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ABSTRACT 

Environmental drivers of American Eel (Anguilla rostrata) behavior and habitat use in 
the St. Jones River, DE 

Marissa G. Brady 

Faculty Advisor: Dr. Dewayne Fox 

American Eels (Anguilla rostrata) serve key roles in the ecological and economic 

health of the mid-Atlantic region. Resource managers facing a combination of declining 

landings and changing environmental regimes are in need of information on the factors 

influencing American Eel behavior. In the spring of 2009, a combined mark-recapture 

and biotelemetry study was initiated in the St. Jones River, Delaware. Monthly mark­

recapture events took place using fixed locations (n = 40) stratified by commercial 

fishing practices (i.e. intense, occasional, and rarely harvested). Acoustic transmitters 

were implanted in a random sample of eels (>305 mm) in each strata. Telemetered 

individuals were allowed to recover before released at initial site of capture, and were 

monitored using a combination of active and passive telemetry. Using data from 

telemetered eels, we conducted home range analysis and used general linear mixed 

models (GLMMs) to assess the importance of covariates in determining eel movement 

rates. The vast majority (98/102) of telemetered individuals were detected at least once 

V 



over the course of the study (May 2009 through January 2011). During the summer 

months, site fidelity was very high for the majority of American Eels which primarily 

remained at the initial tagging locations. In the late fall, when water temperatures began 

to decline, detected American Eels moved to higher saline waters of the Delaware Bay, 

possibly for thermal refugia or migration. Despite increased movement in the fall, 

average home range estimates remained low (8.30 ha) over all seasons. In addition to 

season, modeling efforts indicated that eel movements were also dependent on water 

temperature, tide, turbidity, diel periods, and size of the animal; there was also evidence 

for considerable heterogeneity of movement rates between eels of similar size class. 

Insights from this study have improved our understanding of movement ecology of 

American Eels in the mid-Atlantic region, and should allow for better management and 

conservation decisions. 
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CHAPTER I 

Biology, Population Dynamics, and Ecology of the American Eel (Anguilla rostrata); A

Literature Review 

For more than two centuries American Eels (Anguilla rostrata) have sustained 

large profitable fisheries and were once a significant source of protein for numerous 

Native American tribes (Casselman 2003). It is thought that the Pilgrims of Plymouth 

Colony feasted on American Eels thanks to Squanto, a Patuxet Indian who had learned 

English (Prosek 2010). That first harsh winter Squanto taught them how to catch a fatty, 

nutritious fish that would sustain them in the worst of times. Today, the advent of new 

technology has facilitated the transport of eels around the world, so much so that live 

American Eels are carried from their native waters to global markets. American Eels still 

support large and diverse fisheries targeting many life stages (Casselman 2003). 

However, recent declines have caused concerns regarding their population status. 

Distribution and Life History 

American Eels range from Greenland to northern Brazil, inhabiting freshwater, 

estuarine and marine environments. The life history of American Eels has undergone 

some revision and today they are commonly considered a facultative catadromous 

species, exhibiting far more flexibility in habitat use (Daverat et al. 2006; Jessop et al. 

2008) than previously thought. Prior to reaching sexual maturity, American Eels spend 
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their life growing in freshwater, estuarine, and marine environments. At maturation, they 

migrate to the Sargasso Sea to spawn and die. 

2 

Spawning is thought to occur from February through April ( or later) in a region of the 

Sargasso Sea located in the southwestern North Atlantic Ocean (Tesch and Wegner 1990). 

Leptocephalus American Eels passively drift to the coast (Fahay 1978) moving into estuaries, 

they undergo metamorphosis first into glass eels, then elvers, before eventually becoming yellow 

eels. Elvers and glass eels are caught with fine mesh fyke and dip nets in their respective 

fisheries (Bohun and Winn 1966). American Eels remain in this stage for an extensive period 

ranging from approximately 7-19 years (Able and Fahay 1998). Maturation is accompanied by 

changes in morphology and coloration which occur in the fall prior to seaward migration. At this 

point, American Eels are referred to as "silver eels" and begin migrating down river to the ocean 

where maturation continues as they move towards the spawning grounds (Facey and Van Den 

A vyle 1987). During their silver phase, American Eels are believed to cease feeding as a result 

they are primarily caught btercepted in weirs as they begin their spawning migration. 

Further complicating their life history, American Eels exhibit sex-specific strategies with 

males maturing at a younger age and smaller size in comparison to slower maturing larger (>400 

mm) females (Helfman et al. 1987; Oliveira 1999; Barber 2004). It is generally believed that

males are encountered in the southern portion of their range and closer to the mouth of estuaries; 

while females are found in more northerly habitats and inland freshwater portions of rivers and 

streams (Oliveira 1999). These latitudinal 
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differences have been hypothesized as a mechanism to reduce the likelihood of intersex 

competition allowing resource competition (Oliveira 1999). Furthermore, the productive 

brackish water habitats utilized by males likely contributes to the decreased age at 

maturity while the freshwater areas occupied by females are believed to maximize size 

and fecundity (Helfman et al. 1987). It appears that sex specific reproductive strategies 

are adopted by American Eels with females maximizing growth at smaller sizes while 

males tend to maintain sub-maximum growth rates to help achieve smaller sizes for 

maturity (Oliveira and McCleave 2002). In Delaware, a study conducted in two 

tributaries determined that out-migrating silver American Eels differed by sex with 

proportionally more males reaching maturity at smaller sizes/ages than females (Barber 

2004). 

Behavior 

American Eels are commonly believed to be more active at night seeking cover 

during daylight hours (Baras et al. 1998; Thomas 2006), foraging mainly on crustaceans, 

bivalves, polychaetes and fish (Wenner and Musick 1975; Daniels 1999) although levels 

of piscivory increase with size (Daniels 1999). The feeding periodicity of American Eels 

make them a significant predator on commercially important invertebrates (Wenner and 

Musick 1975) including blue crabs (Callinectes sapidus), and the soft clam (Mya 

arenaria). The use of olfactory cue seems a likely mechanism of foraging given the 

increased activity of American Eels during evening and low light hours. It has been 



hypothesized that American Eels primarily utilize olfaction in choosing the appropriate 

tide for transport and location of a home site (Barbin et al. 1998). Additionally, 

American Eels are believed to use olfaction for migration to the Sargasso Sea (Barbin et 

al. 1998). 
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Ecologically, American Eels are generalists capable of tolerating large changes in 

environmental conditions and occupying broad habitats, as such they likely play an

important role in structuring aquatic communities (Helfman et al. 1987). To understand a 

species' population dynamics, a better understanding of its home range is necessary as it 

provides insight on space utilization, habitat selection and behavior when coupled with 

ecological information (Bolden 2002). Here I define home range as the area in which an 

animal normally lives, exclusive of migrations, emigrations, dispersal movements or 

unusual wanderings (Brown 1975). Through numerous mark-recapture and biotelemetry 

studies it is known that American Eels display strong site fidelity with most individuals 

occupying habitats or being recaptured within 1km of their released location (Oliveira et 

al. 1997; Lamothe et al. 2000; Morrison and Secor 2003; Cairns 2009). 

Although American Eels display high site fidelity, there seems to be an increase 

in movement seasonally related to environmental drivers, such as temperature, diel 

period, and tide among others. Studies conducted in the Maritime Provinces of Canada 

(Smith and Saunders 1955) and the Delaware River Basin (Compton 1968) indicate that 

eels are generally not found in freshwater during the winter suggesting that American 



Eels may be hibernating in unconsolidated substrates. In Delaware waters it is believed 

that although some American Eels hibernate in mud bottoms during the winter prior to 

this hibernation large numbers migrate into the bay and remain there until the following 

spring (Brady, unpublished data). These generalized movements towards higher saline 

waters may be related to thermal refugia and underlying physiological requirements in 

American Eels (Thibault et al. 2007). 

Management 

In Delaware, American Eels occupy a key role in dictating community structure 

5 

as a result of their abundance, longevity, and year round residence. Commercially, 

American Eels support fisheries throughout much of their range although the largest 

landings are centered in the mid-Atlantic with Delaware consistently among the top states 

in eel landings (Clark 2009). However, the continued stability of these fisheries has been 

brought into question with increased uncertainty regarding the range-wide population 

status of American Eels (Casselman 2003). The causes of the purported declines in 

American Eels are unknown due to variations associated with abundance data and an 

incomplete understanding of life history, ecology, and population dynamics (Haro et al. 

2000). Potential causes for the declines in American Eel abundance include overfishing, 

pollution, habitat loss, climate change, and mortality from hydroelectric turbines 

(Castonguay et al. 1994; Haro et al. 2000; Anonymous 2003). In the last couple of 

decades there is a growing body of work suggesting that the appearance of a non-native 



swim bladder parasite (Anguillicola crassus) may be an additional source of mortality in 

American Eels (Barse and Secor 1999; Moser et al. 2001; Fenske et al. 2010). 

6 

The Atlantic States Marine Fisheries Commission (ASMFC) is tasked with the 

interstate management of American Eels (ASMFC 2007). In 2000, a fishery management 

plan (FMP) was drafted by the ASMFC to address recent declines in both commercial 

and recreational landings of American Eels (ASMFC 2000). In 2004, the federal 

government was petitioned to include the American Eel under the provisions of the 

Endangered Species Act (USOFR 2004) and a status review determined that the listing 

was not warranted (USOFR 2007). Actions on management measures were delayed to 

incorporate the results of a future stock assessment (ASMFC 2008). Although concerns 

for decreases in commercial and recreational landings worldwide appear valid, it is 

important to note that these changes can have numerous causes other than those 

previously mentioned ( e.g. overfishing). In Delaware, increase in bait prices and changes 

in market conditions have been proposed as likely underlying causes for decreases in 

landings (Clark 2009). In 2011, a status review was initiated to determine if American 

Eel warranted to be under the Endangered Species Act (ESA). The 2012 stock assessment 

gave way for the approval of Addendum III in August 2013 and Addendum IV in 

October 2014. On October 7, 2015 USFWS announced that the American Eel is stable 

and does not need protection under the ESA. 
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Resource managers require data to effectively manage fisheries including reliable 

estimates of population structure, impacts of harvest on mortality, and emigration rates. 

Mark-recapture studies have historically been the primary method of quantifying the 

abundance and survival of animal populations although newer techniques combining tag 

return and telemetry methods are providing more precise and unbiased estimates of 

population parameters including harvest mortality (Hightower et al. 2001; Pine et al. 

2003; Bacheler et al. 2008). These methods are an active field of research in wildlife 

ecology (Lebreton et al. 1995; Lebreton et al. 1999; Barker 1997) and show much 

promise to the application of fisheries issues. The integration of both telemetry and 

mark-recapture in models is being utilized more frequently in fisheries as it allows for the 

full usage of all possible data types in a single analysis (mark-recapture and telemetry 

data); as well as, more precise and unbiased estimates of natural and harvest related 

mortality. 

As with many managed species, limited information is available on the influence 

of harvest on the population dynamics and behavior of American Eels. As such, any 

spatial and temporal closures or development of special management areas should 

proceed with caution while taking into consideration the flexible nature of habitat use in 

American Eels as they may provide benefits for both the target species and the 

surrounding community as well (Airame'et al. 2003, Gerber et al. 2003). 

Objectives 



My thesis is focused on attaining relevant information for fisheries managers 

regarding American Eel population dynamics in the St. Jones River, Delaware. Cairns 

(2009) utilized statistical models to develop estimations of abundance, survival, growth, 

movement, dispersal, mortality, and the impact of commercial harvest on American Eels 

for my system of interest. By adding the telemetry component to the mark-recapture 

framework I hope to shed light on the role of environmental drivers ( e.g. season, 

temperature, lunar illumination, tide, turbidity and diel periods), the role of harvest 

pressure and size of American Eels influencing American Eel movements and home 

range in the St. Jones River, DE. Through model development I will provide fisheries 

professionals a more precise understanding of American Eel population dynamics; 

thereby, allowing for better management decisions regarding the conservation of this 

economically and ecologically important species. 
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CHAPTER II 

Combining manual and passive telemetry to determine home range for American Eels 
(Anguilla rostrata) in the St. Jones River, DE 

2.1 Introduction 

The American Eel (Anguilla rostrata) provides both important ecological and 

commercial benefits throughout most of their range including Delaware. Recent declines 

in the commercial harvests of American Eels in the northern part of their range 

highlighted the need for an improved understanding of the population dynamics of this 

important species (Casselman 2003). Potential causes of the decline in American Eel 

abundance include: overfishing, pollution, habitat loss, barriers to migration, parasites, 

and mortality from hydroelectric turbines (Castonguay et al. 1994; Haro et al. 2000; 

Anonymous 2003 ). In light of perceived declines, the Atlantic States Marine Fisheries 

Commission (ASMFC) cited a need for tagging programs to address survival, mortality, 

and habitat use (ASMFC 2007). 

In the majority of mark-recapture and biotelemetry studies, yellow-phase 

American Eels were caught at their initial site of tagging or within 1 km of where they 

were released; providing evidence of high site fidelity for the majority of tagged 

individuals (Oliveira et al. 1997; Lamothe et al. 2000; Morrison and Secor 2004; Cairns 

9 
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2009). Although, dispersion of American Eels among estuarine environments is known 

to occur; in the Hudson River microchemistry studies suggest that the vast majority will 

spend 2-19 years in fresh water before moving to and residing in, brackish water habitats 

(Morrison et al. 2003 ). Some individuals moved great distances (>50km) downstream in 

an exhibition of high movement rates which is counter to most findings whereby 

American Eels exhibit limited home ranges during periods of freshwater residency. 

Otolith microchemistry established that there was limited evidence of regular seasonal 

movement among salinity gradients in the Hudson River and the increase in movement 

observed was essentially the migration from freshwater to brackish water. 

Although the majority of published studies suggest limited dispersal rates for 

most yellow-phase American Eels, individual behavioral differences exist. A telemetry 

study conducted in Silver Lake, DE, showed evidence of behavioral differences among 

telemetered American Eels, and overall very large home ranges were exhibited in 

comparison to the overall limited home range (Thomas 2006). In addition, other studies 

suggested that American Eel behavior is at least partially mediated by environmental cues 

including water temperature (McGrath et al. 2003; Hammond and Welsh 2009), lunar 

phase (Lowe 1952; Winn et al. 1975; Cairns and Hooley 2003), diel periodicity (Wenner 

and Musick 1975), and precipitation (Tesch 1977; Winn et al. 1975; Hammond and 

Welsh 2009). A study conducted in the Shenandoah River, WV noted that the highest 

rates of upstream movement occurred in the spring while downstream movements 
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occurred in the fall suggesting that individuals were actively searching for overwintering

areas (Hammond and Welsh 2009). 

Traditional home range studies have focused on mark-recapture and manual 

telemetry to estimate movement patterns (Brown 1975). In this study, I utilized a 

combination of passive and manual telemetry and mark-recapture data to provide 

improved insights into American Eel home range, as well as an understanding of 

residency in a tidal tributary. My primary goals of this study were to examine the 

seasonal patterns of home range and occupancy of American Eels in a tidal salt marsh 

creek. My findings on the factors mediating the behavior of American Eels will provide 

managers with a better understanding of the spatial and temporal aspects of habitat 

utilization to assist in designing conservation measures for American Eels. 

2.2 Methods 

Study Site and water quality measurements 

The St. Jones River, DE (Figure 2-1) is tidally influenced and encompasses a 

watershed of 8,262 ha which exhibits marked seasonal variability in its physical 

parameters (DNERR 1999).There are three stations along the St. Jones River and one at 

the mouth of the neighboring river (Murderkill River) that continuously record water 

parameters including temperature (°C), salinity (ppt), dissolved oxygen (mg/L), 

conductivity (mS/cm) and tides. Retrieved data are made available through the Delaware 

National Estuarine Research Reserve (DNERR) and U.S. Geological Survey (USGS). 



See Cairns (2009) for a detailed description of the study site and water quality

measurements. 

Sampling 

12 

In June 2009, I utilized 40 fixed sampling locations in the St. Jones River

designated in a previous mark-recapture study (Cairns 2009) to collect American Eels

needed for this telemetry study. The St. Jones River was divided into three strata based

on the activities of commercial harvesters (Figure 2-1); intensely harvested (Sites 1-14),

occasionally harvested (Sites 15-25) and rarely harvested (Sites 26-40). American Eels 

were captured using commercial traps, identical to the ones used by commercial 

harvesters. The traps are rectangular in shape (76 x 30 x 30cm) constructed of iron rebar 

and surrounded by 1.2cm mesh. Traps were baited with half a gravid female horseshoe 

crab (Limulus polyphemus), the preferred bait and quantity used by commercial 

harvesters (Clark 2009) and allowed to fish overnight. Upon capture, American Eels were 

placed in an induction tank following previously established protocols (Thomas 2006) 

until loss of equilibrium. Following induction, all captured eels were tagged in the dorsal 

musculature with a Passive Integrated Transponder (PIT tag) (12mm Biomark TX141 ll).

Additionally, one yellow-phase American Eel (::::400 mm) at each fixed sampling location

was implanted with an acoustic transmitter (VEMCO Ltd. V9-2L) (29 mm, 142 dB, 2.9 g

in water, 537 days battery life) following previously developed protocols (Thomas 2006).

During May and June 2010, an additional 60 American Eels were implanted with

acoustic transmitters. A stratified random design was employed for transmitter

l;:' 
I' 
i 
I' 

,I, 

I
',' 
'I :,, 
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deployment among harvest strata (Figure 2-1) (30 VEMCO Ltd. V9-2L: 29 mm, 142 dB, 

2.9 g in water, 405 days of battery life and 30 VEMCO Ltd. V8-4L: 20.5 mm, 144 dB, 

0.9 g in water, 194 days battery life). Equal numbers of small and large (n=IO) 

transmitters were deployed in randomly selected captured eels in each strata. The smaller 

transmitters utilized during 2010 allowed for the tagging of smaller American Eels (350-

450mm). Transmitters were surgically implanted in American Eels between 350-450 mm 

(VEMCO Ltd. V8-4L) and 2'.:450 mm (VEMCO Ltd. V9-2L) in length to minimize 

transmitter induced behavioral changes. To maximize tag longevity, the smaller V8-4L 

transmitters were programmed to allow a 21 day delay before transmitting, allowing eels 

to heal and re-establish home-range areas (Thomas 2006). During both field seasons, 

traps were moved slightly (::S50 m) from the initial sampling location if untagged 

American Eels were not caught after several attempts (Figure 2-1 ). I applied transmitters 

to untagged American Eels (without PIT tags) exclusively, as these animals had no 

previous capture histories and would not be influenced by multiple handling events. 

Captured eels were placed in an induction tank until loss of equilibrium when they were 

removed and scanned for the presence of a PIT tag, measured (mm), and weighed (g). 

Previously unmarked American Eels which met the size criteria received both a PIT tag 

and an acoustic transmitter. They were then placed in a tank to regain equilibrium and 

released back into the river at the site of capture. 

Tag Recoveries 
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Over the course of this project I worked collaboratively with two commercial 

harvesters (Mr. Ed Farrall, Harrington, Delaware and Mr. Mike Stansky, Smyrna, 

Delaware). In addition, two unknown harvesters fished in my study area for brief periods 

(2-4 days total) although I was not able to scan their catches. Cooperating harvesters 

separated their St. Jones River landings from their overall catch and allowed me to scan 

their landings to recover the majority of commercially harvested American Eels. 

Commercial harvesters maintained their normal fishing schedules and practices over the 

course of the study. Through regular conversations with the harvesters, I was kept 

abreast of their fishing schedules and was notified of the general area of harvest efforts, 

including soak times and number of traps fished. If a previously marked American Eel 

was encountered while scanning the commercial harvest, it was removed from their catch 

and placed in a bath with a lethal dose of anesthetic. Length and weight were collected 

for all recovered eels. Additionally, a random sub-sample of 50 un-marked eels was 

collected each time a catch was scanned, measured and weighed (Cairns 2009). The total 

catch (kg) information was provided by the harvesters prior to the sale of unmarked 

individuals. In the event that American Eels implanted with acoustic transmitters were 

recovered through the commercial harvest the transmitters were removed and if sufficient 

battery life was remaining (2: 50%) the transmitters were redeployed using the previously 

described methods at a later date. 

Biotelemetry 
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range (Seaman et al. 1999). For my analyses, I censored telemetered American Eels with

less than 10 relocation events due to the lack of manual relocation points obtained in this

study and the availability of passive telemetry data.

Behavioral studies reporting home range estimates typically only utilize manual 

relocation points since passive acoustic arrays can generate an overwhelming amount of 

data skewing the derived estimates. In addition, accurate location of telemetered 

individuals is difficult in most passive arrays compared to manual relocations. As a 

result of the relatively sinuous nature of the St. Jones River coupled with the fact that eels 

were often in complex habitats (e.g. roots and undercut banks) which limited detection 

ranges (<l00m in vast majority of instances) I felt relatively confident in the location 

estimates provided through my passive acoustic receivers. In an attempt to generate 

robust estimates of home range and increase sample sizes, I utilized all available (manual 

relocations, passive relocations and mark-recapture events) data. To minimize possible 

biases associated with the passive telemetry data, I limited my utilization of passive data 

to one detection per individual per week to match the frequency of the manual tracking 

data. If a telemetered American eel was detected on multiple receivers in a given week, 

one data point from each receiver was utilized. In an attempt to understand the impact of 

using all data sources (manual relocations(man), passive relocations(pass) and mark­

recapture events(mr)) on home range estimates, I utilized a regression analysis to 

explore the relationship between the proportion of manual to combined ( 
man 

) 
man+pass+mr 
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318 g) (Table 2-2a, b, and c). Shortly thereafter a telemetered American Eel was

harvested in the commercial fish · th · ery, e transmitter was retneved and quickly implanted

into another American Eel. Additionally, in the fall two telemetered American Eels were

harvested by the fishery although the transmitters were not redeployed. In the second

field season, I experienced a high incidence (n=9) of apparent transmitter failure with the

VS transmitters, the majority of which had been deployed in the rarely harvested strata.

Nonfunctional transmitters were removed from recaptures and recoveries of telemetered 

individuals and sent to the vendor for examination. The transmitter failure was due to an 

apparent programming error. 

Range Testing 

The frequency of detections in the St. Jones River, DE varied by strata (Table 2-

5), with the highest levels occurring in the rarely harvested stratum while the intensely 

harvest stratum provided the lowest detection frequency. Although the exact cause for 

this discrepancy is not known, I hypothesize that this difference was likely the result of a 

physical barrier between the transmitter and receiver during the range test. I had the 

opportunity to examine the area with a side-scan sonar (Humminbird l l 98c-455/800 kHz 

dual frequency) after the study was completed and noticed a submerged tree between the 

receiver location and the transmitter. Unfortunately, I was not able to do this before the 

study was conducted; however, it paints a realistic picture of the obstacles influencing 

transmitter detections in the system. Additionally, based on the frequency of detections 

by strata, I estimated the number of detections that would occur for different swimming 



speeds of American Eel and the speed of the current of the St. Jones River, DE. My

transmitters pulsed approximately 3 times for a fast eel with max current before it was

out of detection range which based on my range tests and experiences manual tracking

was assumed to be � 1 00m in my system. 

Home Range Assessment 

22 

Home range estimates for large yellow-phase telemetered American Eels 

averaged 25.0 ha (8.0-67.5 ha) for the 95% kernel estimator while the 50% kernel 

provided a mean estimate of 5.0 ha (1.9-15.9 ha) (Table 2-7). For medium yellow-phase 

telemetered American Eels, the mean home range was 28.0 ha (8.6-43.0 ha) for the 95% 

kernel estimator and 5.2 ha (2.2-12.3 ha) for the 50% kernel estimator (Table 2-7). Home 

range varied by strata, with the lowest home range estimates in the rarely harvested strata 

for both medium (mean 6.0 ha) and large (mean 6.2 ha) telemetered American Eel (Table 

2-8). A few American Eels displayed large home ranges (Figure 2-5a and 2-5b) although 

overall home range estimates were generally low (Figure 2-5c and 2-5d). For instance, 

American eel 11559 (471 mm; 250 g) moved between all strata's and over all seasons 

(Figure 6). Seasonal home range estimates varied, with a 47.1 ha (95%) home range in 

the summer and 25.1 ha (95%) home range in the fall. When observing the seasonal core 

area of activity for American eel 11559, in the summer and fall it utilized 11.0 ha. 

When only the core area of activity ( 50% kernel) was examined seasonal home 

range for large (Figure 2-7) and medium (Figure 2-8) yellow-phase American Eels do not 

vary. Seasonal home range estimates for large American Eels were highly variable with 
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the spring and the fall generating the largest estimates when you consider the entire area 

used (95% kernel) (Figure 2-9). Medium yellow-phase American Eels showed similar 

results with larger home range estimates in the fall (Figure 2-10). It is important to note 

that the battery life of the medium American Eel transmitters prevented analysis of home 

range for the spring. Additionally, regardless of season, the home range estimates for 

telemetered American eel in the rarely harvested strata where very low for large (Figure 

2-9) and medium (Figure 2-10) individuals. 

Through the coupling of all multiple data sources, I was able to expand the 

sample size for home range estimates up to 71 American eels. An examination of the 

regression analysis suggested that there was no correlation (R2=0.09) between the 

proportions of manual to combined relocation points by the % change in individual home 

range area (Figure 2-11 ). Therefore, I combined the data sets to perform the home range 

estimates for each telemetered individual as well as generating seasonal home range 

estimates. Furthermore, home range estimates utilizing only manual relocations were 

lower (17.0 ha) in comparison to the combined data set (25.0 ha) specifically for the 

entire area occupied (95% kernel) (Table 2-7). 

2.4 Discussion 

The use of the combined data sets (passive and manual relocation points, as well 

as recapture events) proved very beneficial for this study. The sole use of manual 

relocation points for assessment of home range in the St. Jones River produced low 

estimates (17.0 ha (95%), 3.7 ha (50%)) of home range when compared to the combined 
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data set (25.0 ha (95%), 4.9 ha (50%)). Suggesting that home range estimates from the 

combined data better reflected the actual space American Eels were utilizing in the St. 

Jones River, DE. Passive relocations provided key insights into the timing and frequency 

of movements between strata allowing for a better understanding of the movements and 

home range of American Eels. 

The inclusion of passive relocations sheds extensive light on seasonal home range 

estimates. In the fall and spring American Eel home ranges generally increased, although 

this is partially due to seasonal movements between the river and the bay. Previous 

studies have shown that yellow-phase American Eels display seasonal movements that 

are in response to changes in water temperatures among other parameters (Jessop 1987; 

Hammond and Welsh 2009; Thibault et al. 2007). The passive array detected several 

individuals moving between the river and the bay seasonally, possibly in search for 

overwintering grounds. The increase in home range is possibly a reflection of the 

distance that was traversed from one habitat to the other and not necessarily its seasonal 

home range. In the St. Jones River distances traversed by telemetered individuals in 

some instances were from the rarely harvested strata to the Delaware Bay (approximately 

25 km). Average home range for American Eels varied between strata as well, with the 

lowest home range estimates in the rarely harvested strata for all size classes. 

American Eels in the St. Jones River primarily exhibit high site fidelity. When 

95% of their movement was captured I estimate a home range of25.0 ha. Additionally, 

when only 50% of their movement is considered the home range is even less (4.9 ha). 
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My findings are comparable to results from other mark-recapture and biotelemetry 

studies for American eel (Oliveira 1997; Morrison and Secor 2003; Thomas 2006) which 

exhibit high site fidelity in other systems. Similar to previously documented findings, my 

results suggest the presence of occasionally high levels of variability between individual 

behaviors in my telemetered American Eels (Morrison and Secor 2003; Thomas 2006; 

Hammond and Welsh 2009). In my study several American eels exhibited extensive 

movements when compared to other individuals. However, manual relocations on their 

own did not display this increase in movement (less than ten relocations). For 

telemetered American eel 11559, movement between strata occurred consistently in the 

summer and the fall. Overall, this individual utilized an extensive area (46.3 ha) 

compared to the average home range estimate (25 ha (95%)); emphasizing the variability 

between individual behavior. 

Addendum II was added to the American eel FMP to propose measures that 

would facilitate escapement of silver eels during or just prior to their spawning migration 

as a means to improve recruitment and abundance (ASMFC 2008). Restricting harvest to 

higher saline areas of estuaries has been proposed as a way to protect American eel 

stocks (Morrison and Secor 2003; Cucherousset et al. 2007) as females are more 

abundant in freshwater portions of rivers (Barber 2004). Previous works on habitat use 

of American eels suggest that they are a facultative catadromous species, giving them far 

more flexibility in habitat use (Daverat et al. 2006; Jessop et al. 2008). Future 

management measures should allow for the seasonal transitions between habitats and 
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protect areas that include the full suite of habitat occupied by American Eels, 

Additionally, home range estimates for some American Eels in the St. Jones River were 

relatively expansive, with individuals moving between strata consistently in the summer 

and fall. My results support a buffer zone of at least 4km between fishing areas and 

freshwater protected areas which would help minimize the effect of American Eels 

moving from an un-harvested area into a fishing area previously suggested by Cairns 

(2009). 

My findings bolster previous findings that home range size of yellow-phase 

American Eels is at least partially dependent on seasonality (Bozeman et al. 1985; LaBar 

and Facey 1983; Morrison and Secor 2004) although individual behaviors play an 

important role in developing management strategies for this species. Movements for 

American Eels in the St. Jones River increased in the fall and spring, while home range 

estimates varied between individuals. As such, spatial and temporal closures or 

development of special management areas (SMA's) should proceed with caution while 

taking into consideration the flexibility of habitat use by American Eels since a SMA 

may provide benefits for both the target species and the surrounding community as well 

(Airame'et al. 2003, Gerber et al. 2003). 



95% 50% 

Collection Transmitter Length Weight # Manual # Passive #Mark Kernel Kernel 

Date Strata # (mm) (g) Relocations Relocations Recapture (ha) (ha) Notes 

6/22/2009 Intense 11529 493 235 3 0 0 * 

6/23/2009 Intense 11534 533 320 I 13 0 * 

6/23/2009 Intense 11535 474 175 0 120 0 * 

6/23/2009 Intense 11536 491 245 I 0 I * 

10/30/2009 Intense I 1536r 519 8 960 I 37.53 7.34 TR 

6/23/2009 Intense 11537 536 305 6 0 0 * 

6/23/2009 Intense 11538 468 205 3 3 3 * 

6/23/2009 Intense 11539 505 225 23 I 0 10.51 2.70 

6/23/2009 Intense 11540 600 445 2 57 I * 

6/23/2009 Intense 11541 546 285 0 0 0 * 

6/23/2009 Intense 11546 545 310 I 826 I 21.74 3.10 

6/23/2009 Intense I 1547 561 270 0 I 0 * 

6/26/2009 Intense I 1549 546 345 0 312 0 33.67 7.32 

7/1/2009 Intense 11556 532 300 I 144 0 * 

7/3/2009 Intense 11557 487 205 4 989 0 21.94 3.73 

Table 2-1 a: Date of capture, transmitter number, length (mm), weight (gm), manual relocations, passive 

relocations, mark-recapture and commercial catch information for all American Eel tagged in the St. Jones River, 

DE intense harvest strata. Home ranges were not calculated for animals with less than 10 relocation points. 

Abbreviations:* = not enough manual tracking data to estimate home range; TR=Tag return through commercial 

harvest and re-used. 



95% 50% 
Collection Transmitter Length Weight # Manual # Passive #Mark Kernel Kernel 

Date Strata # (mm) (g) Relocations Relocations Recapture (ha) (ha) Notes 

6/22/2009 Occasional 11533 461 210 4 7713 I 13.88 3.34 

6/23/2009 Occasional 11542 633 580 2 1989 2 27.82 3.24 

6/23/2009 Occasional 11545 466 210 8 285 0 42.48 8.51 

6/26/2009 Occasional 11550 438 175 10 106 I 23.11 5.96 

6/26/2009 Occasional 11552 535 305 4 1212 3 30.22 6.80 

6/26/2009 Occasional 11553 459 240 5 391 0 14.74 3.47 

7/1/2009 Occasional 11555 461 215 7 1361 0 50.10 8.02 

7/7/2009 Occasional I 1559 471 250 2 2213 0 46.30 11.03 

7/7/2009 Occasional 11560 443 180 8 1450 0 64.02 15.96 

7/7/2009 Occasional 11562 567 325 12 49172 0 30.21 4.17 

8/20/2009 Occasional 11567 533 320 3 733 0 42.77 9.60 

Table 2-1 b: Date of capture, transmitter number, length (mm), weight (gm), manual relocations, passive 
relocations, mark-recapture and commercial catch information for all American Eel tagged in the St. Jones 
River, DE occasional harvest strata. Home ranges were not calculated for animals with less than 10 relocation 
points. Abbreviations:*= not enough manual tracking data to estimate home range; TR=Tag return through 
commercial harvest and re-used. 



95% 50% 

Collection Transmitter Length Weight # Manual # Passive # Mark Kernel Kernel 

Date Strata # (mm) (g) Relocations Relocations Recapture (ha) (ha) Notes 

6/22/2009 Rarely 11530 440 180 1 l 0 4 34.30 6.72 

6/22/2009 Rarely 11531 580 360 14 0 3 25.00 5.60 

6/22/2009 Rarely 11532 405 200 0 I 0 * 

6/23/2009 Rarely 11543 695 595 12 9 0 22.96 3.63 

6/23/2009 Rarely 11544 490 260 6 45495 0 11.72 1.90 

6/28/2009 Rarely 11548 577 315 7 I 5 8.71 3.24 

10/23/2009 Rarely 11551 514 270 28 0 4 20.90 3.40 

6/26/2009 Rarely 11554 478 235 5 0 0 * 

7/3/2009 Rarely 11558 475 230 6 14316 2 31.10 2.63 

10/30/2009 Rarely 11561 559 300 31 0 I 15.6 I 2.72 

7/7/2009 Rarely 11563 484 225 8 11 2 34.93 4.20 

7/7/2009 Rarely 11564 466 190 12 0 4 9.89 2.70 

7/18/2009 Rarely 11565 550 315 22 0 2 20.54 4.68 

7/19/2009 Rarely 11566 724 815 0 5 0 * 

8/28/2009 Rarely 11568 550 325 23 0 5 8.05 2.23 

Table 2-lc: Date of capture, transmitter number, length (mm), weight (gm), manual relocations, passive 
relocations, mark-recapture and commercial catch information for all American Eel tagged in the St. Jones River, 
DE rarely harvest strata. Home ranges were not calculated for animals with less than 10 relocation points. * = not 

enough manual tracking data to estimate home range. 



95% 50% 

Collection Transmitter Transmitter Length Weight # Manual # Passive #Mark Kernel Kernel 

Date Strata # Type (mm) (g) Relocations Relocations Recapture (ha) (ha) 

5/27/2010 Intense 37559 V9 535 275 19 0 0 9.48 2.41 

5/27/2010 Intense 37560 V9 566 365 1 0 0 

5/28/2010 Intense 37561 V9 491 245 24 61605 0 48.41 5.05 

6/3/2010 Intense 37562 V9 578 405 15 35 0 24.76 3.85 

6/3/2010 Intense 37563 V9 486 255 3 0 0 

6/4/2010 Intense 37565 V9 509 325 19 19887 0 58.46 11.90 

6/4/2010 Intense 37566 V9 570 425 16 79943 0 10.62 2.43 

6/4/2010 Intense 37567 V9 556 425 3 875 0 67.46 12.36 

6/8/2010 Intense 37568 V9 579 515 11 198 0 29.22 5.8 

6/10/2010 Intense 37575 V9 515 280 6 9877 0 12.70 4.20 

5/27/2010 Intense 37537 vs 429 180 5 0 0 

5/27/2010 Intense 37538 vs 426 145 17 188 0 42.96 7.91 

5/28/2010 Intense 37539 V8 421 185 0 0 0 

5/28/2010 Intense 37540 V8 427 160 18 0 0 12.93 3.11 

5/28/2010 Intense 37541 V8 400 125 8 8 1 34.72 6.44 

5/28/2010 Intense 37542 V8 430 180 17 98 0 29.11 4.12 

6/4/2010 Intense 37543 V8 425 3 13406 0 8.60 2.22 

6/7/2010 Intense 37544 vs 435 145 5 116 0 20.24 3.12 

6/8/2010 Intense 37545 vs 449 185 I I 348 2 52.73 10.48 

6/10/2010 Intense 37546 V8 413 135 6 4 0 

7/22/2010 Intense 37539r V8 424 IO 0 0 23.17 5.60 

Table 2-2a: Date of capture, transmitter number, length (mm), weight (gm), manual relocations, passive relocations, mark­
recapture and commercial catch information for all American Eel tagged in the St. Jones River, DE intense harvest strata. 
Home ranges were not calculated for animals with less than 10 relocation points. * = not enough manual tracking data to 
estimate home range; TR=Tag return through commercial harvest and re-used. 

Notes 

* 

* 

* 

* 

* 

TR 



95% 50% 

Collection Transmitter Transmitter Length Weight # Manual # Passive #Mark Kernel Kernel 

Date Strata # Type (mm) (g) Relocations Relocations Recapture (ha) (ha) Notes 

6/4/2010 Occasional 37564 V9 526 305 16 135 2 41.60 6.30 

5/28/2010 Occasional 37569 V9 487 230 7 0 0 * 

5/28/2010 Occasional 37570 V9 460 180 17 0 0 16.99 4.61 

5/28/2010 Occasional 37571 V9 505 250 23 0 0 16.76 3.35 

5/28/2010 Occasional 37572 V9 545 355 23 0 0 16.22 2.94 

5/28/2010 Occasional 37573 V9 475 255 17 12472 2 26.74 5.9 

6/4/2010 Occasional 37574 V9 576 395 17 7383 I 13.70 3.63 

6/7/2010 Occasional 37576 V9 489 215 21 0 0 10.96 2.53 

6/8/2010 Occasional 37577 V9 515 280 19 0 0 20.91 4.96 

6/8/2010 Occasional 37578 V9 505 265 19 23702 I 34.78 7.69 

5/27/2010 Occasional 37547 vs 405 115 17 0 I 12.25 2.67 

5/28/2010 Occasional 37549 vs 390 135 15 310 3 41.65 5.21 

5/28/2010 Occasional 37550 vs 402 150 9 0 I 13.61 3.42 

5/28/2010 Occasional 37551 vs 400 135 I 1 25775 2 17.24 3.27 

6/7/2010 Occasional 37553 V8 370 115 8 50855 2 40.26 4.90 

6/7/2010 Occasional 37554 vs 445 175 8 24 0 59.26 12.25 

6/7/2010 Occasional 37555 vs 415 150 5 1 0 * 

6/8/2010 Occasional 37557 vs 448 175 5 65 4 19.67 4.80 

7/5/2010 Occasional 37587 vs 417 457 0 0 2 ** 

7/5/2010 Occasional 37588 vs 421 453 0 1 5 ** 

Table 2-2b: Date of capture, transmitter number, length (mm), weight (gm), manual relocations, passive relocations, mark-recapture 
and commercial catch information for all American Eel tagged in the St. Jones River, DE occasional harvest strata. Home ranges were 
not calculated for animals with less than 10 relocation points. * = not enough manual tracking data to estimate home range and * * = 
battery malfunction. 
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#of #of 

Season Relocations Transmitters 

Summer 69 2 

Fall 289 12 

Winter 7 I 

Table 2-3: Seasonal detections of 
telemetered American Eels tagged in the 
St. Jones River, DE that were recorded 

in the Delaware Bay. 
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Harvest Temp DO 
Strata Season (OC) (mg/L) Salinity Conductivity 
Intense Spring 19.54 5.61 11.52 18.96 

Summer 26.16 3.62 19.13 30.85 
Fall 12.51 16.26 14.00 24.42 
Winter 5.28 17.34 7.50 17.52 

Occasional Spring 22.70 4.10 9.70 16.44 

Summer 26.80 3.30 15.73 25.80 

Fall 12.08 14.15 11.68 18.20 

Winter 3.84 20.71 8.60 20.60 

Rarely Spring 20.12 10.21 7.37 3.52 

Summer 27.60 7.10 6.01 10.73 

Fall 11.73 10.92 6.43 7.13 

Winter 7.30 10.21 5.23 4.30 

Table 2-4: Average water quality parameters in the St. Jones River, 
DE by season for each stratum recorded during all tracking events. 

Harvest Actual # of Predicted # 

Strata detections of detections Frequency 

Rarely 21,020 43,470 0.48 

Occasional 14,462 42,840 0.34 

Intense 779 45,864 0.02 

Table 2-5: Frequency of detections for transmitters during the range

test in the St. Jones River, DE.
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Events by strata

Rarely 
Speed Time (s) to Estimated # of 
(mis) traverse 100 (m) detections Fast River/Fast Fish 1.54 64.77 3.13 Fast River/Slow Fish 0.76 131.41 6.35 Slow River/Fast Fish 1.04 95.79 4.63 Slow River/Slow Fish 0.26 383.14 18.53 

Occasional 

Fast River/Fast Fish 1.54 64.77 2.19 
Fast River/Slow Fish 0.76 131.41 4.44 
Slow River/Fast Fish 1.04 95.79 3.23 
Slow River/Slow Fish 0.26 383.14 12.93 

Intense 

Fast River/Fast Fish 1.54 64.77 0.11 
Fast River/Slow Fish 0.76 131.41 0.22 
Slow River/Fast Fish 1.04 95.79 0.16 
Slow River/Slow Fish 0.26 383.14 0.65 

Table 2-6: : Estimated number of detections a passive receiver will detect 
a telemetered American Eel over a 1 00m distance ( +/- 50m of a passive 

receiver) under four scenerios involving combinations of river and fish 
speed ( e.g. fast river/fast fish, fast river/slow fish, slow river/fast fish, and 
slow river/slow fish) in the St. Jones River, DE. 



Data Large Medium 

50% 
95% Kernel 95 % Kernel 50 % Kernel 
Kernel(V9) (V9) (VS) (VS) 

Manual Relocation 
Points 17.22 3.68 19.50 3.90 

Combined Relocation 
Points 24.71 4.86 27.88 5.24 

Table 2-7: Average home range estimates by of telemetered American Eel in the
St. Jones River, DE by size (large(� 400 mm) and medium (:S 350-400 mm) 
based on both manual relocation and combined data sets (manual relocations, 
passive relocations and mark-recapture). 

Strata Large Medium 

95% 50% 95% 50 % 

Kernel Kernel Kernel Kernel 

(ha) (ha) (ha) (ha) 

Rarely 17.84 3.43 24.50 5.00 

Occasional 28.50 5.92 29.13 5.22 

Intense 29.73 5.55 28.05 5.40 

Table 2-8: Average home range estima�es by strata for

both large and medium A�eric� Eels m the St. Jones

Ri DE American Eel m the mtense and 
ver, . 

d to
occasional strata had larger home range compare 

the rarely strata. 
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2010 Receiver Locations 

St. Jones River, Delaware 

- Intense Commercial Harvest • 2010 Receiver Locations

Occasional Commercial Harvest • Water Monitoring Stations

Rarely Commercial Harvest CJ Sampling Area

Figure 2-2: Locations of passive acoustic receivers (black circles), water 

quality monitoring sites (triangles) and American Eel harvest location strata 

(intense (red), occasional (yellow) and rarely (green)) in the St. Jones River, 

DE. 
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Figure 2-3: Locations of passive acoustic receivers in the waters of the

Delaware River Estuary and near shore marine waters. 
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Figure 2-4: Healing times of sutures in American Eel 11552 (535 mm TL, 305 g) tagged in occasional 
strata: a. transmitter implanted 6/26/2009; b. recaptured 7/16/2009 (20 days after suture); c. recaptured 
8/14/2009 (35 days after suture); and d. recaptured 9/11/2009 (63 days after suture). 
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Figure 2-5: Representative home range estimates for yellow-phase American 
Eels in the St. Jones River, DE in both the intense (red) and occasional 
(yellow) harvest strata: a. a large home range for a large American Eel 
(#11562 (567 mm, 325 g)); b. a large home range for a medium American Eel 
(#37538 (426 mm, 145 g) ); c. a limited home range for a large American Eel 
(#37570 (460 mm, 180 g)); and d. a limited home range for a medium 
American Eel (#37540 (427 mm, 160 g). Both 50% and 95 % kernels are 
shown for each example. 
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Figure 2-6: American Eel 11559, tagged in the occasional strata

( 4 71 mm, 250 g). Home range estimates were high for both the

95% (21.4 ha) and 50% ( 18.0 ha) kernels. Inset showing the entire

St. Jones River, DE by harvest strata.
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American Eels by harvest strata (intense, occasional and rarely) in the St. Jones 

River, DE by season (fall (blue), spring (red), summer (green)) . 
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CHAPTER III 

Modeling environmental and sp r l . 
a za parameters that may influence movement behaviors

of Amencan eel /Anguilla r tr t ,i 
· · 

I" os a a/ uszng passzve telemetry data in the St. Jones River,
DE 

3.1 Introduction 

The conservation and successful management of aquatic resources has become

increasingly difficult for resource managers who often struggle with declining

populations, increased demand, and anthropogenic changes in habitat. Some fisheries 

with long histories have recently begun to show signs of strain. The American Eel 

(Anguilla rostrata) fishery is one such example: landing data suggest declining catches, 

and resource agencies have noted a need for more detailed studies that address issues of 

survival, mortality, and habitat use (Casselman 2003, ASMFC 2007). American Eels 

undergo a complex life history (Daverat et al. 2006; Jessop et al. 2008) which is linked to 

a range of diverse habitats stretching from the open ocean to small freshwater systems;

consequently a successful management plan must consider all of these attributes. The

Atlantic States Marine Fisheries Commission (ASMFC) is tasked with protecting and

enhancing American Eel abundance which requires an understanding of movement

behavior as it is closely linked to habitat use. Specifically, a more complete

understanding of the environmental drivers of American Eel movement behavior is

needed if resource managers are to effectively oversee the fishery.
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transmitting after 21d post implantation to allow healing (Figure 2-4) and to increase tag

longevity. In instances where telemetered individuals were recorded skipping a stratum

( e.g. movement from the rarely harvested to intensely harvested stratum without being

detected by receivers in the occasionally harvested stratum) the data were censored. The

manual tracking data, recovery data (i.e. harvest), mark-recapture data, estimated battery

life of the transmitter, as well as the passive data in some instances were used to

determine the final hour that an individual was available to have moved between strata.

Data Formatting 

To gain inference on the interplay between environmental drivers and spatial 

parameters on the fine scale movements of telemetered American Eels, I tabulated hourly 

response variables utilizing the passive and manual telemetry data and hourly covariates 

from a variety of sources. Continuous water quality data were obtained from stations 

along the St. Jones River, DE (http://cdmo.baruch.sc.edu) and the Murderkill River, DE 

(http://waterdata.usgs.gov/usa/nwis/uv?O 1484085) (Figure 2-1 ). Data were obtained 

from the Murderkill River, DE station due to a lack of environmental data for the mouth

of the St. Jones River. The US Geological Survey (USGS) gauging station on the

Murderkill River is <lkm from the mouth of the St. Jones River, DE and it drains an area

of similar size. Temperature, salinity, turbidity and water level were recorded every 15

minutes at these stations. The water level data were utilized to estimate tidal period (i.e.

ebb, flood, high and low)(Bartholomew Wilson, DNREC, personal communication).

Unfortunately, the Murderkill River station does not record salinity; however, a
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conversion equation developed by the USGS ·1· d · · · · was utI 1ze to est1IDate sahmty for that site 

(Miller et al. 1988). The visible fraction of the moon's surface was utilized to quantify

lunar illumination (http:/ /aa. usno.navy .mil/ data/ docs/MoonFraction.html) while sunrise

and sunset times were estimated through the use of an online calculator

(http://aa.usno.navy.mil/data/docs/RS_OneYear.php). Seasons were partitioned into

spring (March 20-June 20), summer (June 21-September 21), fall (September 22-

December 20), and winter (December 21-March 19). I developed two covariates from

the temperature data. First, since previous studies suggested that upstream movements 

typically occur at temperatures2: 15° C and downstream movements occur below< 15°C 

(Hammond and Welsh 2009), I developed a binary predictor variable which received a 

value of 1 if the temperature was greater than 15°C and O otherwise. However, I also 

hypothesized that 10°C might also be appropriate so I developed an analogous binary 

covariate based on a 10°C temperature threshold. Estimates of harvest pressure were

provided through a combination of volunteer reporting from cooperating commercial

harvesters (Mr. Ed Farrall, Harrington, Delaware and Mr. Mike Stansky, Smyrna,

Delaware) as well as fishery independent surveys conducted during manual tracking

events that consisted of recording the number and location of pots. Given that the vast

majority of harvesters in the St. Jones River, DE reported effort which included number

of traps and soak times time. I utilized the number of traps to determine harvest pressure

for each stratum. Therefore, in a given day if there were traps in the strata I noted for
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how long they remained there. Previous work on American Eels in the St Jones River

suggests that downstream mo vements were common for all size classes (Cairns 2009).

Model Development 

Once the data were formatted I partitioned them into downstream, upstream,

intense-bay and bay-intense transitions to model the following movement probabilities in

four separate analyses: downstream (4'12 and 4'23), upstream (4'32 and 4'21), intense-bay

(\f134) and bay-intense (4' 43) (Figure 3-1 ). Movements were modeled with ten covariates

derived from water temperature (°C) , lunar illumination, tidal stage, salinity (ppt),

turbidity (NTU), diel period, season, size, initial strata (Figure 2-1) and harvest pressure 

(Table 3-1). 

I used general linear mixed models (GLMMs) within an information-theoretic 

modeling framework (Burnham and Anderson 2003) to assess the importance of 

covariates in determining telemetered American Eel movement rates in the St. Jones 

River. In each case, the realized movement (moved= l, did not move=0) was treated as a 

Bernoulli response variable with a logit link function. In a GLMM, both fixed and 

random effects are incorporated in the linear predictor. A preliminary examination of 

data indicated considerable heterogeneity in movement among telemetered individuals, 

suggesting that it was important to account for individuals when modeling movement 

probabilities. When included, the other 10 covariates were treated as fixed effects (Table 

3-1).
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Model Selection 

A number of models were fit to the data from each type of movement (upstream,

downstream, intense-bay, bay-intense). To reduce the number of models I included' 

random effects for individuals in all models, as well as additive effects for "season", "diel

period", and "initial strata" (site of initial capture). Based on previous American Eel

research in the St. Jones River (e.g., Cairns 2009); and results from additional eel

movement studies (Hammond and Welsh 2009), all of these play a role in eel movement

behavior, and there seemed little reason to "test" whether these variables were of 

importance. However, I attempted to fit models incorporating all possible combinations 

of the remaining covariates; when the additive effects of comprising variables were also 

included, I also considered models that did or did not include several interactions ( e.g. 

turbidity * diel period, turbidity * diel period * lunar, and season * size). A combination 

of increased turbidity and low levels of lunar illumination has been hypothesized to play 

a role in mediating the movement of American Eels (Dutil et al. 1988; Hildebrand 2005). 

Additionally, I hypothesized that individual size may play a role in the seasonal 

movements of American Eels as females mature at larger sizes (Oliveira 1997; Barber 

2004). Models were fitted utilizing the R software package lme4 (http://lme4.r-forge.r­

project.org/). Quasi-likelihood AIC (QAIC) was computed for all models to account for 

over-dispersion in count data (Burnham and Anderson 2003). 

2 log (L(0)) 
QA/C = -[ ,. ] + 2K

C 



Models were ranked b d 1 
. ase on re ative QAIC and model weights, which selects

parsimonious models ( or suite of competing models) (Burnham and Anderson 2002).

Lli = QA/Ci - QAICmin 
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Variable relative importance weights (sum of the Akaike weights for predictor variable i

over all models in which i occurs) were determined for all modeled parameters (Burnham 

and Anderson 2002). 

3.3 Results 

A total of 58 telemetered individuals were utilized in this analysis out of the 102 

American Eels that were implanted with transmitters. A total of 454,992 detections were 

recorded on the passive acoustic receivers, 969 manual relocations (72 tracking events), 

43 recaptures, and 12 recoveries from the commercial catch. Telemetered American Eels 

were detected at a mean rate of 4,460 times (range 0-79,943) with an average of9 (range 

0-31) relocations on an omni-directional (VEMCO Ltd. VH165) hydrophone.

A total of 1,372 models were fit for the four possible American Eel movements

between harvest strata transition types (downstream (R=504 models), upstream (R=504

models), intense-bay (R=332 models) and bay-intense (R=32 models) movements). All

504 possible models were successfully fit for both downstream and upstream transitions



although only a limited number of models were successfully fit for the intense-bay and

bay-intense transitions; only models that converged were utilized in the analysis.

Downstream movements
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An examination of the QAIC on the analysis of downstream movements, 

indicated that 'Move~ Individual+ Season +Diel period+ Initial strata+ Temperature 

�10 °C + Turbidity + Size + Tide + Season * Size + Turbidity *Diel period' was the most

parsimonious model (Table 3-2). Diel periods and turbidity were associated with 

downstream movement, with the majority of American Eels moving downriver at night 

during periods of high turbidity (Figure 3-2). Downstream movements of American Eels 

occurred seasonally (Figure 3-3) and during temperatures above 10°C (Figure 3-4); in the 

summer (range 23.9-30.6 °C) and fall (range 9-25 °C) both large and medium individuals 

moved downstream although in the spring (range 12-29°C) the movement probability of 

medium sized individuals declined. However, movement probability oflarge individuals 

was highest in the spring. Telemetered American Eels exhibited increased probability of 

movement during periods of high turbidity at night although the majority of downstream 

movements occurred during the night for both size classes. Size appears to play some 

role in mediating the behavior of American Eels as large individuals moved downstream 

more often than medium American Eels, generally from the rarely harvest stratum to the 

occasional harvest stratum (Figure 3-5). Additionally, tidal stage likely plays a role in the 

behavior of American Eels as downstream movement probabilities were increased during 

the low and ebb-tide periods (Figure 3-6). 
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Upstream movements 

An examination of the QAIC for upstream movements, indicated that 'Move~

Individual + Season +Diel period + Initial strata + Temperature ::;IO °C + Size + Salinity

+Tide+ Season* Size' was the most parsimonious model (Table 3-2). Increases in

salinity were indicative of movement upriver (Figure 3-7), with the majority of

movements occurring during high tide (Figure 3-8). Upstream movement probabilities

were maximized during the summer although the movements of medium individuals

tended to maximize in the spring and fall (Figure 3-9). Temperature and diel period 

appear to at least partially mediate American Eel upstream movement which were highest 

at temperatures greater than 10°C (range 9.3-27.0 °C) and during periods of daylight

(Figure 3-10). Additionally, American Eels tended to move from the intense to the 

occasional harvest strata more often than from the occasional to the rarely harvest strata 

(Figure 3-11). 

Bay movements 

Intense Strata-Bay 

The highest-ranked model for movement from the intense harvest strata into the

bay was 'Move~ Individual+ Season +Diel period+ Temperature :SlO °C +Turbidity+

Turbidity *Diel period'. Movements of telemetered American Eels increased more often

from the intense strata to the bay during nights in the fall generally characterized by low

turbidity (Figure 3-12) and temperatures above 10°C (range 9.3-22.3 °C (Figure 3-13).

Bay-Intense Strata 
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A lack of data prevented convergence for the majority of the bay-intense models

which likely played a role in the fact that the highest ranked model for these transitions

was the most simple (Table 3-2); suggesting that only season and diel periods play a role

in movements into the river. Specifically, only data for summer and fall were available

since we did not have receivers located in the bay during the spring and summer of the

first year of the study due to funding restrictions.

3.4 Discussion 

The behavior of American Eels is complex and appears to be controlled by a 

number of factors as highlighted through my modeling efforts. The movements of 

American Eels in the St. Jones River appear to be heavily influenced by seasonality as 

well as water temperature, tide, turbidity, salinity, diel periodicity, and individual size 

although I also documented considerable heterogeneity of individual movement rates for 

eels of the same size class. There was less support for models that used fishing effort or 

lunar illumination to explain movements (Table 3.2), suggesting that the behavior of eels

in the St. Jones River is not influenced by harvest strategies, or that they key in on lunar

cycles as has previously been reported in the literature (Hildebrand 2005; Hammond and

Welsh 2009) (however, the lunar illumination covariate did not factor in cloud cover).

Additionally, American Eels may not be moving into areas that are being harvested to

take advantage of underutilized resources that have become available as previously been

reported (Barber 2004; Cairns 2009) (Figure 3-5 and 3-11 ). Furthermore, temperatures

�IO oc did a better job of predicting movements in our system, I included temperature
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2'.: 15 °C as a covariate as it has been reported that upstream movements typically occurred

above this temperature threshold (Hammond and Welsh 2009).

Downstream movements of American Eel appear to be most influenced by

temperatures � 10°C although my results suggest that movements differed seasonally

between size classes as well. Large American Eels moved downstream in the spring

across a broad range of temperatures (12-29 °C). Movement downriver in fall (9-25 °C)

was limited possibly as individuals were transitioning from the river into the bay, perhaps

in search of overwintering areas (Hammond and Welsh 2009). Both size classes

displayed downstream movements in the summer, which may be an indication of 

American Eel foraging behavior. As outlined in Chapter 2, the estimated home ranges 

for telemetered American Eels showed a high degree of seasonality and were very limited 

in the summer over all strata and size classes with a generalized pattern of increases in 

home range for both the fall and spring which may be coincident with a shift in habitat 

occupancy (i.e. American Eels in search of overwintering areas (bay/upper reaches of the 

river) in the fall and returning to their home (river/stream) in the spring). However, there 

is some individuality in home range size emphasizing that these movements in the 

summer may be an indication of foraging and utilization of available habitat. The 

increase in movements of American Eels at night are well documented (Lowe 1952;

Wenner and Musick 1975), similarly in the St. Jones River movement increased at night

d · · d f h" h t bt"dity although the majority of downstream movement
unng per10 s o 1g ur , 

· th d M findings suggest that American Eels primarily utilized both
occurred durmg e ay. Y 1 
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Moreover, it is hypothesized that female American eels move upstream where predation

risk is low, maximizing size for their eventual migration to spawn (Oliveira 1997; Barber

2004 ). lchthyofaunal surveys (DNERR) conducted in the St. Jones River, DE suggest

that White Perch (Morone americana) along with some Striped Bass (Morone saxatilis)

are present in the system during their juvenile phase. Considering the size of American

Eels studied, more than likely they move upriver were they prey on these fish ( e.g. white

perch and striped bass). In the fall (range 9.l-25.3°C), large and medium American Eels 

displayed upriver movements perhaps maybe in search for areas to hibernate in mud 

bottoms (Smith and Saunders 1955; Compton 1968). Studies in Canada suggest a 

different approach, with American Eels moving towards the estuaries in the fall where 

they burrow in the mud to avoid freezing (Jessop 1987). American Eels in the mid­

Atlantic may utilize a different strategy considering the risk of freezing throughout the 

water column is not very high in most tidal creeks. Additionally, it is important to note 

that the initial capture location of individuals may play a role in determining movement 

upstream/downstream in search for overwintering areas as American Eels in the St. Jones

River also move downstream towards the estuary and bay in the fall. Salinity also likely

played a role in upstream movements; during high tide when salinity was maximized

American Eels in the St. Jones River, DE migrated upstream. Physiological requirements

in the American Eel possibly trigger movement upriver at high tide when salinity is

maximized; because they are moving from an area of high salinity into an area of

relatively low salinity. 
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The movements from the St. Jones River to the Delaware Bay were likely

influenced by seasonality as well as temperature. During the fall in low turbidity

conditions and temperatures ?:10°C (range 9.3-22.3 °C), American Eels were more likely

to move from riverine to bay habitats suggesting that a search for overwintering areas or

the initiation of the spawning migration to the Sargasso Sea. A study conducted in two

freshwater tributaries in the mid-Atlantic indicated that silver-phase American Eel

migrate in the fall (Barber 2004), the last major pulse of maturing individuals in this

study occurred in early October when temperatures approached 10.2 °C. In addition, 

Barber (2004) reported that yellow-phase American Eels move towards the bay possibly 

because of high densities of eels in estuarine environments. The majority of American 

Eels that moved from the lower portion of the St. Jones River into the bay were large in 

size (519-580mm). In the mid-Atlantic it is generally believed that American Eel's 

?:450mm are females while smaller individuals are comprised of immature females and

mature/maturing males (Barber 2004 ). In my study the emigration from riverine to bay

waters may have been due to the start of maturation and spawning for large females.

Conversely, it is possible that these telemetered individuals moved into the bay in the fall

and the following spring moved into other tidal rivers along the coast. Although, I did

not scan commercial harvest for the presence of PIT tags in other nearby systems, I had 

th 
· the commercial harvest from other nearby rivers for transmitterse opportumty to scan 

and did not recover any telemetered individuals from these systems. 
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Movement towards higher saline waters may also be related to thermal refugia

and the physiological requirements in the American Eel (Thibault et al. 2007). One

American Eel that moved from the river into the bay in the fall was encountered in the

commercial fishery the following spring. Additionally, this same individual was detected

in the river prior to harvesting in early March, emphasizing the existence of a general

shift in habitat occupancy by American Eels (i.e. eels moving into the bay in the fall and

back into the river in the spring) which has been suggested for the mid-Atlantic (John

Clark, Delaware Division of Fish and Wildlife, personal communication). Based on 

range testing estimates, the frequency of detection at my study site were generally low, 

likely due to a variety of reasons including the transmitter power output, ambient noise, 

and physical obstructions to signal reception ( e.g. snags, sandbars, and stream sinuosity) 

(Chapter 2). In addition, receivers in the nearby bay (i.e. 500 meters from the mouth of 

the St. Jones River, DE) were not available until the second field season. However, I 

documented 16 telemetered individuals near the mouth of the river in the fall of 2009 (not 

included in the model) of which only one was detected the following spring in the river 

highlighting the possible migration of American Eel in the fall for spawning, as well as

the general shift in habitat between the river and the bay.

Summer movements of American Eel from the river to the bay occurred

consistently for some individuals with correspondingly low overall home range estimates

for the majority of telemetered individuals (See Chapter 2). Additionally, overall

· 
th ·nter were very low with one individual moving from the river to the

movements m e w1 







Variable name Variable type Definition Levels 
Telemetered individuals utilized 

Individual Continuous in this study 
Strata from where movement 

Initial strata Categorical occurred Intense, Occasional, Rarely 

Diel period Categorical Day and night hourly Day, Night 
Temperature 2'.: 
15°C Categorical Hourly temperatures 2'.: l 5 °C Above, Below 

Temperature 2'.:10°C Categorical Hourly temperatures2'.: 10°C Above, Below 
Dissolved salt content in a body 
of water (PPT) in the river 

Salinity Continuous hourly 
Suspended solids (NTU) in the 

Turbidity Continuous river hourly 
Percent of the moon illuminated 

Lunar illumination Continuous hourly 
350-400 mm (medium) and

Size Categorical 2'.:450 mm (large) Medium, Large 
Number of pots utilized by the
commercial harvester in each

Harvest Continuous stratum hourly
Winter, Spring, Summer, 

Season Categorical Seasons hourly Fall 

Tide Categorical Rise and fall of sea level hourly High, Low, Ebb, Flood 

Table 3-1: Parameters definitions, utilized to model American Eel movement in the St. Jones River, DE. 



Variable Downstream Upstream Intense-Bay 

TemplO 0.99 0.85 0.62 

Templ5 9.74e-05 0.06 0.13 

Turbidity 0.96 0.37 0.92 

Salinity 0.31 0.99 0.34 

Lunar illumination 0.32 0.34 0.34 

Size 0.84 0.99 0.39 

Harvest 0.27 0.23 0.48 

Table 3-2: Variable importance weights for downstream, upstream and 
Intense-Bay movements of American Eels in the St. Jones River, DE; 
all parsimonious models for each movement type included highly 

weighted variables. 
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Model Movement QAIC AWj 
Move ~ Individual + Season +Diel period 
+ Initial strata + Temperature � 1 0 °C +
Turbidity + Size + Tide + Season * Size +
Turbidity *Diel period Downstream 2646 0.21204 

Move ~ Individual + Season +Diel period 
+ Initial strata+ Temperature �10 °C +
Size+ Salinity+ Tide+ Season *Size Upstream 2520 0.24734 

Move~ Individual + Season +Diel period 
+ Temperature �10 °C +Turbidity+
Turbidity *Diel period Intense-Bay 243 0.04752 

Move ~ Individual+ Season +Diel period Bay-Intense 8 0.27209 

Table 3-3: Highest ranked QAIC models for movement probabilities of 
American Eel from the set of four movement analyses for the St. Jones River, 
DE. Lack of data prevented convergence for all but the simplest of models fpr 

Bay-Intense transition. 
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Figure 3-2: Effect of turbidity on hourly downstream movement 
probabilities for yellow-phase American Eel in the St. Jones River, DE as 
estimated by the highest-ranked QAIC mixed model. 
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Figure 3-3: Hourly downstream movement probabilities by American Eel by size (large and medium) and 

season by diel periods as estimated by the highest-ranked QAIC mixed model. Due to transmitter battery life 

limitations the tags did not last until the spring season. 
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Figure 3-4: Hourly downstream movement probabilities of American Eels by season and temperature relative to 
10 °C in the St. Jones River, DE as estimated by the highest-ranked QAIC mixed model. 
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Figure 3-5: Hourly downstream movement probabilities of American Eel in the
St. Jones River, DE by initial tagging location and size.
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Figure 3-6: Hourly downstream movement probabilities for yellow-phase American Eels in the St. Jones 

River by size and tidal stage as estimated by the highest-ranked QAIC mixed model. 
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Figure 3-7: Hourly upstream movement probabilities of telemetered 
American Eels for the St. Jones River, DE by salinity (ppt) and tidal stage. 
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Figure 3-8: Hourly upstream movement probabilities of telemetered American Eels by size and tidal cycle for 
the St. Jones River, DE. 
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horseshoe crab bait for the American eel fishery: results from recent field 
trifs. HBCU-UP National Research Conference. Washington, DC. (Poster) 
2n Place Poster Presentation for Ecology, Environmental and Earth 
Science

2007 Brady, M. G., C. M. Cairns, and D. A. Fox. An assessment of American eel 
(Anguilla rostrata) dispersal and prevalence of parasitism by Anguillicola 

crassus in the waters surrounding the St. Jones River, DE. American Fisheries 
Society Mid-Atlantic and Tidewater Chapter Joint Meeting. Lewes, DE. 

(Poster) 3 rd Place Poster Presentation 

2006 Commissioner's All Academic Award. Hampton, VA. Achieved 3.0 or

higher GPA 

2006 

2005 

Brady, M. G., c. M. Cairns, and D. A. Fox. An asse��ment of Am�ri�an eel

(Anguilla rostrata) dispersal and prevalence of p�as1t1sm by Anguzlhcola 

crassus in the waters surrounding the St. Jones Ri�er, DE. HBCU-UP 
st 

Undergraduate summer Research Poster Presentation. Dover, DE. (Poster) I 

Place Poster Presentation 

b d s Kingwood, TX. Outstanding
Kingwood College Student Am assa or . 

Student A ward 
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2005 Ki�gwood College. Kingwood, TX Jumor Colleges · Who's who among students in American

2005 Kingwood College Rider Volleyball Award · Kingwood, TX. Outstanding Student

Workshops: 

2016 C�r_al _Restoration Workshop. Coral Reef Alliance and Healthy ReefImt1at1ve, Roatan, Bay Islands, Honduras.

2014 Th� Environment as a Mechanism for Sustainable Development. Coral ReefAlliance. El Cangrejal, Honduras, C.A. 

2014 Healthy Reef Initiative Partners Workshop. Healthy Reef Initiative. Tela,
Honduras, C.A. 

2014 Elaboration of the Research and Monitoring Plan for the Bay Islands 
National Marine Park and the Establishment of the Ecological Integrated 
Baseline. USAID-PROPARQUE. Roatan, Honduras, C.A. 

2013 Consultation and Revision of the Tool: Technical Guide of Regulations and 
Guidelines for the Integrated Management of Marine and Freshwater 
Ecosystems. USAID-PROP ARQUE. La Ceiba, Honduras, C.A. 

2013 Validation of the Tool Evaluation of the Effective Management of Protected 
Areas through a hands on methodology. USAID-PROPARQUE. La Ceiba, 
Honduras, C.A. 

2013 Consultation for the Formulation of the National Strategy for Marine Turtles.
USAID-Management of Natural Resources. La Ceiba, Honduras, C.A. 

2013 

2013 

2013 

2012 

Validation of the Climate Change Adaptation Plan for the Caribbean

Honduras. USAID. La Ceiba, Honduras, C.A. 

Coastal Marine Workshop. PNUD, DIBIO and SERNA. Tegucigalpa,

Honduras, C.A. . . . Initiative for Coastal Management 
Global Socioeconomic M�mtormJ- R atan Bay Islands, Honduras, C.A.
(SocMon). Center for Manne stu ies. 0 

. Threat Assessments for Reef 
Practical Methods for C_onductm� Health Consortium (CDHC) St.
Managers. The Coral Disease an 



Thomas, U.S. Virgin Islands.

Certifications: 

US Coast Guard Auxiliary
■ America, s Boating Course - Boating Safety
■ State of Delaware Boating certification

PADI Certification 
• Scuba Open Water Diver
• Advanced Open Water Diver

Software: 

Program Mark 
• Basic knowledge
• Program Mark 2009 Workshop,

Dr Gary C. White, Colorado State University 
Program R 

• Basic Knowledge

June 2006 
June 2006 

2002 
2012 

• Introduction to R for Fisheries Scientists 201 O Workshop
Annual Conference of the American Fisheries Society 

Arc GIS 
• Basic Knowledge
• Introduction to Arc GIS through a GIS class in 2010

Quantum GIS 
• Basic Knowledge
• Introduction to QGIS 2014 Workshop for technicians in working in multiple

disciplines including environmental science, CREDIA, La Ceiba, Honduras,

C.A.

Extra-Curricular Activities: 

January 2013-Present, Roatan Geotourism Council, Board member

January 2012-Present, Bay Islands Volleyball League

• Secretary
• Coordinator of Beach Volleyball

• Coach

April 2014-January 2015, Beach Volleyball Honduran National Selection Team

• Player s ak 
June 2011, Star High School Students Summer Program, pe er
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June 2010, ExxonMobil Bernard Harris Sumrn s · c s er c1ence amp, peaker
July 2009, Girls Explorations in Mathematics and Science, Speaker

June 2009, ExxonMobil Bernard Harris Summer Science Camp, Speaker

August 2008, Minorities in Agriculture, Natural Resources and Related Sciences
• Participated in the annual AIDs walk

August 2005-November 2008, Delaware State Women's Volleyball Team
• Team captain
• 3-year full athletic scholarship

August 2007-May 2008, Delaware State University Latin Student Association 
• Assisted in organizing the Latin Association at Delaware State University

January 2006-May 2008, Delaware State University Caribbean Student Association 
• Participated in the annual AIDs walk
■ Organized informative presentations on various Caribbean countries

August 2004-May 2005, Kingwood College Student Government Association 
• Scholarship and Student Body Treasurer
■ Organized informative seminars on governmental issues

August 2003-May 2005, Kingwood College Student Ambassador
■ Earned a 2-year Academic Scholarship
■ Participated and organized school events

August 2003-May 2005, Kingwood College Volleyball Team
■ Team captain: organized practices and games 

August 2004-May 2005, Kingwood College Hispanic ?rg�ization

■ Organize events for students to introduce the H1span1c culture
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Course Work: 

• Advanced Cell • Experimental • IchthyologyBiology design • Marine Biology• Biochemistry • Environmental & • Marine• Bioinformatics Resource Population• Biometrics Economics Dynamics• Biotechnology Lab • Fisheries Policy • Microbiology
I & II • Fisheries Science • Molecular

• Calculus I & II • Genetics Biology
• Comparative • GIS • Organic

Vertebrae Anatomy • Habitat Chemistry I & II
• Conservation & Restoration

Restoration
ecology

L b T, h . a - ec mques: 

Biological Assays • Gel • PCR• 

Titration Cell and bacterial Electrophoresis • • 
Reef fish larvae Drosophila sp. • culture • 

Chromatography Culture identification • 
Extraction ofDissections • • 
Lipids

Field Techniques: 

Manual tracking • Coral Reef
Downloading hydro 

Restoration
• 

of telemetered acoustic receivers 
fish using acoustic (Acropora spp.)

• Gill netting
hydrophones • Mangrove

• GPS
Small craft monitoring

Long lining • 
AGRRAreefboating • 

Potting monitoring• 
Suturing •



Professional References: 

■ Davis, Leonard; Chairperson of Dept. of Biology, Delaware State University,
Dover, DE, 19901 (302) 857-7370 ledavis@desu.edu 

■ Fox, Dewayne; Assistant Professor Fisheries, Delaware State University, Dover,
DE, 19901 (302) 857-6436 dfox@desu.edu 

■ Myton, Jenny; Honduras Rep of Coral Reef Alliance, West End, Honduras, C.A.
■ Solorzano, Kennedy; President of Bay Islands Conservation Association, Sandy

Bay, Honduras, C.A. 504-2445-3214 bicaroatan@gmail.com 
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