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Understanding where and why organisms are distributed in the environment are

central themes in ecology.  Animals live in environments in which they are subject to

competing demands, such as the need to forage, to find mates, to reproduce, and to avoid

predation.  Optimal habitats for these various activities are usually distributed

heterogeneously in the landscape and may vary both spatially and temporally, causing

animals to adjust their locations in space and time to balance these conflicting demands.

In this dissertation, I outline three studies of Procambarus fallax in the ridge-slough

landscape of Water Conservation Area 3A (WCA-3A).  The first section outlines an

observational sampling study of crayfish population distribution in a four hectare plot,

where I statistically model the density distribution at two spatial scales.  I look at a broad

scale difference in crayfish density between the ridge and slough habitat and at smaller
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scales by comparing densities within microhabitats. Secondly, I use radio telemetry to

study individual adult crayfish movements at two study sites and evaluate habitat

selection using Resource Selection Functions. In the third section, I test the habitat

selection theory, ideal free distribution, by assessing performance measures (growth and

mortality) of crayfish in the two major vegetation types in a late wet season (November

2007) and early wet season (August 2009).
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I. INTRODUCTION

Understanding where and why organisms are distributed in the environment are

central themes in ecology. Animals live in environments in which they are subject to

competing demands, such as the need to forage, to find mates, to reproduce, and to avoid

predation.  Optimal habitats for these various activities are usually distributed

heterogeneously in the landscape and may vary both spatially and temporally, causing

animals to adjust their locations in space and time to balance these conflicting demands

(Morris 1988, Kershner and Lodge 1995, Tregenza 1995, Frazer et al. 2006, Abrams

2007). Several theoretical and empirical studies have shown that the quality of habitat

patches within spatially heterogeneous ecosystems regulates the spatial dynamics of

species distribution (Morris 1988, Kershner and Lodge 1995, Tregenza 1995, Frazer et al.

2006, Abrams 2007). Morris (2003) defined a patch as a subset of homogenous habitat.

Patch quality, i.e. the ability to provide appropriate conditions for both individuals and

populations to persist, can vary in nutritional resources as well as physical structural

benefits like nesting sites (Van Horne 1983, Mortelliti et al. 2010). As foraging animals

gather in profitable patches, patch quality diminishes, and individuals may switch to

patches with fewer competitors.

According to habitat selection theory, animals should choose habitat in one of

three ways.  The ideal despotic model describes animal distribution where individuals are

not equally free to select habitat because dominant individuals exclude others from
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settling in the best quality habitat by means of territoriality (Fretwell and Lucas 1970).  A

similar theory, pre-emptive distribution refers to habitat selection where individuals

achieve exclusive access to high quality breeding sites based on early arrival and exclude

later arriving individuals (Pulliam and Danielson 1991).  In both the ideal despotic and

pre-emptive distributions, mean fitness will not be equal across patches because the best

patches are impeded by dominant individuals (Morris 1990).  In a third theory, ideal free

distribution (IFD), individual animals select habitat patches proportionately to the amount

of available resources (Fretwell and Lucas 1970).

Crayfish are large abundant freshwater macro-invertebrates that can be found in

aquatic habitats throughout the world (Hobbs 2001, Nyström 2002).  They assimilate

detritus into biomass and are efficient providers of energy to higher trophic levels.  As

opportunistic feeders, crayfish are generally polytrophic, participating on almost all

trophic levels (Nyström and Strand 1996, Hobbs 2001); therefore, they have strong

effects on the diversity and structure of aquatic food webs by impacting detritus, algae,

aquatic invertebrates, and macrophytes (Nyström et al. 1999, Hobbs 2001, Nyström

2002). In some systems, they have been identified as keystone species (Creed 1994,

Gherardi 2002). Crayfish species generally seek shelter in the day and forage at night

(Gherardi 2002), but movement patterns are highly variable in space and time.  Both local

and large movements vary between and within species (Gherardi et al. 1998, Bohl 1999,

Gherardi and Barbaresi 2000, Gherardi 2002, Bubb et al. 2004).

Several studies have examined habitat use and selection by different species of

crayfish.  Most studies suggest that lake and stream-dwelling crayfish favor highly

structured habitats (Hill and Lodge 1994).  Rabeni (1985) observed different habitat use
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strategies between species and with size of two Orconectes crayfish. Creed (1994) found

that in a stream Orconectes propinquus exhibited size-dependent depth associations;

larger crayfish used deeper water and smaller crayfish occupied shallow water. Flinders

and Magoulick (2007) described a positive relationship between crayfish densities and

percent vegetation cover and concluded that backwater, stream margins, and vegetation

were important habitats for several species of Orconectes spp. Some work has been done

with wetland-inhabiting procambarids.  In a controlled laboratory experiment, Jordan et

al. (1996) found Procambarus alleni selected complex habitats that provided cover.

Acosta and Perry (2001) described the distribution of P. alleni in relation to

hydropatterns in Everglades National Park, and characterized some movement patterns

with a mark-recapture study with receding and flooding waters.  Dorn and Trexler (2007)

described the interspecific distribution of P. alleni and P. fallax throughout the southern

Everglades, relating each species’ distribution to hydroperiod and soil composition.  Dorn

and Volin (2009) confirmed the prevalence of P. fallax to areas with inundation periods

of greater than 10 months and peat soils.

The Everglades is a spatially extensive, shallow (depths generally < 1 m)

oligotrophic wetland in southern Florida. The wetland has natural seasonal cycles of

water depth corresponding with seasonal rainfall each year.  South Florida has a

subtropical climate with distinct wet and dry seasons such that water level rises during

the summer (starting generally in June or July) and falls steadily during the winter

months (November-May) in the Everglades (Kushlan 1990). The major wetland habitat

of the central Everglades is the ridge-slough landscape; deeper sloughs with various

submerged and emergent macrophytes (e.g., Eleocharis cellulosa, Nymphaea odorata,
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Utricularia spp.) are interspersed with sawgrass (Cladium jamaicense) dominated ridge

habitats that are 10-25 cm shallower (Robertson and Fredrick 1994).

Anthropogenic alterations of the Florida Everglades have resulted in a

hydrologically modified system (Light and Dineen 1994). Half of the vast wetland

persists as a highly managed wetland, compartmentalized into the Everglades National

Park, three water conservation areas, and the Big Cypress National Preserve (Figure 1.1)

(Light and Dineen 1994).  An extensive system of levees, pumping stations, spillways,

and hundreds of kilometers of canals, designed to moderate flooding in urbanized areas,

inhibits the historic flow of water which drained the region southward from Lake

Okeechobee to Florida Bay (Light and Dineen 1994).

Wading birds, proposed to be sentinel species of wetland ecosystem health, have

experienced a dramatic drop in numbers and a shift in location and size of breeding

colonies in the Everglades. The decline in wading birds has been linked to anthropogenic

changes of the hydrology in the system (Kushlan 1976, Bancroft et al. 2002, Gawlik

2002). In particular, several researchers have pointed to the relationship between water

levels and nesting/foraging success of several species of wading birds (Kushlan 1976,

Bancroft et al. 2002, Gawlik 2002). Water levels and recession rates in water levels can

have important impacts on both prey availability (e.g., fish) during the dry season

(Gawlik 2002) as well as population growth and size of prey species (Trexler et al. 2005).

Ogden (1994) observed that wading birds seemed to exhibit high fledgling

success and nest in large numbers within a two year period after a dry down.  These

observations have led to hypotheses that linked wading bird nesting success to prey

availability and particularly their concentration in small areas (Kushlan 1976, Bancroft et
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al. 1994, Bancroft et al. 2002, Gawlik 2002). Most studies focus on fish as the dominant

intermediate prey of wading birds (Kushlan 1976, Kushlan and Kushlan 1979, Loftus and

Eklund 1994). Kushlan and Kushlan (1975) estimated the diets of white ibis (Eudocimus

albus), the most common wading bird in the Everglades, contain a large portion of

crayfish with an average of 470 tons consumed annually.  Dorn et al. (2011) found 40%

of the biomass (dry mass) of white ibis chick diets consisted of crayfish (Procambarus

spp.), and in one colony diet composition stood at 65% crayfish.  These observations

suggest crayfish are a functionally important part of the Everglades food web.

Considering historical notes and observations of the system, Ogden (2005) suggested that

the Everglades had been dominated by a crayfish based food web.

Two species of crayfish are found in the Everglades: the Everglades crayfish, P.

alleni and the slough crayfish, P. fallax (Hendrix and Loftus 2001.  These species are

typically associated with specific habitat types. P. alleni is most abundant in short

hydroperiod sites such as wet prairies or marl marshes, whereas P. fallax is typically

found in longer hydroperiod sites (Hendrix and Loftus 2001) and may be associated with

peat soils (Dorn and Volin 2009).  This pattern is assumed to reflect the ability of P.

alleni to burrow into the substrate during seasonal dry down (Hobbs 1942, Dorn and

Trexler 2007). P. fallax is less resistant to dry downs and, therefore, more abundant in

longer hydroperiod sites, which are consistently inundated throughout the year (Hobbs

1942, Dorn and Trexler 2007).  The two species sometimes overlap in their habitat range

although their abundance relative to each other shifts depending on hydrological

conditions (Hendrix and Loftus 2001, Dorn and Trexler 2007).
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Long term monitoring of crayfish in the Everglades illustrates the distribution of

P. alleni and P. fallax at a landscape level; however, sampling for crayfish is done

primarily in open sloughs and wet prairies (Hendrix and Loftus 2001, Dorn et al. 2005,

Dorn and Trexler 2007). Almost nothing is known about the distribution of crayfish

between ridge and slough habitats at different water depths, the success of populations in

the respective habitats, or the daily, weekly and seasonal movements of crayfish within

the ridge-slough microtopography.  Until 2000, P. fallax had been misidentified as P.

alleni in the Everglades (Hendrix and Loftus 2001). Although some knowledge of basic

biology and ecology is known, gaining a better understanding of the ecology and life

history of P. fallax in its natural environment is important given the recent discovery of

the genetic similarity to the parthenogenetic crayfish (Marmorkrebs) and its high

potential to invade shallow aquatic habitats (Jones et al. 2008, Martin et al. 2010).

In the following three sections, I outline studies of P. fallax in the ridge-slough

landscape of Water Conservation Area 3A (WCA-3A) (Figure 1.1).  The first section

outlines an observational sampling study of crayfish population distribution in a 4 hectare

plot, where I statistically model the density distribution at two spatial scales.  I look at a

broad scale difference in crayfish density between the ridge and slough habitat and at

smaller scales by comparing densities within microhabitats. Secondly, I use radio

telemetry to study individual adult crayfish movements at two study sites and evaluate

habitat selection using Resource Selection Functions. In the third section, I test the

habitat selection theory, ideal free distribution, by assessing performance measures

(growth and mortality) of crayfish in the two major vegetation types in a late wet season

(November 2007) and early wet season (August 2009).



Figures

Figure 1.1. Study area in the central Everglades. Throw trapping site (black square) and two radio telemetry sites (red squares)

are emphasized.
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II.  CRAYFISH POPULATION DISTRIBUTION IN THE RIDGE-SLOUGH

LANDSCAPE OF THE CENTRAL EVERGLADES

Abstract

Crayfish densities vary according to substrate types in lakes and streams but not

much is known about habitat use patterns for wetland dwelling species. The slough

crayfish, Procambarus fallax, dominates the peat wetlands of the central Everglades and

provides an important food source for seasonally nesting wading birds and other

fauna. In this study, I evaluate crayfish densities in adjacent sawgrass ridge and lily

slough habitats over a two year period, spanning two wet and two dry seasons. There

were no overall differences in total density in the ridge and slough habitats; however,

densities in both habitats varied across sampling periods.  Graphical inspection of

summed size distributions over the nine sampling seasons revealed two major recruitment

periods each year; small juvenile cohorts are especially prevalent in early winter (Nov-

Dec) and mid-summer (July-Aug).  No overall differences in the distribution of males

and females between habitats were observed.  The near absence of individuals > 25 mm

CL suggests most P. fallax live less than one year in the Everglades.  A five day tethering

study showed the ridge habitat to be safer than the slough habitat and that crayfish

survival increased with size. A significant increase in density in the ridge coupled with a

proportional decrease of density in the slough between two sampling seasons (August

2008 and December 2008) suggests predation risk could influence crayfish habitat use.
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Observing the population density fluctuation in both habitats within this study confirms

the functional importance of ridge and slough habitats for P. fallax. More research is

needed to determine if ridge habitat acts as a sink for P. fallax yet plays a seasonally

important role in the long-term survival of the population.

Introduction

Animals live in environments in which they are subject to competing demands,

such as the need to forage, find mates, reproduce, or avoid predation.  Optimal habitats

for these various activities are usually distributed heterogeneously in the landscape and

may vary both spatially and temporally as animals adjust locations to balance these

demands (Morris 1988, Kershner and Lodge 1995, Tregenza 1995, Frazer et al. 2006,

Abrams 2007). Several studies in riverine systems indicate that crayfish habitat use is

size-dependent; size-specific predation risks segregate larger individuals to deeper water

and smaller size classes into shallower areas (Creed 1994, Englund and Krupa 2000,

Flinders and Magoulick 2007b).  Englund and Krupa (2000) employed field estimates

and observations of predation to show that, although terrestrial predators readily preyed

upon both large and small crayfish in shallow water, larger crayfish were more vulnerable

to terrestrial predators while small crayfish faced greater risk to predatory fish in the deep

water (see also Flinders and Magoulick 2007a).  In streams, the relative risk of predation

for larger crayfish increases in the shallow areas as their larger size and defensive armor,

offering protection from fish predators in deeper water, are insignificant defenses against

avian and mammalian predators prevalent in shallower, near-shore habitats.

Observations in lakes indicate that crayfish invariably choose environments with high

structure, providing refuge from predatory fish (Kershner and Lodge 1995). Jordan et al.
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(1996) also concluded that susceptibility of wetland crayfish to predation decreased with

increasing vegetation complexity, confirming structure is important in crayfish habitat

selection. Therefore, a crayfish population may occupy different habitats within its

distribution in varying densities depending on its life history requirements and habitat

specific predation threats.

The trophic importance of crayfish in aquatic food webs is well documented

(Lodge et al. 1994, Hobbs 2001, Nyström 2002, Dorn and Wojdak 2004).  As

opportunistic feeders, crayfish are generally polytrophic, participating on almost all

trophic levels from primary consumers to top predators (Nyström and Strand 1996,

Hobbs 2001, Dorn and Wojdak 2004).  Crayfish assimilate detritus into animal biomass,

and provide considerable energy to higher trophic levels (Nyström and Strand 1996,

Hobbs 2001). They have strong effects on the diversity and structure of aquatic food

webs by impacting detritus, algae, aquatic invertebrates, and macrophytes (Nyström et al.

1999, Hobbs 2001, Nyström 2002, Dorn and Wojdak 2004). In the Everglades, crayfish

are an important prey item in the diet of wading birds, snakes, pig frogs, alligators,

predatory fishes, and otter (Robertson and Frederick 1994).  For example, Kushlan and

Kushlan (1975) estimated White Ibis (Eudocimus albus) consume 470 tons of crayfish

annually.  Therefore, the distribution between habitats may be critical for the survival of a

crayfish population both in exploiting resources for growth and utilizing refugia for

protection.

The Everglades is a spatially extensive, shallow (depths generally < 1 m)

oligotrophic wetland in southern Florida consist of two primary habitats: ridges

containing dense stands of sawgrass (Cladium jamaicense Crantz) and slightly deeper



17

sloughs (~10-20 cm deeper, Jordan et al. 1996) dominated by either emergent (Eleocharis

cellulosa, Rhynchospora spp., Panicum spp. – wet prairie) or submerged macrophytes

(Nymphaea odorata, Utricularia spp. – water lily slough, Robertson and Fredrick 1994).

Procambarus fallax is the predominant crayfish species found in longer hydroperiod sites

(Hendrix and Loftus 2001, Dorn and Trexler 2007) with organic peat soils (Dorn and

Volin 2009). The Everglades wetlands, have distinct seasonal hydrology with a drop in

water levels during early summer (April-June) followed by a rise in water levels. Long-

term monitoring studies of crayfish population densities in the Everglades are performed

almost exclusively in submerged and emergent sloughs (Hendrix and Loftus 2001,

Acosta and Perry 2001, Acosta and Perry 2002a, Acosta and Perry 2002b, Dorn and

Trexler 2007, Dorn and Volin 2009). Though the presence of P. fallax in ridges has

been documented (Jordan et al 1996, Hendrix 2000) and ridges have been sampled to

report their standing stocks of macroinvertebrates (Turner et al. 1999), neither the relative

distribution of P. fallax between ridge and slough habitats nor the demographic

structure,( i.e. size- and sex-structure), have been reported. Gaining a better

understanding of the ecology and life history of P. fallax in its natural wetland

environment is also important given the recent discovery of the genetic similarity to the

parthenogenetic crayfish Marmorkrebs (Martin et al. 2010) and that has been introduced

globally to other aquatic habitats (Jones et al. 2008, Martin et al. 2010).

In this study, I report crayfish densities in adjacent habitats over nine sampling

periods within a two year time, spanning two wet and two dry seasons.  I evaluate throw

trap samples for differences in density between ridge and slough habitats over time, and

examine the size frequency relationships to assess lifespan and the possible seasonality of
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recruitment. In particular I evaluate whether juvenile crayfish will select shallow habitat

and if crayfish concentrate with receding water levels. I also quantify relative risk to

crayfish in both habitats in one season to look for evidence of habitat and size-dependent

predation risk.

Methods

Study System

This study was conducted in a single four hectare area of wetland in the Water

Conservation Area 3A (WCA-3A) (25.8956o, -80.7621o), covered with 47% ridge and

53% slough habitat.  The ridge habitat was flooded an average of 10.3 months of the year

from an eight year (2001 – 2009) average, calculated from the Everglades Depth

Estimation Network (EDEN US geological survey) and corrected with measured water

depths from our study site. During the study the sloughs did not dry down during the first

year (2007) but did the second year (2009), and ridges dried both years.

Density estimates

I sampled the study site nine times over two years; November 2007, January,

March, June, August, and December of 2008, as well as February, May, and August of

2009. On my sampling dates in April 2008, June 2008 and May 2009, the ridges were

too dry to be sampled. To evaluate crayfish abundance, I sampled the ridge and slough

using throw traps. To make the trap for slough sampling, I covered the sides of a box

frame (1×1×0.9 m) made of copper tubing with 1 mm mesh nylon fiberglass screening,

leaving the top and bottom open.  The trap used in the sawgrass ridge had the same

dimensions but was constructed of solid sheets of 1.8 mm aluminum with rigid walls,

making it easier to push through the vegetation.  Thirty random points, 15 each for each
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habitat, were generated for the study site using Hawth's Analysis Tools (Beyer 2004) in

ArcMap 9.3 (ESRI) for each sampling period. If water depths were less than 5 cm, I did

not complete the throw trap at that random point as crayfish seem to move to deeper

water or burrow when water recedes to this depth (unpublished data).  I approached the

sample location using a hand held GPS, and from about two meters away, I threw the trap

as close as possible to the point. The same technique was repeated in the ridges.

Following the conventional protocol, I cleared the traps with a bar seine with a minimum

of seven sweeps or until three consecutive passes yielded no animals (e.g. fish,

amphibians, or large macro-invertebrates) (Dorn et al. 2005).  Additionally, I swept

through the trap with two dip nets (4.8 mm and 1.2 mm mesh) a minimum of five times

each.  Animals were euthanized in a solution of MS-222 and fixed in 10% formalin.  In

the lab, I measured and sexed the crayfish and stored the final samples in 70% ethanol

solution.

Within each trap, I identified vegetation to the genus level. I recorded live stem

counts of all emergent and floating macrophytes and estimated live vegetation cover,

periphyton cover, and total cover (periphyton, live stems, and dead stems). Submerged

vascular species (mostly Utricularia spp.) and floating periphyton mats were quantified

volumetrically with a 3L graduated cylinder.

A previous study measured the accuracy of throw traps in sloughs to precisely

evaluate the number of crayfish caught in a trap versus the actual density, i.e. the ability

to recover animals enclosed in the trap (Dorn et al. 2005).  Most of the error was a result

of clearing inefficiency (Dorn et al. 2005).  Because the vegetation structure differed

between ridge and slough habitats in my study, I determined the clearing efficiency for
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each habitat from 10 traps.  Ten marked crayfish were added to a trap and after a 30

minute settling period, I cleared the trap to determine a habitat specific clearing

efficiency. The clearing efficiency for throw traps differed between habitats (t = 2.71, p

= 0.02).  The average number of marked crayfish recovered from the ridge habitat was

68% and 80% respectively. The calculated habitat-specific clearing rates were applied to

each trap to correct for the differences in clearing efficiency.  I used the adjusted densities

only when analyzing total crayfish densities through time between habitats.  I did not use

the corrected densities for size structure comparisons because I did not quantify size-

dependent clearing efficiencies though smaller animals may be cleared with less

efficiency (Dorn et al. 2005).  Size dependencies in clearing efficiency were assumed

equal between habitats.

Predation

To determine if predation risks for crayfish were different between habitats, I

examined crayfish survival in the ridge and slough habitats during the summer of 2009.

The methods were similar to those used by Englund and Krupa (2000) and Flinders and

Magoulick (2007a). Crayfish were tethered along eight transects, and I recorded the

number of missing crayfish daily with the assumption that absent crayfish were

depredated by aquatic predators. A transect consisted of PVC poles placed every 5 m in

an east-west direction. Each transect was a 100 m long, extending through both habitats.

Ten crayfish were tethered in each habitat, with a juvenile crayfish (range 10-15 mm CL,

N = 80 crayfish) alternating with an adult crayfish (range 20-30 mm CL, N = 80

crayfish).  All tethered crayfish were captured in the vicinity of the study site.  Tethers,

20 cm of 1.8 kg monofilament fishing line, were glued to the carapace of the crayfish
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using water-proof super glue and tied to a PVC pole.  To check the ability of crayfish to

escape the tethers and to distinguish molts correctly, I tethered 4 crayfish to PVC poles

inside predator exclusion cages.  I set up two such cages in each habitat.  The field

experiment ran for a total of five days.  Each day, I checked the tethered crayfish and

controls to determine whether crayfish had survived, molted, or been depredated.

Statistical models

I analyzed the crayfish density data from the throw traps with a repeated measures

mixed linear model (PROC MIXED) using SAS (SAS 9.2 SAS-Institute, Cary, NC,

USA) to identify differences in crayfish abundance between the two broad habitat

variables (ridge and slough) and through time for the six sampling periods when water

covered both habitats. After applying the correction for clearing efficiency, the density

data were log transformed to normalize residuals prior to analysis.  I included the habitat

and time interaction term to look for habitat differences that could result from seasonal

and habitat specific reproduction or aggregation events. When significant, the interaction

between habitat and season was partitioned by time (SLICE option).  Furthermore, I

assessed whether densities change in each habitat over all times (SLICE by habitat).

Finally, to consider variation in crayfish distribution through time in slough habitat alone,

where I collected more samples over seasons including low water times, I ran a separate

analysis of time effects on the slough densities through all nine time periods using a

mixed model (PROC MIXED).

To evaluate size distributions in ridge and slough habitats for the six time periods

for which I have adjacent samples, I summed the sizes from all traps and compared them

with a nonparametric Kolmogorov–Smirnov two-sample test (PROC NPAR1WAY).  I
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tested the null hypothesis that the two samples are taken from the same underlying

distribution, i.e. size classes are distributed equally between habitats.

To establish how P. fallax cohorts develop over the nine sampling times, I

assessed the differences graphically. The relative proportions of crayfish sizes within

both habitats were summed and grouped into 2 mm increments.

Sex-dependent habitat selection was tested using total crayfish and crayfish >18

mm CL.  I used a paired t-test to evaluate proportional differences in the densities of male

crayfish for the six time periods with paired sampling in each habitat.

Because predation risk and habitat use may be size dependent (Creed 1994,

Englund and Krupa 2000, Flinders and Magoulick 2007a), I continued using the < 12 mm

CL and > 12 mm CL size classes in a further analysis of microhabitats. To define

microhabitats, I ran a cluster analysis using habitat variables from throw trap data in PC-

ORD 5 (2006, Software Design, Gleneden Beach, OR, USA) and partitioned habitat data

into homogenous subsets, grouped by similarity.  Data with a high variance, typically the

most abundant species, tend to dominate the ordination solutions; therefore,

standardization of data enables all variables to receive equal weight in the analysis

(McCune and Mefford, 1999).  To standardize, I converted the habitat data from the

throw taps into proportions prior to analysis.  As recommended by McCune and Mefford

(1999), plant species found in less than five percent of samples were not used in the

analysis. I chose the Sørenson’s (Bray-Curtis) distance measure and the flexible beta (β

= -0.1) linkage method for the cluster analysis in PC-ORD.  I pruned the dendrogram into

meaningful microhabitat subsets according to break points that provided 3 - 4 distinct

subsets and retain 45-60 percent of the data, as suggested by McCune and Mefford
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(1999).  Each sampling period was analyzed separately because the Everglades is a

dynamic system with varying water levels and inundation lengths between sampling

periods and years and a potential vegetation response to these differences (Parkos et al.

2011). Using a General Linear Model (PROC GLM), I analyzed total crayfish densities,

as well as size class (< 12 mm CL and > 12 mm CL) densities, with microhabitats within

time periods.  When mean values of crayfish densities among microhabitats were

significantly different (p ≤ 0.05), they were compared using Tukey-Kramer post-hoc

multiple comparison test.

Crayfish survival was analyzed using Cox proportional hazards model (PROC

PHREG) accounting for time as a continuous variable (with ties= exact, Allison 2010).

Animals that survived the experiment were considered censored for the survival analysis.

I included habitat type (ridge or slough), the crayfish sizes classes (small and large from

the tethering), and actual measured water depth where the crayfish was tethered.  I used a

stepwise model selection based on a significance of α = 0.05 in PROC PHREG that

included all variables and their interactions.

Results

I found no overall statistically significant difference in crayfish densities between

habitats (F1, 156 = 0.1, p = 0.99); however, crayfish densities varied by time (time F5, 156 =

2.6, p = 0.027) and between habitats at some times (habitat × time F5, 156 = 3.05, p = 0.01,

Table 2.1, Figure 2.1).  Partitioning the analysis by time revealed that crayfish were more

abundant in the slough in August 2008 (F1, 156 = 2.68, p = 0.05) and more dense in the

ridge the following December 2008 (F1, 156 = 7.92, p = 0.005).  They were somewhat
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more abundant in the slough in November 2007 although the difference was smaller (p =

0.06; Table 2.2, Figure 2.1).

Partitioning the analysis by habitat showed that the density of crayfish varied

through time over the 6 time periods in the ridge habitat (F5, 156 = 4.55, p > 0.001) but not

in the slough (F5, 156 = 1.01, p = 0.41).  Crayfish densities in the ridge habitat increased

from 7.3/m2 in November 2007 to 12.4 /m2 January 2008 (p = 0.003), and 4.1 /m2 in

August 2008 to 10.2 /m2 in December 2008 (p = 0.02). There were also differences in

densities in the ridge between similar times of year; November 2007 and December 2008

(p = 0.01), January 2008 and February 2009 (p = 0.03), August 2008 and August 2009 (p

= 0.001) (Figure 2.1).  When slough densities were analyzed over all nine time periods, a

significant variation in trap densities (F8, 111 = 3.02, p = 0.004) became evident with the

highest density in March 2008 and the lowest density in May 2009; however, they

rebounded quickly after flooding in August 2009 (Figure 2.1).

The crayfish size structure was different between ridge and slough habitat in

November 2007 (D = 0.223, p = 0.013) with the slough having a higher proportion of

smaller crayfish (<12 mm CL) than the ridge (Figure 2.2A). In August 2008, the

proportion of small crayfish (8-10 mm CL) was higher in the ridge and more of the larger

adult sizes crayfish (18-22 mm CL) were found in the slough (D = 0.2819, p = 0.003)

(Figure 2.2B).  Crayfish size distributions also differed between the habitats in August

2009 (D = 0.168, p = 0.05) with a higher proportion of crayfish <14 mm CL in the ridge

and a higher proportion of crayfish > 14 mm CL in the slough (Figure 2.2C). The other

sampling times were not statistically significant at α = 0.05.
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I found no statistical difference in the proportion of total male (t-test5 = 2.57, p =

0.71; ridge x = 0.22, SE = 0.025, slough x = 0.25, SE =0.025) crayfish between habitats.

There was no difference in proportion of male crayfish >18 mm (t-test5 = 2.57, p = 0.71;

ridge x = 0.21, SE = 0.037, slough x = 0.33, SE =0.046) between ridge and slough

indicating that males and female are distributed equally between habitats.

P. fallax appear to have two pulses of reproduction annually (Figure 2.3).  When I

aggregated the crayfish densities across habitats and plotted distributions through time, I

identified four cohorts over the study period.  One cohort can be traced in Figure 2.3 from

November 2007 to August 2008.  A new cohort (<10 mm CL) in August 2008 reaches a

larger size (~20 mm CL) by December 2008.  A third cohort can be followed from

December 2008 to August 2009, and a fourth cohort is well established (~10-12 mm CL)

in August 2009. In this study system, P. fallax appear to survive for one year given the

near absence of individuals > 25 mm CL during all times of sampling (Figure 2.3). The

species is known to grow larger in macrocosms (Dorn unpublished data). P. fallax seem

to produce new young of year in winter and during the summer (Figure 2.3).

From the cluster analysis for each time period, I used the dendrograms to partition

the habitat into four different habitat types, except in August 2008 where there were only

three habitat groups (sparse ridge was absent for this sampling period).  The habitat types

were grouped and defined as 1 = dense ridge, 2 = sparse ridge, 3 = sparse slough, and 4 =

dense slough.  The groups were clustered primarily by high and low cover.  Ridges with

dense cover were primarily covered with C. jamaicense, and sparse ridges were

dominated by C. jamaicense but contained several other emergent macrophytes (Crinum

americanum, Justicia angusta).  Dense sloughs were defined by high cover with high
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submerged vegetation volume (Utricularia spp.).  Sparse slough contained less

Utricularia spp. volume but shared other emergent macrophytes, such as Eleocharis spp.,

Panicum spp. and Nymphaea odorata, with dense sloughs (see Appendix 1). The

analysis of crayfish size classes and microhabitat (from the cluster analysis) revealed

habitat differed in three sampling periods (November 2007, August 2008, December

2008; Appendix A, supplemental Table 2A.1), but the differences were all between ridge

and slough microhabitats and provided similar information to the coarse-scale habitat

analysis.

The stepwise model selection retained habitat and carapace length in the survival

analysis model. Crayfish survived better on the ridge than the slough (Cox’s proportional

hazard model of 0.62. p = 0.03; Table 2.3) having a 38% lower individual predation risk.

Adult crayfish survived 41% better than juvenile crayfish (p = 0.006; Table 2.3). In

control cages for the predation experiment, none of the crayfish molted or were lost due

to a failed tether.

Discussion

This study suggests the two broad habitat types, ridge and slough, are both

important habitats for P. fallax in the central Everglades.  The results demonstrate that

when both habitats were flooded crayfish densities were similar between ridge and slough

habitats over two years.  One of our more interesting results is displayed within the

changes in densities in both habitats over time.  Overall mean crayfish densities within

habitats are very similar, but the time series reveals that the densities can vary between

habitats, without being consistently higher in one over the other (Figure 2.1).
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One hypothesis to explain a rise in densities in the ridge, for example in Nov

2007, could be that crayfish are concentrating in slightly depressed pockets in the ridge.

A widely accepted and well documented concept states that during prolonged dry spells

in the Everglades, aquatic fauna retreat with receding water and congregate into shallow

pools or alligator holes (Kushlan 1976, Bancroft et al. 1994, Bancroft et al. 2002, Gawlik

2002, Parkos et al. 2011).  The aggregation of fauna draws searching wading birds into

open sloughs (Gawlik 2002).  This idea has been perpetuated for aquatic invertebrates

like crayfish as well, but to our knowledge has not been explicitly tested.

Over two distinct time periods, the density in the ridge increased significantly.

The first occurred from November 2007 to January 2008, and the second event occurred

from August 2008 to December 2008. Between November 2007 and January 2008,

within-habitat aggregation may have occurred as individuals in the ridge habitat may seek

slightly deeper spots. This may have occurred during this sampling season as shallow

water (<5 cm) disabled me to sample at 5 random locations. Additionally, in March

2008, densities in the slough made a jump over January 2008 with the highest recorded

densities in my study, which may reflect an intra-habitat down-gradient aggregation event

as water recedes in the Everglades. Ridge animals could be contributing to the higher

densities in the slough as crayfish would have to either burrow when water receded or

move into slough habitat.

Another hypothesis may describe these shifts in densities between consecutive

sampling times is tied to the risk of predation within each habitat.  According to risk

allocation (Lima and Bednekoff 1999), exposure to predation should influence an

animal’s behavioral tradeoffs between feeding effort and vigilance, such that energy
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needs are met but risk of being depredated is minimized.  When prey experience long

periods of relative safety and predation pressure occurs in pulses, increased anti-predator

behavior is expected.  From November 2007 to January 2008, water levels steadily

receded in our study area to under 20 cm in the slough (Figure 2.1), within the depth

threshold (19 – 28 cm) at which searching wading birds have been recorded to forage in

sloughs (Gawlik 2002).  However, without the relational decrease in density in the slough

habitat from November 2007 to January 2008, I cannot attribute the increase in the ridge

to a population movement up-gradient in response to predation.

Between August 2008 and December 2008, a period of high water levels, the

observed increase in crayfish density within the ridge habitat might be attributed to up-

gradient movement in response to increase aquatic predation.  Flooding may have

allowed larger predatory fish to be present within the sloughs.  Fish populations in the

Everglades are thought to be capable of large distance movements both when the water

recedes and rises (Kushlan 1976, Loftus and Eklund 1994, Chick et al. 2004).  The

tethering experiment, which I conducted during a summer season with rising water,

indicated that the vegetated ridge was a safer environment than the slough.  Other studies

suggested that crayfish choose high structure habitat (Kershner and Lodge 1995, Jordan

et al. 1996) and smaller crayfish occupy shallower areas of river banks to avoid predation

(Englund and Krupa 2000, Flinders and Magoulick 2007a).  Although the sampling

missed peak water depths, the data suggests a proportional shift in density between the

ridge (increase) and the slough (decrease) before and after the water peak (Figure 2.1).

Therefore, the population may have relocated up-gradient from the deeper slough into the
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shallower, structured ridge habitat to minimize the risk of falling prey to seasonal aquatic

predators.

A third hypothesis that could explain the increased density in the ridge in 2008 is

juvenile performance. The higher density could be attributed to higher juvenile survival.

Mid -sized (5-6 cm) carnivorous fish can greatly depress juvenile crayfish densities

(Kellogg et al. 2011). Though the size structure across the population in January 2008

was not different between the ridge and slough, there were proportionately more juvenile

crayfish in the ridge habitat (Figure 2.2). The safety of the ridge environment could in

part explain the increase in ridge individuals from November 2007 to January 2008

without a change in density in the slough traps.

From the throw trap data crayfish cohorts can be followed through the time

looking at the apex of the graphs in Figure 2.3.  Four major recruitment periods were

observed within the sampling periods of our two year study.  Two cohorts of young of

year (YOY) are evident in each year; one at the end of the rainy season in

November/December when waters recede and cooler temperatures set in, and the other at

the height of summer in July/August as the rainy season has begun and the system

becomes inundated. This biannual recruitment may contribute to the success of P. fallax

rebounding from predation events during the dry season from avian and terrestrial

predators as well as during the wet season when rising water may allow piscine predators

to enter the system. The November/December cohorts seem to grow slower over time,

perhaps due to a slowing in growth rate over the colder months.  In March 2008, the

dominant cohort in the graph has moved 10-11.9 mm CL.  By August 2008 that cohort

has grown to 18-19.9 mm CL, and a new YOY is present (9 mm CL), which appears to
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grow to ~20 mm CL by December 2008.  In a growth study at our study site, conducted

during the summer, I quantified juvenile crayfish growth in the slough environment at an

average 0.16 mm per day and in the ridge 0.08 mm per day (Chapter 3), which gives

general support for the rapid summer growth  (0.09 mm per day) that this cohort analysis

implies. Similar cohort trends were seen in 2009.

The peaks of the cohorts disappear at carapace lengths over 25 mm, suggesting

that P. fallax in WCA 3A typically live less than or equal to one year. Throw trap and

minnow trapping surveys conducted in outdoor macrocosms and rearing adults in the lab

demonstrate P. fallax can growth substantially larger (over 40 mm CL, Dorn,

unpublished data).  However, very few individuals over 30 mm CL are caught in throw

traps in the field. The near absence of large crayfish indirectly reflects the predation

pressure on this species.

I tested for differences in the distribution of crayfish sizes classes with the four

microhabitats and found size dependent variation between some microhabitats; however,

the differences remained between the slough and ridge habitats.  During the time periods

with high proportions of juvenile crayfish (<10 mm CL), both size classes appear to be

aggregated together in one of the microhabitats.  In November 2007, the sparse slough

held the highest crayfish density, significantly higher than both ridge types, but in

December 2008, the microhabitat with the highest density of larger crayfish was the

sparse ridge (significantly higher than dense ridge, but not from either of the slough

microhabitats).

A more systematic sampling design can be applied in the future to allow for a

clearer view of crayfish distribution by size classes and microhabitat types and the
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possible movements between them. I recommend longer spatial and temporal monitoring

for crayfish in both habitats and development of a population-habitat index that could be

used to determine P. fallax population densities from long term crayfish monitoring data

from a single habitat.  This would enable managers to make informed decisions on P.

fallax population demography over time. Understanding crayfish population dynamics

are especially important for restoration efforts given Ogden’s (2005) review of historical

notes and observations that suggest the Everglades had previously been an ecosystem

dominated by a crayfish based food web.

Habitats do not exist in isolation from one another but are coupled together

through inputs and outputs. The classic source-sink model balances the roles of good

versus poor habitats to population dynamics (Pulliam 1988, Morris 1994, Morris 2009).

In the high quality source habitat, a population has the ability to sustain itself as natality

is higher than mortality, but the sink is of poor quality habitat, in which a population is

unable to sustain itself in the absence of immigration (Pulliam 1988).  Although predation

from aquatic predators is reduced, ridge habitat has a low growth potential (Chapter 3).  I

postulate that the ridge acts as a sink habitat and remaining in the ridges would not be

sufficient to sustain the P. fallax population; however, its importance to the crayfish

when predation risk is high in the sloughs should not be underestimated.  Additionally,

the loosely packed sawgrass detritus and organic peat found in the ridges could provide a

suitable substrate through which crayfish could burrow to the water table during dry

periods. More research is needed to determine if ridge habitat acts as a sink for P. fallax

yet plays a seasonally important role in the long-term survival of the population.
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Tables

Table 2.1. Repeated measures ANOVA results showing mean differences of significant

crayfish density on habitat and season.

Effect DF DF F-Value Pr > F

Habitat 1 156 0 0.989

Season 5 156 2.61 0.027

Habitat*Season 5 156 3.05 0.012
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Table 2.2. Seasonal differences in crayfish density from a slice in the ANOVA.

Effect Season Num DF Den DF F Value Pr > F
Habitat*Season Nov 07 1 156 3.53 0.06
Habitat*Season Jan 08 1 156 1.35 0.24
Habitat*Season Aug 08 1 156 3.78 0.05
Habitat*Season Dec 08 1 156 7.92 0.005
Habitat*Season Feb 09 1 156 1.08 0.29
Habitat*Season Aug 09 1 156 0.55 0.45
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Table 2.3. Survival analysis (Cox’s proportional hazard model) results from a five day

tethering experiment in August 2009. Model parameters were chosen using a stepwise

selection.  Habitat = ridge and slough, size represents two size classes- small (10-15 mm

CL) and large (20-30 mm CL) crayfish.

Days Parameter DF Parameter
estimates SE Chi-

Square
Pr >

ChiSq
Hazard

ratio
Survival
improved

5 Habitat 1 -0.476 0.162 8.65 0.003 0.62 Ridge

CL 1 0.345 0.159 4.68 0.031 1.41 Large
size
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Figures

Figure 2.1. Mean crayfish densities in ridge and slough habitats over two years with

standard error bars.  Water depth is the average slough water depth from the EDEN

network.
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Figure 2.2. Graph of crayfish size classes by proportion of crayfish found at each size

increment (2 mm CL) where sizes differed in the ridge and slough habitats;  A)

November 2007, B) August 2008, C) August 2009 and an example of a season D)

January 2008, where crayfish sizes were similar between the two habitats. ** p ≤ 0.01, *p

≤ 0.05.
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Figure 2.3. Graph of percent of crayfish plotted by size distribution caught in throw traps

in both ridge and slough habitats over the study duration.  The dates reflect the seasons of

throw trapping and S (slough) and R (ridge) are the habitats in which the data was

collected.  The numerical numbers with corresponding lines represent crayfish cohorts.
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Appendix A

Table 2A.1. General Linear Model of crayfish density and microhabitat vegetation types

from six sampling periods where water covered both the ridges and the sloughs.

Crayfish size Source DF Type III SS Mean Square
F-
Value Pr > F

Nov-07

<12 Habitat type 3 2.069 0.690 8.45 0.0004

>12 Habitat type 3 0.855 0.285 3.26 0.037

Total Habitat type 3 0.978 0.326 4.07 0.016

Jan-08

<12 Habitat type 3 0.406 0.135 1.15 0.373

>12 Habitat type 3 0.317 0.106 0.78 0.503

Total Habitat type 3 0.380 0.126 0.67 0.578

Aug-08

<12 Habitat type 2 0.101 0.051 0.42 0.658

>12 Habitat type 2 0.774 0.387 4.87 0.016

Total Habitat type 2 0.289 0.144 1.43 0.257

Dec-08

<12 Habitat type 3 1.021 0.340 3.68 0.025

>12 Habitat type 3 1.117 0.372 4.79 0.009

Total Habitat type 3 1.266 0.422 5.38 0.005

Feb-09

<12 Habitat type 3 0.105 0.035 0.32 0.810

>12 Habitat type 3 0.064 0.021 0.22 0.878

Total Habitat type 3 0.080 0.027 0.26 0.856

Aug-09

<12 Habitat type 3 0.391 0.130 0.61 0.620

>12 Habitat type 3 0.828 0.276 1.66 0.233

Total Habitat type 3 0.599 0.199 1.32 0.29
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Table 2A.2. Tukey-Kramer multiple comparisons of mean densities for small and large

size classes between microhabitats. The results show sampling periods where densities

for sizes classes (< 12 mm CL, >12 mm CL) and total crayfish had significant mean

density differences between microhabitats.  Habitat 1 = ridge dense, 2 = ridge sparse, 3 =

slough sparse, 4 = slough dense.  Though there are differences between microhabitats the

main distinctions are still between the ridge and slough habitats with no within habitat

density differentiation. (Significance at α= 0.05)

Date Size
Habitat

comparison
Difference

between mean 95% CL Significant

Nov-07 <12 3 - 4 0.2311 -0.1383 0.6005

3 - 2 0.5437 0.1066 0.9808 ***
3 - 1 0.6637 0.2688 1.0587 ***
4 - 1 0.4326 0.0377 0.8276 ***
4 - 2 0.3126 -0.1245 0.7497
4 - 3 -0.2311 -0.6005 0.1383
2 - 1 0.12 -0.3388 0.5789

Nov-07 >12 3 - 4 0.0734 -0.3352 0.482
3 - 2 0.2386 -0.2137 0.6909
3 - 1 0.4079 0.0257 0.7901 ***
4 - 1 0.3345 -0.0741 0.7431
4 - 2 0.1652 -0.3096 0.64
4 - 3 -0.0734 -0.482 0.3352
2 - 1 0.1693 -0.283 0.6216

Nov-07 Total 3 - 4 0.335 -0.0309 0.701
3 - 2 0.469 0.036 0.902 ***
3 - 1 0.3814 -0.0099 0.7726
4 - 3 -0.335 -0.701 0.0309
4 - 2 0.134 -0.299 0.567
4 - 1 0.0463 -0.3449 0.4375
2 - 1 -0.0877 -0.5422 0.3669

Aug-08 >12 3 - 2 0.1681 -0.2148 0.5509
3 - 1 0.3571 0.0718 0.6425 ***
2 - 3 -0.1681 -0.5509 0.2148

2 - 1 0.1891 -0.1719 0.55
Dec-08 <12 2 - 1 0.104 -0.530 0.737

2 - 3 0.341 -0.071 0.752
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2 - 4 0.401 0.040 0.763 ***
1 - 2 -0.104 -0.737 0.530
1 - 3 0.237 -0.444 0.918
1 - 4 0.298 -0.355 0.950
3 - 4 0.061 -0.379 0.500

Dec-08 <12 1 - 2 0.1664 -0.4149 0.7477
1 - 3 0.3479 -0.277 0.9727
1 - 4 0.5786 -0.0197 1.1768
2 - 1 -0.1664 -0.7477 0.4149
2 - 3 0.1814 -0.1963 0.5591
2 - 4 0.4121 0.0803 0.744 ***
3 - 4 0.2307 -0.1726 0.634

Dec-08 Total 1 - 2 0.0022 -0.6051 0.6095
1 - 3 0.2764 -0.3764 0.9293
1 - 4 0.4673 -0.1577 1.0924
2 - 1 -0.0022 -0.6095 0.6051
2 - 3 0.2742 -0.1204 0.6688
2 - 4 0.4651 0.1184 0.8118 ***
3 - 4 0.1909 -0.2305 0.6123
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III.  MOVEMENT PATTERNS, HOME RANGE AND HABITAT SELECTION

OF THE SLOUGH CRAYFISH (PROCAMBARUS FALLAX) IN A FLOODED

WETLAND

Abstract

This field study was conducted to determine the movements and habitat selection

of the slough crayfish Procambarus fallax in the central Everglades. Using radio

telemetry, I monitored the individual movement patterns of 14 crayfish, 8 males and 6

females, to establish home ranges and movement patterns.  Animals were divided

between two sites and tracked daily for 11 days.  To test for diel movements, I recorded

crayfish movements approximately every 6 hours over the initial 4 days. No significant

difference was found in the global model among time of day intervals, but orthogonal

comparisons of time steps concluded that the average crayfish movement was

significantly greater during the early morning hours (0000h – 0600h) than during the two

daylight intervals (0600h – 1200h, 1200h – 1800h).  Neither individual nor population

movements exhibited any directional persistence nor were there any correlations between

distances and angles during diel movements or 24 hour periods. Crayfish average daily

movement distances, net displacement, and average home range sizes did not differ in

size, sex, or site within our sample.  Using a Resource Selection Function (RSF) testing

the null hypothesis that crayfish are randomly selecting habitat, I determined that no

consistent pattern of habitat selection was found for the entire population; rather,
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individual crayfish exhibited different strategies for selecting habitats: habitat generalists,

slough specialists or ridge specialists. During a two day rain event when water levels

rose 9 cm, I recorded two crayfish making large movements into shallower ridge habitat.

Three slough dwellers were likely predated, and overall there was less movement in all

remaining crayfish than expected for any given day of the study. Since visual predatory

fish may have arrived in the slough with the rise in water depth, I suggest these changes

in movement are predator avoidance strategies, where individual crayfish are either

seeking refugia or remaining as still as possible.

Introduction

Animals meet their life history requirements for foraging, survival, and

reproduction by exploiting available resources within their environment. However, not

all areas in an animal’s range are considered equivalent habitat with spaces used more or

less frequently and for different purposes.  For example, an animal may forage in one

area and den in another (Morris 1988, Kershner and Lodge 1995, Tregenza 1995, Frazer

et al. 2006, Abrams 2007).  Gaining insight to an animal’s spatial and temporal patterns is

imperative to understanding how it uses its resources (Anderson et al. 2008, Winnie et al.

2008).  Actively monitoring an animal’s movements provides information on its habitat

requirements, the extent of an individual’s range, and colonization abilities.

As large macroinvertebrates, crayfish represent a significant component of

wetland fauna in terms of biomass and density and are often considered key species in

their aquatic systems (Creed 1994, Turner et al. 1999, Jopp et al. 2011).  These

omnivorous decapods have strong interactions on food webs because they utilize and

functionally represent several trophic levels (Nyström and Strand 1996, Hobbs 2001,
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Jopp et al. 2011).  They have been found to be predominantly grazers, converting

detritus, macrophytes, and periphyton into animal biomass (Sargeant et al. 2010, Jopp et

al. 2011), but also act as predators and bioturbators (Dorn and Wojdak 2004, Sargeant et

al. 2010) and provide energy to higher trophic levels (Nyström et al. 1999, Hobbs 2001,

Nyström 2002, Dorn and Mittelbach 1999).  Two crayfish species reside in the marshes

of the Everglades ecosystem, Procambarus alleni and P. fallax (Hendrix and Loftus

2001, Dorn and Trexler 2007).  This study’s subject is the latter, which is the most

abundant species in the ridge-slough habitat of the central Everglades (Dorn and Volin

2009).

Several techniques have been used to investigate the movement patterns and

dispersal of crayfish species; mark recapture (Abrahamsson 1981, Guan and Wiles 1997,

Kirjavainer and Westman 1999, Acosta and Perry 2001, Byron and Wilson 2001), radio

telemetry (Bohl 1999, Robinson et al. 2000, Gherardi and Barbaresi 2000, Bubb et al

2004) and PIT tags (Bubb et al. 2002, Bubb et al. 2006, Bubb et al 2008).  In this study, I

use radio telemetry to investigate the movement patterns of individual slough crayfish.

Several studies have linked the abundance and distribution of P. fallax populations in the

Everglades to hydroperiods (Hendrix and Loftus 2001, Dorn and Trexler 2007), but how

individual animals move among and select microhabitat has not been determined.

Movement of individual P. alleni in response to flooding and drying events has been

studied in Everglades National Park with the mark-recapture methodology (Acosta and

Perry 2001), but the movement patterns of P. fallax have not been characterized.

Recently, the marbled crayfish (Marmorkrebs, P. fallax f. virginalis) was

determined to be genetically similar to P. fallax (Martin et al. 2010).  This decapod,
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known mostly from the aquarium trade, is unique amongst other crayfish species in its

ability to reproduce parthenogenetically (Scholtz et al. 2003, Martin et al. 2010), giving it

a label as the “perfect invader” since a population may originate from one single

individual (Jones et al. 2008, Martin et al. 2010).  Individuals of Marmorkrebs have been

found in natural environments of several countries (Ireland, Japan, Germany,

Netherlands), and established populations are known to persist in Madagascar (Jones et

al. 2008).  Recently, Chucholl and Pfeiffer (2010) confirmed a breeding population in

southwestern Germany, where it was previously thought to be too cold for the animal

(Jones et al. 2008).  To gain insight into the ecology P. fallax f. virginalis, several studies

have utilized information from the naturally occurring populations of P. fallax in south

Florida (Chucholl and Pfeiffer 2010, Martin et al. 2010, Feria and Faulkes 2011).

Characterizing how P. fallax uses available habitats in its natural environment and

documenting its dispersal propensity can help provide critical understanding regarding

the invasive capacity of P. fallax f. virginalis.

Until its “rediscovery” in the Everglades ecosystem in Hendrix and Loftus (2001),

it was believed that P. fallax’s southern range extended to Lake Okeechobee and Palm

Beach County.  The authors amended its natural range well into Everglades National Park

after they found the species in preserved samples from surveys conducted in vegetated

and open slough habitats as early as 1985 (Hendrix and Loftus 2001).  Distribution shifts

of P. fallax and its close relative P. alleni were recorded by Dorn and Trexler (2007) in

wet prairie and slough habitats in Everglades National Park, and the dominant role of

hydroperiod in the distribution of P. fallax was reiterated.  Hendrix and Loftus (2001)

hypothesize that local refugia may facilitate P. fallax repopulation of slough habitat after
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a significant dry down.  Fish refugia have been identified as small pools, alligator holes,

or solution holes (openings in the karst substrate that allow groundwater to percolate to

the surface, Acosta and Perry 2001, Parkos et al. 2011). P. fallax may also retreat into

these to survive droughts, but it is not known how far an individual crayfish may move to

find this haven. Red swamp crayfish (P. clarkii) do make large movements, and I wanted

to determine if P. fallax have similar movement patterns (Aquiloni et al. 2005, Barbaresi

et al. 2004).

Though the presence of P. fallax in sawgrass ridges is documented (Hendrix and

Loftus 2001, van der Heiden, Chapter 1), movements within and between ridge and

slough have not been quantified.  Daily or other temporal movement patterns of P. fallax

remain unknown.  Whether individuals use a single habitat or the ridge and slough in

tandem with small diel movements, whether crayfish move short or long distances within

a day or another time frame, and whether movements increase at night or another time of

day are all unknown.  The aims of this study were to examine patterns of movement

within a day and from day to day by recording the relocation of individual crayfish within

6 hour intervals over 4 days and 24 hour intervals for up to 11 days. I looked for

distance and directional correlations in crayfish movement. To assess likely habitat

selection for individual P. fallax, I mapped each animal’s path, evaluated correlations in

distances and turning angles for each individual as well as among individuals, and

determined individual home ranges covered within our study period.  I determined

whether the populations as a whole or any individuals were selecting either habitat by

applying the resource selection function based on the null hypothesis that selection does

not occur.
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Methods

Study site

This study was conducted in the central Everglades in Water Conservation Area

3A (WCA-3A) during winter (February) 2008 when water covered both ridge and slough

habitat (Figure 3.1).  The wetland habitat in the study site consisted of ridges containing

dense stands of sawgrass (Cladium jamaicense), and slightly deeper sloughs dominated

by macrophytes (Eleocharis cellulosa, Nymphaea odorata, Utricularia spp.) (Robertson

and Fredrick 1994).  Oriented in a north-south direction, the ridge-slough ecosystem has

a well-defined edge between the two habitats.  Several areas were visited by airboat and

their suitability verified, and I chose two sites separated by 4 km in a north-south

direction with an average difference in water depth of 13 cm, taken from several

measurements across the ridge and slough.  Each site had a minimum ridge water depth

of 15 cm to be confident that crayfish had opportunity to use both habitats, since I knew

from prior sampling that crayfish could be found on ridges at this depth.  Neither site

appeared to be heavily impacted by airboat traffic.

Tagging

Having no prior knowledge of crayfish movements between habitats, I decided to

capture animals along the ecotone between ridge and slough habitat.  At each study site, a

random point along the ridge-slough interface was generated using Hawth’s Analysis

Tools (Beyer 2004) in ArcMap (ESRI).  A trap line was set at the point in a north-south

orientation along the slough side of the ecotone to capture crayfish that may be

specialized to one habitat or the other, thus increasing the possibility of capturing ridge

and slough-dwelling animals.  The trap line consisted of 5 minnow traps, spaced ~5 m
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apart and baited with ~50 g piece of sweet-corn on the cob. I checked the traps after 24

hours.  Individual crayfish with a carapace length (CL) of 27-34 mm and no signs of

imminent molting were chosen to be fitted with a backpack transmitter.  Smaller crayfish

were not considered because the acceptable limits of transmitter to animal weight ratio

(0.1) would have been exceeded.

After blotting the crayfish carapace dry with a paper towel, the transmitters

(Advanced Telemetry Systems model KJKK), weighing 0.28 g, were glued to it using a 5

minute epoxy.  Each transmitter had an expected working life of 25 days.  At the time of

this study, these transmitters were the smallest available devices, designed for external

mounting on aquatic organisms (Advanced Telemetry Systems, personal

communication).  I held the crayfish in plastic trays with a 2 cm of water for 30 minutes

to ensure the epoxy hardened.  A total of 14 crayfish were tagged; 8 males and 6 females

(x = 29.1 CL, SE = 0.6) (Table 3.1).  I released the tagged crayfish at the exact location

where they were trapped and took care to place the crayfish gently on the benthos.  A

preliminary study to determine how the epoxy would hold under water and if carrying the

weight caused the crayfish to behave differently was completed in the lab. I glued vinyl

aquarium tubing with the same weight as the transmitter to 5 crayfish.  The crayfish

showed no behavior difference to crayfish without the attached tubing.  The glue on all 5

crayfish held for 25 days when I ended the trial.

Relocation

I located individual crayfish 4 times (18:00, 24:00, 06:00, and 12:00 h) during a

24 h period for 4 days using an Advanced Telemetry Systems R410 scanning receiver

and three element Yagi antennae.  Thereafter, I tracked the crayfish once a day for 7
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additional days, collecting 24 h data for 11 days. I returned after 8 days to locate

surviving individuals.  I completed the tracking after collecting three more relocations at

days 21, 22 and 23 (Table 3.1).  To minimize disturbance to the benthos potentially

resulting in altered crayfish activities, I approached crayfish locations in a canoe.

Though I did not see the tagged crayfish, I observed other animals foraging on vegetation

and the benthos with the aid of a red light at night. When crayfish were in the ridge, I

used two or three locations to triangulate the crayfish’s position. I recorded each

crayfish’s coordinates and triangulation positions using a Garmin hand held GPS.

To determine the accuracy of tracking crayfish in the slough habitat in the canoe,

a field technician hid a transmitter glued to a PVC pole in the slough under water.  A

different person then tracked the location in the canoe. The relocation measurements

were consistently less than 15 cm from the hidden transmitter (n = 10). In the ridge

habitat, I tested location errors by triangulating to a known location from two distances, 5

m and 20 m.  Triangulations errors were within 225 cm2 at a distance of 5 m (n = 10) and

900 cm2 at 20 m (n = 10).  I calculated individual crayfish home ranges using minimum

convex polygons (MCP) of the movement distances and directions in ArcMap 9.3 (ESRI)

from coordinates of the relocation data.

To determine if crayfish moved more or less than expected on different days, I

compared movements of the population on each day of the study using the exact binomial

test of goodness of fit. The exact binomial test is the preferred test over chi-square

goodness-of-fit where the expected numbers are small, giving a more accurate result

(McDonald 2009). Pooling all 24 h movement data over 11 days, I assigned a binomial

variable to the movement of each crayfish, 0 = no recorded relocation if crayfish moved
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< 0.1 m (non-movement) and 1 = relocation > 0.1 m (movement).  I used the proportion

of non-movement to movement of the entire population over all 24 h steps to predict the

expected movement of the population on each day.  I compared the total observed

proportion of movement on each day to the predicted with the exact binomial test of

goodness-of-fit under the null hypothesis that there are no differences between observed

and expected daily movements with α = 0.01.

Turning angles

An important ecological and management question for this study is: do crayfish

use the ridge and slough habitats in a diel pattern?  To determine this, I looked at the

distribution of individual crayfish turning angles between the 4 time of day intervals of

the initial four days, morning (00:00-06:00), midday (06:00-12:00), evening (12:00-

18:00) and night (18:00-00:00), using the Rayleigh test of uniformity (Zar 1999). Each

crayfish was placed at the ecotone between the ridge and slough habitats.  If directional

diel movements were recorded, I expected to find bimodal daily relocations of each

individual or directional persistence during one time of day opposite that of another time

of day. I also looked at daily crayfish directional movement over the time of the study

using angular-distance correlation (Zar 1999).  This may reveal any bias in crayfish

movement toward a particular bearing; for example, movements may follow parallel to

the ridge-slough topography.

Measuring expected habitat use

A goal of this radio telemetry study was to determine whether the habitat used by

an individual reflects random movement or habitat selection. Habitat selection is the use

of habitat relative to its availability, a defined space to which the animal has access



57

during the course of the study (Manly et al. 2002).  Different criteria have been used to

quantify the space available; the entire study area (Haugen et al. 2006), an animal’s home

range (Gehrt et al. 2009), or access determined by foraging distances (Herring and

Gawlik 2011) are considered available area to an animal.  These could be appropriate

methods when animals have a large number of relocations in space and time.  However,

in studies with short time scales and few relocation points, these methods may not

adequately define available habitat.  Tracking an animal for a short time can lead to

poorly defined home ranges that do not reflect the spatial extent to which it could utilize

its environment.

In this study, I was limited by the physical constraints of the transmitter battery

life and the remote location of the study site.  To estimate habitat that could be available

for each animal, I developed a random walk model (RWM) that utilized the individual

observed tracks over all days to generate estimates of expected available area under the

assumption of no habitat selection. Each recorded crayfish track was divided into two

bins, one for distances and one for bearings. Using Microsoft Excel (2007), I randomly

selected a distance and a bearing from the bins without replacement.  These distance and

angle pairs were plotted in ArcMap to generate a possible track the crayfish could have

moved.  Each random walk was the exact length of the original crayfish track, used the

same angles of movement, and originated from the release site of the individual.  I

mapped 100 random walks and encapsulated the generated spatial extent with a minimum

convex polygon to define the available area for the individual crayfish.

To quantify crayfish habitat selection at my study site, I used the design III

Resource Selection Function (RSF) for individually identified animals and individual
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measures of habitat availability taken from Manly et al. (2002). After measuring the

proportion of each habitat type in the available area calculated from the RWM, I counted

the actual observed number of individual crayfish relocations in each habitat using

ArcMap.  All equations and procedures for this RSF were taken from Manly et al. (2002).

The individual resource selection ratio (ŵ ) for each habitat i – ridge or slough – was

estimated byŵ = ( ),

where is the actual counted relocations of animal j in habitat i, is the total number

of relocations counted in both habitats for animal j, and is the proportion of available

habitat i to animal j, i.e. is the predicted number of relocations based on the

proportion of available habitat. To report the selection, I used Manly’s standardized

selection ratios.

The population resource selection ratio (ŵ ) for each habitat isŵ = ∑⁄ ,

where is the actual counted relocation of all animals in habitat i.  I calculated the

population variance and Bonferroni’s 95% confidence intervals.  To assess whether the

population was selective for either habitat, and to test whether an individual animal had

selected one habitat over the other, I used the log-likelihood chi-square test (α=0.05). I

tested the null hypothesis that crayfish exhibit no habitat selection by comparing the

observed relocations in each habitat with the expected relocations based on proportional

availability.
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Movement

In order to determine whether P. fallax move similar distances throughout the day

(diel movements) between individuals, between sexes and between sites, I used the

distance moved between the four daily relocation times, 18:00, 24:00, 06:00, and 12:00 h,

over the first 4 days.  The relocation time varied between crayfish (6-8 hours) because it

took longer to locate some animals than others. The data were standardized by using the

distance moved between successive relocation times over the exact time between

relocations in meters per hour (m/h) (Bubb et al. 2004, Robinson et al. 2000).  Because

the time steps of relocations between crayfish are unequal and sequential relocations for

an individual cannot be independent at short time periods (6 hour intervals) (Millspaugh

and Marzluff 2001), I used a generalized linear mixed effects model in SAS (PROC

GLIMMIX) to determine whether time of day affects crayfish movement rates.

Orthogonal comparisons between all groups within the overall model compared each

time of day interval to the others (Ryan 1959).

The PROC GLIMMIX was also used to identify whether average individual daily

(24 h) movement rates differed between individuals, differences in individual home

ranges, and if displacement fluctuated between individuals.  The data do not have to be

normally distributed and the variance does not have to be constant. Time period, sex and

site were considered fixed-effects in the analysis.  CL was included as a covariate while

individual crayfish were treated as random effects (i.e., a random cross section of the

population with individual-individual variation) (Koper and Manseau 2010).



60

Results

Relocations

Monitoring periods for radio tagged crayfish varied in duration between 2 days

and 23 days (x = 14 days, SE = 2.34) (Table 3.1).  No crayfish molted during the study

but 6 crayfish were lost during the study, two on the second day, one on the third day,

and 3 were eaten later on day 9.  I assumed all missing crayfish were depredated because

I found no molts (transmitters would still work if molted), and their signals never

resurfaced at another time.  On three occasions, I followed moving signals that darted

quickly at the approach of the canoe with agile turns uncharacteristic of crayfish and

different from all other observed crayfish signals, and I concluded that I was following

fish that had recently swallowed my tagged crayfish.  Upon completion of the study, I

recovered 4 crayfish with attached transmitters one of which was the crayfish with the

largest home range (F20, Table 3.1).

Individual crayfish movements between relocations varied greatly with no

movement to large movements (Figure 3.2).  The longest recorded individual relocation

was 66.2 m (traveling 11 m/h), and the greatest total distance covered by one individual

during the study was 389 m over 21 days with a net displacement of 48 m (Table 3.1,

Figure 3.3).  The smallest total distance covered by one individual was 39 m over 3 days

with a net displacement of 15 m.  The average crayfish movement rate m/h did not vary

by site (p = 0.46), by sex (p = 0.68), or with CL (p = 0.41).  Crayfish displacement, the

distance from the starting point and the final end point, was wide ranging among

individuals with a minimum of 5.2 m and the largest 123.6 m (x = 47.1 m, SE = 10.3)
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(Table 3.1).  There were no differences in displacement distances between sites (p = 0.77)

or sex (p = 0.24).

When I contrasted the 4 diel time steps (morning, 0600 – 1200 h; midday, 1200 –

1800 h, evening, 1800 – 0000 h; and night, 0000 – 0600 h), there were differences in the

average movement between evening and midday (p = 0.036), and between evening and

morning (p = 0.029) though no overall differences were displayed in the global model

(F3, 185= 2.36, p = 0.0731) (Table 3.2, Figure 3.4). A priori orthogonal comparisons do

not require the global model to be significant (Ryan 1959). The night relocations, though

larger than both daytime steps, were not significantly different from any other time of

day, and the day time intervals, morning and midday, had similar means. There were no

differences in diel movements between sites and sexes, and they did not vary with CL.

Crayfish home ranges varied in area between individuals ranging from 21- 6186

m2 (x = 1153 m2, SE = 432) (Table 3.1, Figure 3.5). There was no correlation between

the number of relocations and home ranges sizes (r2 < 0.01, p = 0.58); and therefore, I did

not exclude any individuals from the analyses.  The size of crayfish home ranges did not

vary between sites (p = 0.25), between sexes (p = 0.52), or with CL (p =0.1).

During the course of the study, daily relocations indicated less than expected

movement for all crayfish on two days: the day before (Day 9: p < 0.002) a two-day rain

event that raised water levels by 9.8 cm and the day after the greatest rise in water (Day

11: p < 0.001).  Crayfish movements during the water level rise were not different than

from expected.
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Turning angles

Crayfish did not exhibit any directionality to their movements during any of the 4

time periods (morning, midday, evening and night) for the first 4 days of the study

indicating that crayfish movements are not directional (Table 3.3). Crayfish were

captured and released to the west of the ridge-slough habitat interface which is oriented in

a north-south direction.  Crayfish did not show evidence of movement between the ridge

and slough habitat in a diel pattern.  Crayfish did not show any directional persistence

over 24 h periods for the duration of the study (Table 3.3) demonstrating that crayfish are

not traveling up and down the sloughs in a north or south direction.  There was no

correlation between angles and distances of crayfish movement over the duration of the

study (Table 3.4).

Habitat use

Overall the crayfish population selected neither slough nor ridge habitat (ŵRidge =

0.875 ± 0.145, 95% CI, ŵSlough = 1.082 ± 0.094, 95% CI, Table 3.5).  However,

individually crayfish may select habitat with 7 crayfish relocating preferentially in slough

habitat and 4 crayfish selecting mostly in ridge habitat; 3 crayfish showed no clear

preference (Table 3.6, Figure 3.6).

Discussion

Most movement studies of freshwater crayfish are performed in lotic systems with

the aim of quantifying upstream and downstream movements (Bubb et al. 2004,

Robinson et al. 2000) or in lakes to gauge the rate of colonization around its periphery

(Byron and Wilson 2001, Light 2003).  The Everglades, a shallow wetland with slow

sheet flow, provides the opportunity to evaluate radial movements of crayfish across its
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ridge and slough microtopography.  An initial hypothesis was that crayfish movement

patterns might be parallel to the ridges with or against flow, but I observed no directional

trend for the population and no correlation between distance and direction traveled.  The

displacement distance, the total distance traveled from the starting location to the last

recorded location, varied greatly between individuals with some individuals remaining

within a few meters to others moving larger distances within the same time frame, a trend

seen in many other studies (Robinson et al. 2000, Byron and Wilson 2001, Gherardi et al.

1998, Barbaresi et al. 2004, Aquiloni et al. 2005). Studies record movement rates of 0.04

– 0.45 m/h (Gherardi et al. 1998), and 0.04 – 4.58 m/h (Barbaresi et al. 2004) for P.

clarkii in rivers with a range of total distance traveled in 10 days of 25 to 308 m, whereas

Gherardi and Barbaresi (2000) recorded a radio-tagged wandering male P. clarkii

covering 17 km in 4 days at about 166 m/h in a rice field in Spain.  Calculated rates of

movement are based on the time span and distances moved between release and recapture

in mark-recapture studies, which varied from preset intervals of a few days (Byron and

Wilson 2000, Acosta and Perry 2001) to yearly intervals (Light 2003).  These studies

could underestimate hourly movement rates being limited by their methods (Byron and

Wilson 2000), overestimate daily displacement when interpolating yearly data to seasons

(Bubb et al. 2002), or fail to capture movement cycles across seasons altogether.

Telemetry studies have the advantage of tracking individuals through sequential locations

and offer more accurate estimates of individual movement rates over intervals measured

in hours or days during specific seasons (Bubb et al. 2002).  During my study as in

others, crayfish hourly rates and distances traveled between time steps exhibited high
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variability among individuals and within individuals over time, ranging from 0-11 m/h

with a pooled average of 0.83 m/h.

Several studies document crayfish species movements as sporadic with periods of

remaining in one location, sometimes for several days, followed by pulses of relatively

large distances in a short time to settle into another location (Gherardi et al. 1998, Light

2003, Aquiloni et al. 2005).  Some of the P. fallax individuals I tracked reflected the

same pattern. These haphazard pulses of locomotive activity could be related to forage

availability, conspecific interactions, or local predation pressure.

I observed a pattern of diel activity with longer relocation distances recorded from

sunset to midnight than during the day.  Nocturnal activity is thought to be a predator

avoidance strategy, in which prey animals remain still, often hiding in refuges, while

visual predators are likely to hunt (Flint 1977, Aquiloni et al. 2005). P. fallax is not

exclusively nocturnal since day time displacements (morning and afternoon) averaged 5

m in each 6 h period.  Day time movements could be explained by the size of the

crayfish, likely beyond the gape limits of most Everglades fish predators.  Perhaps the

sampling intervals were catching crepuscular activities, and shifting sampling times to

later in the morning and earlier in the afternoon may reveal a resting period in the middle

of the day. This was not tested for because we had set out relocation times a priori.

Calculated home range sizes among individual crayfish contained large variation.

This supports the conclusion of other studies that suggest crayfish display little site

fidelity when experimentally displaced (Byron and Wilson 2001) and individuals of the

species Austropotamobius pallipe showed no tendency to return to their original capture

location (Gherardi et al. 1998, Robinson et al. 2000).  However, refuges are important to
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survival in the presence of predators and may prompt a homing response when shelter is

scarce (Hill and Lodge 1999, Fortino and Creed 2007, Robinson et al. 2000, Bubb et al.

2006).  As in studies with other species, our observations with P. fallax substantiate a

general lack of homing behavior, and a tendency to forage in a series of areas with

occasional bouts of dispersal (Bubb et al. 2004, Robinson et al. 2000). Even those which

moved in relatively small home ranges roamed around.

Several studies associate longer movements with increased crayfish size (Light

2003, Robinson et al. 2000) but find minimal evidence for strong associations with sex.

This present study indicates no statistically significant correlation between the size of a

crayfish and movement lengths.  Because of minimum size restrictions in carrying the

transmitters, a tight range in actual crayfish sizes makes a relationship between size and

movement difficult to discern.  Most studies show no difference in total distance traveled

or locomotive activity between males and females (Oreconectus rusticus – Byron and

Wilson 2001, Procambarus clarkii – Aquiloni et al. 2005 and Barbaresi et al. 2004) while

others make suggestions of positive correlation of movement in reproductive males (A.

pallides – Robinson et al. 2000, P. clarkii – Gherardi and Barbaresi 2000) or females

(Pacifastacus leniusculus – Light 2003) with some confirmation.  It is possible that the

reproductive cycle influences crayfish movement; however, this study did not find any

association between movement and sex.

Information concerning the movement of P. fallax is relevant to understand its

colonization potential in the Everglades after annual drying events in the slough and

ridges.  Acosta and Perry (2001) conducted continuing 48 h mark-recapture trials with P.

alleni in the southern Everglades.  They evaluated crayfish behavioral response to
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flooding and dry down in habitats with different hydroperiods (Acosta and Perry 2001).

Observing a greater dispersal during periods of increasing water levels than receding

water lead to the conclusion that P. alleni migrate during the wet season to recolonize

seasonally desiccated areas.  However, during dry downs, P. alleni tended to abbreviate

movement from higher areas to standing water refuges such as the deeper sloughs or

solution holes preferring instead to move vertically into burrows (Acosta and Perry

2001). P. fallax has been described as less capable than P. alleni in burrowing into clay-

rich marl substrate and surviving complete dry down events (Dorn and Trexler 2007).

Therefore, occupying longer hydroperiod habitats with peat soils and being able to move

greater distances in response to rising and receding water may be crucial for P. fallax

survival.  Acosta and Perry (2001) stated that P. alleni’s seasonal population

redistribution may be less than 1 km.

Habitat selection is the proportion at which animals use or occupy a nonrandom

set of available habitat.  Several studies endeavored to describe abundance of P. fallax by

actively sampling with throw traps to collect density estimates and found associations

between longer periods of inundation and substrate types (peat or marl) (Hendrix and

Loftus 2001, Dorn and Trexler 2007, Dorn and Volin 2009).  These are mainly landscape

differences that explain distribution of P. fallax population in areas with hydroperiods

over nine months and in slough environments with peat substrate (Hendrix and Loftus

2000, Dorn and Trexler 2007, Dorn and Volin 2009).

My study concentrated on habitat selection at a finer scale.  I quantified habitat

selection for P. fallax using RSF (Manly et al. 2002) across the ridge and slough habitat.

Based on my resource selection estimates for ridge and slough, at the population level P.
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fallax was not selecting for one habitat over the other.  However, evaluating habitat

selection for individuals, a clear distinction between crayfish directing movements to

dwell in the slough (7 individuals) or to reside in the ridge habitat (4 individuals)

emerged.  I also observed 3 crayfish without habitat preference.

Though the number of my sample is too small to extrapolate to the entire P. fallax

population, it seems that among the individuals in this study, three habitat use strategies

emerge. The first strategy pertains to slough dwellers.  The growth rate in the slough

habitat can be as much as 6 times higher than in the ridge environment (see Chapter 4).

Selection of slough habitat may be a strategy to grow as quickly as possible, potentially

to outgrow the gape size of predatory fish.  The second strategy may be to avoid

predation in the safer ridge habitat (Chapter 2).  Predation risk is significantly reduced in

the highly structured ridge habitat (see Chapters 2 and 4). The crayfish habitat generalists

may utilize both habitat strategies to try and maximize growth and minimize risk.

Several papers discuss the possibility of two simultaneous spatial strategies in

crayfish based on the inter-individual variation in movement patterns (Byron and Wilson

2001, Gherardi et al. 1998, Barbaresi et al. 2004).  However, none identify a driver for

the differing strategies in any set of measured variables.  Some suspect a search for

refugia (Robinson et al. 2000), while others hypothesize about nomadic tendencies to find

mates (Gherardi and Barbaresi 2000).  I also observed this wide range of activity in

different individuals.

Interestingly, I observed two days during which the entire sample moved

significantly less than expected.  The day before the two-day rain event that brought

water levels up by 9.8 cm, and the day after.  During the event, however, crayfish moved
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as expected.  This whole population response prompts the question as to what caused this

relative stillness.  During the first day of the rain event with the greatest rise in water, 3 of

my remaining 10 crayfish disappeared (all slough dwellers).  One slough-dwelling

individual moved into the ridge, and two ridge individuals which had been moving in

small relocations near the slough-ridge ecotone moved 61 m and 39 m deeper into the

ridge.  The day after the rain event, only one crayfish moved, and it did so at a greater

than average speed of 2.81 m/h relocating 69 m in what may have been a flight response

from a predator.  All others remained within 0.10 m of their previously recorded location.

An influx of larger fish predators may have moved into the area with the rising water.

The rapid movement of small fishes in the Everglades to recolonize habitat in flooding

periods is well described (DeAngelis et al. 2005, DeAngelis et al. 2010).  By radio-

telemetry, Chick et al. (2004) recorded large fish movements of 10 km responding to a

sudden decrease in water levels. Many larger bodied fishes have been documented to

move rapidly into flooded areas to feed and reproduce (Boujard 1992, Cucherousset et al.

2007). Therefore, large predatory fish may redistribute into the Everglades with

variations in water level (Parkos et al. 2011).  Both the relatively large observed

movements and the consequent collective stillness of the radio-tagged crayfish could be

an instinctual response to perceived increased predation risk with rising water (Stein and

Magnuson 1976).  Initial habitat shift of mobile prey animals and subsequent immobility

are predator avoidance strategies used by crayfish (Stein and Magnuson 1976, Sih 1984).

With the identification of the invasive Marmorkrebs as the parthenogenetic form

of P. fallax (Martin et al. 2010), movement information about P. fallax may aid in

estimating its rogue relative’s potential invasion rate in shallow marsh systems.  Using a
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rate of movement of 0.56 m/h Byron and Wilson (2001) estimate a potential invasion rate

of 1.2 km/year for O. rusticus in a Wisconsin lake.  Bubb et al. (2004) found the average

rate of downstream expansion for P. leniusculus was approximately 1.5 km/year with an

average 0.17 m/h.  In this study, P. fallax moved greater distances than both of these

species.  Instead of using the average movement in m/h between relocations, I applied the

total net dispersal distances over the total number of days tracked to estimate a

conservative rate of invasion.  Looking at the minimum and maximum net displacement

rates (0.009 – 0.244 m/h), P. fallax could potentially move 83-2139 m per year in a

similar wetland system.

The use of radio-telemetry has led to several novel finding into the behavioral

ecology of P. fallax in its natural environment. In many aspects, it is similar to other

crayfish species, moving nocturnal, but also moves diurnally, a sporadic mover that can

potentially recolonize fairly large areas within a year from a source population.
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Tables

Table 3.1. Details of radio-tagged crayfish. Crayfish are identified by the frequency of

the radio transmitter.

ID Sex CL (mm) Site
Total
movement (m)

Days
tracked

Home
Range (m2)

Dispersal
(m)

F142 M 32.5 1 389 21 2575 48
F170 M 33 1 128 22 324 46
F20 F 33.5 1 334 21 6186 123
F201 M 29 1 39 3 40 15
F52 F 28.5 1 56 22 27 5
F60 F 27 1 232 9 1356 9
F80 M 27 1 130 2 1816 104
F111 F 28.5 2 93 2 441 75
F232 M 27 2 106 23 604 6
F261 M 28.5 2 95 6 469 39
F321 M 28 2 118 9 661 35
F350 M 29.5 2 80 9 21 6
F381 F 29 2 158 21 936 80
F441 F 27 2 115 23 698 73
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Table 3.2. Orthogonal comparisons for crayfish movements between time of day

intervals; night 00:00-06:00 (ZZ), morning 06:00-12:00 (AM), midday 12:00-18:00

(MD) and evening 18:00-00:00 (PM).

Contrast Estimate Error DF t P

ZZ vs AM 2.8924 2.1221 159.8 1.36 0.1748

ZZ vs MD 2.9946 2.0831 136 1.44 0.1529

ZZ vs PM -1.5769 2.0748 137 -0.76 0.4486

MD vs AM -0.1022 2.1221 159.8 -0.05 0.9616

AM vs PM -4.4693 2.1131 160.7 -2.12 0.036

MD vs PM -4.5715 2.0748 137 -2.2 0.0292



72

Table 3.3. Circular statistics results for Rayleigh's (R) test for uniformity in daily

movements (24 hour steps) and the four time steps per day for 4 days (6 hour time steps).

n R z
critical z
(α=0.05)

24 hour time steps 109 8.855 0.719 2.988

6 hour time steps

00:00 - 06:00 41 10.644 2.763 2.978

06:00 - 12:00 45 10.660 2.525 2.978

12:00 - 18:00 43 13.074 2.975 2.978

18:00 - 00:00 46 6.857 1.022 2.978
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Table 3.4. Angular distance correlation (r) for crayfish over 24 hour steps and over the 6

hour steps for 4 days.

Time of day n r n*r2
critical x2

(α=0.05) Correlation
24 hour time steps 109 0.1 0.64 5.991 No

6 hour time steps

00:00 - 06:00 41 0.2 1.13 5.991 No

06:00 - 12:00 45 0.1 0.17 5.991 No

12:00 - 18:00 43 0.2 1.07 5.991 No

18:00 - 00:00 46 0.2 1.38 5.991 No
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Table 3.5. Manly’s standaridized selection ratio for all the crayfish used in the telemetry

study showing no selection for either slough or ridge habitat at α = 0.05, critical =

3.841.

Habitat
Proportion

of Area

Observed
relocation

points

Population
resource
selection
ratio (ŵ)

SE
(ŵ)

Manly's
standardized

selection ratio

Ridge 0.394 98 0.875 ±0.074 0.447 1.349

Slough 0.606 185 1.081 ±0.048 0.553

Total 1.000 283 1.956 1.000



Table 3.6. Individual crayfish habitat selection using Manly’s Resource Selection Funtion.

Proportion of
Available Area

Actual observed
relocation points

Individual
habitat specific

resource
selection ratio

Standardized
individual habitat
specific resource

selection ratio
Individual
selective

ID Ridge Slough Ridge Slough Total Ridge Slough Ridge Slough DF
F142 0.465 0.535 1 23 24 0.09 1.79 0.048 0.952 1 10.977 slough
F170 0.392 0.608 0 25 25 0 1.646 0 1 1 12.457 slough
F20 0.212 0.788 22 2 24 4.328 0.106 0.976 0.024 1 27.741 ridge
F201 0.399 0.601 3 7 10 0.752 1.164 0.392 0.608 1 0.211 no
F52 0.3 0.7 0 26 26 0 1.429 0 1 1 9.283 slough
F60 0.377 0.623 2 19 21 0.252 1.453 0.148 0.852 1 4.343 slough
F80 0.492 0.508 3 6 9 0.677 1.312 0.34 0.66 1 0.463 no
F111 0.37 0.63 0 8 8 0 1.588 0 1 1 3.901 slough
F232 0.527 0.473 23 4 27 1.615 0.314 0.837 0.163 1 6.384 ridge
F261 0.208 0.792 13 5 18 3.47 0.351 0.908 0.092 1 10.938 ridge
F321 0.358 0.642 4 17 21 0.532 1.261 0.297 0.703 1 1.415 no
F350 0.403 0.597 0 20 20 0 1.675 0 1 1 10.321 slough
F381 0.474 0.526 3 21 24 0.263 1.665 0.137 0.863 1 6.704 slough
F441 0.532 0.468 24 2 26 1.735 0.164 0.913 0.087 1 9.611 ridge

75
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Figures

Figure 3.1 Study area showing radio telemetry sites in the central Everglades.
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Figure 3.2. Example of movements for 4 crayfish from site 1 showing the variability in

crayfish movements with slough water depths. * Less than expected movements before

the rise in water and after the rise in water.
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Figure 3.3. Frequency distribution of movements for all crayfish through the study

period.
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Figure 3.4. Average crayfish movements for the over four time of day intervals for initial

4 days of relocating crayfish. A priori comparisons between time of day intervals show

the evening hours to be more active than the day times (morning and midday), but P.

fallax is not strictly a nocturnal species.  Similar letters represent no difference in

movement between time periods, different letters are statistically different at p < 0.05.
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Figure 3.5. Minimum convex polygons of crayfish home ranges from site 1(left) and site

2 (right). Greyish-purple colored areas on satellite image are ridges, green and light

colored areas are sloughs.
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Figure 3.6. Manly's Standardized Selection Ratio showing habitat selection for 14

crayfish. Some animals are ridge dwellers and some are slough dwelling crayfish.  The

black line is the populations Bonferroni 95 % confidence limits from Manly’s

standardized selection ratios.



82

References

Abrahamsson, S. 1981. Trappability, locomotion, and diel pattern of activity of the

crayfish Astacus astacus and Pacifastacus leniusculus Dana. Freshwater crayfish,

5:239-253.

Abrams, P. A. 2007. Habitat choice in predator-prey systems: spatial instability due to

interacting adaptive movements. American Naturalist, 169: 581-594.

Acosta, C. A. and S. A. Perry. 2001. Impact of hydropattern disturbance on crayfish

population dynamics in the seasonal wetlands of Everglades National Park, USA.

Aquatic Conservation: Marine and Freshwater Ecosystems, 11:45-57.

Adams, A. J., J. V. Locascio, and B. D. Robbins. 2004. Microhabitat use by a post-

settlement stage estuarine fish: evidence from relative abundance and predation

among habitats.  Journal of  Experimental Marine Biology and Ecology, 2990: 17-

33.

Anderson, D. P., J. D. Forester, and M. G. Turner. 2008. When to slow down: Elk

residency rates on a heterogeneous landscape. Journal of Mammalogy, 89: 105-

114.

Aquiloni, L., M. Ilheu, and F. Gherardi. 2005.  Habitat use and dispersal of the invasive

crayfish Procambarus clarkii in ephemeral water bodies of Portugal. Marine and

Freshwater Behaviour and Physiology, 38:225-236.

Bancroft, G. T., A. M. Strong, R. J. Sawicki, W. Hoffman, and S. D. Jewell. 1994.

Relationship among wading bird foraging patterns, colony locations, and

hydrology in the Everglades. In. Everglades: the ecosystem and its restoration. (S.

M. Davis and J. C. Ogden, Eds.). St. Lucie Press, Delray Beach, Florida, USA.



83

Bancroft, G. T., D. E. Gawlik, and K. Rutchey. 2002. Distribution of wading birds

relative to vegetation and water depths in the northern Everglades of Florida,

USA. Waterbirds 25:265-277.

Barbaresi, S., G. Santini, E. Tricarica, and F. Gherardi. 2004. Ranging behavior of the

invasive crayfish, Procambarus clarkia (Girard). Journal of Natural History,

38:2821-2832.

Barraquand, F. and S. Benhamou. 2008. Animal movements in heterogeneous

landscapes: identifying profitable places and homogenous movement bouts.

Ecology, 89: 3336-3348.

Beyer, H. L. 2004. Hawth’s Analysis Tools for ArcGIS. Available at:

http://www.spatialecology.com/htools.

Bohl, E. 1999. Motion of individual noble crayfish Astacus astacus in different biological

situations : in-situ studies using radio telemetry. Freshwater Crayfish, 12: 677-

687.

Boujard, T. 1992. Space-time organization of riverine fish communities in French

Guiana. Environmental Biology of Fishes, 34: 235-246.

Bubb, D. H., M. C. Lucas, and T. J. Thom. 2002. The potential use of PIT telemetry for

identifying and tracking crayfish in their natural environment. Hydrobiologia,

483: 225–230.

Bubb, D. H., T. J. Thom, and M. C. Lucas. 2004. Movement and dispersal of the invasive

signal crayfish Pacifastacus leniussculus in upland rivers. Freshwater Biology,

49:357-368.



84

Bubb, D. H., T. J. Thom, and M. C. Lucas. 2006. Movement, dispersal and refuge use of

co-occurring introduced and native crayfish. Freshwater Biology, 51:1359–1368.

Bubb, D. H., T. J. Thom, and M. C. Lucas. 2008. Spatial ecology of the white-clawed

crayfish in an upland stream and implications for the conservation of this

endangered species.  Aquatic Conservation, 18:647-657.

Burt, W. H. 1943. Territoriality and home range concepts as applied to mammals.

Journal of Mammology, 23:346-352.

Byron, C. J. and K. A. Wilson. 2001. Rusty crayfish (Orconectes rusticus) movement

with and between habitats in Trout Lake, Vilas County Wisconsin. Journal of

North American Benthological Society, 20:606-614.

Chick , J. H., C. R. Ruetz III, and J. C. Trexler.  2004. Spatial scale and abundance

patterns of large fish communities in freshwater marshes of the Florida

Everglades. Wetlands, 24: 652–664.

Chucholl, C. and M. Pfeiffer. 2010.  First Evidence for an established Marmorkrebs

(Decapod, Astacida, Cambaridae) population in Southwestern Germany, in

syntopic occurrence with Orconectes limosus (Rafinesque, 1817). Aquatic

Invasions, 5:405-412.

Creed, R. P. 1994. Direct and indirect effects of crayfish grazing in a stream community.

Ecology, 75: 2091-2103.

Cucherousset J., A. Carpentier, and J. M. Paillisson. 2007. How do fish exploit temporary

waters throughout a flooding episode? Fisheries Management and Ecology,

14:269-276.



85

Davis, S. M. , L. H. Gunderson, W. A. Park, J. R. Richardson, and J. E. Mattson. 1994.

Landscape dimensions, composition, and function in a changing Everglades

ecosystem. In: Davis, S. M. and J. C. Ogden (Eds.) Everglades: the Ecosystem

and its Restoration. St. Lucie Press, Delray Beach, FL.

DeAngelis, D. L., J. C. Trexler, and W. F. Loftus. 2005. Life history trade-offs and

community dynamics of small fishes in a seasonally pulsed wetland. Canadian

Journal of Fisheries and Aquatic Sciences, 62: 781-790.

DeAngelis, D. L., J. C. Trexler,  C. Cosner, A. Obaza, and F. Jopp. 2010. Fish population

dynamics in a seasonally varying wetland. Ecological Modelling, 221:1131-1137.

Dorn, N. J. and G. G. Mittelbach. 1999. More than predator and prey; A review of

interactions between fish and crayfish. Life and Environment, 49:229-237.

Dorn, N. J. and J. C. Trexler. 2007. Crayfish assemblage shifts in a large drought-prone

wetland: the roles of hydrology and competition.  Freshwater Biology, 52: 2399-

2411.

Dorn, N. J. and J. C. Volin. 2009. Resistance of crayfish (Procambarus spp.) populations

to wetland drying depends on species and substrate.   Journal of North American

Benthological Society, 28: 766-777.

Dorn, N. J., R. Urgelles, and J. C. Trexler, 2005. Evaluating active and passive sampling

methods to quantify crayfish density in a freshwater wetland.  Journal of  North

American Benthological Society. 24: 346-356.

Dorn, N.J. and J.M. Wojdak. 2004. The role of omnivorous crayfish in littoral

communities. Oecologia, 140:150-159.



86

Englund, G. and J. J. Krupa. 2000. Habitat use by crayfish in stream pools: influence of

predators, depth and body size.  Freshwater Biology, 43: 75-83.

Feria, T. P. and Z. Faulkes. 2011. Forecasting the distribution of Marmorkrebs, a

parthenogenetic crayfish with high invasive potential, in Madagascar, Europe, and

North America. Aquatic Invasions, 6:55-67.

Flint, R. W. 1977. Seasonal Activity, Migration and Distribution of the crayfish,

Pacifastacus leniusculus, in Lake Tahoe.  American Midland Naturalist, 97:280-

292.

Fortino, K. and R. P. Creed. 2007. Abiotic factors, competition or predation: what

determines the distribution of young crayfish in a watershed. Hydrobiologia,

149:134-147.

Frazer, D. F., J. F. Gilliam, B. W. Albanese, and S. B. Snider. 2006.  Effects of temporal

patterning of predation threat on movement of stream fish: evaluating an

intermediate threat hypothesis.  Environmental Biology of Fishes, 76:25-35.

Gehrt, S. D., C. Anchor, and L. A. White. 2009. Home range and landscape use of

coyotes in a metropolitan landscape: conflict or coexistence. Journal of

Mammalogy, 90:1045-1057.

Gherardi, F. 2002. Behaviour, In: D. M. Holdich (Ed.) Biology of freshwater crayfish.

Blackwell Science, Oxford.

Gherardi, F. and S. Barbaresi. 2000. Spatial and temporal patterns in the movement of

Procambarus clarkii, an invasive crayfish. Aquatic Sciences, 62:179-193.



87

Gherardi, F., S. Barbaresi, and F. Villanelli. 1998. Movement patterns of the White-

clawed crayfish Austropotamobius pallipes, in a Tuscan stream. Journal of

Freshwater Ecology, 13:413–424.

Guan, R. Z. and P. Wiles. 1997. The home range of signal crayfish in a British lowland

river. Freshwater Forum, 8:45–54.

Haugen, T. O., I. J.  Winfield, L. A. Vøllestad, J. M. Fletcher, J. B. James, and N. C.

Stenseth. 2006. The ideal free pike: 50 years of fitness-maximizing dispersal in

Windermere.  Proceedings of the Royal Biological Society, 273: 2917-2924.

Hendrix, A. N. and W. F. Loftus. 2001. Distribution and relative abundance of the

crayfishes Procambarus alleni (Faxon) and P. fallax (Hagen) in southern Florida.

Wetlands, 20:194-199.

Herring, H. K. and D. E. Gawlik. 2011. Resource Selection Functions for Wood Stork

foraging habitat in the Southern Everglades. Waterbirds, 34:133-142.

Hill, A. M. and D. M. Lodge. 1999. Replacement of resident crayfishes by an exotic

crayfish: the roles of competition and predation. Ecological Applications 9:678–

690.

Hobbs III, H. H. 2001. Decapoda. In: Thorp, J. H. and A. P. Covich (Eds.).  Ecology and

Classification of North American Freshwater Invertebrates.  Academic Press, NY.

Jones, J. P. G., J. R. Rasamy, A. Harvey, A. Toon, B. Oidtmann, M. H. Randrianarison,

N. Raminosoa, and O. R. Ravoahangimalala. 2008. The perfect invader: a

parthenogenic crayfish poses a new threat to Madagascar’s freshwater

biodiversity.  Biological Invasions, 11:1475-1482.



88

Jopp, F., D. L. DeAngelis, and J. C. Trexler. 2011. Trophic cascades and food web

stability in fish communities of the Everglades. In. Jopp, F., H. Reuter, and B.

Breckling (Eds.).   Modelling complex ecological dynamics.  Springer, NY.

Jordan, F., C. L. DeLeon, and C. McCreary. 1996. Predation, habitat complexity and

distribution of crayfish Procambarus alleni within a wetland mosaic. Wetlands,

16: 452-457.

Kershner, M. W. and D. M. Lodge. 1995. Effects of littoral habitat and fish predation on

the distribution of exotic crayfish, Orconectes rusticus.  Journal of North

American Benthological Society, 14: 414-422.

Kirjavainen, J. and K. Westman, 1999. Natural history and development of the

introduced signal crayfish, Pacifastacus leniusculus, in a small, isolated Finnish

lake, from 1968 to 1993. Aquatic Living Resources, 12:387-401.

Koper N. and M. Manseau. 2010. A guide to developing resource selection functions

from telemetry data using generalized estimating equations and generalized linear

mixed models. Rangifer, Special Issue, 20:195– 204.

Meyers R. L. and J. J. Ewel (Eds.) The Ecosystems of Florida. University Press of

Florida.

Light, T. 2003. Success and failure of a lotic crayfish invasion: the roles of hydrologic

variability

Manly, B. F. J.,  L. L McDonald, D. L Thomas, T. L. McDonald, and W. P. Erickson.

2002. Resource Selection by Animals: Statistical Design and Analysis for Field

Studies, 2nd Edition. Kluwer Academic



89

Martin, P., N. J.  Dorn, T. Kawai, C. van der Heiden, and G. Scholtz. 2010. The

enigmatic Marmorkrebs (marbled crayfish)is the parthenogenetic form of

Procambarus fallax (Hagen, 1870). Contributions to Zoology, 79:107–118.

McDonald, J. H. 2009.  Handbook of Biological Statistics. (2nd Edition) Sparky House

Publishing, Baltimore, MD.

Millspaugh, J. J. and J. M. Marzluff, eds. 2001. Radio Tracking and Animal Populations.

Academic Press, San Diego, CA.

Morris D. W. 1988. Habitat-dependent population regulation and community structure.

Evolutionary Ecology, 3:379-388.

Nyström P., C. Brönmark, and W. Granéli. 1999. Influence of an exotic and native

crayfish species on a littoral benthic community.  Oikos, 85:545-553.

Nyström, P. 2002. Ecology. In: Biology of Freshwater Crayfish (Ed. D.M. Holdrich), pp.

192-235. Blackwell Science, Oxford.

Nyström, P. and J. Strand.  1996. Grazing by native and an exotic crayfish on aquatic

macrophytes. Freshwater Biology, 36:673-682.

Parkos III, J. J., C. R. Ruetz III, and J. C. Trexler. 2011. Disturbance regime and limits on

benefits of refuge use for fishes in a fluctuating hydroscape. Oikos, 120:1519-

1530.

Robertson, W. B. and P. C. Frederick. 1994. The faunal chapters: contexts, synthesis, and

departures. In: Davis, S. M. and Ogden, J. C. (Eds.), Everglades: the ecosystem

and its restoration.  St. Lucie Press, Delray Beach, Florida, USA.



90

Robinson, C. A., T. J. Thom, and M. C. Lucas 2000. Ranging behaviour of a large

freshwater invertebrate, the white-clawed crayfish Austropotamobius pallipes.

Freshwater Biology, 44:509–521.

Ryan, T. A. 1959. Comments on orthogonal components. Psychological Bulletin, 56:394-

396.

Sargeant, L. W., S. W. Golladay, A. P. Covich, and S. P. Opsahl. 2010. Physiochemical

habitat association of a native and non-native crayfish in the lower Flint river,

Georgia: implications for invasion success. Biological Invasions, 13:499-511.

Scholtz, G., A Braband, L. Tolley, A. Reimann, B. Mittmann, C. Lukhaup, F.

Steuerwald, and G. Vogt. 2003. Parthenogenesis in an outsider crayfish.  Nature,

421:806.

Sih, A. 1984. The behavioral response race between predator and prey.  American

Naturalist, 123:143-150.

Stein, R. A. and J. J. Magnuson. 1976. Behavioral response of crayfish to a fish predator.

Ecology, 57:751-761.

Tragenza, T. 1995. Building on the ideal free distribution. Advances in Ecological

Research, 26:253-307.

Turner, A., M., J. C. Trexler, C. F. Jordan, S. J. Slack, P. Geddes, J. H. Chick, and W. F.

Loftus. 1999. Targeting ecosystem features for conservation: standing crops in the

Florida Everglades. Conservation Biology, 13:898-911.

Webb, M. and A. Richardson. 2004. A radio telemetry study of movement in the giant

Tasmanian freshwater crayfish, Astacopsis gouldi. Freshwater Crayfish, 14:197-

204.



91

Winnie, J. A., P. Cross, and W. Getz. 2008. Habitat quality and heterogeneity influence

distribution and behavior in African buffalo (Syncerus caffer). Ecology, 89:1457-

1468.

Zar, J. H. 1999. Biostatistical analysis. Prentice Hall NJ.



92

IV. TESTING HABITAT SELECTION THEORY: THE ROLES OF GROWTH

AND MORTALITY ON CRAYFISH (PROCAMBARUS FALLAX) POPULATION

DISTRIBUTION

Abstract

Theoretical and empirical studies have shown that the quality of habitat patches

within spatially heterogeneous ecosystems regulates the spatial distribution of a species.

Conducting empirical field experiments in two different seasons (summer and winter), I

quantified habitat and density-dependent growth and habitat associated risk in slough

crayfish (Procambarus fallax) in vegetated habitats (ridge and slough) in the Everglades.

A field predation study, using tethered crayfish, demonstrated a greater survival rate in

the ridge over the slough habitat. Caged in situ growth experiments determined that

individual growth rates in the slough habitat were density dependent.  In the ridge,

growth rates were no different from zero, leading to the conclusion that food resources

were very low and growth was density independent.  Without significant density

dependent growth, predicting joint densities in both habitats where ‘fitness’ is equal

(isodars) remains uncertain.  However, throw trap data collected during the same seasons

reveals that crayfish are distributed within both habitats and offers biological justification

for applying the slow ridge growth rate, though insignificant, along with the slough

growth rate and relative rates of risk to test the Ideal Free Distribution (IFD) theory

which predicts how animals should distribute themselves among habitats to maximize
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individual fitness. I examined two derivations of IFD, the maximizing growth rule and

the minimizing risk to growth rule. By constructing isodars, the theoretical densities

predicted by IFD were compared with the actual observed density distribution during the

summer trial.  The summer crayfish distribution was theoretically consistent with a

tradeoff foregoing growth to minimize the risk to growth ratio. The winter distributions

could not be explained by predictions of the IFD model. IFD appeared to be a useful

theory for understanding distributions in one season, but given the hydro-dynamic nature

of the Everglades wetlands, crayfish habitat selection may reflect anticipated risks that

vary with changing water depths (e.g., wetland drying or wading bird predation).

Introduction

Animal movement and habitat selection are two principle processes affecting

population distribution and success (Dunning et al. 1992, Patterson et al. 2008,

Barraquand and Benhamou 2008).  Rather than simply waiting to respond to exogenous

forces, most mobile animals select beneficial habitats from a mosaic of potential habitats

(Reichwaldt 2008).  At the landscape level, habitat heterogeneity is expected to shape the

distribution of individuals and produce habitat-specific population demography (Doodley

and Bowers 1998, Kie et al. 2002).  Over smaller spatial scales, animals need to move to

meet their daily resource requirements while minimizing their risks (Anderson et al.

2008, Winnie et al. 2008).

Several theoretical and empirical studies have shown that the quality of habitat

patches within spatially heterogeneous ecosystems regulates the spatial dynamics of

species distribution (Morris 1988, Kershner and Lodge 1995, Tregenza 1995, Frazer et al.

2006, Abrams 2007). Morris (2003) defined a patch as a subset of homogeneous habitat.
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Patch quality, i.e. the ability to provide appropriate conditions for both individuals and

populations to persist, can vary in nutritional resources as well as structural benefits like

nesting sites (Van Horne 1983, Mortelliti et al. 2010).  As foraging animals gather in

profitable patches, patch quality may diminish, forcing new individuals to use poorer

quality patches with fewer competitors.

According to habitat selection theory, animals should choose habitat in one of

three ways.  The ideal despotic model assumes individuals are not equally free to select

habitat because dominant individuals exclude others from settling in the best quality

habitat by means of territoriality (Fretwell and Lucas 1970).  A similar theory, pre-

emptive distribution describes habitat selection where individuals achieve exclusive

access to high quality breeding sites based on early arrival and exclusion of later arriving

individuals (Pulliam and Danielson 1991). In both the ideal despotic and pre-emptive

distributions, mean fitness will not be equal across patches because the best patches are

impeded by dominant individuals (Morris 1990).  In a third theory, ideal free distribution

(IFD), individual animals are predicted to select habitat patches proportionately to the

amount of resources available (Fretwell and Lucas 1970).

In this study, I use animal performance and distribution to test the predictions of

the IFD theory. The model assumes that animals have complete knowledge of their

environment and are free to move between habitat patches. The presence of competitors

reduces the achievable fitness gains for all individuals; consequently, intake rates of food

in the preferred patch decline to intake rates in the lower quality patch.  Individuals

switch patches to maintain maximal individual intake rates (Morris 2003). The theory

predicts that a stable distribution results when no animal can increase its fitness by
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switching to an alternative patch and where expectations of mean fitness across patches

become equal (Morris 2003).

Since IFD emerges as individual animals distribute among patches of different

quality, fitness related effects, such as intake rates, biomass growth, or breeding success,

are expected to be density dependent within a patch. When habitats are equal in all

aspects except food acquisition, the distribution of a population depends on resource

availability, and individuals achieve maximum growth, which can be measured by

habitat-specific growth (Morris 2003).  Hence, the standard IFD model can be described

as following the growth (g) maximizing rule.  A proxy for fitness, g is the rate of growth

for an individual animal. When habitats have substantial variation in predation risk as

well as food, habitat selection and population distribution reflect a compromise between

the conflicting demands of growth and survival (Gilliam and Fraser 1987, Werner et al.

1983).  Gilliam and Fraser (1987) proved that selection of habitat that minimizes the

individual’s risk to growth ratio maximizes fitness.  In this paper, I will refer to this as the

minimizing μ/g rule, where μ is risk and g is growth.

Morris (1987) established an approach to model density-dependent habitat

selection and distribution patterns in the context of IFD through isodar analysis.  Isodars

express the relationship in patch quality between two habitats by plotting the population

density of one habitat versus that of the adjacent habitat where the expected individual

fitness in the two adjacent habitats is assumed to be the same (Morris 1987, 1988).  The

intercept of an isodar represents the “quantitative” differences between habitats and

denotes the density in the better habitat at which individuals could start using the inferior

habitat and realize the same fitness (Morris 1987, 1988, Knight and Morris 1996, Ramp
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and Coulson 2002). The slope of the isodar describes the relative rate at which fitness

declines with density between habitats, illustrating their “qualitative” differences (e.g.

rate of resource acquisition or structure of habitat) (Morris 1990).  Habitats that are

quantitatively and qualitatively equivalent will have isodars with an intercept of 0 and

slope of 1 indicating an equal density of individuals in both habitats at the IFD, and

similar rates of decline in quality of both habitats with increasing density (Morris 1990,

Hodson et al. 2010).  While most of the examples of the application of isodars start with

joint abundances to compare habitats, I constructed isodars from measurements of habitat

specific fitness components.

To test the application of the IFD model in a novel natural system, I examined

habitat-specific growth and predation risk as well as the density distribution of the slough

crayfish, Procambarus fallax, at the patch scale within my study site in the central

Everglades (Florida, USA, Morris 2003).  The ridges and sloughs in my study plot are

subsets of homogenous habitat and are referred to as habitat patches. My objectives for

this study were to 1) quantify habitat-specific growth in ridge and slough environments,

2) quantify relative risk of predation in each habitat, 3) predict crayfish density

distribution between ridge and slough environments according to the maximizing g

model and the minimizing µ/g model, and 4) compare predicted densities with observed

densities to assess whether the crayfish distribution matches the IFD predicted by either

model.



97

Methods

Study System

My experiments were conducted in the central Everglades Water Conservation

Area 3A (WCA-3A), which represents the largest contiguous remnant of the original

Everglades (Light and Dineen 1994). The extensive oligotrophic wetlands of the central

Everglades consist of two primary habitats, slightly higher elevation ridges (~10-20 cm)

dominated by sawgrass (Cladium jamaicense) and deeper sloughs filled with several

species of emergent, floating and submerged macrophytes (e.g., Eleocharis cellulosa,

Nymphaea odorata, Utricularia spp.) (Robertson and Fredrick 1994). I sampled crayfish

density within a four hectare sampling plot (25.95675o, -80.74408o) with an

approximately 50:50 ridge to slough split and conducted our growth and predation

experiments adjacent to the plot (within 100 m). I expected to see density-dependent

habitat selection for crayfish at the patch scale of the sampling plot. The ridges and

sloughs of my sampling area are typically flooded for 10.3 and 12 months each year,

respectively (8 year average; 2001-2009).  Water depths range from 0-85 cm in the

sloughs.

A polytrophic opportunistic omnivore, P. fallax inhabits permanent and semi-

permanent wetlands in south Florida (Hendrix and Loftus 2000, Hobbs 2001, Dorn and

Volin 2009) and recruits biannually (van der Heiden unpublished data).  Aquatic

predators in these habitats include medium-sized fishes (Lepomis spp., Micropterus

salmoides, Cichlasoma spp.) (Parkos et al. 2011), frogs (Rana grylio), aquatic

salamanders (Amphiuma means and Siren lacertina), and water snakes (Nerodia spp)

(Kushlan and Kushlan 1979).  Trap nets set at my site indicated that all of these animals



98

were present in the sloughs at the time of my experiments.  Wading birds flock into the

sloughs to forage on fishes and crayfishes as water depths are less than 20 cm (Gawlik

2002).  During my predation experiments, water depths were consistently higher;

therefore, birds were largely unimportant when considering immediate risks to crayfish

survival in the ridge or slough.

Crayfish Growth

I conducted two field experiments to measure juvenile P. fallax growth in the

ridge and slough habitat patches.  The first growth study was conducted in November

2007 (winter) at the end of the wet season as water levels were receding. Measured water

depths ranged from 23-39 cm (n=15 measurements) in the ridges and 35-55 cm in the

sloughs during the 2007 study.  The second experiment, in August 2009 (summer), was

conducted during a period of rising water levels in the middle of the wet season.  The

measured water depths ranged from 35-53 cm (n=15 measurements) in the ridges and 51-

75 cm in sloughs during the 2009 experiment.

Growth cages were made with 1 mm durable agricultural cloth (Lumite Co.)

supported by PVC frames, measured 1 m × 1 m wide and long and 1m high, and closed

on all sides except the top.  The cages were placed in two blocks separated by 70 to 400

m in order to draw inference to the ridge-slough area adjacent to the sampling area used

to assess density (see Field Survey below).  While I cannot make inference to the whole

ecosystem, I am confident I accurately assessed growth for the sampling area.   In winter,

I placed eight cages in each block, four in the ridge (4-7 m from the ridge-slough

ecotone) and four in the slough with 10-50 m between cages within a block (total of 16

cages). P. fallax were collected in the slough, along the ecotone, and 1-2 m into the ridge
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using a bar seine and dip net.  Crayfish were measured to the nearest 0.5 mm carapace

length (CL) and stocked into cages at one of four densities (3, 6, 11, and 18

individuals/m2), corresponding to typical crayfish densities found in the ridges and

sloughs at the one square meter scale.  I did not mark individuals in these experiments.

During the summer trial, I added an additional higher density treatment (27/m2) and

included an extra replicate of the lowest density cages in one of the two blocks (22 total

cages) to improve the resolution of the density effects on growth.  Twenty-seven crayfish

per m2 represents a high, but still reasonable, density of crayfish.

In winter, juvenile P. fallax and a few smaller adult-sized crayfish ranging from

10-18.5 mm CL were used in the growth cages. P. fallax can mature as small as 13-15

mm CL, but most mature animals are larger than 18 mm (Dorn and Trexler 2007).  In

summer, all initial juvenile crayfish ranged from 10-15.5 mm CL.  Cage averages were

not different between habitats (winter; students t-test 2, 14 = 0.232, p = 0.819; summer;

students t-test 2, 20 = -0.268, p = 0.791). Density treatments were randomized within each

habitat and block combination.  Five pieces of artificial rope vegetation, each consisting

of four sections of 50 cm plastic rope, were placed into each cage to provide vertical

structure similar to stems emergent/floating vegetation.  After estimating representative

vegetation/detritus abundance in each habitat volumetrically (L/m2), I collected

vegetation and detritus from a habitat, homogenized it, removed other similar-sized or

larger invertebrates (other crayfish, dragonfly naiads, and shrimp) and fish, and added

equivalent amounts to each cage within a habitat.  25 L of sawgrass detritus and

associated periphyton (algae, fungus, and bacterial complex) were added to each of the
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ridge cages, while 4 L of submerged vegetation, mostly Utricularia spp. and attached

periphyton, were placed in each slough cage.

Crayfish were allowed to grow for 21 (winter) and 23 days (summer) in the

respective experiments. At the end, I recovered the surviving crayfish by sweeping the

cages five times with a bar seine and lifting them out of the water to remove remaining

crayfish. I retained the vegetation to search it a second time for any missing crayfish.

Initial and final lengths of crayfish used in the experiments were converted to dry weights

with regressions (Log10[g] = Log10[mm]*3.1756-4.59) where g is grams of dry mass and

mm is millimeters CL.  Growth was calculated as average change in mass for crayfish in

each cage.Growth = ln − ln
Crayfish Survival

To test for differences in mortality risk between habitats, I conducted a tethering

experiment similar to studies by Englund and Krupa (2000) and Flinders and Magoulick

(2007a).  The method consisted of leaving crayfish tethered at a location and measuring

daily disappearance, which I interpreted as removal by predators. The tethering

experiments assumed density-dependent mortality at the time of each experiment because

I used constant densities of tethered crayfish in a site where I know the seasonally

dependent density of crayfish (see Field Survey below). I do recognize that the crayfish

density and predation estimates are limited to the periods of the study because I do not

have a continuous estimation of crayfish density or predation at different densities.

Tethering experiments have been criticized because of the potential for

methodological artifacts and subsequent interpretation of results (Aronson et al. 2001,
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Haywood et al. 2003, Adams et al. 2004).  Difficulties can arise from disparity in

behavior and higher predation rates in tethered compared to untethered animals

(Danilowicz and Sale 1999, Kneib and Scheele 2000), a large problem for studies of

predation rates on fast mobile species (Danilowicz and Sale 1999, Pursche et al. 2009).

However, tethering of relatively slow moving benthic animals like crayfish is considered

more acceptable (Shears and Babcock 2002, Kellison et al. 2003), and I emphasize that

the objective of our study was not to focus on particular predators or absolute rates

(Peterson and Black 1994), but rather on the relative predation rates between habitats.  I

assumed any methodological biases would be similar in both ridge and slough habitats

(Aronson et al. 2001).

All crayfish used in the trials were captured near the study site. I made 20 cm

tethers from 1.8 kg monofilament fishing line and attached them with water-proof super

glue to the top of the carapace of each crayfish.  The other end of the tether was looped

over a PVC pole.  In winter, 40 crayfish were divided into 4 tethering transects

containing 10 animals each.  Each pair of transects (ridge and slough) was spaced at least

50 m apart, ran east-west, and started 5 m from the edge of the ridge-slough interface.

Crayfish were placed every 5 m in winter.  In summer, a total of 80 animals were placed

in one of 16 transects divided equally between both habitats, and crayfish were placed

every 10 m along each transect.  Transects were placed at least 50 m from other transects

in the same habitat.  The sizes of P. fallax used ranged from 12-18 mm CL in winter, and

10-15 mm CL in summer, consistent with the growth study.

I took care to place the tethered crayfish on the marsh substrate.  Tethers did not

impede crayfish from moving small distances and seeking shelter; in some cases, they
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were found hiding in clumps of vegetation.  As a control for the efficacy of the glue to

retain the tethered animal, and to make sure I identified molts correctly, I tethered

animals inside mesh cages that excluded predators within each habitat.  Tethered crayfish

on transects as well as in the cages were checked each day of the experiment.  If a

crayfish was absent, I determined whether it had molted, escaped, or been eaten.  Molts

were rare, and identified as the whole carapace still attached to the fishing line.  In most

cases of depredated animals, only the glue and a small piece of carapace remained.

Missing crayfish at the end of the first day (24 hours) were replaced with new

individuals.  The tethered animals were again checked on the second day and remaining

animals were removed in the winter experiment.  In summer, transects were checked in

the same manner and absent animals were replaced on day one.  Additionally, surviving

crayfish were not removed on the second day, but I continued to check them daily for

surviving animals in the same sequence and approximate time of day (±1-3 h) for an

additional three days.

Statistical Analyses

Before analyzing growth rates, I examined mortality patterns in the growth cages

by regressing the proportional mortality against initial density for each year and habitat

combination.  For this analysis, I used a weighted linear regression, weighted by the

number of stocked crayfish, because the accuracy of the estimate from the experiment

(therefore, variation) of a proportion should vary with density.  I analyzed crayfish

growth rates from the growth experiment using analysis of covariance (ANCOVA) using

the PROC GLM procedure in SAS 9.2 with initial densities as the covariate.  After



103

establishing differences between habitats, I modeled growth for each habitat and year

combination with regressions to use in my development of the theoretical predictions.

In the slough cages in winter, I had some unintended variation in initial starting

size for the lower density cages.  Because proportional growth declines with animal size,

I included this variable in the statistical models.  I conducted multiple regressions with

initial size and density for both seasons of the growth studies. If initial size was an

important parameter, based on model selection using Akaike’s Information Criteria

(AICc), I simplified the equation by solving for growth of the average sized crayfish in

the opposite habitat.

I analyzed crayfish survival with PROC PHREG (SAS) which performs analysis

on survival data based on a Cox proportional hazards model.  I censored individuals that

died intact (not depredated, i.e. whole dead crayfish still attached to tether) and crayfish

that survived to the end of the experiment for every analysis.  Survival analysis quantifies

risk in each habitat, and the habitat-specific risk parameters were used to develop the μ/g

model predictions.  Crayfish that were tethered at day zero of the experiments and the

replaced crayfish on day one were used for the survival analysis in both seasons (winter

and summer).  In summer, I used both crayfish tethered on day zero and replacements on

day one (entered the experiment on day one) for survival analysis in each habitat.

Model Predictions: A test of IFD

I use the growth rates calculated in the growth study as the first measure of fitness

within each habitat.  The relationship between the growth rate and density in each habitat

was described by a linear function from the regression analyses:

gi= bi+miNi, Equation 1
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where gi is the growth, expressed as individual proportional mass increase, in habitat i (r

=ridge and s= slough), bi is the intercept, Ni is crayfish density in the habitat i, and mi

describes the effect of density on growth.  To address the third objective of this study and

determine if crayfish populations are distributed to equalize individual fitness based on

growth (for this model IFD theory predicts that growth rates in each habitat should be

equal (gr = gs), I set the growth functions to be equal and solved for predicted ridge

densities (Nr) for a given density in the slough (Ns):N = Equation 2

To predict the density distribution for the minimizing risk (μ/g) model, I added

predation risk (μ) to the growth model.  We set the equations equal to each other μ = μ

and then solved for Nr:N = N μ
μ
− μ

μ
+ Equation 3

The joint densities in each case produce a predicted isodar for which the expected

growth or risk to growth ratio is equal in each habitat patch.

Field Survey

I estimated crayfish densities in the four hectare study plot in both winter and

summer using a 1 m2 throw trap, similar to those used in other sampling studies (Hendrix

and Loftus 2000, Dorn et al. 2005).  The bottom and top of the box of a throw trap are

open, and sides are covered with 1 mm nylon-covered fiberglass.  In the ridge, I used a

solid-wall aluminum throw trap with the same area dimensions (1 m2); the strong but

thinner bottom edges allowed the heavier aluminum throw trap to be pushed through the

sawgrass and detritus.
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Thirty random points, 15 in each ridge and slough, were generated for the study

site using Hawth's Analysis Tools (Beyer 2004) in ArcMap (ESRI) for each sampling

period. I used this sampling protocol for density estimates because it was already an

established method being used to establish crayfish densities in other parts of the

Everglades.  I located the sampling position in the field using a hand held GPS, and the

trap was thrown towards the point from a distance of 1.5-2 m. To make certain the trap

enclosed the sediment surface, the thrower quickly moved to the trap and pressed it down

firmly into the sediment.  A bar seine was used to collect vertebrates and invertebrates

within the 1 m2 enclosure with a minimum of seven sweeps or until three consecutive

passes yielded no animals (e.g., fish, amphibians, or large macroinvertebrates).

Additionally, two dip nets (4.8 mm and ~1.2 mm mesh) were used to clear the throw trap.

Crayfish were fixed in 10% formalin in the field and switched to ethanol, counted and

measured in the lab.

A previous study of this sampling technique found that differences between true

crayfish densities and the number removed from the trap were primarily caused by

clearing inefficiency (i.e., the ability to recover crayfish enclosed in the trap; Dorn et al.

2005).  I tested the clearing efficiency 10 times in each habitat by adding 10 marked

crayfish into 10 throw traps placed in each habitat.  After a minimum of a 30 minute

settling period, I cleared the traps and recorded the number of marked animals.  Using the

mean proportion of recovered crayfish from each habitat, I adjusted throw trap data for

habitat-specific clearing rates.  Densities of crayfish from throw traps were adjusted for

clearing efficiency in each habitat; 80% in slough and 68% in the ridge.
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I tested the IFD predictions by plotting the actual mean densities as determined

from throw trapping in each habitat (± 95% confidence interval) during each time period

on the same graph as the predicted isodars.  The overlap or lack thereof was used as a test

of the likelihood that crayfish were distributed in a manner consistent with one of the IFD

predictions.

If crayfish are not distributed between habitat patches in a manner consistent with

IFD then their distribution could follow either the despotic or pre-emptive distribution.

With either a despotic or a pre-emptive distribution, I presumed large crayfish would

dwell in the best site available and smaller individuals of both sexes, not able to compete,

should be found in less suitable sites (Morris 1990). A biased habitat distribution of the

wider-ranging larger crayfish could conceivably force the use of suboptimal habitat for

some of the smaller crayfish.  I looked for evidence of size-dependent habitat use two

different ways.  First, I compared the mean size CL in each habitat and each season with

an ANOVA.  Second, I compare the numbers of large crayfish (>20 mm CL) in each

habitat with the understanding that large crayfish can both intimidate and dominate

smaller crayfish for territory or for preferred breeding sites (Bondar et al. 2006, Martin

and Moore 2007).

Results

Crayfish Growth

Graphical inspection of growth results (Figure 4.1) indicated that growth at low

densities can be clearly interpreted as greater in the sloughs in both years.  Crayfish

growth was greater in the sloughs than in the ridges in both experiments (Figure 4.1;

winter habitat effect: F1,12 = 33.8, p < 0.0001, Table 4.1; summer habitat effect F1,18 =
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29.0, p < 0.0001, Table 4.1).  At low densities (3 crayfish; Figure 4.1 A), the mean

biomass increase of crayfish was 6.9 times greater in sloughs than in ridges in winter and

1.9 times greater in summer.  The density by habitat interaction was statistically

significant in winter (F1,12 = 5.2, p < 0.041, Table 4.1), but it was only marginally

significant in summer (F1,18 = 3.9, p < 0.064, Table 4.1) suggesting seasonal effects of

density on individual growth in each habitat. In most cases, 5-9% of crayfish died in a

single habitat of the growth experiment.  Only in the ridge in winter 19% of the crayfish

died and proportional mortality in the growth cages was density dependent (Table 4.2).

Individual growth depended on density in the slough habitats in both winter and

summer (winter: R2 = 0.74, p = 0.015, Figure 4.1A; summer: R2 = 0.65, p < 0.003, Figure

4.1B).  In the slough in winter, the inclusion of initial crayfish size in the regression

model improved the adjusted R2 value (R2= 0.19 with a simple linear versus R2 = 0.74 in

the multiple linear regression) (Table 4.3). Including initial size in the equation was

based on AICc model selection, choosing the model with the lowest AICc value.  Slough

growth in the winter was the only parsimonious model to included initial size and initial

density and not affect model fit based on model selection (AICc; multiple regression = -

1.92, initial density = -1.33, initial size = -0.93 ). For model prediction purposes, slough

growth equation for winter was simplified by inserting the average biomass of a 13.5 mm

CL crayfish (0.099 g dry weight) to give the simplified equation (0.866-0.0159(initial

density)) (see Table 4.3). The effects of density on crayfish growth in ridges in both

seasons were non-significant; however the trend was positive (inverse density-dependent)

in winter and negative in summer (Figure 4.1).
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Crayfish Survival

There was no statistically significant difference in the winter tethering experiment

for juvenile crayfish survival between habitats over two days (Table 4.4) though the

hazard ratio suggests an 8% increased daily chance of survival in the ridge habitat.

Applying the same model to the first two days of the summer experiment daily survival

in the ridge was 38% more likely than the slough, but there was no statistically significant

difference in survival between habitats (Table 4.4).  When we analyzed the summer

experiment over the full five days, differences between the habitats were more

pronounced; survival was significantly improved 49% per day in the ridge versus the

slough (p = 0.0229; Table 4.4, Figure 4.2). None of the crayfish, tethered to poles inside

predator enclosure cages, were lost or molted during the experiments in either season.

IFD Predictions

IFD theory predicts that crayfish disperse among habitats such that the

distribution between habitats provides equal payoffs for individuals.  The predicted

distributions can be depicted with isodars, the equilibrium distribution where fitness is

equal between habitats. Using linear regression results for the habitat specific growth

experiments (Table 4.3), I developed isodars for each habitat and year (Equation 2, see

methods).  For winter, I did not present the isodar because the slope of the growth

relationship in the ridge was inverse density-dependent and caused the isodar to be

negative.  I address this anomalous result in the discussion, but attribute the growth

response to crayfish scavenging dead neighbors in the medium to high density growth

cages.  However, the intercept of the isodar assuming density-independent growth in the

ridge for this period can be predicted, solving Equation 2 for density in the slough habitat
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only (Ns=br-bs)/ms). For the maximizing g model the density in the slough at which

crayfish are predicted to start using the ridge was calculated to be ~43crayfish/m2.  The

results for relative predation risk over two days in winter were not significant and the μ/g

model was not developed.  The observed crayfish densities from the field survey in

winter for the ridge and slough were ̅ = 7.3/m2, SE = 2.2 and ̅ = 10.1/m2, SE= 1.8,

respectively, indicating that crayfish were using the ridge, despite not following the IFD

predictions.

In summer, growth rates in the ridge cages were not statistically different from

zero; therefore, I used Equation 2 as above to solve for density of crayfish in the slough

under the maximizing g rule. Crayfish should start to use ridge habitat when densities in

the slough reach ~29 crayfish/m2. Incorporating the relative risk to develop the µ/g

model by using Equation 3 to solve for density in the slough habitat only (Ns=(µsbr-

µrbs)/msµr), the intercept describes the density in the slough at which crayfish move to the

ridge to be ~13 crayfish/m2. Crayfish densities from throw trapping in both habitats were

ridge ̅ = 11.1 /m2, SE = 1.9, and slough ̅ = 10.8/m2, SE = 3.1.   In the discussion, I

consider alternative ways to construct the isodars given density dependent growth in the

ridge habitat.

Juvenile and small adult crayfish (< 20 mm CL) comprised the majority of the

animals caught in throw traps in both seasons and habitats (84-100% in each habitat).

Crayfish were on average 2.2 mm CL longer in the ridge in the winter (mean CL ± SE;

ridge: 12.8 mm ± 0.6, slough: 10.6 mm ± 0.5; F1, 206 = 8.33, p = 0.004) and about 1.5

mm CL longer in the sloughs in summer (mean CL ± SE; ridge: 12.2 ± 0.3, slough: 13.7

mm ± 0.4; F1, 257 = 10.9, p = 0.001).  Large adult crayfish (> 20 mm CL) were caught in
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both habitats in similar abundances in the winter (ridge: n = 13, slough: n = 12), but were

only found in the slough in the summer (n = 7).

Discussion

Isodar analysis associates animal densities in adjacent habitats with spatial and

temporal variations in food and shelter, which affect population distribution and habitat

selection (Morris 1987, Morris 1988, Ramp and Coulson 2002, Shenbrot 2004, Hodson et

al. 2010, Morris and MacEachern 2010).  Animal habitat selection is often a trade-off

between foraging quality and predation risk (Shochat et al. 2005, Hodson 2010).  To

assess whether crayfish follow habitat selection based on the IFD, assumptions include

that animals can enter both habitats and have the ability to assess habitat quality.

Individuals must be free to utilize the habitat that maximizes their fitness.  In my study

area, the greatest distance crayfish would have to move from one habitat to another was

approximately 40 m.  Though I do not know how far juvenile crayfish disperse in the

field, I recorded large crayfish (25-30 mm CL) moving 80 m in a 24 h period in the

ridge/slough system of the Everglades, and observed juvenile crayfish moving 5 m in a

24 h period in a 18 m2 wetland  mesocosm (personal observation). I am, therefore,

confident that crayfish could regularly travel the distances to disperse into adjacent

habitats.  Furthermore, P. fallax can select habitat (Chapter 3) which is has been observed

by other studies that indicated crayfish do make habitat choices (Kershner and

Lodge1995, Flinders and Magoulick 2007b). Therefore, P. fallax in the Everglades could

distribute between habitats according to the Ideal Free Distribution theory.

Though the growth experiments conveyed a density-dependent growth rate within

the sloughs during both experimental runs, winter and summer, it proved ineffectual in
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identifying density-dependent growth within the ridges.  In winter, an unexpected

outcome in the growth experiment in the ridge showed individual growth increased

slightly with density. This created isodars with negative slopes. While Morris (2009)

theoretically demonstrates that a negative isodar is possible when looking at two

competing species, my study considered a single species.  Because overall growth was so

poor in the ridge during this season, I suggest that the source of energy for the inverse-

density dependent growth was not directly provided by the habitat.  Rather, it was

contained within the population in the cage.  Since crayfish scavenge detritus and animals

died in all but the lowest density treatment, the increase in the calculated growth rate of

the average individual was most likely caused by foraging on deceased crayfish. The

probability of an animal dying through starvation – or other stochastic processes –

increased with density and would cause crayfish growth to appear inverse density-

dependent.

In summer, the ridge growth rate appears to decrease slightly with density, but the

rate was not significantly different from zero.  However, this weak density dependent

association may still be representative of the ridge habitat as it provides biological insight

to quantitative differences in fitness between habitats, i.e. the ridge is a poorer growth

environment. Nevertheless, I also still believe the experiment is a good step forward in

testing and complimenting empirical isodars using fitness estimates. So despite the non-

significant slope, I also reapplied the fitness parameters of growth and risk within both

habitats to the model (Equation 2 and 3) and constructed isodars for both the maximizing

g and minimizing µ/g rule (Figure 4.3). I plotted crayfish density from throw trapping in

both habitats (ridge ̅ = 11.1 /m2, SE = 1.9, and sloughs ̅ = 10.8/m2, SE = 3.1) and its
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95% confidence intervals on the same graph as the predicted isodars.  The 95%

confidence interval intersects the minimizing μ/g isodar (Figure 4.3). The isodar

intercepts, which remain at ~29 crayfish/m2 for the growth maximizing rule and ~12

crayfish/m2, show quantitative differences between habitats, indicating relative habitat

quality (Morris 1990).  In summer, intercepts for both the maximizing growth and

minimizing risk isodars clearly demonstrated the slough as better habitat because of the

superior growth potential.  The actual density distributions, however, suggested that

crayfish were not distributed to maximize individual growth, but to minimize the risk to

growth ratio.

Although the inverse density-dependence in the ridge growth rate in winter may

have been an experimental artifact, the intercepts of the IFD models did not come close to

explaining the crayfish distribution even when assuming density-independent growth in

the ridge habitat.  To test the robustness of the winter result – that crayfish are not

following the IFD as defined by our measured parameters – I made two additional

predictions based on the possibility that I inadvertently underestimated the values of the

ridge habitat.  I made the most liberal assumption about growth in the ridge by fixing

growth rate in the model to the highest observed value in the ridge habitat for this season.

The resulting intercept predicted a density of 31 crayfish/m2 in the slough before the

crayfish enter the ridge. Then, because crayfish in the growth cages in the ridge

experienced density-dependent mortality, I also constructed model predictions

incorporating the regression parameters for proportional crayfish mortality in the ridge as

a function of density (Table 4.2) assuming the lowest growth recorded in the ridge.  This

model predicted a crayfish density of 48 crayfish/m2 in the slough before the ridge is
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used.  None of these additional derivations helped explain why crayfish inhabited the

ridge in winter.

Using the parameters I measured, the IFD cannot clearly explain crayfish

distributions at all time periods.  Their distributions could be driven by something

unrelated to the growth or survival mechanisms as measured in these experiments.  An

alternative hypothesis is that crayfish habitat use is size-dependent (Englund and Krupa

2000) or follows a despotic or pre-emptive distribution in winter with large animals

keeping smaller ones in a particular habitat (Martin and Moore 2007).  However, there is

no evidence for either despotic or pre-emptive distributions based on the distributions of

large – presumably dominant and/or breeding – crayfish.  During winter, I trapped similar

numbers of large crayfish in both habitats.  In the summer, all large crayfish (>20 mm

CL) were found in the slough and the average size was larger in that habitat, similar to

Englund and Krupa (2000) and Flinders and Magoulik (2007a); however, large crayfish

in the slough only made up 2% of the total crayfish caught and mean size-differences

between habitats were rather small (~1.5 mm CL).  The size-dependent habitat use

observed by Englund and Krupa (2000) and Flinders and Magoulick (2007a, 2007b) were

caused by differences in predator phenotypes (terrestrial vs. aquatic) feeding in shallow

versus deep habitats.  In my study terrestrial predators (e.g., mammals, birds) would have

been extremely rare and inefficient predators in both wetland habitats at the times I

studied them (average water depths > 23 cm).

Crayfish in the Everglades could also be choosing habitat based on future fitness

expectations.  Life history theory predicts that individuals should allocate resources

among life history traits, for example growth, reproduction, and survival over their life
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span.  To maximize reproduction success, animals balance the fitness benefits of

allocating resources to current and future fecundity.  It is possible that P. fallax during

certain seasons could be choosing the safer but low growth ridge habitat to invest in

future reproduction.

The Everglades wetlands have a seasonally dynamic fluctuating water depth,

making the ridges and/or sloughs dry for part of the year which forces crayfish to move

or burrow underground. Seasonally high predation pressures from wading birds at low

water have been reported (Kushlan and Kushlan, 1979, Gawlik 2002).  These seasonal

changes in habitat and associated risks could change habitat preference at certain times of

year, and crayfish could be making habitat choices that reflect future anticipated risks and

benefits.  For example, crayfish predation by wading birds can be high at low water

depths (< 20 cm) and most wading bird foraging activity is limited to sloughs (Gawlik

2002).  Therefore, some crayfish may respond to receding water levels by seeking refuge

in the ridge habitat even with the disparity in food acquisition or by seeking a suitable

substrate in which to burrow to survive dry downs.  Vegetation, mainly sawgrass

(Cladium jamaicense), in the ridge creates a fibrous detritus, may provide crayfish with a

better burrowing environment.

Considering that the use of fitness-related parameters within one location in the

Everglades limits my interpretation to that single study site. I advocate continuing to test

IFD theory with the conventional approach of paired observations in two adjacent

habitats from which density distributions are estimated throughout the Everglades. My

approach in sampling (rather than the paired habitat samples normally done with

constructing isodars) was in some ways inhibited by conventional crayfish sampling
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techniques used in the Everglades in order that my data may compare with prior and

ongoing studies. More replication in both the growth and predation experiments and at

least a duplication of study sites would give stronger inference to habitat selection of

crayfish in this system with greater power and confidence to accept or reject IFD in

crayfish distribution. Additional replications would enable a greater generalization of

crayfish habitat selection to the Everglades ridge and slough ecosystem. Even though

these experiments have power limitations, this technique of rigorous empirical testing of

fitness estimates using isodars is much needed to test the IFD theory.  Additionally, to

understand Everglades crayfish biology, growth studies during periods of high and low

water and experiments looking at crayfish survival in the ridge and slough during wetland

drying are needed.  These kinds of complementary data would provide a more complete

understanding of temporal and spatial crayfish habitat-dependent success and habitat

selection.
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Tables

Table 4.1. ANCOVA results from the November 2007 winter and August 2009 summer

growth experiments.

Source DF SS F-Value p

2007 Winter

Density 1 0.0015 0.13 0.726

Habitat 1 0.4113 33.81 <0.0001

Density x Habitat 1 0.0631 5.19 0.041

2009 Summer

Density 1 0.2461 12.76 0.002

Habitat 1 0.5594 29.00 <0.0001

Density x Habitat 1 0.0746 3.87 0.064
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Table 4.2. Regression results (coefficients and fit) from linear models of proportional

mortality in each habitat as a function of density in the growth cages for 2007 (winter)

and 2009 (summer).

Year Season Habitat Intercept Initial Density SE p R2

2007 Winter Ridge 0.0096 0.0135 0.005 0.0302 0.57

Winter Slough 0.1324 -0.0052 0.008 0.5520 0.06

2009 Summer Ridge 0.0134 0.0041 0.003 0.2103 0.16

Summer Slough -0.0035 0.0031 0.002 0.1971 0.17
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Table 4.3. Linear regression results from crayfish growth experiments with growth

modeled as a function of crayfish density in each habitat. The standard error (SE) and p

values are for the density parameter estimates.  The slough habitat parameters for 2007

winter came from a multiple linear regression that included an additional parameter for

initial crayfish size and the parameter was incorporated by solving the equation for a

single average-sized crayfish (it is incorporated in the intercept) to make the ridge and

slough growth equations comparable (see methods).

Year Season Habitat Intercept Density SE p R2

2007 Winter Ridge 0.1691 0.0093 0.005 0.162 0.30

Winter Slough 0.857 -0.0158 0.004 0.015 0.74¥

2009 Summer Ridge 0.6111 -0.0054 0.005 0.303 0.12

Summer Slough 1.1558 -0.0187 0.005 0.003 0.65
¥ Adjusted R2 from a multiple linear regression.



119

Table 4.4. Crayfish survival analysis (Cox’s proportional hazard model) results from the

tethering experiments. Hazard ratios indicate the risk is greater in slough habitat over

ridge habitat in both 2007 winter and 2009 summer; however, only the five day

experiment was statistically significant.

Year Season Days DF
Parameter
Estimate

Standard
Error

Chi-
Square

p >
ChiSq

Hazard
ratio

2007 Winter 2 1 0.07945 0.47148 0.1183 0.8662 1.083

2009 Summer 2 1 0.32327 0.2499 1.673 0.1958 1.382

Summer 5 1 0.40230 0.17684 5.1755 0.0229 1.495
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Figures

Figure 4.1. Mean proportional growth of individual juvenile crayfish caged in two

habitats (slough open circles; ridges solid circles) with variable densities for (A) winter

and (B) summer. For the slough in winter we used a multiple linrear regression that

included initial crayfish size (see table 4.2).
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Figure 4.2. The probability of survival of an individual tethered crayfish surviving over 5

days in ridge and slough habitats from summer August 2009.
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Figure 4.3. Isodars of predicted joint densities of crayfish (Procambarus fallax) in

adjacent habitats (ridge and slough) assuming crayfish choose habitat based on

maximizing growth (solid) and minimizing the risk to growth ratio (dashed) in summer

August 2009.  The mean densities from throw trapping are plotted with their 95%

confidence intervals.
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