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Abstract: The crayfish Procambarus alleni is abundant in densely vegetated habitats within the freshwater 
wetland mosaics of central and southern Florida. We performed laboratory experiments to determine whether 
habitat preference and/or predation could account for habitat use by this species. First, groups of crayfish 
were placed into tanks divided evenly into vegetated and non-vegetated sides, and habitat use was measured 
during the day and night. Crayfish preferred vegetated habitats during both the day and night, although use 
of non-vegetated habitats increased significantly at night. Next, different size classes of crayfish were exposed 
to predatory largemouth bass (Micropterus salmoides) in experimental tanks of varying habitat complexity 
(i.e., plant biomass). Bass reduced survival of small-sized crayfish but had no effect on larger crayfish. 
Larger crayfish also seemed to prey upon smaller crayfish. Susceptibility of crayfish to predation decreased 
with increasing habitat complexity. Experimental results are consistent with field observations and indicate 
that predators and habitat complexity play important roles in determining the distribution and daily activity 
of P. alleni within wetland habitat mosaics. 
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INTRODUCTION 

Natural aquatic systems are spatially heterogeneous 
and often form mosaics comprised of different habitat 
types (e.g., littoral vs. pelagic zones, pools vs. fifties, 
depositional vs. erosional banks). These habitat mo- 
saics provide a spectrum of opportunities and risks for 
their associated aquatic macrofauna in that each habitat 
type has a characteristic array of food resources, pred- 
ators, and potential competitors, which may all affect 
the demographics of resident species (Pulliam 1988). 
Ultimately, differences in these factors can account for 
differential habitat use by species- and habitat-specific 
assemblage composition (Wiens 1976). For example, 
differences in the relative risk and intensity of  preda- 

tion can result in higher densities of  prey fishes and 
invertebrates in densely vegetated habitats (e.g., sea- 
grass beds, vegetated littoral zones) than in adjacent 
non-vegetated habitats (Heck and Crowder 1991). 
Overall, predators seem to play prominent roles in 
structuring aquatic communities by reducing or elim- 
inating prey populations, causing shifts in habitat use, 
acting as selective agents in the evolution of behavior 
and morphology, and effecting changes in species in- 
teractions throughout food webs (see reviews in Net- 
foot and Sih 1987). 

Although the regulatory importance of aquatic pred- 
ators is recognized for well-studied systems such as 
streams and lakes, little effort has been made to quan- 

452 



Jordan et al.. HABITAT MEDIATED SURVIVAL OF CRAYFISH 453 

tify their role in regulating the abundance and distri- 
bution of prey organisms in seasonally dynamic fresh- 
water  wetlands (DeAngel is  and White  1994). 
Throughout central and southern Florida, freshwater 
marshes arc comprised of  mosaics of aquatic sloughs, 
sawgrass stands, emergent wet prairies, and other dis- 
tinct habitat types (Loveless 1959). Field sampling ef- 
lorts have shown that aquatic macrofauna tend to use 
these habitats non-randomly (e.g., Loftus and Kushlan 
1987, Jordan et al. 1994). Perhaps the most striking 
example of  differential habitat use in these freshwater 
marshes involves tile crayfish Procambarus alteni 
(Faxon). This trophically important (Robertson and 
Frederick 1994) species is generally much more abun- 
dant in densely vegetated habitats, which generally 
support fewer predatory fishes (Dineen 1984, Loftus 
and Kushlan 1987). Jordan et al. (1996) found that 
crayfish densities were significantly (~900%)  greater 
in wet prairies than in sloughs within the upper basin 
of  the St. Johns River (Indian River County, Florida; 
Figure I). Furthermore, they found that the density of  
crayfish increased with increasing plant density (Fig- 
ure 1). Quantitative sampling in the northern Ever- 
glades (Palm Beach County, Florida) also indicated 
that P. alleni densities were significantly (~200%) 
higher in sawgrass stands and wet prairies than in 
sloughs (E Jordan, unpublished data). Jordan et al. 
(1996) hypothesized that habitat use by P. atteni was 
most likely due to aquatic predators, either directly 
through differential predation or indirectly through 
predator-mediated habitat selection. 

Predators (especially fishes) can regulate the size of  
crayfish populations (e.g., Rabeni 1992) and strongly 
mediate habitat use by crayfish (e.g., Stein and Mag- 
nuson 1976, Stein 1977, Garvey et al. 1994). It seems 
likely that predation plays an important role in deter- 
mining the distribution of P. alleni, primarily because 
this species comprises a significant portion of the diet 
of predators such as wading birds, alligators, swamp 
snakes, pig frogs, and predatory fishes (Robertson and 
Frederick 1994). These predators rely primarily on vi- 
sual and/or tactile cues to locate crayfish, which may 
lead to decreased foraging efficiency in densely veg- 
etated habitats due to reductions in their ability to de- 
tect and successfully capture vagile prey such as cray- 
fish (Heck and Crowder 1991). Therefore, persistent 
differences in the complexity (e.g., plant stem density 
or biomass) of  these marsh habitats may result in dif- 
ferential rates of  predation on crayfish and ultimately 
lead to the evolution of  anti-predator behavior (i.e., 
preference for increased cover). We performed labo- 
ratory experiments to determine what role, if any, pre- 
dation plays in determining observed patterns of hab- 
itat use by P. alleni. First, we assessed behavioral pref- 
erence for vegetated and non-vegetated habitats and 
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Figure 1. 
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Top: densities of crayfish (means +1 SE) in 
emergent wet prairies and sloughs in the Blue Cypress 
Marsh Conservation Area. which is located within the upper 
basin of the St. Johns River, Indian River County, Florida. 
Bottom: relationship between log~0-transformed densities of 
crayfish and log,u-transformed plant biomass in wet prairie 
sites. This regression is significant (FL= = 18.2, p ~- 0.0003) 
and plant biomass explains 45% of the observed variation 
in crayfish densities_ Data from Jordan et al. (1996) and un- 
published data (I 7 . Jordan). 

determined if preferences varied between day and 
night (Habitat Selection Experiment). Second, we as- 
sessed size-specific survival of  crayfish exposed to 
predatory largemouth bass (Micropterus salmoides) 
under different levels of habitat complexity (Predation 
Experiment). 

METHODS 

Animal Collection and Maintenance 

Crayfish were collected from emergent wet prairies 
within the upper basin of  the St. Johns River: large- 
mouth bass were collected from Lake Yale in Lake 
County, Florida. Crayfish and bass were maintained 
separately in outdoor holding tanks with recirculating 
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water systems. Bass were fed crayfish and small fishes 
ad libitum, whereas crayfish were fed flake food ad 
libitum. Predators were not fed for 48 h prior to ex- 
periments to standardize hunger levels. Individual 
crayfish were used only once in an experiment. 

Habitat Selection Experiment 

This experiment tested whether groups of  crayfish 
preferred vegetated or non-vegetated habitats and 
whether preferences varied between day and night. 
Four rectangular plastic tanks (62-cm length x 47-cm 
width × 47-cm height) were placed in a small clearing 
on the campus of  Jacksonville University (Dural  
County, Florida). The bottom of each tank was cov- 
ered with 2-3 cm of  sand and filled with ~120  I. of  
tap water to a depth of 41 cm (0.29-m 2 surface area, 
0 . t 2 -m -~ or 119-L volume). Two distinct habitats were 
created within each tank by placing simulated vege- 
tation on one side of  the tank and leaving the other 
side of  the tank bare sand. Placement of  vegetated and 
non-vegetated habitats was randomly assigned and 
then reversed between trials. Vegetation was simulated 
by tying 22 bipartite strips of  dark green plastic (2-cm 
width × 30-cm length) to a sheet of  mesh buried be- 
neath the sand substrate. Vegetation was stocked at a 
density of  154 strands per square metre, which ap- 
proximates the complexity of  emergent  wet prairies in 
central and southern Florida (E Jordan, unpublished 
data). Simulated vegetation was used to avoid con- 
founding predator avoidance behavior with differential 
food availability (i.e., omnivorous crayfish feed on 
plants; Feminella and Resh 1989). 

Sand, water, and vegetation were added to tanks be- 
tween 8:00 and 8:30 EST on 30 September 1995 and 
allowed to settle for 3 hours. Nine crayfish were then 
added to each tank (11:00 11:30 EST), and the num- 
ber of  crayfish occupying the non-vegetated side of  the 
tanks was measured once in the afternoon (16:00-17: 
00 EST) and once in the evening (21:00-22:00 EST). 
Crayfish were collected on the following morning, and 
the process was repeated again on two separate dates 
(5 October 1995 and 6 October 1995) with new cray- 
fish being used on each date. Count data from the 12 
trials (i.e., 4 tanks × 3 dates) were converted into pro- 
portions, and paired t-tests were used to compare  num- 
bers of  crayfish using vegetated and non-vegetated 
sides and to test for changes in habitat use between 
day and night observation periods. Date of trial was 
ignored because a preliminary analysis of variance in- 
dicated that this factor did not affect crayfish habitat 
selection, Further, analysis of  residual plots from this 
preliminary analysis indicated that data translormation 
was unnecessary. 

Predation Experiment 

This experiment tested whether habitat complexity 
(i.e., plant biomass) and/or predatory largemouth bass 
affected survival of  crayfish. Thirty-six cylindrical, 
plastic tanks (48-cm diameter and 43-cm height) were 
set up in our laboratory. Tanks were filled with ~65  
L of  tap water to a depth of  36 cm (0.18-m 2 surface 
area, 0.06-m ~ volume).  Stems of the common wetland 
plant Ludwigia repens Forst. (hereafter Ludwigia) 
were collected from local ephemeral ponds, rinsed 
thoroughly, and then added to the plastic tanks. No 
extraneous maeroinvertebrates were found when the 
tanks and vegetation were carefully searched for sur- 
viving crayfish at the end of  the experiment. One of 
three habitat complexity treatments was randomly as- 
signed to each tank: low complexity (0 kg of  Ludwigia 
stems), medium complexity (0.45 kg of  Ludwigia 
stems), or high complexity (1.35 kg of  Ludwigia 
stems). The plant biomass used in medium and high 
habitat complexity treatments is typical of  slough and 
emergent wet prairie habitats in central and southern 
Florida (Jordan et al. 1994, Jordan et al. 1996; E Jor- 
dan, unpublished data). Tanks were filled on 21 De- 
cember  1995 and allowed to settle for 24 h before 
adding crayfish. Tanks were aerated during the exper- 
iment and mean ( + 1 SE) dissolved oxygen levels did 
not differ (F2,.,9 = 2.4, p = 0.1104) among low (9.1 ± 
0.1 mg/1), medium (9.3 ~- 0.4 rag/i), and high (9.1 ± 
0.4 mg/1) habitat complexi ty tanks. Lights were main- 
tained on a 12L: 12D cycle during the experiment. 

One large (26-30 m m  carapace length), one medium 
(21-25 m m  carapace length), and two small (16--20 
m m  carapace length) crayfish were added to each tank 
on the morning of  22 December. Mean weights ( ±  1 
SE) for these crayfish size classes were 4.3 ± 0.2 g, 
2.4 __+ 0.4 g, and 1.1 + 0.1 g, respectively. Individual 
bass (122 ± 3 mm standard length) were randomly 
assigned to half of the low, medium, and high habitat 
complexity tanks, and the remaining tanks served as 
predator controls. The number  of  crayfish surviving 
after five days was used as the response variable in an 
analysis of  variance testing for the effects of  predator 
(present or absent [i.e., controls]), habitat complexity 
(low, medium, or high), and the interaction between 
these factors. Levene 's  homogeneity of  variance test 
and inspection of  residual plots indicated that data 
transformation was unnecessary prior to analysis. 
Least-squares (LS) means were compared to determine 
which means differed when main or interaction effects 
were significant. 

RESULTS 

Crayfish responded strongly to the available habi- 
tats, although the magnitude of their response varied 
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Figure 2. Proportions of crayfish (means +1 SE) occupy- 
ing vegetated and open sand portions of behavioral tanks 
during the day and night. Letters designate means that differ 
significantly within a time period (paired t-tests: see text for 
details). 

with time of day (Figure 2). During the day, crayfish 
used vegetated habitats significantly (91%) more than 
non-vegetated habitats (t = 27.5, p = 0.0001, 1 I df). 
Crayfish use of vegetated habitats was still greater than 
use of  non-vegetated habitats in the evening (t = 4.5, 
p = 0.0009, 11 df), but there was a significant (31%) 
increase in use of non-vegetated habitats relative to 
daytime use (t = 8.2, p = 0.0001, 11 df). 

Overall, bass reduced survival of  crayfish by 22% 
relative to controls, and predation accounted for 30% 
of the variation observed in survival rates (Table 1). 
Survival varied with crayfish size; no large or medium 
sized crayfish were eaten during the five-day experi- 
ment, whereas bass reduced survival of small-sized 
crayfish by 92%, 58%, and 25% (relative to stocking 
densities.) in the low, medium, and high complexity 
tanks, respectively. 

Crayfish survival was significantly greater in high 
complexity tanks than in low and medium complexity 
tanks (which did not differ), and habitat complexity 
accounted for 23% of the variation in crayfish survival 
(Table 1 ). The effects of  habitat complexity on crayfish 
survival varied with predator presence, which resulted 
in a significant interaction between these factors (Table 
l). Crayfish survival did not differ among habitats in 
tanks that lacked predators, whereas crayfish survival 
increased with increasing habitat complexity in the 
presence of predatory bass (Figure 3). Comparison of 
least-squares means indicated that predatory bass re- 
duced the survival of  crayfish greatly (37%; p = 
0.0001) in low complexity tanks, less so (23%; p -= 
0.0233) in medium complexity tanks, and little (<4%;  
p - 0.2414) in high complexity tanks. 

Survival of  small sized crayfish in control tanks was 
reduced significantly (10%; Figure 3) relative to stock- 

Table 1. Analysis of variance testing for the effects of pred- 
ator presence, habitat complexity, and their interaction on 
the number of crayfish surviving after five days. R-" is the 
percentage of variation in the response variable accounted 
for by a particular effect. 

Source DF MS F P R ~' 

Model 5 2.2 9.6 0.0001 62 
Predator 1 5.4 23.3 0.0001 30 
Complexity 2 2.1 9,0 0.0008 23 
Predator × Complexity 2 0.8 3.3 0.0493 9 
Error 30 0.3 

ing density (t = 3.1, p =- 0.0070, 17 df). Specifically, 
there were 25% reductions in the numbers of small- 
sized crayfish surviving in low (t = 2.2, p = 0.0756, 
5 dr) and medium (t = 2.0, p = 0.0756, 5 dr) com- 
plexity tanks relative to stocking densities, but only 
marginal reductions (9%) in the high complexity tanks 
(t = 1.0, p = 0.3632, 5 dr). Although no intact crayfish 
bodies were recovered, we did find remains in some 
tanks, suggesting that small-sized crayfish were being 
eaten by larger conspecifics. 

DISCUSSION 

P r o c a m b a r u s  al leni  showed a strong preference for 
habitats containing simulated vegetation relative to ad- 
jacent habitats containing only bare sand. Since there 
were no differences in food availability or water chem- 
istry between these habitats, it seems likely that cray- 
fish were selecting the habitat that was likely to pro- 
vide the greatest amount of  cover (i.e., reduced risk of 
predation). Other crayfish species tend to select habi- 
tats that provide the most cover from predators (Stein 
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Figure 3, Numbers of crayfish (means + l SEt surviving 
after five days as a function of predator presence (open bars) 
or absence (closed bars) and habitat complexity, For each 
level of habitat complexity, means with different letters are 
significantly different (p < 0.05, LS means). 
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and Magnuson 1976, Stein 1977, Garvey et al. 1994). 
In addition to selecting complex habitats that provide 
more cover, many crayfish species also increase their 
activities at night (Hobbs 1991), which is when most 
predatory freshwater fishes (e.g,, bass, sunfishes, gar) 
are quiescent. We found that P. afteni substantially in- 
creased use of  non-vegetated habitats at night. Pref- 
erence for complexly vegetated habitats and increased 
nocturnal activity support the idea that crayfish are be- 
haviorally mininizing their vulnerability to predatory 
fishes. 

Habitat preferences observed in this study are highly 
concordant with results of quantitative sampling per- 
formed in the freshwater marshes of  central and south- 
ern Florida, where P. alleni densities were substan- 
tially higher in densely vegetated wet prairies than in 
thinly vegetated sloughs (Jordan et al. 1996; E Jordan, 
unpublished data). Therefore, observed patterns of  
habitat use in the field may reflect strong selection for 
increased cover (Stein and Magnuson 1976, Stein 
1977, Garvey et al. 1994~ because predatory fishes are 
much more abundant in sloughs than in complexly 
vegetated habitats such as emergent wet prairies and 
sawgrass stands (Dineen 1984, Loftus and Kushlan 
1987; E Jordan, unpublished data). 

Our second experiment is consistent with previous 
research that has shown that crayfish are susceptible 
to predatory fishes. Susceptibility decreases signifi- 
cantly as crayfish reach sizes too large to be handled 
by predatory fishes such as largemouth bass in the 
freshwater marshes of central and southern Florida. 
Size selectivity on crayfish seems to be more a func- 
tion of the defensive abilities of large-sized crayfish 
rather than gape limitation per se (e.g., Stein and Mag- 
nuson 1976, Garvey et al. 1994). Other types of pred- 
ators (e.g., wading birds, alligators) are likely to prefer 
and take larger crayfish because of increased handling 
efficiency relative to predatory fishes. We also found 
that survival of small crayfish in tanks lacking preda- 
tors was significantly lower than stocking densities, 
suggesting intraspecific predation (i.e., cannibalism). 
Size-based dominance hierarchies are common in 
crayfish (Hobbs 1991), and frequently lead to strong 
negative intraspecific and interspecific effects (e.g., 
Garvey et al. 1994). Typically, different sized crayfish 
fight for limited shelter space, resulting in the loser 
having increased vulnerability to predators (Garvey et 
at. 1994). 

Crayfish constitute a significant portion of  the diets 
of  predatory fishes in many aquatic systems. For ex- 
ample, Rabeni (1992) found that smallmouth bass (Mi- 
cropterus dolomieu Lacep~de) and rock bass (Ambto- 
plites rupestris Rafinesquc) relied heavily on crayfish 
(Orconectes spp.) in an Ozark stream system. Further, 
he estimated that about half of the crayfish biomass in 

this system was consumed by smallmouth bass and 
rock bass, which appeared to be the primary agents of 
crayfish mortality. Largcmouth bass and warmouth 
sunfish (Lepomi.9 gulosus Cuvier) consume significant 
numbers of  P. atleni in central and southern Florida 
(unpublished data of  E Jordan and the Florida Game 
and Freshwater Fish Commission, West Palm Beach, 
FL). Juveniles and small adult crayfish (0 .1 - l .0  g dry 
weight) are most vulnerable to predatory fishes (Stein 
and Magnuson 1976, Stein 1977, Rabeni 1992, Garvey 
et al. 1994, this study), which frequently results in 
predator-induced demographic bottlenecks occurring 
around these size-age classes. Jordan et ai. (1996) 
found that relatively few P. alteni recruited into larger 
size classes (i.e., >1.0  g wet weight) during their 
18-month study, indicating a possible demographic 
bottleneck. 

We found that the survival of P. alleni increased as 
a function of  increasing habitat complexity, which also 
appears to hold for other crayfish species. For exam- 
ple, survival of  Orconectes spp. exposed to predatory 
bass (Micropterus spp.) increased with increasing hab- 
itat complexity (Stein and Magnuson 1976, Garvey et 
al. 1994). Enhanced survival in more complex habitats 
is likely due to reductions in the ability of visually- 
oriented predators to detect and successfully capture 
prey (Heck and Crowder 1991). Intraspecific predation 
rates were lowest in high habitat complexity tanks, in- 
dicating that adult craylish may also suffer decreased 
foraging efficiency in complex habitats. Both the low- 
ered foraging efficiency (this study) and abundance 
(Dineen 1984, Loftus and Kushlan 1987; E Jordan, 
unpublished data) of  predators likely contribute to the 
relatively high abundance of P. alteni in emergent wet 
prairies and sawgrass stands in the wetland habitat mo- 
saics of  central and southern Florida (Jordan el al. 
1996; E Jordan, unpnblished data). That is, complex 
habitats provide more refuges from predators and fa- 
cilitate the coexistence of predators and vulnerable 
species and sizes of  prey (e.g., Huffaker 1958, Hixon 
and Beets 1993, Beck 1995). 

Vmiation in the frequency and duration of inunda- 
tion is generally viewed as the most important factor 
regulating the abundance of aquatic organisms and de- 
termining community composition in seasonally dy- 
namic freshwater wetlands (e.g., Kushlan 1976, 1987, 
Murkin and Kadlec 1986, Neckles et al. 1990, Batzer 
and Resh 1992, Batzer et al. 1993). However, little 
effort has been made to determine how other factors 
(e.g., predation, habitat heterogenei ty)affect  commu- 
nity composition in wetland systems (Prejs and Preis 
1992, DeAngelis and White 1994). Our results indicate 
that predation and habitat complexity both affect sur- 
vival of  the crayfish P. alleni and at least partially 
account for patterns of habitat use by this crayfish ob- 
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s e r v e d  in the  field. D i f f e r e n t  h y d r o l o g i c  c o n d i t i o n s  
(e.g. ,  d u r a t i o n  o f  i n u n d a t i o n )  are  g o i n g  to f a v o r  d i f -  
f e ren t  p r e d a t o r  a s s e m b l a g e s  (e.g. ,  p r e d a t o r y  a r t h r o p o d s  
vs.  l a rge  f i shes) ,  w h i c h  in tu rn  wi l l  c a u s e  c h a n g e s  in 
h a b i t a t - s p e c i f i c  p r e y  a s s e m b l a g e  s t ruc ture .  T h e r e f o r e ,  
a g e n e r a l  m o d e l  o f  a s s e m b l a g e  r e g u l a t i o n  in w e t l a n d  
s y s t e m s  s h o u l d  no t  be ba sed  so le ly  o n  h y d r o l o g y  bu t  
s h o u l d  a l so  i n c o r p o r a t e  the  d i r ec t  and  i n d i r e c t  e f f ec t s  
o f  p r e d a t o r s  and  habi ta t  c o m p l e x i t y .  

A C K N O W L E D G M E N T S  

W e  grea t ly  a p p r e c i a t e  the l og i s t i c a l  s u p p o r t  o f  W d e y  
K i t c h e n s  a n d  the  F l o r i d a  C o o p e r a t i v e  F i s h  & W i l d l i f e  
R e s e a r c h  Uni t .  S c a n  C o y n e  and  B e t t y  J o r d a n  a s s i s t ed  
in the  f ie ld  and  l abora to ry .  D a v i d  D o u g l a s ,  J o h n  B e n -  
ton,  and  B i l l  J o h n s o n  o f  the  F l o r i d a  G a m e  a n d  F r e s h -  
w a t e r  F i s h  C o m m i s s i o n  p r o v i d e d  a s s i s t ance  w i t h  the  
c o l l e c t i o n  o f  l a r g e m o u t h  bass ,  W e  t h a n k  K i m  Babbi t t ,  
S t e v e  Mil ler ,  and  C a r o l e  M c l v o r  for  sha r ing  da ta  w i t h  
us  and  p r o v i d i n g  c o m m e n t s  on  ea r l i e r  d raf t s  o f  this  
m a n u s c r i p t .  W e  a lso  t hank  J a n e t  J o h n s o n  and  A.  Q u i n -  
ton  W h i t e  o f  J a c k s o n v i l l e  U n i v e r s i t y  for  the i r  con t i n -  
ued  s u p p o r t  o f  r e s e a r c h  t r a in ing  fo r  u n d e r g r a d u a t e s .  
S u p p o r t  fo r  this r e s e a r c h  was  p r o v i d e d  in par t  by the  
St, J o h n s  R i v e r  W a t e r  M a n a g e m e n t  D i s t r i c t  ( con t r ac t  
n u m b e r  9 5 D 1 6 4  to FJ) .  T h i s  s tudy  was  p e r f o r m e d  by 
FJ  in par t ia l  f u l f i l l m e n t  o f  a Ph .D.  d e g r e e  at the  U n i -  
ve r s i ty  o f  F lo r ida .  
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