one because

many factors impinge upon the ecological and evolutionary

processes that result in observed relationships among

species. Resource availability and distribution change

along many spatial and temporal scales, and the biotic

interactions among species change similarly. The resulting

heterogeneous environment offers choices to the organisms

living within it. How an individual responds to habitat

heterogeneity may influence food availability and predation

pressure, and thus can have important influence on

population dynamics and ultimately evolutionary processes

(Holt 1987) .

Examination of the factors influencing distribution

patterns of many anurans is complicated by their complex

life cycles, which include a terrestrial adult stage and an

aquatic larval stage (Wilbur 1980) . Examinations of habitat

use and resource partitioning of anuran assemblages have

focused mostly on the adult stage (Bowker and Bowker 1979;

Crump 1971, 1982; Lizana et al. 1990; Toft 1985). Analyses

1



of larval assemblages usually address temporal partitioning

(Dixon and Heyer 1968; Weist 1981) or partitioning relative

to permanent versus temporary pond sites (Gascon 1991;

Woodward 1983) . Most authors come to similar conclusions

regarding habitat partitioning of larval assemblages:

resources are partitioned along spatial (temporary versus

permanent ponds) and temporal (breeding season) axes. Less

research has been done on larval food partitioning; however,

evidence suggests that partitioning along the food axis is

not as strong as that along temporal and spatial a;:es

(Duellman and Trueb 1986; Heyer 1974, 1976; Seale and

Beckvar 1980)

.

These studies provide important information regarding

possible selection pressures relative to habitat use and

resource partitioning (Crump 1982; Magnussan and Hero 1991)

.

However, they do not provide a complete picture of the

spatial ecology of tadpoles because they focus on one scale.

Distribution patterns of organisms can be examined on a

coarse-grained, macrohabitat scale or a Cine-grained,

microhabitat scale. Factors that can influence tadpole

success, such as competitor or predator abundance and

composition, vary in space not only among wetland sites

(Gascon 1992; Smith 1983; Werner and McPeek 1994; Woodward

1983) but also among patches within wetlands (Banks and

Beebee 1988; Diehl 1988, 1992) . Therefore, the distribution

patterns of tadpoles at both the macrohabitat (breeding
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site) and microhabitat (patch site) scale can have a large

influence on tadpole growth and survival, and thereby

assemblage structure.

Although the importance of considering scale has been

widely discussed (Wiens 1989, 1992), few studies of tadpole

ecology have addressed this issue. Processes that are

important population regulatory factors at one scale of

investigation may fail to operate at other scales (Wiens

1992) . For er.ample, predation has been identified as an

important process influencing anuran breeding site selection

(Magnusson and Hero 1991) . However, how predators and

tadpoles interact at the within-wetland scale is poorly

understood. Because ecological patterns are not independent

of scale, e::amination of spatial and temporal distribution

patterns at several scales should provide a more complete

understanding of the importance of a process, such as

predation, in regulating tadpole populations (Wiens 1989,

1992) .

Patterns of Distribution Among Wetlands

Patterns of distribution of larval anurans among

aquatic sites are largely determined by two related factors;

the permanence of the site (i.e., hydrology) and the

composition of predators (Skelly 1995; Werner and McPeek

1994) . These factors are strongly interrelated because

predator composition changes along the hydrologic gradient.
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Fish predators dominate in permanent sites; however, systems

that have a cycle of filling and drying prevent predatory

fish populations from becoming established. A switch from

fish-dominated to invertebrate or salamander-dominated

predator systems occurs along the gradient so that tadpoles

developing in temporary and ephemeral sites are subject to a

different suite of predators.

Because biotic and abiotic conditions change along a

hydrologic gradient, tadpoles developing in different

wetlands face a different set of challenges. Traits that

increase developmental success at one end of the hydrologic

gradient may not be suitable at the other end. For example,

interspecific variation in ant i -predator mechanisms is

related to differences in breeding habitat (Azevedo-Ramos et

al. 1992; Kats et al. 1988; Woodward 1983). The larvae of

several species that breed in permanent sites are

unpalatable to fish, whereas species that breed in ephemeral

sites without fish do not possess this anti-predator

mechanism (Formanowicz and Brodie 1982; Kats et al. 1988).

In addition, behavioral adjustments, such as reduced

activity, are often absent in species that breed in

ephemeral sites (Kats et al . 1988; Woodward 1983).

Decreased foraging activity may reduce growth or

developmental rates (Skelly 1992, 1995; Skelly and Werner

1990) . At ephemeral sites, mortality threats from predators

are often not as significant as the threat from habitat
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drying (Newman 1987; Rowe and Dunson 1993, 1995) .
Thus,

behavioral traits for reducing predation risk, while

beneficial in permanent habitats, can lead to increased

mortality risk at ephemeral sites.

The trade-off between rapid development and anti-

predator responses appears to be a major factor limiting the

distribution of anurans to certain types of breeding sites

(Skelly 1995; Werner and McPeek 1994) . Weak anti-predator

responses that may increase developmental rates in ephemeral

sites would usually result in mortality in permanent sites

(Skelly 1994; Woodward 1983) . As a broad generalization,

species that breed in permanent sites are passively er.cluded

from ephemeral sites by long larval developmental periods,

whereas species that breed in ephemeral sites are excluded

from permanent sites by predation.

Patterns of Distribution Within Wetlands

Few studies have examined tadpole distribution patterns

within breeding sites. Diaz-Paniagua (1987) examined the

spatial distribution of six species occurring in 16

temporary ponds. Dip-net samples were taken in 5 depth

zones. Vegetation structure varied along the depth gradient

from shallow zones characterized by dense grass cover to

deeper areas with little or no vegetation. Along the depth

gradient, veqetation chanqed from emerqent in shallow water

to submergent in deep water. Few tadpoles of any species
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were found in the inner non-vegetated zones. Although most

species were found in several of the vegetated zones,

interspecific differences in spatial distribution were

detected. Three species were most abundant in the shallow

zones, two species were most abundant in the emergent zone

and the remaining species was most common in the submergent

zone

.

Larval assemblages also may separate along thermal

(Dupre and Petranka 1985) and water column (Heyer 1973,

1976) strata. Ontogenetic changes in microhabitat

association have been found relative to size class in Rana

utricularia (Alford and Crump 1982) . Alford (1986) found

evidence for both intraspeci f ic (i.e., size class) and

interspecific spatial partitioning among four anuran species

within a single temporary pond site. Two species, Pseudacris

ocularis and Pseudacris ornata ,
separated relative to cover

and water temperature, and their responses to these

environmental features changed over time. Alford (1986)

suggested that these responses were probably largely due to

competition (i.e., avoidance relative to species or size

class) . However, he did not er.amine the potential influence

of predation.

Differences in predator abundance or composition also

may exist within a breeding site. Although poorly studied in

the tadpole-predator system, the potential for spatial

segregation between predators and prey to be an important
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factor within wetlands sites was demonstrated by results

from Banks and Beebee (1988) who found low spatial overlap

between Bufo calamita tadpoles and the invertebrate

predators Notonecta sp. and Dytiscus sp. Tadpoles were

concentrated in shallow water, whereas predators were

collected most frequently in deeper areas. Because few

studies have er.amined spatial distribution of tadpoles

within breeding sites, it is not surprising that there is

limited information about the spatial relationships of

tadpole and predator distributions.

Spatial overlap at the within-wetland scale among

tadpoles and aquatic insect predators may be high if both

groups select habitats within the wetland based on similar

abiotic features such as water depth, temperature, or plant

cover. In contrast, differential selection criteria could

lead to segregation of tadpoles and predators. For example,

females of some odonates require emergent vegetation for egg

laying (Corbet 1980) . In this circumstance, tadpole survival

may be largely influenced by patterns of microhabitat use

and factors such as habitat structure. A better

understanding of how patterns of tadpoles and predators vary

in space and time, and how these patterns are related to

abiotic and biotic (e.g., vegetation structure) factors,

should provide valuable insight into the potential for such

patterns to generate differences in species richness and

assemblage structure among various sites.
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Predation, Habitat Structure, and Behavior

Predation can be a significant regulating factor in

many systems (reviewed by Sih et al. 1985). E;:per imental

studies on tadpole assemblages have shown that differential

predation on competitively dominant species can alter

assemblage structure (Morin 1M»1, 1Q»3, Generally,

competitive ability in tadpoles is related to activity

levels: actively foraging tadpoles out-compete tadpoles that

are less active (Werner 1991, 1992a; Woodward 1982).

However, because prey activity is an important component oE

predator detection (Lima and Dill 1989; Werner and Anliolt

1993), active tadpoles are more susceptible to predators

(Azevedo-Ramos et al. 1992; SkeUy 1994; Woodward 1983).

Interspecific differences m survival due to predation, and

the factors that influence predation rates are important in

e;:plaining between-site or witlim-site differences m

species abundance patterns.

A plethora of studies on various aquatic ta;:a lias

demonstrated the important role that habitat compler.ity

plays in mediating predator-prey interactions (reviewed by

Heck and Crowder 1991). Increased habitat comple;:ity can

reduce predaLiun rates by providing cover ui. paitial lofuge

areas for prey (e.g, Folsom and Collins 1984; Rozas and Odum

1988), or by decreasing foraging success of predators

because of decreased maneuverability or visual range (e.g.,

Crowder and Cooper 1982; Savino and Stein 1982; Werner et
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al. 1983). Considering the important effect predators have

on tadpole survival and assemblaye structure, surprisingly

little research has focused on how habitat structure affects

tadpole-predator interactions. Morin {1981, 1983, 198G)

suggested that Pseudacris crueller tadpoles survived better

than Scaphiopus hoibrooki tadpoles when subject to predation

by Notophthalmus viridescens by restricting activity to the

bottom leaf litter. In contrast, G. hoibrooki actively

foraged in the water column. Whether differences in

microhabitat use or activity levels (or both) were more

important in determining vulnerability is not clear and has

not been demonstrated.

The results of the few studies that have examined the

effects of habitat structure on tadpole-predator

interactions are equivocal. In relatively simple

environments. Banks and Beebee (1988) found that even low

levels of habitat structure increased predation on tadpoles

by providing perch sites for odonate larvae. Figiel and

Semlitsch (1991) found tliat habitat comple;:ity did not

affect crayfish (Procambarus acutus acutus) predation on

artificially injured Hyla chrysoscel is . In a rare field

;jtudy, :Jredl and Collins (199^) Lound that h.ibitat

comple:city alone did not significantly affect larval

performance; however, interactions among habitat comple;:ity,

predator density, and prey density tosullo.l in comply.-., non-

linear relationships.
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Finally, dlElGrences in iii i crotial) i LaL .sLr ucLure may noL

affecL only overall predaLion raLes, but also suscepL ibi 1 1 ty

of different size classes. Hews (1995) found that small

tadpoles were more susceptible to predaLion by a fish

predator in a vegetated microhabitat whereas larger tadpoles

were more susceptible on a gravel substrate.

The question of how ant i -preda Lor responses affecL

predaLion levels in enviroiimenLs LliaL differ in habiLaL

comple;;ity would provide valuable information on how

behavior and abiotic IcaLures inLeracL lo d.^Lefmine

suscepLibiliLy to predation. For er.ample, does comple;:

habitat structure lead to decreased predation pressure on

actively foraging species that show little response to

predation, or do high activity levels lead Lo higher

predation levels regardless of habitat structure? Similarly,

for species that do respond to predators, does cover provide

enhanced protection over that due to behavioral responses?

E;:perimental e::araination of these questions should provide

additional insight into the significance of patterns of

distribution found in the field.

Uissertatiui i :: trucLui e

The research I conducted e;:amined spatial and temporal

dynamics of larval anurans and aquatic insect predators and

the effects of microhabitat structure on their predator-prey

relationships. My research has thrne general componenis: (1)
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e;:amination of the distribution patterns of larvae and

predators at 3 spatial scales (among wetlands, between

wetland zones, and within zone) across 3 suimner and 1 winter

breeding season, (2) e;:perimenta 1 manipulations to e;:amine

the effect of microhabitat on predation, and (3)

e::aminations of the effect of larval predator-avoidance

behavior on growth and development under controlled

conditions

.

I e;:amined spatial and temporal relationships of

tadpoles and aquatic insect predators in several temporary

wetlands to determine whether species composition and

distribution patterns differed among wetlands (Chapter 2)

and within wetlands relative to physical and biological

characteristics m different patches (Chapter 3). To e::amine

the potential consequences of physical features in the

environment to tadpole survival, I ronducted controlled

e::periments to determine the role of habitat comple::ity in

mediating predator-prey interactions (Chapters '\ and G)
.

In

a subset of these er.periments 1 e;:amined whether there were

different effects based on the identity of the predator

(r^haplrrs f,). I 1 so o;:amino<l wholli^u prod, .lot s i
;-.r- I, ad an

Miipoi 1,11.1 ml lu.-n.-.- on pi.-.l,,! iwn i .,1 t''l,,,|.l ' I

)
•

I'inally, I e;;amined the behaviotal responses of Rana

utricularia tadpoles to predators and the ellect ol tadpole

responses on growth and development (Chapter 5)

.



CHAPTER 2

USE OF TEMPORARY WETLANDS BY ANUIWIS IN A MODIFIED

LANDSCAPE: EFFECTS OF HYDROLOGY AND WETLAND SIZE

Introduction

Patterns of distribution of larval anurans among

aquatic sites are largely determined by two related factors:

the permanence of the site (i.e., hydrology) and the

composition of predators (Skeily 1995; Werner and McPeek

1994). These factors are strongly interrelated because

predator composition changes along hydrologic gradients.

Fish predators dominate in permanent sites; however, systems

that have an annual cycle of fiinny and dryxng prevent

predatory fish populations from becoming established.

Interspecific differences m life history traits among

anurans, such as length of the larval developmental period

and ability to breed successfully with fish predators, limit

the range of wetlands within which a species can breed

successfully. Species with long larval periods are e:;cluded

passively from sites with short hydroper rods ,
whereas most

species that breed in temporary sites do not possess the

necessary chemical or behavioral characteristics for

avoiding the heavy predation pressure found m permanent

sites (Kats et al . 1988; Woodward 1983). Because of

intcrspccilic differences among .inui.ni i > , ,

ic I i v i I i

12
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that alter wetland hydroperiod (the amount of time a wetland

holds water) can have a large ellect on the use ol wetlands

as breeding sites and the ability of the wetlands to

successfully produce metamorplis (t'echmann et al
.

1989).

Ditching of wetlands to enhance drainage can have a

large effect on anuran use of wetland sites (Vickers ct al

.

1985) . In many parts of southern Florida, wetlands have

been ditched and drained to make the naturally wet sites

more suitable for agricultural activities. Under this

management activity, large tracts of land are subject to an

e;:tensive series of interconnected ditches. Changes to

wetlands within the altered landscape include wetland loss,

reduced hydroperiod, and m some cases periodic connection

to deeper water bodies that contain fish predators. The

value of these wetlands for anurans, or how anuran

assemblages may have changed as a result of these activities

has, to my knowledge, not been e;:amined previously.

A majority of anuran species in Florida breed

e::clusively or facultatively in temporary wetland sites

(LaClaire and Franz 1990; Moler and Franz 1987). Because

temporary wetlands provide critical habitat for so many

auuians m Floiida, 1 e::amincd use oL temporary wcAlands in

a landscape modified to increase drainage to determine the

value of these altered wetlands as breeding sites for

anurans. I er.amined anuran breeding activities by sampling

anuran larvae at several temporary wetlands and asked
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whether wetland hydrology or area affected use by anurans.

I'urther, 1 compared breeding aclivily duriiK) •! summer

periods that varied in sunmier rainfall patterns.

Methods

Study Site

Researcli was conducted at the MacAr thur Aq ro-f^colocjy

Research Center (MAERC) in Lake Placid, Highlands County,

Florida. The site is an active cattle ranch consisting of

4,800 ha of improved and semi-improved pasture interspersed

with emergent wetlands and oak (Quercus virgiaiana) and palm

(Sabal palmetto ) hammock.

The ranch was ditched e;:tensively in tlie 1900 's to

enhance drainage, and most wetlands are connected to the

vast system of ditches that ultimately enters into Harney

Pond Canal, which flows into Lake Okeechobee. (Figure 2-1).

Most wetlands are properly characterized as emergent

freshwater marsh. Thick-stenmied emergents, such as

Pontederia cordata and SagitLaria lanci_folla, are dominant

species in deeper water with Panicum hemUojnon, Polygonum

punctatum and Alteranthera phUoiero^ as sub-dummant

species. Outer, shallower areas of temporary wetlands are

characterized by lower-stature emergents such as Bacopa

caroliniana ,
Hydrochloa carolinensis and Diodia v irginiana .
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Sampling Methods

From May 1994 through September 199Ij, 1 sampled 12

wetlands every three weeks (23 sampling periods)
.
One

wetland was dropped during the last si;: sampling periods due

to damage from cattle trampling. In addition, I monitored

sites from May 1993 through August 1993 during a drought

period when no breeding took place. At each site, 1

collected nine samples using a stratilied landom sampling

protocol. Three replicate samples were collected in eacli of

three concentric belts corresponding appro:;imately to one

third the radius of the wetland.

Tadpoles were collected with a 1/4-m • open-ended, bo::

trap. Bo;: traps have been used to sample small fish and

macroinvertebrates (Chick et al. 1992; Ficeman et al
.

1984;

Kushlan 1981) and anuran larvae (Caldwell et al. 1980; Calef

1973; Pfenning 1990), and are effective Jor sampling In

areas with comple:: vegetation structure. A bar seine fitting

the diameter of the bo;: trap and fitted with fiberglass

insect screening was swept through the water column (after

vegetation had been cleared) until 3 consecutive sweeps

yielded no additional captures. Samples were preserved m

Ll.u Licld wiLI. bulLoi.Hl loiinaliM ,u,.l id.-nlil i-d l<.

Species in the lab.

information on other charac tei is t ics tliat puteiitially

influence tadpole distribution and abundance within wetlands

also was collected and is reported elsewhere (Chapter 3).
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For the purposes of this study, the nine samples provided a

simple measure of breeding use (presence/absence), relative

abundance, and species richness at each site.

Wetland area was estimated from data previously entered

into a Geographic Information System. Wetland area varied

from 0.11 to 2.21 ha (Figure 2-2). Water depth was taken

from a permanent PVC stake at the center of each wetland at

the time of sampling. Rainfall data were obtained from an

all-weather gage at the research center. Hydroperiod is

usually measured as the total number of days a wetland held

standing water. I took measurements every three weeks;

therefore, 1 do not have actual dates of wetland filling and

drying. During dry-down periods, I checked wetlands between

sampling periods to determine whether wetlands actually

dried completely. Therefore, I defined hydroperiod as the

number of weeks a wetland held standing water.

Statistical Ana_lyses

Data for each site were treated as independent samples,

as were data from each suimner breeding period. I used

Pearson Product Moment correlation to determine whether

,,pccies iichnc.;^ ur tutai tadpuL. ..bund,,.,,.. w.m<- Md,,l.-d I

wetland hydroperiod or size.

During 1995, some wetlands were alfected by spill-over

of water from ditches containing fish predators (e.g.,

Lepomis sp.). To examine the effect of this disturbance on
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assemblage composition, I used a chi-square goodness of fit

test to e;:amine yearly differences in the number of tadpoles

that were from species that will or will not breed in sites

with fish predators. Because not all wetlands were affected

by this disturbance, I used the proportion of tadpoles in

each of the two categories (i.e., temporary breeding species

and permanent breeding species) in unimpacted wetlands to

generate e;:pected values for tadpole numbers rn wetlands

that were impacted.

Results

Species Richness and Abundance

A total of 3,G7y tadpoles fium 11 species was

collected. Of the 11 species caught, only the southern

leopard frog {Rana utricularia) was found at every wetland

(Table 2-1). The squirrel treefrog (Hyla squirella) was the

ne::t most widely distributed. In contrast, the oak toad

(Bufo quercicus) and southern chorus frog (Pseudacris

niqrita ) were collected from only two wetlands each.

R. utricularia was the most abundant species,

accountinq for about 44°. of ail captures (Table 2-1; i'lqure

Z-J). H. squ i re I la comprised ll'i of the s.implos, the little

grass frog (Pseudacris ocularis ), pig frog (Hani SLD^) ^'^'^

pinewoods treefrog (H^la femoralis) were moderately

abundant. The remaining species each accounted for 51 or

less of the total sample.



Anuran species richness varied from si;: to nine and was

positively correiated with wetland size (Figure 2-4; r-0.65,

p=0.023). However, the nuiiUjer of tadpoles captured was not

significantly related to wetland size (Figure 2-4; r=0.35,

p-0.29)

.

Most wetlands (n=9) dried only once during the 17 month

sampling period. The number of weeks that wetlands held

water varied from 4 9 to 65. Neither species richness

(r-0.03, p=0.93) nor number of individuals (r=0.40, p=0.22)

was related to wetland hydrology (Figure 2-5). Further,

hydroperiod was not related to wetland size (r=0.177,

p-0.602)

.

Breeding Phenology

Although the e:cact date of breeding among anurans

varies from year to year due to variability in

meteorological conditions, many species have particular

breeding seasons. During the 17 months of continuous

sampling in this study, si:: species; B. quercicus, H.

squirelj^, H. femoran^, H. gratjjosa, H. clnerea, and the

eastern narrow-mouth toad (
Gastrophryne carolinensis)

,
bred

only during the sui.uuer rainy season (Figuie 2-b). F. rngMj^

tadpoles were collected only during the winter season. I

did, however, hear sporadic calling during summer months

indicating that this species may brood on a limited basis

OMI si do Mioi, main winfor brood in<i soason. Whorons af least
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ten of the species collected bred during the suimner, only

four species; the cricket frog (
Acris gryllus)

,
K.

utricularia , P. nigrita , and P. o_cu]^ris bred during the

Winter. A. gryllus , P. ocularis and R. ulj_icuU£i± liad

tadpole occurrence patterns consistent with year-round

breeding. Finally, Ran a grylio bred during spring and

summer. Occurrence of tadpoles during winter months reflects

the long larval developmental period of this species.

comparison of Breeding Activi_tj^Among,Jl^^

Rainfall patterns differed among the three sunmier

periods (Figure 2-7). Low rainfall during the 1993 suimuer

breeding season resulted in drought conditions and dry

wetlands throughout the entire sununer . As a result, no

breeding occurred at any sites during the suimner breeding

season in 1993. Although suimuer lamfall patterns were

similar in 1994 and 1995, differences in antecedent rainfall

m winter and spring between the two years (and higher

levels in Harney Pond Canal) resulted in a higher water

table at the beginning of the rainy season in 1995. Whereas

all wetlands were dry for several months prior to summer

J,, I'lM/l, U:.> weU.UHls IImI -1, mmI . wm, -

1
.

-

1

d y in 1

did so only one to two weeks prior to the 1995 summer rains

(Figure 2-8). The consequence of the difference m water

table levels was that heavy rainfall at the beginning of the

1995 summer season resulted m ditches overflowing their
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banks and spilling water into adjacent wetlands. Comparisons

of anuran breeding activity between 1994 and 199b indicated

that species composition was affected by this flooding event

(i'igure 2-9). H. squirella and G. carolinensis ,
two species

that breed e;:clusively in temporary sites, were less

abundant in 1995 compared to 1994. In contrast, species that

associate more strongly with permanent sites, such as R.

gryiio and A. gryllus were more abundant in 1995. Wetlands

that were unimpacted by flooding had similar proportions of

tadpoles Irom species that will or will not breed in sites

with fish predators (Figure 2-10). In contrast, wetlands

that were impacted by spill-over from ditches differed

greatly in composition between 1994 and 1995 (Figure 2-10;

;'/=1008, df=3, p<:0.0001) .

Discussion

Changes due to ditching at MAERC have resulted in

changes in wetland hydrology, and in a probable shift in

assemblage structure and species composition that favors

anurans that associate more strongly with wetlands lacking

fish predators. Although historical data are not available

LuL cumpaii:.un, ,n ...cas ul FI>Mi.l,, 11,. ,1 h.ivo 1
,
y, i r .

.

I o, ,i <

:

patterns that are probably similar to pre-ditching

conditions at MAERC such as the Northern Everglades, R.

gryl^o, A. gr yl lus , and H. ci_ner-oa dominate the tadpole

community (Babbitt et al., unpubl. data). These species are
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often associated with longer hydroperiod sites that contain

lish predators, and were probably much more abundant than

they are now (Carr 1940; Duellman and Schwartz 1958).

Although each of these species bred in some of the wetlands

I sampled, they concentrated most of their breeding activity

in the larger ditches and an aLtiUciai lake (pers. obs
. )

.

Most of the wetlands on site, including those sampled

during this study, are intermediate in hydroperiod and are

best described as annually or semi-annually drying temporary

wetlands. By viewing habitat drying as a disturbance, we

would predict that the temporary wetlands at MAERC would

have the highest species richness (compared to permanent or

very ephemeral sites) based on predictions from the

intermediate disturbance hypothesis (sensu Connell 197fJ).

Both Heyer et al . (1975) and Wilbur (1984) argued that the

highest species diversity would be at intermediate values

along a hydrologic gradient. Only one species that occurs at

MAERC, the gopher frog (Rana capito) ,
was not collected

during the study. This species has an e;:tremely limited

distribution on-site, but it does breed m temporary

wetlands similar to those used in the study (pers. obs.).

Thu.., ail an.n.an species that <h-.-u. al MAKU.' b, .cJ -in

wetlands that were intermediate in hydroper iods .
In

comparison, only a sub-set of anuran species at MAERC breed

in permanent wetlands or wetlands with very short

liydroperiods

.



The long-duration temporary wetlands used in this study

appear to provide suitable breeding habitat lor all anurans

occurring at MAERC. What precludes most anurans from

successful development in permanent sites is predation by

fish. Because these temporary ponds dry on an annual (or

semi-annual) basis, the removal of the fish predator

assemblage makes these sites suitable for species that avoid

permanent ponds. At the same time, all species in south

Florida that breed in permanent ponds have larval

developmental periods that are less than a year, and

therefore could successfully reach metamorphic size in many

temporary wetlands (Ligas 19G0; pers. obs . )

.

Although temporary wetlands fall within the range of

breeding habitats that all anuran species at MAEKC

considered suitable, they probably do not necessarily

provide the "best" breeding habitat for all species. For

example, B. quercicus and P. nAgrUa were collected at only

two wetlands. Both species utilize ephemeral sites and

appeared to concentrate breeding activities at sites that

were of shorter duration than the wetlands I sampled (pers.

obs.). considering the varying life history requirements of

Lh. tadpuic. ul dKLc.euL .p.M,,.:. snH, . l.-v, 1 - „ .hum. 1.,. 1

time, presence or absence of anti-predator mechanisms, and

competitive ability, long-duration temporary wetlands are

probably suitable, but marginal habitat, for some species.

Tn contrast, these wetlands may provide "prime" breeding
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habitat for R. utricularia . R. utricularia was the most

abundant species and had the broadest drstribution. This

species also has been found to be numerically dominant or

abundant in censuses at other temporary wetland srtes in

Florida (Dalyrumple 1988; Enge and Marion 1986; O'Neill

1995; Vickers et al. 198b).

Viewed at the landscape level (i.e., MAERC) the

ditching of MAERC probably increased anuran species

richness. The effects of wetland alterations on anurans at

MAERC differ from those that occur at many other sites

because this site was altered from a large (usually)

permanent aquatic mosaic srmilar to the Everglades to a

terrestrial system containing numerous wetlands of varying

hydroperiods. Reductions rn hydroperrod at sites that are

already temporary can result in decreased species richness

or abundance because truncated liydroper iods preclude some

species from successfully metamorphosing (Pechmann et al

.

1989; Rowe and Dunson 1995; Semlrtsch 1987; Wrlbur 1987).

The effects of ditching of wetlands on anuran species

richness and breeding success depend on both the original

and resultant conditions of a site.

in this study, neither spocics i.j<:hne;;s noi tadpole

abundance was related to wetland hydroperrod. These results

contrast wrth those of Pechmann et al . (1989) wlio found that

hydroperiod was positively correlated with species richness

and the abundance of metamorphosing amphibians. In their
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study, hydroperiods varied almost by a factor of five (i.e.,

58 to 263 days) . Hydroperiods in the current study varied by

only a factor of 1.4, from 49 to G5 weeks. Further, the

}iydroperiod of these wetlands was much longer Lhan the

minimum required for metamorphosis of all the anuran species

occurrinq at MAF.RC (Liqas l^GO; Wilbur l')»7). In a (i.ve-year

study, Dodd (1992) did not find a relationship between

habitat duration and species richness at a single temporary

wetland in north-central Florida. That study was conducted

during a drought, and visitation by adult anurans was not

necessarily associated with breeding activity. Large

differences in hydrology among sites (or among years) may be

required to generate significant differences in species

richness. Relevant differences may include sites with

hydroperiods that are too short for some species to

successfully produce metamorphs, and permanent sites with

fish predators. It is likely that the wetlands in the

current study provided similar habilaL suiLability, relative

to hydrology, and that any variation in use patterns by

adults was largely related to other factors.

Species richness was positively related to wetland

size. ResuILs from studies tli.il have o::aininod l.he

relationship between wetland size and species richness or

abundance are equivocal. Whereas some researchers have found

a positive relationship between wetland area and species

richness (Kutka and Bachmann 1990; Laan and Veiboom 1990),
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others have found no relation at all (Diaz-Paniagua 1990;

Laan and Verboom 1990; Richter and Azous 199b)
.
Again,

differences in these studies may represent differences in

scale, as well as differences in other characteristics that

influence use by adults (Lann and Verboom 1990; Richter and

Azous 199b). Because species richness at a particular site

is a community metric and therefore a product of the varying

responses of coimnunity members, it may not be surprising

that the above studies provide differing results.

Within a particular class of wetlands, such as the

temporary wetlands with relatively long hydroperiods sampled

in this study, year-to-year changes in hydrology driven by

meteorological conditions may have a larger influence on

breeding use than many other factors. The largest influence

on anuran use of wetland sites at MAERC was amount and

pattern of rainfall. During the suimner drought conditions of

1993, no breeding took place in any temporary wetlands

because they were dry. In 199/1, essentially all non-

permanent sites provided suitable habitat for species that

breed in temporary wetlands because all sites dried down

prior to the summer rains. This eliminated any fish

predators that would have made tliese sites unsuitable for a

majority of species. These two years contrasted further with

199b, when some wetlands dried completely before the suimner

rains but others did not completely dry. Further, over-spill

from adjacent fish-containing ditches apparently caused some



anurans to avoid using sites that otherwise would have been

suitable

.

Although the mechanism through which adult amphibians

are able to identify sites that contain frsh is not known,

experimental choice studies have demonstrated that adults

are capable of dif ferentrating between sites that do and do

not contain fish predators (Hopey and Petranka 1994;

Resitarits and Wilbur 1991). Differences in species

composition among sites with and without frsh predators are

due (at least partly) to adult selection, noL simply

predation on the tadpoles of certain species.

The impacts of over-spill ol water from f ish-conLaming

ditches into otherwise isolated wetlands are transient

because wetlands usually dry on an annual basis. Further,

alternative sites are available for anurans that avoid

breeding m sites with predatory fish, tor e::ampfe, aitliough

species such as H. squirella and G. carolinensi^ avoided

breeding m wetlands affected by ovcr-spill [rom fish-

containing ditches, these species bred m adjacent sites

that were unaffected (pers. obs.).

in contrast, tow rainfall can result m missed breeding

oppo.tuniLics across Lhu iand.c.,u. l-ccau.. w..ll,iu.l d,„lMng

er.acerbates the dry conditions. During seasonal droughts,

the only species that can successfuffy breed are those fhat

breed at permanent sites with fish predators. Whereas

periodic seasonal droughts may have only a small impact on
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population numbers, the effects of long-term drought may be

more profound. Few studies have examined amphibian

populations during drought, and the comple:; and erratic

patterns of population number of amphibians make assessment

of the impacts of drought difficult (Dodd 1992) . However,

some species appear to be capable of surviving long-term

droughts (Dodd 1995) . Evidence that at least some

individuals within a population may be opportunistic in

selecting breeding sites, rather than philopatric, suggests

that this may be an important mechanism for maintaining a

breeding population during drought conditions (Dodd 1995)

.

Opportunistic use of breeding sites also appeared to be

important in areas affected by flooding during 1995 (pers.

obs.). Particularly in landscapes such as Florida where

wetlands are numerous, opportunistic use of breeding sites

may be more important than previously recognized (also see

Dodd 1995) .

These data suggest that temporary wetlands on this site

provide dynamic habitats that offer varying breeding

opportunities and larval developmental conditions that are

highly dependent on meteorological conditions. The effect

ul this is a spaLially-temporaliy dynamic system resulting

in differing assemblage structure and composition at

particular sites. Because MAERC contains numerous wetlands

and ditches that vary in hydrology from ephemeral to

permanent, most species can find suitable breeding habitat
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except under extreme drought conditions. During such

conditions, ditching exacerbates the drought conditions by

increasing drainage, lowering the water table, and

prolonging dry conditions.

In conclusion, historical changes to the landscape have

probably increased local anuran species richness and altered

tadpole assemblage structure at the wetlands at MAERC. An

important aspect that was beyond the scope of this study is

the effects of past and current land management on the

amount and distribution of varying terrestrial habitats. The

surrounding upland matrix can have a large influence on

wetland use as breeding sites, particularly for amphibians

that have a terrestrial adult phase (Kutka and Bachmann

1990; Laan and Verboom 1990) . For example, arboreal species

such as H. femoralis appeared to be locally abundant, but

limited in distribution. Temporary wetlands near forested

hammocks consistently contained H. femoralis tadpoles;

however, wetlands away from hammocks in large open pastures

did not. Consideration of upland characteristics is an

important aspect of overall conservation of anurans

.

Research on the relationship between upland habitat patch

characteristics and wetland use would increase our

understanding of breeding use patterns, as well as our

ability to provide guidance for managing anuran populations.

J



29

rH
• ft)

u 4-1

PC O
Eh

CM
rH

CO

iH

c rH

4J

(L) O
% iH

>l

fO

o

CD CD

c;

fO

rH rH
4J [

—

4J (U

fO

C/)

(U

o

-d^

-p

M-1

Q

/II

r 1

r*Ut
CO

\J

I—

1

o
C\l

a
m

iH
<u

o
c
(U

H

(J

O

rH
1

OJ

(U

rH

oioiiH^cr^-^^rocrirO'g^tH
ro^cnmcNjCNjiOvHoooOiH

rHU3<HCM OOrHrO'^

CTiCnLDOOOOCriOOCNIO
rH CvJ CM rH CM

OCNJCvJ0DC\|OOrHU3OrHO
^ CM CM O

OrHLOOOODOOLOrHr-r-CD
rH ^ rH rH

OLOrHO^OOO^JrHCOO
rH CM -H ^

OCMrH>XirHOOr~rHLr)CDO
lO rH =3'

oomcoroc^ocTi^cMLOO
CM rH Cn rH

oocDCoOrH'^LOOOcr^oO rH

OOrHrHOPOOrOOVDOO
ix> r~ ^ rH ro

CM

^C^10>X>OC^lOrHO'XlC^I
rH rH CM CNl Csi Cr>

OrHLOOr-OOCMCNJrHLOO
1X1 rH 00

OOOCOCMOOrHPOI^OO
rH r- IXl

OrHOrH C^iOOO
00 lD

^ r- 00 rH

•HH rH
-P M 0H m u fO H
U H (0 •H >1

m fO to 0^ 3 u M a:

3 (0 rH -H •H u to

T3u (0 3 -H fO H 0 0)

-rH o -H 0) 0) ITS c 0 3 0)

u •H H ^1 M M m m >i •H O •H
U -P > H Q) O H -H u H
d) (0 3 C g M M si >, M -H

M D- H a) u u a, M 1
'

cr CP (0 O M-l (0 o cn 3 c;

m T5 TS M 0)

o •H (0 (0 m 3 3 (0 T5
IM S-J -H .H rH 0) tt) C C H

> u >, >i >, m m (TJ c
3: -a; CM ct; p



Figure 2-1. Map of the MacArthur Agro-Ecology Research

Center showing the system of ditches that enhance drainage
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Figure 2-2. Location of wetland study sites at MAERC.
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Impacted Unimpacted

Fiqure 2-10. Comparison of total sample composition between

the 1994 and 1995 summer breeding seasons at wetlands that

were (n=6) and were not (n=5) impacted by flooding from

ditches containing fish predators. Species categorized as

temporary site breeders were species that do not breed in

sites with fish predators. Rana grylio , Rana utricularia,

Acris gryllus, and Hyla cinerea will breed with fish

predators and were categorized as permanent site breeders.



CHAPTER 3

SPATIAL AND TEMPORAL DYNAMICS OF TADPOLES AND AQUATIC INSECT

PREDATORS DEVELOPING IN TEMPORARY WETLANDS

Introduction

Predation is a major source of mortality in anuran

tadpoles (Calef 1973; Heyer et al . 1975; Smith 1983), and is

thought to have a large influence on breeding site selection

by adult anurans (Magnusson and Hero 1991) .
Fish are major

predators of tadpoles in permanent aquatic sites, and many

species appear to avoid breeding in sites that contain fish

predators (Hopey and Petranka 1994; Resetarits and Wilbur

1991) . Although ephemeral wetland sites generally do not

contain fish predators, the short duration of these sites

makes them unsuitable for species with long larval

developmental periods (Wilbur 1980, 1984, 1987). Thus

differences in habitat duration and predator composition,

coupled with interspecific differences in the selection of

breeding sites by adults, can generate differences in

species composition of larval anurans along gradients of

habitat permanence (Werner and McPeek 1994) .

However, factors that influence tadpole success, such

as abundance and composition of competitors or predators,

vary in space not only among wetland sites (Gascon 1992;

Smith 1983; Werner and McPeek 1994; Woodward 1983) but also

40
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among patches within wetlands (Banks and Beebee 1988; Diehl

1988, 1992) . Therefore, the distribution patterns of

tadpoles and predators at both the macrohabitat (breeding

site) and microhabitat (patch site) scale can have a large

influence on tadpole growth and survival, and thereby

assemblage structure.

Although the importance of considering scale has been

widely discussed (Wiens 1989, 1992), few studies of tadpole

ecology have addressed this issue. Processes that are

important in population regulation at one scale of

investigation may fail to operate at other scales (Wiens

1992) . For example, whereas predator composition has a large

influence on anuran breeding site selection, the spatial

dynamics of predators and tadpoles at the within-wetland

scale are poorly understood. If tadpoles occupy patches

that provide increased protection from predators, such as

areas with high cover (Babbitt and Jordan 1996; Chapters 4

and 6), or areas with lower predator densities (Banks and

Beebee 1988), then differential habitat use within sites may

be an important feature influencing predation rates, and

possibly assemblage structure (Morin 1986)

.

Spatial overlap at the within-wetland scale among

tadpoles and predators may be high if both groups select

microhabitats based on similar abiotic features such as

water depth, temperature, or plant cover. Understanding

such patterns, and how they vary in space and time, should



42

provide valuable insight into the potential for differences

in microhabitat selection to generate differences in species

richness and success among various sites. For example,

occupation of vegetated shallow areas of permanent aquatic

sites that have deeper, poorly vegetated open-water areas

may provide increased protection from fish predators (Diehl

1992; Mclvor and Odum 1988; Werner et al . 1983). How

distribution patterns influence predation rates on tadpoles

developing in temporary wetlands where aquatic insects are

the major predators is largely unknown.

Several studies have found interspecific differences in

tadpole distribution within wetland sites (e.g, Alford 1986;

Diaz-Paniagua 1987; Heyer 1976); however, few studies have

related tadpole distribution to predator distribution (Banks

and Beebee 1988) . The lack of research on within-site

distribution patterns of tadpoles and aquatic insect

predators leaves open the question of whether differential

distribution patterns within wetlands is a potential

mechanism for decreasing predation pressure on tadpoles.

The goal of this study was to determine the spatial and

temporal patterns of anuran larval and aquatic insect

predators within several temporary wetland sites. I asked

whether tadpoles or predators were differentially

distributed in three zones based on water depth. Further, I

asked whether habitat features influenced tadpole

distribution to determine whether tadpoles differentially
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occupied patches based on physical or chemical habitat

features. By examining distribution patterns within

wetlands, I was able to determine whether differences in

distribution could function as a mechanism, in addition to

adult breeding site selection, for decreasing predation

pressure on larval anurans.

Methods

Study Site

Research was conducted at the MacArthur Agro-Ecology

Research Center in Lake Placid, Highlands County, Florida.

The site is an active cattle ranch consisting of 4,800 ha of

improved and semi-improved pasture interspersed with

emergent wetlands and oak ( Quercus virginiana) and palm

(
Sabal palmetto )

hammock.

The ranch was ditched extensively in the 1960 'S to

enhance drainage, and most wetlands are connected to the

vast system of ditches that ultimately enters into Harney

Pond canal, which flows into Lake Okeechobee. Most wetlands

are properly characterized as emergent freshwater marsh.

Thick-stemmed emergents such as Pontederia cordata and

Saqittaria lancifoiia, are dominant species in deeper water

with Panicum hemitomon. Polygonum punctatum and Alteranthera

philoxeroides as sub-dominant species. Outer, shallower

areas of temporary wetlands are characterized by lower-

stature plants such as Bacopa caroliniana ,
Hydrochloa

carolinensis and Diodia virginiana .



44

Sampling Methods

From May 1994 through September 1995, I sampled 12

wetlands every three weeks (n=23 sampling periods) . One

wetland was dropped during the last si:: sampling periods due

to damage from cattle trampling. At each site, I collected

9 samples using a stratified random sampling protocol. Three

replicate samples were collected in each of 3 concentric

belts corresponding appro:iimately to one third the radius of

the wetland.

Tadpoles and macroinvertebrates were collected with a

1/4-m^' open-ended, bo:: trap. Bo;: traps have been used to

sample small fish and macroinvertebrates (Chick et al
.

1992;

Freeman et al . 1984; Kushlan 1981) and anuran larvae

(Caldwell et al. 1980; Calef 1973; Pfenning 1990), and are

effective for sampling in areas with comple:: vegetation

structure. A bar seine fitting the diameter of the bo:: trap

and fitted with fiberglass insect screening was swept

through the water column (after vegetation had been cleared)

until 3 consecutive sweeps yielded no additional captures.

Samples were preserved in the field with lO-o buffered

formalin. Macroinvertebrates were removed from formalin,

rinsed thoroughly in water and sLored in alcohol in the lab.

Tadpoles and macroinvertebrates were identified to species.

For the purposes of this study, the macroinvertebrate

assemblage was analyzed as a whole, rather than by species.

The assemblage consisted of 11 species of odonates from the
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families Aeshnidae, Libellulidae and three species of

Hemiptera from the families Belostomatidae and Naucoridae.

Water depth was measured to the nearest centimeter

inside each trap prior to removal of plants. Foliar coverage

of above-ground vegetation was estimated ocularly, and then

plants were removed and shaken to dislodge any macrofauna.

Grass clippers were used to clip plants as necessary to

remove all vegetation. Vegetation was placed in a mesh bag,

which was spun in the air 20 times to remove e::cess water

prior to measuring biomass to the nearest 0.1 kg. Water

temperature C'C) and pH measurements were taken adjacent to

each trap at 0.1 m below the water surface.

Statistical Analyses

Split-plot analysis of variance (ANOVA) was used to

test for effects of wetland site, sampling period (time),

wetland zone and the wetland zone and sampling period

zone interactions on the habitat features water depth, water

temperature, pH, cover, and plant biomass, and on tadpole

and macroinvertebrate density and biomass. In addition,

separate analyses were done on the three most abundant

anuran species. Values from the three samples taken within

each zone were averaged to calculate a mean value for each

zone for all parameters. Tadpole and macroinvertebrate

density and biomass values were log transformed (log (:'+!))

prior to analysis to reduce skewness. Examination of
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residuals for the measures of environmental parameters

indicated that transformations were not necessary (Sokal and

Rolf 1981) . The main effects of wetland and zone were tested

over the split-plot error (i.e., wetland x zone), whereas

the time and time x zone effects were tested over the whole

plot error (i.e., mean square error). The Bonferonni-Dunn

post hoc multiple comparisons tests was used to test for

differences among the three zones when a significant

(p<0.05) zone effect was detected (Day and Quinn 1989).

Correlation analyses were performed to examine the

relationships between the abundance of all tadpoles

combined, as well as the abundance of the three most common

anurans (H. sguirella , R. utricularia , and P. ocularis )

,

with habitat variables and macroinvertebrate abundance and

biomass (Sokal and Rolf 1981)

.

Results

Physical Parameters

Water depth, water temperature, pH, plant cover, and

plant biomass all varied significantly among wetlands and

across time (Table 3-1; Figures 3-1 through 3-5) . The main

effect of time, whicli reflects seasonal differences,

accounted for most of the variation in water depth (37%) and

water temperature (58%) . In contrast, wetland explained a

majority of the variation in pH (73%), plant cover (36%),

and plant biomass (29%). Wetlands that were adjacent to
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upland hammocks tended to have lower pH values compared to

wetlands that were surrounded by pasture. Wetland

differences in plant cover and biomass indicate differences

in plant communities, as well as differences in the areal

extent of coverage of thicker-stemmed emergents.

Significant differences among zones were detected for

water depth, pH, plant cover and plant biomass, but not for

water temperature (Figures 3-1 through 3-5)
.
Both water

depth and pH increased progressively from the outer to the

inner zone. Whereas the zone effect explained 22% of the

variation in water depth, it accounted for only 1% of the

variation in pH.

Cover levels were higher in the outer wetland zones

compared to the middle and inner zones (Figure 3-4). Cover

in the outer zone was nearly 100% at most wetlands

throughout the study. Plant biomass also differed among

zones; however, in contrast to cover where highest levels

were in the outer zone, plant biomass was highest in the

inner zone (Figure 3-5) . Whereas difference among zones

accounted for 20% of the variation in cover, it accounted

for only 5% of the variation in biomass.

Few interactions were significant, and most that were

explained very little of the variation in the ANOVA model.

The significant zone x wetland interaction for plant cover

and biomass was due to differences among wetlands in the

er.tent of the development of the inner thick-stemmed

emergent zone.
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Tadpole and Predator Distribution

Tadpole densities varied significantly among wetland,

time, and wetland zone (Table 3-2, Figure 3-6) . Wetland and

time explained 9% and 28% of the variation in tadpole

density, respectively. Densities were higher in the outer

zone compared to both the inner and middle zones, but did

not differ significantly between the inner and middle zones

(Figure 3-6) . However, zone explained less than one percent

of the variation in tadpole densities. Such differences are

probably biologically insignificant. In contrast to density,

tadpole biomass did not differ significantly among zones

(Table 3-2, Figure 3-7) . Differences among wetlands

explained 9% of the variation in tadpole biomass and time

explained 23%. Although tadpole numbers were highest at the

beginning of each summer breeding period, tadpole biomass

was highest during the winter months. This difference

reflects the dominance of the relatively larger tadpoles of

R. utricularia in winter samples.

The pattern for macroinvertebrate predators differed

from that of tadpoles. Whereas zone differences were found

for tadpole density but not biomass, the opposite was true

lor predators (Table 3-2) . Macr oiiivur Lebi a Le numbers did not

differ among zones; however, macroinvertebrate biomass was

higher in the middle zone compared to the outer zone.

(Figures 3-8 and 3-9) . Again, although zone differences in

biomass were significant, they er.plained less than one
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percent of the variation in biomass. In contrast to tadpole

density and biomass where time e;;plained most of the

variation, wetland explained a higher percentage of the

variation in macroinvertebrate number and biomass than did

time. Wetland accounted for 34°o and 24% of the variation in

macroinvertebrate density and biomass, respectively, whereas

time explained 11% and 17%. Although the numbers of

macroinvertebrates varied significantly among wetlands,

wetland size was not correlated with predator numbers

(R=0.258, p=0.44)

.

Species-Specific Responses

Three species, H. sguirella , R. utricularia , and P.

ocularis , were abundant enough to examine separately.

Wetland and time had siqnifirant effects on donsity of each

species (Table 3-3; Figures 3-10 through 3-12)
.

For H.

sguirella , time accounted for a majority of variation in

tadpole numbers (40%) . Wetland explained only 4% of the

variation in H. sguirella numbers. The main effects of

wetland and time e::plained 18% and 16%, respectively, of Lhe

variation in R. utricularia densities. These effects each

explained 12% ol the vdriaLion in P. ocularis densities. R.

utricularia and P. ocularis breed throughout the year, so it

is not surprising that time explained less of the variation

in density of these two species compared to H. sguirella ,

which is strictly a summer breeder. Differences in the
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pattern of distribution among zones were not significant for

any of these species.

Relationship to Physical Parameters

Although significant relationships were found between

tadpole numbers and many environmental variables, these

relationships were very weak (Table 3-4). The strongest

relationship was a negative correlation with water depth.

More complex patterns emerge, and some stronger

relationships were detected, when the three most abundant

species are examined separately. H. squirella had a strong

negative relationship with water depth and a strong positive

relationship with temperature and pH (Table 3-4)
.

In

addition, H. squirella was negatively correlated with plant

biomass. R. utricularia also had a negative relationship

with water depth but this relationship was weak. In contrast

to H. squirella , R. utricularia was negatively correlated

with temperature. The differences between these two species

reflect the interspecific differences in seasonality of

breeding activity. R. utricularia also was positively

correlated with plant cover. P. ocularis numbers were not

correlated significantly with any of the environmental

variables measured.
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Relationship to Macroinvertebrates

Tadpole numbers and macroinvertebrate numbers were not

significantly related, and only a weak negative relationship

was found between tadpole numbers and macroinvertebrate

biomass (Table 3-4) . No significant relationships were found

between macroinvertebrate number or biomass and any of the

three species examined separately.

Discussion

Patterns of tadpole abundance within wetlands provided

little evidence that differential occupation within wetland

zones was an important anti-predator mechanism. Although

differences in tadpole abundance among wetland zones were

statistically significant, these differences explained only

one percent of the total variation in tadpole numbers.

Examination of the entire tadpole assemblage as a group may

obscure some species-specific patterns that may ex.ist;

however, separate analyses of the three most abundant

species did not reveal any differences in distribution

relative to wetland zone. Because predator numbers and

biomass also were distributed relatively equally among

zones, differential use by tadpoles presumably would not

have been an effective mechanism for avoiding predators.

In addition to the lack of differences in distribution

based on wetland zone, tadpoles showed weak relationships

with habitat characteristics. Examination of the entire
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tadpole assemblage together revealed non-significant or weak

correlations. However, patterns among the three species

e;:amined separately indicated that the distribution of at

least one species, H. squirella , was related to some

environmental parameters. This species was negatively

correlated with depth and plant biomass, and positively

correlated with water temperature and pH. The positive

correlation with temperature was due to er.clusive summer

breeding rather than differences within wetlands (which were

not significant) . Further, the positive correlation with pH

was due to differences among wetland sites, rather than

differences within wetlands. Both water depth and plant

biomass were significantly lower in outer wetland zones,

suggesting that the negative correlation between these

parameters and H. squirella numbers was due to use of outer

zones. However, ANOVA indicated that K. squirella numbers

were not related to zone. Because H. squirella breeds

shortly after wetland fills from rainfall, use of shallow

wetlands and wetlands with less-developed zones of thick-

stemmed emergents probably contributed to the negative

correlations. Thus, correlations of H. squirella with

habitat features appeared to be largely related to early

summer breeding and adult selection of wetland breeding

sites

.

R. utricularia numbers were related only to three

variables, cover (positive), water depth (negative) and
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temperature (negative) . Similar to H. squirella, differences

may largely be related to differences among wetland sites,

since R. utricularia numbers also did not differ

significantly among zones. The negative correlation with

temperature reflects winter breeding activity. Finally, P.

ocularis numbers were not related to any variables measured.

The results suggest that within a class of wetland,

(i.e., temporary), predator avoidance may not be related to

microhabitat selection, at least at the scale examined in

this study. At the scale of wetland site, Gascon (1991)

found that species-specific responses to habitat features at

several temporary wetland sites were highly variable and

were not consistent from year to year. Thus, whereas species

may breed only in temporary sites, they may use sites that

are poorly vegetated or well vegetated (see also Heyer

1976)

.

Some studies that have examined distribution patterns

of tadpoles have found differential distribution within

sites. Generally, the patterns observed have been higher

occupation of vegetated areas and lower occupation of deeper

open-water areas or areas with very low cover (Afford 1986/

Banks and Beebee l^^6^6 ; Uiaz-Baniay ua iyU7; Hulumuzki lyfjy;

Loschenkohl 1986) . Because wetland sites in the current

study were vegetated throughout, differences in results with

previous studies may indicate that large differences in

habitat features, such as cover or no cover, may be
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necessary for generating differential distributions.

Although cover levels did vary significantly among zones,

these differences may not have been large enough to affect

microhabitat use.

Observed patterns of tadpole distribution may be

generated by a variety of processes, including differential

predation, tadpole selection of microhabitats , and adult

selection of oviposition sites. The relative role of these,

or alternative mechanisms, in generating observed patterns

is unclear. Unfortunately few studies that have examined

tadpole distribution have also examined predator

distribution. An exception is work by Banks and Beebee

(1988) who found that both predatory dytiscid beetle larvae

and Bufo calamita tadpoles were non-randomly distributed

relative to water depth and vegetation, with tadpoles

concentrating in shallow water and beetle larvae being more

common in non-vegetated, deeper water areas.

An aspect of microhabitat use not addressed in this

study is differentiation based on water column strata.

Interspecific differences in use of the water column have

been observed or inferred from tadpole morphology (e.g.,

lleyer 197J; L'eLeisun el al . ifi^ll; sou dl^o lovLow in WLlbur

1980) . Such interspecific differences often have been

interpreted as a mechanism for avoiding exploitation

competition; however, regardless of the mechanism generating

this use pattern, such differences could result in
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differential predation pressure. For example, although

aeshnid odonates such as Anax junius cling to vegetation,

many libellulid odonates are benthic (Pritchard 1965) .
Thus,

the foraging strategies of the macroinvertebrates could

generate interspecific differences in predation on tadpoles

in patches with differing predator composition.

Many odonates and anurans oviposit shortly after

wetlands fill with water; therefore, tadpoles developing in

varying parts of a wetland may face similar levels of

predation pressure. For these species, the susceptibility to

predators will largely be a function of growth rates.

Tadpoles that grow rapidly can effectively eliminate

predation threats from all but the largest predators (Crump

1984; Richards and Bull 1990; Travis et al. 1985a; but see

Crump and Vaira 1991) . Such a mechanism is probably

important for species such as H. sguirella . Thus, although

occupation of areas with high cover may decrease predation

rates on H. sguirella tadpoles (Babbitt and Jordan 1996;

Chapter 6), the timing of breeding, avoidance of sites with

,iiul rci[)i(i (jtuwLh iiKiy \>v I h.< iiu);-.l i iiif x ) r I , 1 1 1
1

in<>cli.iM i sirir.

for successful tadpole development in this species.

Although breeding early may decrease predation pressure

on some species, and may explain why the tadpoles of these

species do not show strong microhabitat use, R. utricularia ,

which is mainly a winter breeder, did not use this strategy.

It bred in sites that contained both abundant number of
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predators as well as large predators (Figures 3-8 and 3-11;

pers. obs). However, like H. squireUa, this species did not

show strong patterns of microhabitat use. Thus, lack of

microhabitat selection to avoid predation was not limited to

early breeding species. Therefore, early breeding offers

only a partial explanation for the lack of microhabitat

selection. More likely, the broad and even distribution of

the predators may make such a strategy ineffective in

wetlands that do not vary greatly in habitat features such

as plant cover.

Although tadpoles did not exhibit strong correlation

iLh many habxLaL cliai ac Lcii s L icl; , LiuiL due;.; iiuL in./aii

ccupation of patches that differ does not affect tadpole

growth and survival (Holomuzki 1986a; Sredl and Collins

1992; Travis and Trexler 1986) . Experimental studies have

demonstrated the importance of increased cover in mediating

predator-prey interactions in aquatic systems (reviewed in

Heck and Crowder 1991), including interactions between

tadpoles and aquatic insect predators (Babbitt and Jordan

1996; Chapters 4 and 6)

.

The lack of strong responses to habitat features within

wetlands contrasts with the large change in composition

observed in responses to the introduction of water from

ditches containing fish (Chapter 2). The shift from an

assemblage dominated by species that breed in temporary

sites to one dominated by species that will breed in sites

wi

o
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containing fish predators was interpreted as being due to

adult breeding site selection (Hopey and Petranka 1994;

Resetarits and Wilbur 1991) . Thus, predator composition is

important for determining breeding use at the macrohabitat

level. Although abiotic habitat characteristics may

determine use by some species, features within sites that

fall within a "suitable" range for breeding may not be

important in determining species use (Gascon 1991) .
In

addition, use patterns within sites may not be strongly

influenced by predators, except in sites with clear

partitioning of habitat features (i.e., cover versus not

cover) or predators (i.e, present/absent or

f ish/macroinvertebrates)

.

This study indicated that avoidance of sites with fish

predators, breeding shortly after temporary ponds fill, and

rapid development, appear to be the major anti-predator

mechanisms used by anuran species that breed in temporary

ponds, and that within-wetland habitat selection was of

minimal importance. A better understanding of the potential

role of microhabitat use as an anti-predator strategy could

be gained by examining more closely the size distributions

of predator and prey (e.g., Werner et al. 1983), as well as

the foraging strategies of predators compared to the

positional use by tadpoles.
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Table 3-1. Split-plot analyses of variance testing for the

effects of wetland, zone, sampling period (time), zone :i

wetland and zone k sampling period on estimates of depth,

temperature, pH, cover, and plant biomass. The main effects
of zone and wetland were tested over the split-plot error

(zone X wetland), whereas other factors were tested over the

whole plot error (mean square error)
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Table 3-2. Split-plot analyses of variance testing for the

effects of wetland, zone, sampling period (time), zone

wetland and zone sampling period on transformed estimates

of tadpole and predator densities and biomass. The main

effects of zone and wetland were tested over the split-plot

error (zone x wetland), whereas other factors were tested

over the whole plot error (mean square error)

.

Tadpole Density

Source df SS MS

Zone 2 0.,540 0.,270

Wetland 11 6., 849 0.,623

Zone X Wetland 22 0,. 848 0,,039

Time 22 21.,351 0,.971

Zone X Time 44 3,,308 0,. 075

Residual 594 43.,299 0 . 073

7 . 010
16. 162
0.529

13.314
1.031

0. 0044
0.0001
0. 9631
0. 0001
0. 4191

Tadpole Biomass

Source df SS

Zone 2 0., 136

Wetland 11 4 .,491

Zone X Wetland 22 0.,878

Time 22 11,, 503

Zone X Time 44 1,, 599

Residual 594 32,.288

MS F P

0.068 1.704 0.2051
0.408 10.234 0.0001
0.040 0.734 0.8060
0.523 9.619 O.OOOi
0.036 0.668 0.9511
0.054

Macroinvertebrate Density

Source df SS

Zone 2 0,, 078

Wetland 11 21.,740

Zone X Wetland 22 2.,258

Time 22 7,.332

Zone X Time 44 1

,

.282

Residual 594 31,.756

MS F P

0.039 0.379 0.6687
1.976 19.257 0.0001
0.103 1.920 0.0072
0.333 6.234 0.0001
0.029 0.545 0.9930
0. 053

Macroinvertebrate Biomass

Source df SS

Zone 2 0., 046

Wetland 11 1

.

, 548

Zone X Wetland 22 0,, 101

Time 22 1

,

, 123

Zone X Time 44 0.,217

Residual 594 3,,387

MS F P

0.023 4.972 0.0165
0.141 30.601 0.0001
0.00b 0.806 0.7195
0.051 8.951 0.0001
0.005 0.864 0.7208
0. 006
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Table 3-3. Split-plot analyses of variance testing for the

effects of wetland, zone, sampling period (time), zone x

wetland and zone k sampling period on transformed estimates

of H. squirella , R. utricularia , and P. ocularis densities.

The^main effects of zone and wetland were tested over the

split-plot error (zone x wetland), whereas other factors

were tested over the whole plot error (mean square error)

.

H . squirella

Source df ss MS F P

Zone 2 0,.042 0,.021 3..246 0..0582

Wetland 11 0..813 0,.074 11,,398 0..0001

Zone X Wetland 22 0..143 0,.006 0.,348 0.,9978

Time 22 8..084 0..367 19,,726 0,.0001

Zone X Time 44 0,.332 0,.008 0,.405 0,,9998

Residual 594 11

,

.065 0 .019

R. utricularia

Source df SS

Zone 2 0. 072

Wetland 11 7 . 187

Zone X Wetland 22 0. 766

Time 22 6. 248

Zone X Time 44 3. 272

Residual 594 22. 592

P. ocularis

Source df SS

Zone 2 0. 044

Wetland 11 1

.

240

Zone X Wetland 22 0. 242

Time 22 1

.

205
Zone X Time 44 0. 161

Residual 594 7 . 047

MS F P

0 .03 6 1 .028 0. 3743

0 . 653 18 .767 0. 0001

0 .035 0 .915 0. 5746

0 .284 7 .468 0. 0001

0 . 074 1 .955 0. 0003

0 .038

MS F P

0 . 022 2 .011 0. 1578

0 .113 10 .243 0. 0001

0 .011 0 .928 0. 5581

0 .055 4 .619 0. 0001

0 .004 0 .308 1. 0000

0 .012
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Table 3-4. Correlations between all species, Hyla squirella ,

Rana utricularia , and Pseudacris ocularis with water depth,

temperature, pH, plant cover, total plant biomass, and

macroinvertebrate density and biomass.

Water depth vs

,

H . squirella
R. utricularia
P . ocularis
All species

0.432
0.197
0.051
0.230

0.0008
0.0020
0. 6752

<0.0001

Temperature vs

pH vs

Plant biomass vs

Plant cover vs.

H. squirella
R, utricularia
P . ocularis
All species

H. squirella
R. utricularia
P , ocularis
All species

H . squirella
R. utricularia
P . ocularis
All species

H . squirella
R. utricularia
P . ocularis
All species

0. 391 0. 0027
-0. 244 0. 0002
0. 152 0. 2254
0. 122 0. 0017

0. 386 0. 0030
0. 150 0. 0557

-0. 181 0. 1948
0. 130 0. 0025

-0. 295 0. 0257
-0. 014 0. 8218
-0. 026 0. 8292
-0. 069 0. 0691

0. 132 0. 3291
0. 254 <0. 0001
0. 190 0. 1155
0. 151 0. 0001

Macroinvertebrate H. squirella -0.269
J'^^^^

density vs. R. utricularia "O-O^S O-^Jl^
P. ocularis -0.073 0.6139

All species -0.073 0.0530

Macroinvertebrate
biomass vs.

H . squirella
R. utricularia
P . ocularis
All species

0.029
0. 100
0.245
-0.136

0.8477
0.1344
0.0838
0. 0003
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Figure 3-1. Variation in water depth (mean +1 SE) among

sampling dates (top), wetland (middle), and wetland zone

(bottom) . Zone means with different letters are

significantly different.
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CHAPTER 4

EFFECTS OF COVER AND PREDATOR SIZE ON SURVIVAL AND
DEVELOPMENT OF RANA UTRICULARIA TADPOLES

Introduction

Size-limited predation is a particularly important

process during amphibian development. Predation levels in

systems with size-limited predators are largely dependent on

the relative sizes of predator and prey (Ebenman and Persson

1988) . Numerous studies have shown that predation rates on

tadpoles are a function of tadpole body size, and a majority

of mortality due to predation occurs early in development

(e.g., Banks and Beebee 1988; Cronin and Travis 1986;

Richards and Bull 1990, Semlitsch 1990, Semlitsch and

Gibbons 1988; Travis et al. 1985a). Thus, it has been

suggested that selection for rapid growth during the larval

phase may, at least in part, be a response to predation by

size-limited predators (Travis 1983, Travis et al. 1985b).

For anurans breeding in temporary aquatic habitats,

oviposition shortly after the breeding site fills provides a

potentially important mechanism for decreasing predation

pressure. For example, because dragonflies, a major predator

of tadpoles in temporary breeding sites, also oviposit after

pond filling (Ward 1992), tadpoles that grow rapidly often

74
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are able to reach a size refuge and decrease their

cumulative risk of predation. Because a majority of

predation on tadpoles occurs early in development, the

"growth race" between dragonfly naiads and tadpoles can have

a particularly large influence on the ability of predators

to regulate tadpole populations (Caldwell et al. 1980;

Tejado 1993; Travis et al . 1985a).

Not all species that use temporary wetlands employ this

reproductive strategy, however. The southern leopard frog

(
Rana utricularia ) breeds year round; however, the majority

of breeding is done during the winter-spring breeding

season. In addition, this species has very broad breeding

site associations. This can result in larvae being exposed

to an assemblage of aquatic insect predators that are

already established, and therefore large in size relative to

newly hatched tadpoles. Thus, early predation pressure by

large predators may be significant. Under such

circumstances, physical features of the environment, such as

complex habitat structure, may provide an important

mechanism for lowering predation rates.

Habitat structural complexity has been shown to be an

important factor mediating predator-prey interactions

(reviewed in Heck and Crowder 1991) . Increased habitat

complexity can reduce predation rates by providing cover or

f)atLLal rorugc ar'cas for pr'cy (o.q, P'olsom and Collins 190'!;

Rozas and Odum 1988), or by decreasing foraging success of
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predators because of decreased maneuverability or visual

range (e.g., Crowder and Cooper 1982; Savino and Stein 1982;

Werner et al. 1983) . R. utricularia tadpoles can grow to a

large size relative to most aquatic insect predators, thus

mechanisms that decrease early predation pressure may have a

particularly important effect on overall survival rates.

In this study I exposed tadpoles of the southern

leopard frog to two levels of cover and two size classes of

the same predator. By doing so I could determine whether

increased habitat complexity (i.e., cover) provides a

mechanism for decreasing predation and further whether such

protection is dependent on predator size. I predicted that

predation rates would be lower at high cover levels and that

large predators would be more effective than small predators

regardless of cover level. In addition, because the thinning

effects of predators can release prey from competition

(Wilbur 1987, 1988), I predicted that tadpoles developing in

treatments with higher predation rates (i.e., low cover and

large predator) would have enhanced growth.

Methods

Experimental Design

I er.amined development and survival of tadpoles in a

factorial experiment in which I manipulated cover level

(high versus low) and predation (large, small, or no

predator) in a complete randomized block design replicated
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four times. I established a rectangular array of 24, 1.14 m

diameter plastic wading pools with tight fitting fiberglass

screen tops at the MacArthur Agro-Ecology Research Center

(MAERC) in Lake Placid, Highlands County, Florida. On 8

March 1995, I filled pools with 95 1 of well water (depth =

12 cm) and added 1000 ml of well-mixed algae and zooplankton

collected from several wetlands. I added an additional 500

ml of algae and vegetation (see below) on 16 March 1995.

Water overflow was prevented by a drainage pipe. I checked

pools weekly to determine if water levels were maintained at

the proper level by rainfall. When rainfall was not adequate

to compensate for evaporation, I added well water (3 times

during the experiment)

.

I provided two levels of cover, 2000g or 500g (wet

weight), of the aquatic plant Hydrochloa carolinensis . H.

carolinensis is a thin-leafed grass that provides complex

structure throughout the water column. It is abundant in

wetlands at MAERC. Both treatments provided cover throughout

the water column; however, the higher cover level provided

relatively dense cover whereas the low cover treatment

provided relatively sparse cover. Predator treatments were

large (mean + 1 SE : 4.18 + 0.26 cm; n = 6) or small (2.35

0.11 cm; n = 6) Tramea Carolina (Odonata: Libellulidae)

naiads, or no predator.

On 23 March 1995, I haphazardly added 30 Gosner (1960)

stage 25 (0.04 + 0.01 g n = 15) tadpoles to each pool. I
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added predators the following day. When metamorphosis

commenced, I checked pools twice a day for tadpoles with

emerged forelimbs (stage 42; Gosner 1960) . I held tadpoles

individually in 500-ml plastic jars until tail resorption

(stage 46; Gosner 1960), and then recorded wet mass (to

0.001 g) .

During the second week of May 1995, the area

experienced an unseasonal heat wave with daytime highs

exceeding 32"C for several days. At the end of the heat wave

air temperatures exceeded 38"C and water temperatures

reached 40"C. This event caused a massive die-off of

tadpoles on 15 May 1995. At this stage of the experiment 71%

of tadpoles surviving to that point already had

metamorphosed successfully. I collected the dead tadpoles

and sacrificed any tadpoles that remained alive and obtained

developmental stage. Thus, 15 May 1995 was considered the

end of the er.periment. Because of the die-off, response

variables were the mass of tadpoles that reached Gosner

(1960) stage 46 (stage 42 by 15 May 1995), age of metamorphs

(calculated as the start of the experiment to stage 42), and

percent survival. Because tadpoles were large compared to

prcdaLors, I assumed LliaL any Ladpoles in the pools on 15

May 1995, whether dead or alive, would have survived

predation. Thus, survival was based on the number of

tadpoles that reached stage 46 plus pre-metamorphic tadpoles

that remained at the time of the die-off.
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Statistical Analysis

Treatment effects were analyzed using two-way fi::ed

effect analysis of variance (ANOVA) . Mean values per pool

were analyzed because measurements of individuals within

pools are not independent. One replicate from the no

predator low cover treatment was dropped from the

er.periment because the pool developed a leak causing rapid

water loss resulting in tadpole mortality. Percentage data

vjctc ciiujularly I t .uil; fuimod .ukI oIIum i c';;[)on;;o VcUi.ibU^;; wlm o

log transformed (log(x + 1) for mass values) prior to

analysis. I performed orthogonal contrasts to test for

predictions regarding effect of predators (high predation by

large predators) and cover (higher predation at lower

cover), as well as prediction regarding enhanced growth.

When interactions were significant (p<0.05), I conducted

separate comparisons within treatment levels.

Results

Survival

Predator treatment had a significant effect on total

survival, accounting for 71.6% of variation in survival.

I lowi .• VI.' I , U K' ( •
I I

( M : I u I | j i t m I, i I i ; i wi •
i c i li [ » i u I. -

i 1 1
iH i < ( j v. i

(Figure 4-1; Table 4-1) . Orthogonal contrasts indicted that

survival of tadpoles was lower in treatments with large

predators compared to treatments with no or small predators.

This was true at high (F=34.66, p<0.001) and low (F=11.80,
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p=0.004) cover treatments. The interaction between predator

and cover was due to lower survival within the low cover

treatment compared to the high cover treatment for tadpoles

e::posed to large predators. However, the interaction

explained only 8.3% of variation. Small predators were

largely ineffective. Survival of tadpoles in pools without

predators did not differ from that of tadpoles in pools with

small predators, regardless of cover (contrasts: low cover

F=0.11, p-0.74; high cover F=0.07, p=0.8Q). The main effect

of cover was not significant. Overall, tadpole survival was

lowest under the large predator low cover treatment.

Mass at Metamorphosis

Mass at metamorphosis was affected by the main effects

of predator and cover, and by the interaction of cover and

predator (Figure 4-1; Table 4-1) . Within the large predator

treatment, tadpole mass was higher within the low cover

treatment compared to the high cover treatment (F=24.42,

p-0.002). Effects of small (F=0.02, p=0.88) and no predator

(F=1.16, p=0.30) treatments were not significantly

influenced by cover. Effects of predator treatment on

tadpole mass at metamorphosis were not significantly

different within the high cover treatment (F=2.748, p=0.12);

however, in low cover treatments, tadpoles within the large

predator treatment were significantly heavier than those in

the small (F=37.51, p<0.001) and no (F=24.5, p<O.OQl)
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predator treatments. Tadpole mass did not differ between the

small predator and no predator treatments within the low

cover treatment (F=0.41, p=0.53).

Age at Metamorphosis

The main effect of predator and the interaction of

predator and cover had a significant effect on age at

metamorphosis; however, the main effect of cover was not

significant (Figure 4-1; Table 4-1). At high cover levels,

age at metamorphosis was not significantly affected by

predator treatment (F=0.01, p=0.92). However, within the low

cover treatment, tadpoles exposed to large predators

metamorphosed earlier (F=11.34, p<0.001) compared to the

small and no predator treatments, which did not differ

(F=0.001, p=0.97)

.

Discussion

Predator size had a much larger effect on tadpole

performance than did level of habitat comple;:ity. High cover

level did reduce predation levels compared to low cover when

large predators were present, suggesting that habitat

complexity does provide increased protection from predators.

The most parsimonious interpretation for lack of effects by

small predators is that tadpoles were able to grow large

enough early in the experiment to reach a size refuge and

escape predation. Thus, early growth by R. utricularia
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tadpoles developing in temporary environments can greatly

reduce predation pressure from aquatic insects that are

oviposited around the same time.

Similarly, growth probably decreased overall predation

rates by large predators; however, tadpoles were within the

gape limits of large predators for a longer time, allowing

increased predation by odonate naiads. Because tadpole

survival was higher at high cover levels when large

predators were present, this suggests that increased cover

decreased the foraging efficiency of T. Carolina naiads. A

possible alternative hypothesis is that tadpoles raised

under higher cover grew faster and therefore decreased

predator success by surpassing the gape limits of predators.

This is unlikely, however, because growth of tadpoles on the

other treatments differed little relative to cover level.

Thus, the most likely er.planation for decreased predation at

high cover levels is interference in predator foraging.

Decreased foraging efficiency with increasing habitat

complexity has been found in other studies of aquatic insect

predators, including species that are active foragers (e.g.,

Anax junius ) and sit and wait predators (e.g., Belostoma

sp.) (Chapter 6). Heck and Crowder (1991) predicted that

less mobile predators would actually have increased foraging

efficiency in complex habitats due to increased perch sites

for foraging. Banks and Beebee (1988) demonstrated that

increasing complexity from no vegetation to some vegetation
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increases foraging success of odonate naiads on Bufo

calamita tadpoles. Their study provides some support for

Heck and Crowder's prediction. However, a majority of

research to date suggests that, like their mobile piscine

counterparts, aquatic insects often have decreased foraging

efficiency in structurally complex habitats.

R. utricularia tadpoles reduce activity in the presence

of Anax junius naiads (Chapter 5) . Reduced activity has been

identified as a potentially important anti-predator

mechanism in many amphibian species, particularly among

species that breed in permanent aquatic habitats where fish

are the dominant predators (Werner and McPeek 1994; Werner

and Anholt 1993) . Research suggests that the anti-predator

response is general, rather than predator specific (Stauffer

and Semlitsch 1993) . Thus, reduced activity may have

afforded R. utricularia some protection from predation. The

results of this study, however, suggest that size

differences between predator and tadpole may be more

important than prey activity, at least when aquatic insects

are the predators. For example, increased cover also

decreased predation levels on Hyla squirella tadpoles, a

species that has liiyh activity levels even in tlie pieseuce

of predators (Chapter 6) .

The thinning effects of predators resulted in larger

tadpole size and more rapid development (earlier age at

metamorphosis) . These results agree with other studies of
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predation on tadpoles that have found enhanced growth of

surviving tadpoles (Wilbur 1987, 1988) . Under these

circumstances, predation can provide an overall positive

effect on population size, resulting in a mutualistic

relationship between predators and tadpoles that escape

predation. Particularly in environments where habitat

desiccation is a significant mortality threat, the thinning

effects of predators can lead to increased survival among

individuals that escape predation (Wilbur 1987) . For

example, in cattle tank experiments where habitat drying was

manipulated, Wilbur (1987) demonstrated that R. utricularia

tadpoles subject to predation by newts actually had higher

survival compared to tadpoles in tanks without predators.

When predators were absent, competitive effects led to

decreased growth and prolonged development, resulting in

death due to desiccation.

In this study, the enhanced growth of tadpoles in the

large predator treatments suggests that tadpoles in

treatments where predation was low experienced intraspecif ic

competition. Even so, this had little effect on

susceptibility to predation, which was determined more

bLiungly by piedaLui size Llian any cuitipu L i L i vc eliecLs diuoiig

tadpoles. This suggests that competitive effects were

probably not significant until after tadpoles had already

grown beyond the gape-limits of T. Carolina naiads.
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The importance of relative size differences between

tadpoles and aquatic insect predators has been demonstrated

many times (Brodie and Formanowicz 1983; Caldwell et al.

1980; Crump 1984; Formanowicz 1986; Richards and Bull 1990;

Travis et al. 1985a). Although some studies have shown that

larger tadpoles may be selected over small tadpoles if both

size classes are within the gape-limits of predators (Crump

and Vaira 1991; Tejedo 1993), predation on tadpoles that are

capable of growing beyond the gape-limits of predators is

concentrated on smaller, early-stage tadpoles. This study

provides additional evidence of the importance of relative

size differences between predators and tadpoles. Further, it

demonstrates that habitat structural complexity can play an

important role in mediating predator-prey interactions, even

when tadpoles start out at a size disadvantage relative to

predators

.



86

Table 4-1. Summary of ANOVA for responses of Rana
utricularia tadpoles to cover and predator treatments. CD is

the coefficient of determination, which is the percentage of

variation in the response variable attributable to the

treatment effect.

Percent Survival

Source of variation df SS F P CD

Block 3 0 .03834 0 . 68 0 . 578 2.3

Predator 2 1 . 19807 31 . 92 <0 . 001 71.6

Cover 1 n 0'^4q3 1 8 6 0 . 194 2 .

1

Predator ; Cover 9 U 1 ^ Q T
. 1 J J? D J> J 1? n 051• ^ X 8 .

3

Error 1 A1 H n

Mass (g)

Source of variation df SS F p CD

Block 3 0 . 01888 1 .97 0 .165 7.6

Predator 2 0 .10474 16 .40 <0 .001 42.2

Cover 1 0 .03549 11 .11 0 .005 14.3

Predator : Cover 2 0 . 04429 6 .93 0 .008 17.9

Error 14 0 .04472

Age (days)

Source of variation df SS F P CD

Block 3 0 . 00009 0 .29 0 .835 2.5

Predator 2 0 .00088 4 .04 0 .041 24.2

Cover 1 0 . 00007 0 . 61 0 .450 1.9

Predator : Cover 2 0 .00107 4 .89 0 .025 29.4

Error 14 0 .00153
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Figure 4-1. Mean (+ 1 SE) responses of Rana utricularia
tadpoles to cover and predator treatments: percent survival

(top), wet mass at metamorphosis (middle), and age at

metamorphosis (bottom) . Squares indicate high cover, circles
indicate low cover.



CHAPTER 5

EFFECTS OF FOOD AVAILABILITY AND RISK OF PREDATION ON
BEHAVIOR AND GROWTH OF RANA UTRICULARIA TADPOLES

Introduction

Investigations into the role that predation plays in

the regulation of prey populations and assen±)lage structure

have led to an increased understanding that the effects of

predators are broader than those associated with direct

predator-induced mortality. Studies documenting keystone

predator effects (Paine 1969) and trophic cascades

(Carpenter et al. 1987; Power 1990) demonstrate the large

effects predators can have on assemblage structure even when

such effects are indirect.

Direct, but non-lethal, effects (sensu Strauss 1991)

can have a large impact on prey populations as well. Such

effects are often manifested through a shift in the behavior

of prey in response to the presence of a predator.

Behavioral adjustments to avoid predators may involve a

shift in microhabitat use or a change in timing or amount of

activity (reviewed in Lima and Dill 1990). Facultative

reductions in activity in response to the presence of a

predator have been documented in a wide variety of ta::a

including aquatic insects (McPeek 1990; Peckarsky et al.

1993), crustaceans (Stein and Magnuson 1976), fishes (Eraser

88
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and Gilliam 1987), and anuran larvae (Lawler 1989; Semlitsch

and Reyer 1992; Skelly 1995; Skelly and Werner 1990; Werner

1991) . Reduction in activity may be a widespread response

to predators because prey activity is a large component of

the process through which many predators detect prey (Lima

and Dill 1990; Werner and Anholt 1993) . Thus, there should

be strong selection pressure against activity in the face of

predation

.

Reduction in activity, however, involves a trade-off

between decreasing risk of predation and obtaining resources

because both risk (predation) and reward (resources) are

positively related to activity (Werner 1992b; Werner and

Anholt 1993) . The trade-off between predation risk and

resource acguisition suggests that an important non-lethal

effect of predators on prey is a decrease in growth (Skelly

and Werner 1990) . Both intraspeci f ic and interspecific

differences in activity have been related to competitive

ability in tadpoles: active tadpoles are often competitively

superior (Lawler 1989; Morin 1983; Werner 1991, 1992a;

Woodward 1983) . However, active tadpoles are also more

susceptible to predation (Anholt and Werner 1995; Azevedo-

Ramos et al . 1992; Skelly 1994). This inverse relationship

between susceptibility to predation and competitive

superiority associated with activity level can have a large

influence on assemblage structure (Morin 1983, 1986)

.
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The strength of non-lethal predator effects, in turn,

may be largely influenced by background resource levels.

Theoretical models predict that activity should be inversely

related to mortality risk (Abrams 1993; McNamara and Houston

1987, 1994; Werner and Anholt 1993) . These models also

predict that foraging activity should be inversely related

to resource level when mortality risk is dependent on

foraging activity (Abrams 1993; McNamara and Houston 1987,

1994; Werner and Anholt 1993) . For example, Anholt and

Werner (1995) found that activity rates of Rana catesbeiana

tadpoles exposed to predators were inversely related to food

level, and this resulted in lowered mortality for tadpoles

on a high food level. However, when mortality risk is

independent of activity, foraging activity should increase

with increasing resource levels (McNamara and Houston 1994)

.

Therefore, both predation risk and resource availability

should be er.amined to understand the consequences of

behavioral adjustments on individual growth.

The purpose of this study was to examine the

behavioral responses and growth performance of tadpoles of

the southern leopard frog (
Rana utricularia ) raised on

different resource levels both in the presence and absence

of a non-lethal predator. By altering both the perceived

risk of predation and resource levels, I was able to examine

the relative importance of these factors and how they

interacted during the development of anuran larvae.
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Model Predictions

Growth and Development

The Gilliam-Werner model (Gilliam 1982; Werner 1986)

predicts that fitness in pre-reproductive individuals is

ma::imized by minimizing the ratio of mortality (u) to growth

rate (g) . Based on this model, factors that increase

mortality in the larval environment should result in

decreased size at metamorphosis (see hypothetical u/g curves

in Werner 1986) . Increases in resource level increases

growth rate and therefore results in the opposite effect;

increased size at metamorphosis. Reduction in activity in

response to predators decreases foraging rates and therefore

should result in smaller size at metamorphosis.

The Gilliam-Werner model makes no prediction about the

length of the metamorphic period because reduced size could

result from either early metamorphosis at smaller size or

prolonged larval period under poorer growth opportunities

resulting in smaller size (Wilbur and Collins 1973)

.

Activity

If tadpoles are responding to predators they should

reduce activity in their presence (Abrams 1993; McNamara and

Houston 1987, 1994; Werner and Anholt 1983) . Further,

tadpoles under a higher food regime should be less active

than those under a poor regime of nutrition in the presence

of a predator (Werner and Anholt 1993) . When predators are
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absent, activity rates should be positively related to

resource level (McNamara and Houston 1994).

Based on these models, I predicted that tadpoles would

reduce activity in response to the presence of predators and

that this would result in a smaller size at metamorphosis.

Further, I predicted that activity level would be positively

related to food resource when predators were absent but

negatively related to resource level when predators were

present

.

Methods

I examined growth and behavior of tadpoles in a

factorial experiment in which I manipulated resource levels

(low versus high per capita food level) and non-lethal

ex.posure to larval dragonflies Anax Junius (Odonata:

Aeshnidae) . On 19 February 1995 I collected a single R.

utricularia egg mass from an ephemeral wetland at the

MacArthur Agro-Ecology Research Center in Lake Placid,

Florida. The egg mass was held in a plastic wading pool

filled with rain water and allowed to hatch. Late instar A.

junius naiads were collected from ephemeral wetlands at the

research center and maintained in the laboratory on a diet

of R. utricularia tadpoles.

On 1 March 1995 I haphazardly added four Gosner (1960)

stage 25 tadpoles (mean + 1 SE: SVL = 5.75 + 0.3 mm,

preserved wet mass = 0.031 + 0.003 g) to each of 24 plastic

containers (34x29x14 cm) . Containers were filled with seven
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liters of aged well water and arranged on laboratory shelves

in six blocks of four containers each. Fiberglass bags (8x12

cm) were suspended along one side of the container to hold

predators. Bags prevented predators from preying on tadpoles

but allowed tadpoles to chemically detect predators. Bags

in predator treatments contained one late instar A. j unius

naiad, whereas empty bags were used as controls in no-

predator treatments. Once a week, following water changes,

each predator was fed a single R. utricularia tadpole.

Predators were replaced with new individuals as necessary

throughout the experiment.

Tadpoles were fed a finely ground mixture of Purina

rabbit chow and pelleted fish food (3:1 by mass). Low food

treatments received per capita rations (7.5o body mass) that

were limiting, whereas high food treatments received per

capita rations (15% body mass) that promoted growth and

development (Alford and Harris 1988; Werner 1992a) . The

quantity of food added to each container was determined by

the following formula: per capita food ration x mean mass of

the tadpoles in container :i number of tadpoles surviving in

container x number of days to next feeding. Within each

tood treatment, the mean tadpole mass per container was

determined once a week by weighing tadpoles from containers

without predators.

I changed container water every week at the beginning

of the study, twice a week by week three, and every other
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day by week five to avoid water fouling. A light-dark cycle

of 14:10 was provided by a series of florescent lights and

natural lighting. Water temperature varied between 22-24"C

during the experiment.

Behavioral Observations

I used scan sampling to measured activity rates and

location of tadpoles within containers during the first four

weeks of the experiment (n=18 observations) . I made

observations between 0900-1400 h on non-feeding days and

terminated observations at 4 weeks because older tadpoles

appeared to react to my presence. I recorded the number of

tadpoles moving (swimming or feeding) and the number of

tadpoles on the side of the container opposite the predator

bag and converted counts to percentages for each bin

averaged across the 18 observation periods.

Response Variables and Statistics

Metamorph mass (wet weight) was measured when at least

one forelimb had emerged (stage 42, Gosner 1960) . The larval

period was defined as the start of the experiment to

forelimb emergence. Container means were used as response

variables for all statistical analyses. Mass and larval

period data were log-transformed and activity and

distribution data were angularly transformed to homogenize

variances and normalize data prior to analysis. I used
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factorial ANOVA testing for the effects of laboratory block,

predator presence, resource level, and the interaction of

predator presence and resource level on response variables

(Snedecor and Cochran 1980) . I performed orthogonal

contrasts to test my predictions regarding effects on mass

and activity. Additional contrasts determined whether the

presence of a predator affected the length of the larval

period.

Results

Effects on Survival

Survival to foreliiiib emergence was 98 o. One tadpole

jumped out of its container and one died of unknown causes.

Effects on Growth and Development

Food treatment had a significant effect on tadpole mass

at metamorphosis, accounting for 49% of the variation in

tadpole mass (Table 5-1) . Tadpoles on the high food

treatment were 25.7% larger than tadpoles on the low food

treatment. The main effect of predator was not significant;

however, there was a significant interaction between food

and predator treatment (Figure 5-1) . Tadpoles on the low

food treatment were 14.3c smaller when predators were

absent, whereas tadpoles on the high food treatment were

8.2°b larger in the absence of A. junius . Orthogonal

contrasts indicated that differences in mass within food



96

treatment were significant for tadpoles on low food (F=4.88,

p=0.043) but not for tadpoles on high food (F=1.659,

p=0.217)

.

Both food and predator treatments affected age at

metamorphosis (Table 5-1) . Food had the largest effect,

explaining 77.7% of the variation in larval period, whereas

predator treatment accounted for only 8.5% of the variation

(Figure 5-1). Lowered food levels resulted in a 12. 3o

increase in larval period, whereas non-lethal er.posure to a

predator prolonged the larval period by 4.3% (about 2 days).

The interaction between food and predator was marginally

significant (Table 5-1) . Orthogonal contrasts showed that

tadpoles on low food reached metamorphosis significantly

earlier when predators were absent (F-14.15, p=0.002);

however, age at metamorphosis was not affected by predator

treatment for tadpoles on high food (F=2.32, p=0.148).

Effects on Tadpole Activity and Distribution

The presence of A. junius had a significant effect on

the spatial distribution of tadpoles, accounting for 45.2%

of the variation in distribution (Table 5-2). Overall, 69.8%

oi the tadpoles were on the side uL Lliu conLaiuci opposite

the predator when A. junius was present compared to 54.8%

when predators were absent (Figure 5-2) . Neither food nor

the interaction of food and predator was significant.
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The effects on activity were more complex. Predator

presence had a significant effect; tadpoles in predator

containers reduced activity by 60. 80 (Figure 5-2). Both food

and the interaction of predator and food treatments were

marginally significant (Table 5-2) . When predators were

present, activity levels were similar on both food

treatments. Activity levels were higher when predators were

absent for both the high food (F-29.57, p=0.0007) and low

food (F=5.94, p=0.028) treatments; however, tadpoles on the

high food treatment had a higher level of activity compared

to tadpoles on the low food treatment when predators were

absent (Figure 5-2)

.

Discussion

Behavioral Responses

Tadpoles altered both spatial distribution and activity

levels in response to the presence of predators. Because

activity level is positively correlated with mortality risk

(Skelly 1995; Werner and Anholt 1993), reduced activity can

be an important mechanism for decreasing risk of predation.

Reductions in activity in response to predators have been

found in several oLlier anurau species including Pseudaci is

crucifer (Skelly 1995), Bufo terrestris (Skelly and Werner

1990), Rana clamitans and Rana catesbeiana (Werner 1991,

1992b) , Rana lessonae and Rana esculenta (Horat and

Semlitsch 1994) . Decreases in tadpole activity in response
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to predators appears to be a general, rather than a

predator-specific response (Lawler 1989; Semlitsch and

Gavasso 1992) . Further, interspecific differences in

response to predators appear to be strongly related to

differences in breeding habitat association. Species that

behaviorally respond to predators, such as those listed

above, typically develop in sites that contain large

predator populations (i.e., permanent sites or sites with

long hydroperiods) . In contrast, species using the most

ephemeral habitats, which often lack predators, generally do

not possess the same behavioral mechanisms for avoiding

predation (Babbitt, unpubl. data; Woodward 1983).

The costs and benefits of behavioral activity patterns

in tadpoles, and therefore the e::pression of such patterns,

appear to be strongly related to differences in the major

source of mortality at permanent (i.e., predation) versus

ephemeral sites (i.e., habitat desiccation) (Skelly 1995).

In most situations, behavioral adjustments that are flexible

and context-specific should be strongly selected for because

individuals possessing such flexibility should be better

able to balance costs and benefits associated with specific

activities (Sih 1987) . Thus, wlLli tlie exception ol sites

that are too short in duration for larvae to complete

development, species with tadpoles that reduce mortality

risk through reductions in activity could potentially breed

in a wide variety of sites containing different suites of
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predators. R. utricular ia provides a good example, because

it breeds in a wide range of habitats, including permanent

sites containing fish predators and temporary sites where

macroinvertebrates are the main predators (pers. obs)

.

R. utricularia tadpoles also altered spatial

distribution in response to predators. In simple

environments, such as the one used in this study, spatial

shifts are limited to near versus away from the predator

(e.g., Skelly and Werner 1990). Other studies have

demonstrated shifts to refuge areas and benthic micohabitats

(Holomuzki 1986b; Lawler 1989; Semlitsch and Gavasso 1992)

.

The potential growth costs of shifts in spatial distribution

are clear for species that occupy refuge areas that lack

food, or for species that shift locations to areas with

lower food availability. However, for individuals that are

developing in areas that offer partial refuges from

predators, such as areas with increased plant cover,

movement away from predators may not always involve a trade-

off between mortality and growth (Diehl 1992) . Increased

cover may provide increased food resources, as well as

increased protection from predators (Mclvor and Odum 1988) .

Overall, the largest costs associated with predator-induced

habitat shifts are probably linked to differences in the

spatial distribution of food resources, competitors, and

predators. Thus, trade-offs between mortality risk and food

acquisition related to habitat shifts may or may not be

biologically significant.
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Growth and Development

The presence of predators resulted in longer larval

periods (i.e., delayed metamorphosis) on both food

treatments. However, the effects on mass at metamorphosis

were dependent on resource level. Tadpoles raised under the

low food treatment metamorphosed at larger sizes when

predators were present, whereas metamorphs on the high food

treatments were larger when predators were absent. Although

tadpoles had similar activity levels when predators were

present, tadpoles on the high food treatment were more

active when predators were absent compared to tadpoles on

the low food treatment. This suggests that tadpoles

subjected to predators on the high food treatment incurred a

higher cost in terms of growth due to a greater decrease in

activity.

Thus, although high food availability resulted in

larger size compared to low food availability regardless of

predator treatment, the cost of reducing activity in

response to predators was higher on high food. A possible

e::planation for lack of a similar cost for tadpoles on the

low food treatment is that because less food was available,

even at lower activity levels Ladpoles were able Lo garner

all resources in the container within each feeding period,

whereas tadpoles on the high food predator present

treatment were not. In a similar study, Skelly and Werner

(1990) found no interaction of predator and food treatment
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for either age or mass at metamorphosis. In their study,

decreased activity associated with predator presence did not

affect larval period, but resulted in reduced size at

metamorphosis. In field enclosures, Skelly (1992) found that

Hyla versicolor tadpoles responding to predators had both

decreased growth and developmental rates. Thus, although

costs of predator-induced behavioral adjustments appear to

be common, how these costs are reflected in growth versus

development appear to vary among taxa or under varying

e::perimental conditions (Werner and Anholt 1993) .

Several studies have found that increases in food level

are associated with decreased activity (reviewed in Werner

and Anholt 1993) . Such patterns have been found in Rana

sylvatica (Werner 1992a), Rana catesbeiana (Anholt and

Werner 1995), and Pseudacris triseriata (Skelly 1995). In

contrast, Bufo terrestris (Skelly and Werner 1990) and

Pseudacris crucifer (Skelly 1995) showed little responses to

food levels. Kohler and McPeek (1989) found higher activity

levels at lower food levels in a Baetis mayfly and a

Glossosma caddisfly. In this study, R. utricularia had

hiylici ucLivLty IcvcIl; aL highui 1 uud Icvt^Uj. 'I'liuuc icl;uILl;

(jonLradict Lliosc of Werner (1992a) for Rana pLpiens . As is

true for activity responses to predators, differences among

anuran species in their responses to resource level may be

related to breeding habitat associations, and the relative

costs of reducing activity (Skelly 1995) . Thus, I would
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predict that species breeding in permanent ponds would be

more likely to decease activity at high resource levels

because the costs of decreased growth are comparatively

small. In contrast, for species developing in more ephemeral

sites, reduced foraging activity could greatly increase the

possibility of death due to habitat drying. For these

species, we would predict either small adjustments or

increased foraging activity at higher resource levels

(Skelly 1995)

.

Ecological Consequences of Responses

The duration of the larval period has important

consequences for species that use temporary habitats as

breeding sites. Because the threat of mortality due to

habitat drying is significant, factors that prolong the

larval period can have negative consequences (Skelly 1995)

.

In this study, tadpoles responded to predators by prolonging

the larval period. R. utricularia breeds in a variety of

habitats, ranging from temporary wetlands to permanent

ponds. Depending on specific breeding habitat, the

prolonged larval period may or may not increase risk of

mortality due to habitat desiccation. Reductions in activity

can have positive effects by decreasing risk of mortality

regardless of habitat association because for most of the

broad suite of predators that R. utricularia may face in

different breeding sites, whether vertebrate or
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invertebrate, prey movement is an important component of

predator detection (Lima and Dill 1990) . Therefore, the

costs of reduced activity in terms of prolonged larval

period should be weighed against the benefit of decreased

predation risk. Because R. utricularia breeds in temporary

sites, it would be instructive to test the response of

tadpoles to the presence of predators under varying drying

regimes to determine whether R. utricularia can balance the

costs and benefits of foraging versus predator detection

with the costs of habitat drying.

Reductions in size at metamorphosis can have potential

costs regardless of breeding habitat association. Size at

metamorphosis can have an important influence on adult

survival and reproductive fitness (Berven 1990; Goater 1994;

Semlitsch et al. 1988; Smith 1987) . In this study, tadpoles

on the higher plane of resources that responded to predators

incurred relatively higher cost in terms of reduced size at

metamorphosis, although they had absolutely larger masses

compared to tadpoles on the lower food treatment. Food

treatment had a greater effect on growth than did predator

treatment. Increased size at metamorphosis as a response to

increased ioud hay been docuiuun Lud immeiuus Liiiiuy (luviuwed

in Wilbur 1980) . That food availability had such a large

effect on growth is not surprising; however, the

differential costs of responding to predators on different

food treatments is. These results demonstrate the need for
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assessing responses to both resource level and threat of

predation in order to fully understand the consequences of

cost-benefit trade-offs mediated by changes in behavior.

Interspecific differences in behavioral responses to

predators, and the consequences these differences have on

growth and survival, are important considerations for

eiiplaining assemblage structure at different breeding sites

or habitat patches (Werner and Anholt 1996) . Across

breeding sites, interspecific differences in behavioral

responses to predators largely may represent evolutionary

responses to different costs associated with breeding

habitats. For example, the relative mortality costs due to

predation versus habitat drying, may largely explain

interspecific differences in behavioral responses to

predators (Skelly 1995; Woodward 1983) . Within breeding

sites, the effects of interspecific differences in

behavioral responses on growth, coupled with patchy

distribution patterns of predators and tadpoles, could

influence local differences (i.e., among patches) in

assemblage structure. Results of empirical studies (Anholt

and Werner 1995; Werner and Anholt 1996) as well as

theoretical models (MacNamara and Houston 1987) suggest that

population regulation must be viewed as a multi-factor

process. Behavioral responses made by individuals to changes

in I lio onvironmoiil ,i f ToiM rink oT |uo(i,il ion, re^r.own-nr.

acquisition, and therefore population-level responses.
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Whether behavioral adjustments have direct or indirect

effects within food web dynamics, our understanding of these

processes will be enhanced by considering behavior as an

important factor in future experiments.
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Table 5-1. Summary of ANOVA for growth and larval period
responses of Rana utricular ia tadpoles to food and predator
treatments. CD is the coefficient of determination, which is

the percentage of variation in the response variable
attributable to the treatment effect.

Mass (mg)

Source of variation df ss F P

Block 5 0,, 0309 2 .10 0., 1221

Food 1 0,,0904 30 .74 0.,0001

Predator 1 0.,0012 0 .42 0., 5248
Predator : : Food 1 0., 0180 6 . 12 0,, 0259
Error 15 0.,0441

CD
1 . 67

48.97
0. 65
9.75

Larval period (days)

Source of variation df
Block 5

Food 1

Predator 1

Predator :i Food 1

Error 15

SS F P CD
0.0008 1.01 0.4064 3.24
0.0192 130.28 <0.0001 77.73
0.0021 13.97 0.0020 8.50
0.0004 2.50 0.1344 1.62
0.0022
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Table 5-2. Summary of ANOVA for activity and distribution
responses of Rana utricularia tadpoles to food and predator
treatments. CD is the coefficient of determination, which is

the percentage of variation in the response variable
attributable to the treatment effect.

Location (% away from predator)

Source of variation df SS F P

Block 5 0. 0356 0. 7 6 0. 5927
Food 1 0. 0084 0. 90 0. 3576
Predator 1 0 . 1597 17 . 05 0. 0009
Predator Food 1 0 . 0089 0. 95 0. 3453
Error 15 0. 1405

CD
10.08
2.38

45.23
2.52

Activity (°b active)

Source of variation df SS F P

Block 5 0., 1439 o .99 0..0453

Food 1 0., 0404 4 .20 0..0582

Predator 1 0,,2982 31 .01 0,.0001

Predator : : Food 1 0,.0433 4 .50 0,.0510

Error 15 0,, 1442

CD
21.48
6.03

44 .51
6.46
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Figure 5-1. Mean (+ 1 SD) responses of Rana utricular ia
tadpoles to food level and predator treatments: age at

metamorphosis (top) and wet mass at metamorphosis (bottom)

.

Circles indicate predator absent and squares indicate
predator present. (n=6 for all treatments)
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Figure 5-2. Mean (+ 1 SD) responses of Rana utriculari a

tadpoles to food level and predator treatments: percentage
of tadpole on the side of the container opposite the
predator (top) and percentage of tadpoles that were active
(bottom) . Circles indicate predator absent and squares
indicate predator present. (n=6 for all treatments)



CHAPTER 6

EFFECTS OF COVER AND PREDATOR IDENTITY ON PREDATION OF
HYLA SQUIRELLA TADPOLES

Introduction

Habitat structural comple::ity can strongly affect

biotic interactions. In particular, the intensity of

predator-prey interactions can be mediated by habitat

complexity because the effectiveness of predators often

decreases in structurally comple:: habitats (Babbitt and

Jordan 1996; Diehl 1988; Werner et al . 1983). Typically,

increased habitat compler.ity reduces predation rates by

providing refuges for prey or by decreasing predator

efficiency (Crowder and Cooper 1982; Savino and Stein 1982;

Werner et al . 1983)

.

The role of habitat structure in mediating predator-

tadpole interactions is potentially important because

predation is a significant source of mortality of anuran

tadpoles (Calef 1973; Heyer et al. 1975; Smith 1983).

Species breeding in permanent ponds display a wide array of

anti-predator defenses for avoiding predation by fish

(Formanowicz and Brodie 1982; Kats et al. 1988; Lawler

1989) . In general, such defenses are lacking in species that

breed in ephemeral ponds (Kats et al. 1988). In addition,

activity rates of tadpoles in temporary ponds often are
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higher compared to species in permanent ponds (Woodward

1983) . Because many predators of tadpoles are gape-limited,

rapid growth to a size-refuge is an important mechanism for

escaping predation (Crump 1984; Richards and Bull 1990;

Travis et al. 1985a; but see Crump and Vaira 1991). For

species breeding in ephemeral environments, rapid growth is

also important for decreasing risk of desiccation (Newman

1989; Wilbur 1987) , However, trade-offs e::ist between rapid

growth and predator avoidance because actively foraging

tadpoles are more likely to be detected by predators (Skelly

1994; Werner and Anholt 1993; Woodward 1983) . Although

ephemeral ponds lack fish predators, these sites often

contain aquatic insect predators that also are significant

mortality agents (Smith 1983; Wilbur and Fauth 1990)

.

Therefore, any mechanism that can reduce predator efficiency

without decreasing foraging activity could enhance tadpole

survival, particularly in ephemeral environments. Because

structurally comple;: habitats can reduce predator foraging

efficiency, compler. environments may provide tadpoles with

partial protection from predators, even when tadpoles are

actively foraging.

ill this study 1 e;;amine how habitat structure aiiects

predation rates on squirrel treefrog (
Hyla squirella )

tadpoles. H. squirella is a coimmon anuran in Florida, and is

often numerically dominant in the ephemeral sites in which

it breeds (Babbitt, unpubl. data). H. squirella tadpoles are
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active foragers even in the presence of insect predators

(Babbitt, unpubl. data), and therefore they are a good model

to test whether increased habitat structure provides

protection for actively foraging tadpoles.

Methods

I conducted the experiment at the MacArthur Agro-

Ecology Research Center in Lake Placid, Highlands County,

Florida. I established a rectangular array of 16, 1.14 m

diameter plastic wading pools with tight-fitting screen

tops. On 3 September 1994 I filled pools with 95 1 of well

water (depth = 12 cm) . To allow normal feeding behavior, I

added 2000 ml of pond water from a wading pool used for

culturing algae. Pools received either 1000 g (high cover)

or 500 g (low cover) of the wetland plant Hydrochloa

carolinensis . This plant is common in many wetlands where H.

squirella breeds, and provides comple:: structure throughout

the water column.

I collected one gravid female and several males and

placed them together in an aquarium with aged well water and

sparse vegetation. The female layed a clutch of eggs on 1

Septeinber 1994, and on 15 September 1994 i [laphazardly

assigned 30 Gosner (1960) stage 35-37 tadpoles (mean + 1 SD;

SVL 12.2+0.47 mm, weight 0.301+0.04 g; n=25) to each pool.

Prior to the experiment, I kept tadpoles together in a

plastic wading pool and provided rabbit chow ad libitum. I
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used late-stage tadpoles because the predators I used are

extremely effective predators of early stage tadpoles

(Babbitt, unpubl. data), and therefore using early stage

tadpoles would not provide a good test of habitat effects.

I used larval common green darners ( Ana:: Junius ,

Odonata: Aeshnidae) (total length 29.3+0.14 mm; n=8) or

giant water bugs (
Lethocerus americanus ,

Hemiptera:

Belostoraatidae) (total length 17.5+0.09 ram; n=8) as

predators. Both species are common inhabitants of the

ephemeral wetlands in which H. squirella breed. I held

predators individually without food for 48 hrs to

standardize hunger within each species.

I began the e;:periment at 1900 hrs on 16 September 1994

when I added a single predator to each pool. I terminated

the e;:periment at 1900 hrs on 22 September and censused

remaining tadpoles to determine survival. Diurnal high

temperature was 31"C during the e::periment.

The e::periment was a 2X2 factorial design arranged in a

randomized complete block and replicated four times. Two

species of predator (A. junuis or L. americanus )
were

crossed with two plant densities (1000 g or 500 g) .
In

addition to predator treatments, i also ran two control

pools at each plant density without predators to determine

whether plant treatment alone affected survival. I used

fi;:ed effect analysis of variance (ANOVA) to determine

whether predator identity, plant density, or their
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interaction affected survival of H. squirella tadpoles. The

number of tadpoles surviving was log transformed to reduce

skewness (Snedecor and Cochran 1980) . Controls were not

included in the above analysis because all tadpoles survived

in the control pools, and all mortality in treatment pools

could be attributed to predation.

Resul ts

Tadpoles had higher survival in the high cover

treatment compared to low cover (F5_,,=26. 15; p=0.003).

Predator identity did not significantly affect survival

(F, = 63; p=0.26), and the interaction between predator

species and plant density was not significant (F,_i^=0.64;

p=0.44). The number of tadpoles surviving under the higher

density treatment was nearly double that of the low density

treatment under both predator treatments (Figure 6-1)

.

Discussion

Compared to research on many other aquatic organisms,

only limited empirical research has focused on effects of

habitat comple;:ity in mediating relations between predators

and anuran larvae. Sredl and Collins (1992) found that

differences in habitat structure did not affect survival of

mountain treefrog
(
Hyla e:>imia

)
tadpoles subject to

predation by tiger salamanders ( Ambystoma tigrinum )

.

Similarly, Figiel and Semlitsch (1991) examined predation by



115

crayfish (P. acutus ) on injured gray treefrog (H.

chrysocelis ) tadpoles and found no effects of habitat

comple;:ity. In contrast, increased plant density resulted

in decreased predation by aquatic insects on southern toad

(
Bufo terrestris ) tadpoles (Babbitt and Jordan 1996) .

Differences among these studies could be related to the

relative degree of cover, or to differences in predator or

prey behavior.

Reduction in foraging success for the aquatic insects

used in this study probably resulted from both reduced

visual range and interference in stalking behavior. For

er.ample, visual detection is important for prey capture by

odonate naiads (Pritchard 1965), and increased vegetation

cover can interfere with the predatory efficiency of these

active foragers (Diehl 1992; Folsom and Collins 1984)

.

However, foraging efficiency of L. americanus , a sit and

wait predator, also was reduced suggesting that increased

habitat complexity can mediate predator-prey interactions

between tadpoles and a broad suite of aquatic insect

predators. For example, in a similar study, predation on

B. terrestris tadpoles was lower at higher cover levels for

both odonate naiads and hemipterans (
Belostoma f luminea )

(Babbitt and Jordan 1996) .

H. squirella tadpoles develop rapidly and are active

foragers, even in the presence of aquatic insect predators

(Babbitt, unpubl. data). Rapid growth and development.
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necessary for attaining metamorphic size prior to pond

drying, may e::plain why many species developing in ephemeral

sites do not respond to predators. Although active tadpoles

are generally more susceptible to predators (Skelly 1994;

Werner and Anholt 1993; Woodward 1983), species developing

in ephemeral ponds presumably would be more restricted in

reduced-activity responses if the threat of habitat drying

poses a more signi f leant mortality threat. Rather, foraging

in structurally complex environments may provide increased

protection from predators, even for species that do not

facultatively decrease activity in response to predators.

Research that examines the relative role of habitat

structure in mediating predation by different predator

groups (e.g., fish versus aquatic insects) on species with

different activity rates should provide valuable insight

into the relative costs and benefits of different behavioral

strategies and the degree to which habitat features can

influence their effectiveness.
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Cover Level

Figure 6-1. Number of Hyla squirella tadpoles that survived
predation under different cover levels. Bars are means + 1

SE (n=4 for each bar)

.



CHAPTER 7

SUMMARY AND CONCLUSIONS

The introduction of water from fish-containing ditches

into otherwise isolated temporary wetlands produced large

changes in species composition of anurans . Wetlands that

e;:perienced the hydrologic disturbance were avoided by

species that breed in fish-free sites; however, use by

species that do breed in sites with fish increased. Species

that avoided impacted sites bred in adjacent sites that were

unaffected by water from ditches. These results suggest that

temporary wetlands on this site provide dynamic habitats

that offer varying breeding opportunities and conditions for

larval developmental that are highly dependent on

meteorological conditions. The effect of the hydrologic

disturbance is a system that is both spatially and

temporally dynamic resulting in variable assemblage

structure and composition at affected sites. Because MAERC

contains numerous wetlands and ditches that vary in

hydrology from ephemeral to permanent, most species can find

suitable breeding habitat except under e;:treme drought

conditions. Ditching exacerbates the drought by increasing

drainage, lowering the water table, and prolonging dry

conditions

.
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Historical changes to the landscape have probably

increased local anuran species richness and altered tadpole

assemblage structure at the wetlands at MAERC. The

surrounding upland matrix can have a large influence on

wetland use as breeding sites. At least one species, Hyla

femoralis , appeared to be locally abundant but limited in

distribution to forested hammocks. Research on the

relationship between upland habitat patch characteristics

and wetland use would increase our understanding of breeding

use patterns, as well as our ability to provide guidance for

managing anuran populations in altered systems.

By examining spatial and temporal patterns of tadpoles

and aquatic insect predators, I was able to determine that

microhabitat use within wetlands does not appear to be an

important mechanism for avoiding predation within the

temporary wetlands that I studied. The invertebrate

predators that are the dominant predators at these sites

were relatively evenly distributed throughout these

wetlands; therefore, differential use of wetland areas by

tadpoles presumably would not have provided increased

protection. Examinations of microhabitat use by Hyla

squirella , a species tliat breeds shortly alLer wetland

filling, and Rana utricularia which is more plastic in

breeding site use, revealed only weak microhabitat

selection. Early breeding, rapid development, and avoidance

of sites containing fish predators appear to be the major
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anti-predator mechanisms in H. squirella . In contrast, R.

utricularia may rely more heavily on early growth (as

opposed to rapid development) to attain a size that is

beyond the gape limits of predators, and behavioral

adjustments in activity to avoid detection by predators.

Such differences in life history strategies influence the

range of breeding sites that each species can use

successfully.

Some studies have demonstrated spatial differences in

tadpole distribution within wetlands. Most of Lhese studies

have been conducted in wetlands with zonal differences that

vary greatly in cover, such as wetlands with open-water

centers. The differences in cover among zones in the

wetlands I studied were relatively small, and may not have

provided enough difference in protection or food (or other

factors) to generate differences in microhabitat use.

Tadpoles may exhibit plasticity in microhabitat selection

relative to the degree of difference in microhabitat

features such as cover. Interspecific differences in

tadpole plasticity relative to cover could lead to

differences in assemblage structure under varying habitat

conditions (i.e., different levels of cover). Multi-factor

experiments that examine microhabitat effects are needed to

determine the relative importance of factors, such as cover,

in structuring tadpole assemblage.
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Although tadpoles did not differentially occupy

different areas of wetlands, experimental research

identified the importance of increased cover in mediating

predator-prey interactions. This was true for tadpoles that

behaviorally adjust activity to decrease detection by

predators (R. utricularia ) and those that do not (H.

squirella ) . Further, cover decreased foraging rates of

aquatic insects that are sit-and-wait predators that cling

to vegetation (
Lethocerus americanus ) , those that cling to

vegetation but are more active ( Ana:: junius ) , and those that

are benthic ( Tramea Carolina ) . Thus, although tadpole

microhabitat selection relative to cover did not appear to

be important, occupation of areas with high cover may

decrease predation rates. Higher densities of aquatic

insects in areas with high cover could negate the benefits

of cover; however, in this study predators were distributed

evenly. One aspect not e::amined in this study was

microhabitat use relative to the water column. Differences

in positional use within the water column (i.e., mid-water

versus benthic) could be an important anti-predator

mechanism for some species. For e::ample, a large number of

benthic predators may pose little threat to tadpoles

foraging in the water column.

Finally, tadpoles of some species, including R.

utricularia , exhibit shifts in spatial location and activity

levels in response to the presence of predators. Reduction
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in activity, however, involves a trade-off between

decreasing risk of predation and obtaining resources because

both risk (predation) and reward (resources) are positively

related to activity. However, the relative costs of

decreasing activity in response to predators are dependent

on background resource level. In R. utricularia , the

presence of predators resulted in longer larval periods

(i.e., delayed metamorphosis) regardless of food treatment.

However, the effects on mass at metamorphosis were dependent

on resource level. Tadpoles raised under the low food

treatment metamorphosed at larger sizes when predators were

present, whereas metamorphs on the high food treatments were

larger when predators were absent.

These results support the idea that population

regulation is a multi-factor process. Behavioral responses

made by individuals to changes in the environment affect

risk of predation, resources acquisition, and therefore

population level responses. Because the effects of

predation can be direct or indirect, our understanding of

these processes will be enhanced by considering behavior as

an important factor in future experiments. Because long

liydroperiod temporary wetlands oiler suitable breediuy

habitat to a wide variety of anurans, the potential for

behavioral differences among the species developing within

these sites to affect assemblage dynamics may be great.

There is much more to study.
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