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Introduction

American Edl Life History

American eeAnguilla rostrata is an ecologically and economically important
species. Because of their wide temperature and salinity tolerances, ¢beynae
variety of habitats including open ocean, brackish estuaries, and freshwerts
lakes, and streams. By some estimates American eels constituted assra6éh of
the historical fish biomass in east coast North American streams (ASA0BQ).
Anguillid eels are opportunistic carnivores and their diet largely depends ositleeir
and habitat but can include aquatic insects, fish, crustaceans, and worms (Tesch,
1977).

American eels are semelparous with a complex life history (Figure ithw
complicates typical approaches for assessing stock status and develtgrgrgre
points for fishery management. American eels inhabit coastal and inland brackis
and freshwater systems from Greenland to Venezuela (Tesch, 1977; Helfman et al
1987). The American eel population is thought to be panmictic based on life-history
and genetic evidence (Williams et al., 1973; Williams and Koehn, 1984; Avise et al.,
2003). Adult (silver) eels from throughout their range migrate to the Sargassm Sea
spawn; those from the farthest reaches of their range migrate thous&idmeters
to spawning grounds. Leptocephali larvae drift on currents for about one year until
reaching the continental waters of South, Central, and North American@te#t al.,

1987; McCleave et al., 1987). Upon reaching shelf waters, leptocephali



metamorphose into juvenile-stage, unpigmented glass eels (see ASMFC 2000 for
definition of life history stages). As pigmentation develops, the young eels are
termed elvers and make their way into bays, rivers and estuaries. Elversjliynce f
pigmented, are termed yellow eels (Tesch, 1977). The yellow eel sthgeisnary
feeding and growth phase for the eel. After approximately 3 to 30+ yeasop)
1987), the eels mature into non-feeding adults called silver eels (Tesch, 1977).
American eels are sexually dimorphic in growth, maturation, and distnbuti
Male American eels are more common in the southern half of theibdisbn,
primarily in estuarine habitats, while females are found throughout the ratige o
species, in freshwater and brackish water (Helfman et al., 1984; Helfman et al.,
1987). American eel growth rates are higher in brackish water habitats than in
freshwater (Cairns et al., in press), and American eels in brackishteat to be
younger than those in freshwater (Morrison and Secor, 2003). Male yelloweels ha
lower growth rates than females (Helfman et al., 1984; Oliveira, 1999; Olawra
McCleave, 2002) and mature at a smaller size and age, whereas femkdegeare
and older upon maturation (Oliveira, 1999; Oliveira and McCleave, 2002). Male
American eels seldom exceed 45 cm TL whereas females can reach 100 cra or mor
in the northern reaches of their distribution. Oliveira (1999) found that femakt age
maturation is not correlated with latitude but that male age at maturatiomatated

with latitude.

Population Stressors

During the past two decades, declining harvests and indications of population

decline have prompted concerns about fishery and population sustainability



(Casselman, 2003). American eel catches in the US have been decliningesince
early 1980s (Figure 0.2; ASMFC, 2004). A reduction of more than 90% in yellow eel
passage from the St. Lawrence River into Lake Ontario has causedlpadancern
about American eels over northern portions of their range (Casselman et al., 1997;
Mathers et al., 1998). St. Lawrence River eels are predominantly fandhlaay
disproportionately contribute to the spawning population (Castonguay et al., 1994;
ASMFC, 2004). Similarly, fishery independent surveys in the Chesapeake indicate
that yellow eels have declined >50% over this same period (ASMFC, 2004).

Several population stressors have been identified as potentially affecting
American eel health and abundance. Four broad categories include exploitation,
parasitism, habitat loss, and climate changes. The yellow eel, glyand in some
regions glass eel phases are exploited by commercial fishetuesmgaoncern that
harvest may be too high for population sustainability (ASMFC, 2004). Glass eels and
silver eels migrate into and out of rivers and estuaries, which may serve ascalphy
and temporal bottleneck making them more vulnerable to fishing mortality and
predation.

Parasitism by the non-native nematdaguillicola crassus likely has
consequences for eel health, but effects of parasitism are poorly understsbd. Fir
identified in the U.S. in 1995, the parasite has spread rapidly and is now found as far
north as Canada (Fries et al., 1996; Aieta and Oliveira, 2009). Parasit@mfaaly
affect eel behavior, growth, tolerance to changing environmental condgioths

reproductive ability (Kirk, 2003).



Habitat loss and degradation occurs on large and small spatial scales and
causes large amounts of former habitat to be inaccessible. Dams block@ccess t
upstream habitat, thus increasing American eel density downstream ofribe ba
barriers > 3 m high cannot be effectively negotiated (Wiley et al., 2004, Meichlit
2007). Increased density of American eels below dams or barriers potertiedgsc
density-dependent growth limitations (Machut et al., 2007). Dams also have
detrimental effects on eels that do manage to migrate over or around them; turbine-
induced mortality of migrating silver eels at hydroelectric damdbaar estimated at
5-60% (ASMFC, 2000) and 5-30% (ASMFC, 2006).

Lastly, global climate change is another potential cause of declining
abundance in American eels. Knights (2003), Friedland et al. (2007) and
Bonhommeau et al. (2008) all suggested that worsening forage conditions and
starvation of eel larvae may be linked to fluctuating primary productivity in the
Sargasso Sea due to increasing sea surface temperature and vertfaatgiradf
the water column that reduce nutrient availability. Recent increasatdiisace
temperature in the Sargasso Sea is not necessarily related to glohadgMawt does
suggest a mechanism for how changing oceanographic conditions might impact

recruitment.

Objectives and Goals

American eels in the Chesapeake Bay have received little stugytedbe
fact that the majority of U.S. commercial landings come from the Chesapagke B
states. My thesis goal was to improve understanding of American eel population

dynamics in the Chesapeake Bay. The objectives of my research were 1) teecompa



growth, mortality, and parasitism among several Chesapeake Bayrtebugj to
estimate local abundance and mortality in the Potomac River, and 3) to develop a

model to assess the effect of exploitation on American eels in the Potomac River

Objective 1

In Chapter 1, | detail the demographics of American eels from six sub-
estuaries of the Chesapeake Bay. | dissected, aged, and identified geB86r for
American eels from summer and fall fishery catches to charactiffieeent portions
of the Chesapeake Bay habitat, then tested for seasonal, regional, and gectder effe
on eel growth, mortality, and health. | also use catch curves to estimategsta
rates of American eels for each sub-estuary. Using these individuatjdgrhiz
attributes, | compared sub-estuaries and bay regions to look for patterns in
demographics and compared demographics data from American eels in the
Chesapeake Bay to American eels in other portions of their range. This new data on
growth, mortality, and health will fill in knowledge gaps regarding Americéiee
this highly exploited portion of their range. Data obtained from this demographics
research was used to inform the age-structured production model developed in

Chapter 3.

Objective 2

The Potomac River supports the largest American eel harvest of the
Chesapeake Bay sub-estuaries. To better understand potential production underlying
harvests of American eels in the Potomac River, in Chapter 2 | present a mark
recapture experiment conducted in the summer and fall of 2007. | chose the Potomac

River for the mark-recapture experiment for three key reasons: 1) geehiarvest



obtained from the sub-estuary suggested that the Potomac River is a valuable and
productive habitat in the Chesapeake Bay, 2) the Potomac River is a laidgedida
that resembles other key tributaries to the bay, and 3) the Potomac Riveiekisher
Commission (PRFC) maintains a detailed record on catch and effort, allawitige f
development of a stock production model to complement the abundance estimates
from the mark-recapture.

Using data obtained from the mark-recapture experiment | compare
abundance in summer and fall 2007 to estimate the loss rate of American eels due t
natural mortality, maturation, and fishing mortality. In addition, | useifRass
Integrated Transponder (PIT) tagged eels to estimate growth rates for indeetiua
Lastly, | compare estimates of loss rate, growth, and density of Amer&ta in the

Potomac River to other published estimates throughout their range.

Objective 3

My third objective was to develop a model to estimate abundance and
mortality rates for American eels in the Potomac River and assessetieoéthe
fishery on American eels. | address this objective in Chapter 3, where | ase dat
obtained in Chapters 1 and 2 to develop an age-structured stock assessment model for
the Potomac River. The model used catch data from the PRFC, a fishery-dependent
index of abundance, and fishery independent recruitment index; to assist in
reconciling the opposing trends in the indices | allow catchability to waaytone in
the model. Finally, I develop a Spawner Potential Ratio (SPR) model to tesess
fishing mortality rates of female American eels with respedtéabnservative

biological reference pointsky, This model, though limited in scope, provides



estimated recruitment, abundance, and fishing mortality rates for éanegels in the
Chesapeake Bay, and provides evidence that fishing mortality and processies outs

the scale of the Potomac River may be affecting American eels in thm&oRiver.
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Chapter 1. Demographics and parasitism of Amerassa in the
Chesapeake Bay, USA

Abstract

The Chesapeake Bay supports the largest U.S. harvest of American eels, yet
little is known about the underlying demographics and production rates that sustain
these harvests. Sub-estuaries of the Chesapeake Bay (Sassaftas, Chegtank,
Patuxent, Potomac, and James Rivers) are expected to provide varying growth
habitats for yellow eels due to differences in land use, productivity, and salyty
examining 850 American eels from six sub-estuaries of the Chesapegke Ba
compared yellow eel length, age, growth, mortality, condition, and health (@mneeal
and incidence of parasitism) among six principal sub-estuaries of the Chk&sapea
Bay. Sub-estuaries supported substantial differences in American exjrdeimc
attributes, including gender, length, weight, condition, age, growth, and parasitism
Across sub-estuaries, female American eels were larger, older, headibgc
higher growth rates than male, intersexual, and undifferentiated eels. r Garate
differed between sub-estuaries. The prevalence of male and intersdésualtee
upper Chesapeake Bay was higher than reported for other estuaries in South,Carolina
Quebec, and the Hudson River in New York and similar to male prevalence in
Georgia. Chesapeake Bay growth rates had a similar range but greaté¢hamea
other published estimates. Bay-wide growth rates ranged from 26.7-149.3'mm yr
and varied between sub-estuaries; the Choptank River had the highest mean growth
rate (72.7 mm yt) and the Chester River had the lowest (60.2 nifh yThe patterns
of growth rate estimates for eels by gender and salinity were simpaevious
studies of American eel; brackish water supported higher growth rates ard low
parasitism than freshwater. The prevalence of parasitized Americavaeed
between sub-estuaries, ranging from 17.8 to 72%, with no association between
swimbladder damage or parasite presence and age or growth. Catch curve analysi
revealed annual loss rate estimates of 0.405 — 0.63®Ksub-estuaries. These loss
rates were not unrealistic for a productive population experiencing both natural and
fishing mortality. Regional demographics differed between the upper bay (north of
the Chesapeake Bay Bridge) and the lower bay, reflecting differeneeseesub-
estuaries. Female prevalence, growth rates, and condition were lodg@arasite
prevalence and intensity was higher in the less saline upper bay when complaged to t
lower bay, suggesting fundamental differences in the productivity and spawning
contributions from these two regions.
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Introduction

Harvests of American eels from the Chesapeake Bay are considergbéty la
than those elsewhere in the species’ U.S. range (see Thesis Inbodegure 0.2),
yet little is known about the underlying demographics of Chesapeake Bay kels. T
Chesapeake Bay is a large estuary, with wide salinity, depth, and temperature
gradients that provide a range of habitat conditions (Secor and Austin, 2006).
Because >50% of freshwater non-tidal habitats have been potentially lost tw#@me
eels (Busch et al., 1998 as cited in ASMFC, 2000), the role of estuaries as primary
growth habitats for yellow eels have become particularly importanistoery yields
and species persistence (USFWS, 2007). Here, | examine how yellowrgets va
length, age, growth, mortality, condition, and health (prevalence and incidence of
parasitism) among principal sub-estuaries of the Chesapeake Bay.

Previous research has shown that American eel size, gender, and habitat use
vary substantially within and among estuaries (Helfman et al., 1987; Kruatdjer a
Oliveira, 1999; Oliveira, 1999). Female American eels generally matureaiéeg
sizes and ages than males (Helfman et al., 1987; Oliveira, 1999), and growth rates in
brackish habitats are greater than in tidal freshwater habitats of theestaragy
(Helfman et al., 1984; Helfman, 1987; Morrison and Secor, 2003). Within an estuary,
the distribution of gender and size of American eels can also vary greatlyicame
eels in the Potomac River were significantly larger and increasiegiglé with
increasing distance upriver and upstream (Goodwin and Angermeier, 2003). Among
estuaries, size at maturation increased with latitude for female éamezels, but not

for male American eels (Oliveira, 1999). Age at maturation of male Anmegiels
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was positively correlated with latitude, suggesting that male eel lymaéds vary
inversely with latitude (Oliveira, 1999). Indeed, previous studies indicated that
growth rates tend to be higher in southern American eel habitats compared to
northern habitats (Gunning and Shoop, 1962; Hansen and Eversole, 1984; Oliveira,
1999). Length of the growing season at different latitudes and differing food
availability in freshwater and brackish habitats have been cited as possible
explanations for differing growth rates (Gunning and Shoop, 1962; Wenner and
Musick, 1975). Because American eels are panmictic (i.e., not exhibiting population
structure among estuaries) differing growth rates cannot undergtiaeleased on
regional habitat differences. Thus, it is critical to identify which regiergs (vhich
estuary(s) or habitat types) are most important in contributing to yellow eel
production and silver eel escapement.

American eels in the Chesapeake Bay are commonly infected with an exotic
nematode parasiténguillicola crassus. In 1997, Chesapeake Bay watermen alerted
scientists to the presence of “worms” in American eels. Barse and(&660)
identified the worms a&. crassus and their subsequent investigations of the Patuxent
and Sassafras Rivers confirmed the presence of the parasite in the CheBageake
for the first time. Originally found in Japanese e&lguilla japonica, the parasite
was first reported in the U.S. in 1995 (Fries et al., 1996), and since that time the
parasite’s range has extended throughout the U.S. and into Canada (Aieta and
Oliveira, 2009). Infection by the parasite has been documented to have negative
consequences for infected European, and potentially American, eels including

thickening of the swimbladder wall, decreased appetite (van Banning andhiHaene
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1990), and reduced swimming performance (Sprengel and Luchtenberg, 1991).
Concerns have arisen about the impad.afassus on American eel growth,

mortality, condition, susceptibility to other infections, swimming behavior and
spawning migration (USFWS, 2007). Previous studies have indicated that parasite
prevalence and intensity is greater in tidal freshwater habitats tharckasbravater
(Morrison and Secor, 2003) and that salinity affects the infectivify ofassus (Kirk

et al., 2000).

Evaluation of the likely effects &. crassus on yellow eel demographics is
hampered by the inability to evaluate the latent and cumulative effeepeszited
infections. A. crassus has a rapid life cycle (Barse and Secor, 1999): it is possible for
an eel to be infected by multiple stage#\ofrassus and for an eel to be infected
multiples times over the course of its life. Due to the short life cycle qfatssite,
presence or absence of the parasite in the swimbladder is a short-term rokasure
infection. Damage to the swimbladder by current or previous infectiohscodissus
is thought to be a more accurate measure of parasite pressure than gawasite
(Lefebvre et al., 2002). The swimbladder degenerative index (SDI) was developed by
Lefebvre et al. (2002) as an index of cumulative effects to swimbladder function.

Major sub-estuaries of the Chesapeake Bay are expected to providg varyin
growth habitats for yellow eels. The upper portion of the Chesapeake Bag and it
sub-estuaries (Sassafras and Chester Rivers) are predominatelyafezsitw
oligohaline (salinity levels < 10; White, 1989). In this region, most Americiaraee
harvested in freshwater. Sub-estuaries in the middle and lower portions of the

Chesapeake Bay (Choptank, Patuxent, Potomac, and James Rivers) have higher
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salinity but harvest locations can range from 0-26 salinity, depending on thetharve
location within the sub-estuary, season, and precipitation (White, 1989). The
Potomac and Patuxent River samples in this study came from the oligohalinagorti
of each sub-estuary (J. Trossbach, pers. comm.). Sub-estuaries also differ
discharge rates and watershed land use that may affect American egtajgmcs
(Pritchard and Schubel, 2001, Bilkovic et al., 2006). Benthic productivity of sub-
estuaries likely varies as well, with differing foraging conditions &loy eels
based on salinity, bottom substrate, and prey species production and distribution.
| hypothesize that sub-estuary variations in habitat productivity and
exploitation will result in measurable demographic differences in geaties,rsize
and age structure, growth rates, and condition. This analysis was supported by
laboratory-based analyses of age structure and swim bladder inspections of 850
yellow eels subsampled among six sub-estuaries (Figure 1.1; SasshésterC
Choptank, Patuxent, Potomac, and James Rivers). Sub-estuary differences in
demographics provided a comparative framework within which to evaluate possible

associations betweeh crassus parasitism and eel growth and mortality.

Methods

American eels harvested from six rivers and two seasons were donated by the
Delaware Valley Fish Company (DVFC). Yellow stage Americanwele
harvested using baited two-chambered, 1.2 cm square mesh eel pots and transported
in oxygenated tanks to the holding facility at DVFC. Approximately one hundred

American eels each from the Sassafras River, Potomac River, and Clhestevdre
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randomly selected by DVFC staff, frozen, and were received in July 2007. cameri
eels at DVFC were not size graded at their facility, but size biaseblgasurred
in those eels sold to DVFC. Interviews with a commercial fisher (J. Trdsspers.
comm.) led me to believe that eels from the Potomac River were graded for size
where the smallest eels were sold for bait and were not provided to DVFC. daels fr
the Patuxent River were received directly from a commercial fishema 2007 and
were not graded. A fall sample of American eels from DVFC was received
December 2007, consisting of approximately one hundred American eels each from
the Chester, Choptank, James, and Potomac Rivers. Fall sample Americammeels fr
the James and Potomac rivers were thought to be size graded because of the paucity
of small eels (<30 cm) in those sub-samples (see Results).

To determine age, gender, condition and health, American eels were dissected
and inspected for internal and external abnormalities. American eels fronvE D
were received frozen. American eels that we received directly frammercial
fisher were anesthetized in MS-222 and then frozen. Prior to dissection, eels were
thawed overnight in a refrigerator or under cool flowing water. Eels wessurexl
for total length (TL, mm), maximum girth (mm), and weight (0.1 g). Previous studie
showed that freezing reduces eel length and weight by 1.2-3% and 1.9%, relspective
(Morrison and Secor, 2003; Machut et al., 2007). All lengths and weights reported
are based on uncorrected measurements. Fulton’s condition cteag calculated
for each American eel (in g L0 Ricker, 1975).

Each American eel was macroscopically inspected to determinergende

according to Buellens et al.’s (1997) criteria. Four gender categaresidentified:
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female, male, intersexual, and undifferentiated. Undifferentiated gonads do not have
identifiable oogonia or spermatogonia, and undifferentiated gonads can develop
directly into an ovary. Intersexual gonads contain both female and maldisex ce
and male American eels develop from intersexual gonads (Buellensl®&Qal), For
fall American eel samples the gonads were examined to identifjhaelnay have
been approaching sexual maturation. | removed and weighed the gonads that
appeared large and well developed to determine the proportion of eels that may
mature that year. According to Durif et al. (2005), a female exhibitingnadge
somatic index 0£1% may mature in the present year and subsequently undertake an
oceanic spawning migration.

Each American eel was inspected for prevalence and intengitycicssus
infection. The swimbladder was inspected internally and externally. The nomber
A. crassus worms were counted. Parasite prevalence was calculated as the percentage
of infected eels for each sub-estuary; parasite intensity wasataltias the mean
number ofA. crassus among infected eels. | modified the SDI developed by Lefebvre
et al. (2002). The original index score included three swimbladder criteria
(swimbladder wall thickness, swimbladder wall transparency, and pigmentation a
exudate). Each criterion was given a 0-2 score, two indicating the most severe
damage. For my analysis | combined the score for the swimbladder wall #8ckne
and swimbladder wall transparency only, and used this two-factor score, wvdsch w
referenced as SBtt.

Direct aging occurred through enumeration of annuli in otoliths. Sagittal

otoliths were removed, rinsed in tap water, rubbed clean, and air dried in a tissue
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culture tray. One of the paired otoliths was randomly chosen and embedded in
Streurs Epoxy resin. Embedded otoliths were glued to a microscope slide using
Crystalbond adhesive, and a transverse section through the core was obtainad using
low-speed wafering saw. The transverse section was polished on one side to reveal
the core and annuli as described by Secor et al. (1991). To enhance the contrast of
annuli, the polished otoliths were etched with 6% EDTA for 2-5 minutes, and then
stained with a solution of 2% EDTA and 5% toluidine blue for 2-5 minutes. The
excess stain was wiped off with a damp tissue (etching and staining methods
modified from Morrison and Secor, 2003 and Graynoth, 1999). The glass eel
transition check was assumed to equal age one (Morrison and Secor, 2003). Etched
and stained otoliths were photographed under 10-X or 40-X magnification, and annuli
were counted and marked with Photoshop image editing software. Each otolith
image was aged at least two times.

Otolith-based aging has been validated in studies of American eelsif@live
1996). Careful attention to establishing precision criteria can reduce tnenicel of
poor otolith preparations and false annuli on aging errors (Campana, 2001). To
assign an age to an individual each otolith was read multiple times. | compared the
last two annuli counts for each American eel. If the two readings matchiedotimd
was accepted as the assigned age. If the two readings did not match but differed by
<2 years, then | accepted the most recent count as the assigned agevdf the t
readings differed by2 years, then the otolith was read again. If the third reading
matched one of the two previous readings, the “matched” count was assigned. If the

third reading differed from either of the first two by <2 years, thel ti@ad was
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accepted as the assigned age. Finally, if the third read differed filoen @ftthe first
two by>2 years, that eel was excluded from further age-based analyses.

Mean annual growth rates were estimated by dividing eel TL by age((@li
1999, Morrison and Secor, 2003). To account for growth prior to entering the
Chesapeake Bay region, | subtracted 57.1 mm and one year from the TL and age of
each eel, based on the ten-year average length of glass eelgehtetiiitle Egg
Inlet, NJ (Sullivan et al., 2006).

The availability of sub-estuary samples from DVFC differed in summr a
fall. Summer and fall sub-samples for the Chester River and Potomac River were
combined for demographic analyses. To evaluate the role of Bay region (dqroxy
salinity) on growth, condition, and parasitism | grouped the sub-estuaries into an
upper bay and lower bay category. The Chester and Sassafras Riveseaigay
sub-estuaries and the Choptank, James, Patuxent, and Potomac Rivers are lower bay
sub-estuaries. To compare seasonal patterns in parasitism only the Poteenan&i
Chester River were considered.

Statistical analysis was done using software packages SAS v.9.3.1 and
SYSTAT 12. | used one- and two-way ANOVA and ANCOVA among sub-estuary
subsamples to test hypotheses regarding seasonal, regional, and gecdeoreffe
American eel growth, mortality, and health. Multiple mean comparisornvests
done using Tukey multiple means comparison tests where indicated. Significance
was tested at the 0.05 level. Age, length, growth rate, and weight data were log
transformed to meet normality assumptions. For chi-square analysis on the

proportion of females between bay region, only female American eels 20-4@rem w
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considered to reduce bias created by size grading and differences betwéen le
distribution between regions. Because female American eels werecsigtiyfi

longer, older, and heavier than other genders and gender composition varied
significantly between sub-estuaries, | focused on female Ameritaifoee

comparison of sub-estuaries demographics. Catch curves were used to estsnate |
rates for each sub-estuary (Ricker, 1975). Instantaneous loss ragesswumated as

the slope of the descending limb for thedlagmbers versus age relationship. The
fitted slope was stipulated to include all ages older than the mode in numbers at age.
This catch curve analysis assumes non-trending recruitment and constatitymort
across years and ages and no net immigration or emigration into fisheasrefi

sampled sub-estuaries.

Results

Demographics

Ranges in length and age (n=850) among all sub-estuaries were 21.3-64.7 cm
(mean=36.5 cm) and 3-11 years (mean=5.8 years). American eel wenggd ra
from 14.7 to 590.8 g (mean=98.8 g). There were significant gender differences in
length, age, and weight; females were significantly longer (mean= 40.0 de), ol
(mean=6.1 years) and heavier (mean weight 124.0 g) than other gender categories
(Figure 1.2; ANOVA with Tukey multiple mean comparisons). Female was the most
prevalent gender category, ranging from 34-100% among sub-estiagia® (1.3).
Chi-square analysis revealed that the proportion of females varied sigtlific

between sub-estuaries (p<0.001) and that the proportion of female American-eels 20
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40 cm in the upper bay (Chester and Sassafras Rivers) was significantiyndiffe
(lower) than the proportion of females 20-40 cm in the lower bay (James, Potomac,
Patuxent, and Choptank Rivers; p<0.001). Across all sub-estuaries and ages, females
constituted 71.3% of the sample.

Females showed sub-estuary-specific differences in demograpmesican
eels in the James River were the largest (mean=47.0 cm) and the PatuxemweRaver
the smallest (mean=36.0 cm; ANOVA with Tukey multiple mean comparisons, Table
1.1). Mean lengths by sub-estuary from largest to smallest were:, Rot@sac,
Choptank, Chester, Sassafras, and Patuxent. There were similar sub-psitificy s
differences in weight and age but a greater number of significant corteastsen
sub-estuaries were supported for length as a demographic response than agjat or wei
(Table 1.1).Female American eels in the James River were the heaviest (mean 178.9
g, Table 1.1) and the Chester River females weighed the least (mean 89.2 g). Ages
were not ranked across sub-estuaries in the same manner as length and weight
Sassafras and James River American eels were oldest (mean 6.8 gbkrd.1) and
significantly older than Chester, Choptank, and Patuxent River American eels
(Tukey, p<0.05).

Demographics of female American eels were also different bettheaupper
and lower bay regions. Females in the lower bay were significantlyrlange
heavier and had higher growth rates (see below) than females in the uppealiday (T
1.1; one-way ANOVA, p<0.0001). Mean age was not significantly different between

bay regions (Table 1.1; one-way ANOVA, p=0.99).
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Growth

Length-at-age for individual American eels was highly variableuf€id.4).

For example, six-year-old eels ranged 23.2-64.7 cm TL. The overall range and mean
growth rate for American eels (gender categories combined) inbsafeake Bay
was 26.7-149.3 mm yrand 67.5 mm yt, respectively.

Mean growth rates varied by gender, bay region, and sub-estuary. For the
Chesapeake Bay as a whole, female American eels exhibited the highesgrmowth
rates (71.4 mm ¥, Table 1.2) and were significantly different from intersexual and
undifferentiated American eels (57.7 mnityone-way ANOVA with Tukey
correction, p<0.0001; and 48.5 mni'yp<0.0001; respectively). Males exhibited
mean growth rates of 64.2 mni'ywhich was significantly different only from
undifferentiated American eels (p=0.05). Growth rate in the upper bay region (57.3
mm yr'+1.67 SE) was significantly lower than growth rate in the lower bay (65.2
mm yr'+1.81 SE; ANOVA mixed model of Leggrowth with bay region and gender
as fixed effects; p<0.0001).

Among sub-estuaries, growth rates in the Chester River were the ([6@est
mm yr) and the Choptank River were the highest (72.7 mMmANOVA mixed
model of log growth with sub-estuary and gender as class variables; Table 1.2). |
also examined for trends in growth rates of all American eels bylage ¢

Growth rates of female American eels varied by sub-estuaryyabalyb
region. Growth rates in the Choptank River (Table 1.1; 80.9 +2.26 fimvere the

highest and the Sassafras River were the lowest (54.4 +3.31 HurRgmale
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American eels in the upper bay had significantly lower growth rates ¢énaelds in

the lower bay (Table 1.1; one-way ANOVA, p<0.0001).

Condition

The mean conditiorK() of females (0.174 +0.001) and males (0.174 +0.006)
was nearly identical (Table 1.2). Females exhibited a significantlyghggndition
index than intersexual American eels (p<0.0001 ANOVA with Tukey multiple mean
comparison); all other pairings were not significantly different. Sulmegt
differences in condition were present (Table 1.2); the Patuxent River had thsthigh
mean condition (0.199 +0.003) and the Sassafras River had the lowest (0.161
+0.002). There was a significant difference in conditikbhdf American eels from
the upper bay compared to the lower bay. Upper bay American eels had a mean
condition of 0.170 (x0.003) and lower bay American eels had a mean condition of
0.183 (+0.003; p<0.0001, ANOVA).

Another estimate of condition was done using ANCOVA analysis of the log
weight of American eels with lgdength as a covariate and gender, sub-estuary or
bay region as class variables. This method of condition analysis detected no
significant differences in the mean condition among gender categorlds (T3).
There were significant differences between sub-estuaries and betwegpénand
lower regions of the Chesapeake Bay (p<0.05, Tukey multiple mean comparison test
Table 1.2). The Patuxent River American eels had significantly greatdition
than all other sub-estuaries and the condition of American eels in the upper bay (4.28
+0.009) was significantly lower than condition in the lower bay (4.35 +£0.007,

p<0.0001).
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Mortality

Estimated instantaneous loss rates ranged from 0.52 to 1.0&hjch
occurred in the Choptank and Potomac Rivers, respectively (Table 1.3, Figure 1.5).
These loss rates were equal to annual mortality rates of 0.41 — 0.6Mgan annual
loss rate among sub-estuaries was 0.51 corresponding to an instantaneous rate of
0.72. The standard errors of the mean instantaneous loss rates were high and
overlapping, indicating that there was no significant difference in loss vate/een

sub-estuaries or bay regions.

Parasitism

Prevalence oA. crassus-infected American eels in the Chesapeake Bay was
40.9% among all sub-estuaries, and parasite intensity ranged from 0-4&pgais
individual (mean 1.4, mode 0). For sub-estuaries combined, both parasite intensity
and prevalence had significant negative correlations with size class (p<0.0001,
r>0.95, Figure 1.6). For the Chesapeake Bay as a whole, 22.8% of American eels had
evidence of both current (nematode present) and past (swimbladder damnage)
crassus infection and 52.0% of eels had either past or current evideceiassus
infection.

Sub-estuaries varied substantially in degree of parasitism (Table 1.4). The
James River had the lowest prevalence (17.8%) of parasitized Amerisamé¢he
Sassafras River had the greatest prevalence (72%). Chi-squasesarealgaled that
the sub-estuaries had significantly different parasite prevalence (p<0DG@é&)o the
relationship between size class and parasite intensity, | used ANOYAubit

estuary and size class as fixed effects to adjust mean parasite yrfms#ch sub-
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estuary; mean parasite intensity ranged from 2.0 to 4.0 worms per parasitized
swimbladder (Table 1.4). A comparison of mean parasite intensity in upper bay sub-
estuaries (mean 3.1, standard error [SE] 0.6) versus lower bay sub-estuagies (m
2.7, SE 0.6) revealed no significant difference (ANOVA with bay region and length
class as fixed effects; p=0.43). Chi-square analysis revealed thatvhkepce of
parasitized American eels in upper bay sub-estuaries (Chester and&8as2at %
prevalence) was significantly higher than lower bay sub-estuarie$4®te/alence;
p<0.001).

Because females were larger and older than other gender categeries (se
Demographics, above), | limited analysis of demographic interactions wahijemn
to females to avoid confounding effects. There was no significant association
detected between incidence of the parasite and growth rate in f€AEEOVA
using length-class as a covariate; p=0.09). Non-parasitized femdlasiean
growth rate of 74.0 mm (2.1 SE); parasitized American eels had a mean growth
rate of 71.2 mm yt(2.3 SE). Further, no significant association was detected
between the swimbladder damage score, SBtt, and growth rate (ANCOVA using
length class as covariate, Tukey multiple means comparison, Figure 1.7)le Fema
American eels with SBtt score of 0, 1, 2, 3, and 4 had mean growth rates (+ SE) of
74.0 (2.13), 71.6 (4.69), 75.4 (3.27), 68.9 (4.28), and 68.6 (7.10) thm yr
respectively. Similarly, there was no significant relationship betweesifgra
presence and age (ANCOVA using length class as covariate, p=0.2) or SBtt and age
(ANCOVA with Tukey multiple mean comparison test, Figure 1.8). Mean age (SE

of non-infected and infected American eels was 6.15 (0.16) and 6.30 (0.17) years,
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respectively. Mean age (SE) of female American eels with SBttsobfe 1, 2, 3,
and 4 was 6.1 (0.16), 6.2 (0.35), 6.0 (0.24), 6.4 (0.32), and 6.7 (0.52) years,

respectively.

Seasonal Parasitism

For those sub-estuaries sampled in both seasons, the Chester River had
significantly lower parasite intensity in fall (mean intensity 1.85 +0.76stas) than
summer (mean 3.51, SE 0.69 parasites, p<0.04, ANCOVA, length class as covariate).
The Potomac River also had lower parasite intensity in fall (mean 2.24, SE 0.42
parasites) than summer (mean 3.03, SE 0.50 parasites), but the difference was not
significant (p=0.10). For the Chester and Potomac sub-estuaries combined,rthe mea
swimbladder thickness and transparency (SBtt) score was significagtlyle
summer (mean 0.75, SE 0.07) than fall (mean 0.30, SE 0.07) samples (p<0.001,

Kruskal-Wallis).

Discussion

Demographics

Sub-estuaries of the Chesapeake Bay supported substantial differences i
American eel demographic attributes, including gender, length, weighttioondi
age, growth, and parasitism. These differences likely reflect differemsab-
estuary foodwebs and abiotic conditions and are expected to have large influences on
relative yields and spawner escapement from different portions of the CHesapea

Bay. In addition to sub-estuary differences in demographics, there was a broad
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regional difference between the less saline upper bay and the more saiinbdgw

The upper bay supported lower growth rates, higher parasite prevalence, and lowe
proportion of female American eels than the lower bay. Although harvest igtesnsit
unknown at the level of sub-estuary or bay region, harvest rates may not be matched
to underlying production differences between sub-estuaries across the&kesa

Bay.

Previous research has indicated a link between American eel density and
gender ratios, suggesting that environmental sex determination occurs irc#&meri
eels. Krueger and Oliveira (1999) proposed that male American eels anatasisoc
with habitats where high elver density occurs and females derive fromthatita
low elver densities (see also Davey and Jellyman, 2005). The environmentally
responsive period of sex determination is yet unknown. Although evidence for
differences in elver densities in the Chesapeake is lacking, a geiegras that
density declines with distance from the Sargasso Sea (Smogor et al., 1995). Thus |
would have expected higher female densities in upper Chesapeake Bay subsestuar
but in fact observed the opposite. Females were most prevalent in the Patuxent,
Potomac, and James sub-estuaries. The James River had a particulariynhigh fe
ratio: 100 of the 101 sampled eels were female. Considering that Potomac and James
River eels were size graded to a larger extent than other sub-estuatersn@n sell
smaller eels locally and retain larger ones for the dealer, see Metthadgjoportion
of female American eels in these systems was likely over-repeelse8till, given the
high proportion of females and the high density estimates (100-300 &¢ls ltize

Potomac (see Chapter 2), environmental sex determination may be modulated by
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more than densities alone, and further study on environmental sex determination in
Chesapeake Bay and elsewhere is warranted.

The prevalence of male and intersexual American eels in upper Chesapeake
Bay sub-estuaries was higher than that reported for other estuaries. Beredlean
eels dominated (>95%) in the Hudson River estuary (Morrison and Secor, 2003), the
Cooper River in South Carolina (Harrell and Loyacano, 1980; Hansen and Eversole,
1984), and the Matamek River in Quebec (Dolan and Power, 1977). However, some
estuaries have had a higher prevalence of male American eels. Hetfala(1984)
and Oliveira (1999) found male prevalence of ~36% in Georgia and ~90% in Rhode
Island, respectively. Helfman et al. (1987) suggested that male Amerlsamneeld
predominate in brackish waters, but this was not supported by my results. The
presence of male and female American eels in the Chesapeake Bay stibsestua
suggested that the Chesapeake Bay may be contributing to both male and female
spawner escapement.

Length and weight differences reflected differences in gender eatiosg
sub-estuaries. The relationship between length and gender is well Bsthblishe
literature (Tesch, 1977; Helfman et al., 1987). Female American eelsgaedad
heavier, on average, than male American eels, and this was observed in y result
The mean length of American eels differed among bay regions and individual sub-
estuaries. Excluding the James and Potomac Rivers, for which lengths probably
reflect a bias due to size grading, American eels were largest@Ghthmank and

smallest in the Sassafras samples. The Sassafras River had tibst greaortion of
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male and intersexual eels, and the Choptank River had the second greatest proportion
of female eels; gender was clearly influencing mean length in subrest

Inferences related to demographics were constrained by geantygerae
amount of size grading among sub-estuaries. The gear was standardizsshlsrza
regulations across all sub-estuaries (12.7 mm mesh pots) and thus seleuntizd a s
size range as other studies, which used pots (26-69 cm, Hansen and Eversole, 1984,
~26-70 cm, Morrison and Secor, 2003; 15-65 cm, Ford and Mercer, 1986). Owens
and Geer (2003) sampled American eels in the Virginia portion of the Chesapeake
Bay with a wide variety of gears (bottom trawl, pots, and electroshocking) and
observed a larger size range than that reported here: 6-77.6 cm (years 1997-2000;
n=594). The sole use of pots to capture American eels in this study limited the
capture of small eels and thus may have underrepresented male, intersexual, and
undifferentiated eels in the sub-estuaries.

Although efforts were made to sub-sample without bias, the American eel
samples represented harvest taken over a limited temporal and spati&biseakch
sub-estuary. Further, it is important to note that these were samples takehdr
commercial fishery, and are thus not necessarily representative ofpaqtiration.
Because some of the sub-estuary samples were known to be size gradedhéhis furt
limits inferences that can be drawn, particularly specific to the Potanthdames

Rivers.

Age and Growth

| observed a fairly narrow age distribution for Chesapeake eels (90%s of eel

were between 4 and 8 years old), which could be explained by exploitatios effect
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(age truncation and growth compensation) and/or high underlying habitat
productivity. The age range of eels in the Chesapeake was substantiallgrythamg
those from a study in the Hudson River, which used similar sampling and aging
methods (3-38 years; Morrison and Secor, 2003). Growth rates were moderately
lower in the Hudson River study (mean 54.8 mit for Hudson River brackish

water sites v. 67.5 mm yrfor the Chesapeake Bay). Two contributing factors may
be lower productivity of the Hudson River (see Chapter 2) and/or lack of exploitation
in the Hudson River. Exploitation in the Chesapeake Bay could result in increased
growth rates if growth is density dependent. Density dependent growth incameri
eels has been has been suggested as the cause of decreased growtbwadamisel

or other barriers where densities are high (Machut et al., 2007). Interestieghgd
range in the Chesapeake Bay was similar to eels in South Carolina In&ry¢ars,
Hansen and Eversole, 1984; 0-15 years Harrell and Loycano, 1980), which are
exploited but probably do not receive the same amount of directed fishing as in the
Chesapeake Bay (NOAA unpublished harvest data). Owens and Geer (2003) found a
few substantially older eels in the Virginia portion of the bay compared to thenpre
study, with ages ranging from 1-18 years old, although similar to my stastwere
between 3 to 6 years of age.

American eel growth rates have been found to differ between genders
(Helfman et al., 1984, Oliveira, 1999; Oliveira and McCleave, 2002) and my results
support this conclusion (Table 1.2). Oliveira and McCleave (2002) suggested that
male and female anguillid eels have different life history stratefgiesmles benefit

from maturing at larger size because fecundity increases with size apased size
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may confer greater diet breadth and survival advantages. Males do not obtain the
large sizes of females but mature at smaller sizes. The present studysstipgor
view on differing life history strategies. Female American eahgr rates in the
Chesapeake Bay were greater than other gender categories aras felntained

larger sizes. Growth rates between tributaries of the Chesapeake Baynifaxhstg
heterogeneity. However, the higher proportion of male and intersexuah ¢eds i
upper bay may indicate that this region is a source of male spawners.

Growth rates were related to bay region, a rough proxy for salinity leValks
salinity gradient in the Chesapeake Bay ranges from freshwater abtitle of the
Susquehanna River in the upper bay to full strength salt water at the mouth of the bay
(lower bay). Lower growth rates, fewer females, and poorer condition ofi¢ane
eels in the upper bay may negatively affect fishery yields and fespalening
potential from this portion of the Chesapeake Bay, and reinforces previous lgeratur
suggesting the freshwater habitats are less productive (Morrison and SecogritD03)
support lower growth rates (Helfman et al., 1984) than brackish habitats. The mean
Chesapeake Bay growth rate was double that found in most freshwater sgsteéms
moderately greater than the brackish Hudson River estuary. Morrison and Secor
(2003; see also Helfman et al., 1984) found that growth rates were higher in brackish
water than in freshwater. Because we do not know the location of capture for the
American eels in this study, correlations between growth rates aniysedin only
be considered roughly. American eels in the Choptank River had the highest mean
growth rates, suggesting that this system is a potentially productivathabne

higher growth rates found in the Choptank River may be indicative of a river-specifi
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difference in growth potential, or a factor of the salinity zone within whithveere
sampled. The majority (>70%) of American eel harvest in the Choptank River comes
from brackish water (K. Whiteford, MD DNR, pers. comm.).

Heterogeneous growth rates in sub-estuaries may also refleandifierage
availability or environmental conditions. Anguillid eels are opportunistic carrgyore
and their diet largely depends on their size and habitat but can include aquats; insect
fish, crustaceans, and worms (Tesch, 1977). The growth rate differencesviedbs
may also reflect temperature differences between the upper and lower bay

The range of growth rate estimates | found throughout the Chesapeake Bay
were comparable to other studies, although the bay-wide mean growth ratéeestima
of 67.5 mm yi* for this study was greater than those in other published literature.

The range of annual growth rates for a brackish system in South Carolina was 27-69
mm yr! (Hanson and Eversole, 1984). Growth estimates for the freshwater Hudson
River ranged from 13-114 mmYmean 33 mm yt, Machut et al., 2007), and had a
mean of 58.4 mm Vrin brackish water (Morrison and Secor, 2003). Mean growth
rates of migrating female silver eels in Rhode Island were 39.8 fMnauyd

migrating male silver eels were 30.9 mrit ¢@liveira, 1999).

Condition indices did not exhibit substantial differences among sub-estuaries
but did show a similar trend to growth rate between bay regions. The Potomac and
Patuxent Rivers had the highest condition by either index, yet the growthrates i
these sub-estuaries were less than in the James and Choptank Rivers. Geswth rat

and condition were lower in the upper bay than in the lower bay.
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Mortality

Loss rate estimates for each sub-estuary combine mortality framahat
causes, maturation, and fishing. Thus any differences in estimated loss tratzsbe
sub-estuaries systems may indicate differences in natural moréaéis/between
rivers, differences in fishing mortality, or even differences betweemamber of
eels maturing and emigrating to the Sargasso Sea. Some sub-esls@mgestained
fall samples (Potomac and Chester River sub-estuaries) which could aseé age
distributions due to the influence of new recruits growing into the fishery. TDeasin
apart these factors is not possible given the American eel’s unique Ildeyrasd
lack of specific information related to fishing effort among sub-estuaries.

Catch curve estimates of morality assume that recruitment is ndingeover
time. This assumption likely oversimplifies the recruitment patterns in the
Chesapeake Bay, especially given that recent recruitment indicesaddicdécline
during the past two decades (see Chapter 3). The narrow range of Ameliagese
present in the Chesapeake Bay limit the range of ages available foceate
analysis; typically catch curves were based on 4-6 age-classes. Tied liamge
added uncertainty to the loss rate estimates, contributing to high varianceskaofd la
statistical sensitivity to tests related to sub-estuary diffese(itable 1.4).

Despite limiting assumptions inherent in using loss rate as a measure of
overall mortality, such estimates can be extremely useful in supportiegyfis
assessments and reference points for eels. Further, there are very festimates
available for American eel. Morrison and Secor (2003) estimated 9-24% annual loss

rate for American eels in the Hudson River, and cited an anonymous source with
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estimates of 22% annual natural mortality on Prince Edward Island and 12-55%
annual natural mortality for 10-year-old eels from a portion of the Gulf of St.
Lawrence. By comparison, our average estimate of 34-59% loss rate froatctihe c
curve analysis and 65.8-67.4% from seasonal change in abundance (see Chapter 2)
may not be unrealistic for a productive population that is experiencing both natural

and fishing mortality.

Parasitism

Parasitism prevalence By crassus has increased in the Chesapeake Bay
since its first report (Barse and Secor, 1999). Initial reported estiofat@s24%
prevalence in the Patuxent and Sassafras Rivers, respectively, weretgllystan
lower than the mean Chesapeake Bay prevalence (40.9%) and lower than the current
estimates for the Patuxent (40.5%) and Sassafras Rivers (72.0%). IncpaaaBite
prevalence and intensity over time has also been noted in the Hudson River where
parasite prevalence increased from <20% in 1997 to >60% in 2000 (Morrison and
Secor, 2003). The tripling of parasite prevalence in the Hudson River over three
years was similar to the three- to four-fold increase observed in the Sassadr
Patuxent sub-estuaries in the past decade. Studies have also indicated dahgethe r
of the parasite is increasing northward (Aieta and Oliveira, 2009).

The hatching, survival, and infectivity Af crassus is negatively related to
salinity (de Charleroy et al., 1989; Kirk et al., 2000). Chesapeake Bay parasite
prevalence was significantly greater in the upper bay, where sadiity, than in
the lower bay where salinities are generally higher. The relationskwedresalinity

and parasite presence was also observed in the Hudson River estuary as well
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(Morrison and Secor, 2003); they found lower parasite intensity at brackishhsite
freshwater sites. Parasite prevalence and incidence in the ChesapgakbuBaries

was generally comparable to estimates for other rivers and estuahegublished
literature in the past decade. As stated previously, Morrison and Secor (2003)
observed parasite prevalence increasing from <20% in 1997 to >60% in 2000. A later
study of freshwater portions of the Hudson River found parasite prevalence of 32-
52% (mean 39%) and mean parasite intensity of 2.4 (Machut et al., 2008). Parasite
prevalence and intensity in North Carolina was 52% and 3.9 parasites, respaativel
samples drawn from 1998 and 1999 (Moser et al., 2001).

Mean parasite intensity of Chesapeake Bay American eel had a sighific
negative correlation with size class (Figure 6), opposite to the trend obsgrved b
Moser et al. (2001) in North Carolina. A negative association between size and
parasite infection might occur A. crassus diminished growth or increased mortality
in infected American eels. However, | found that among sub-estuaries paras#s
unrelated to growth and mortality. In addition, American eels with or without
swimbladder damage (based on the SBtt score) did not differ in age or growth rate.
Although the strong correlation between parasite intensity and swimbladdagelam
index supports a cause and effect relationship, little is known about how rapidly
swimbladder damage occurs with repeated infections and whether swimbladders can
recover to a healthy condition. A controlled laboratory study of parasitmmndvbe
beneficial in our understanding of the effectg\ofrassus parasitism on swimbladder

histology and function in American eel.
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Mean parasite intensity and swimbladder damage decreased between summer
and fall for two Chesapeake Bay tributaries, a trend that was also identified by
Lefebvre et al. (2002) for European eels. They hypothesized that the observed
decrease in swimbladder damage may be due to mortality of infected ed¢te but
current study did not find evidence of increased mortality, which would have been
evident through either differences in loss rates among sub-estuarigsmcaied age
distribution of those individuals exhibiting heavily damaged swimbladders (see
Figure 1.8).A. crassus life cycle duration is influenced by temperature; cooler water
reduces hatching of the juvenile parasite, thus reducing recruitment of thikeptara
intermediate hosts (De Charleroy et al., 1989; Hoglund and Thomas, 1992). As fall
approached, lower mean parasite intensity in the Chesapeake Bay tribuonayie
represent reduced parasite infection with cooler temperatures. A posgilaleagion
for improved swimbladder condition during fall is that swimbladder damage is

reversible within individuals within a several month span.

Conclusions and Implications

In summary, American eels in the Chesapeake Bay sub-estuaries and bay
regions had different growth, gender, parasitism, and condition levels. The
demographic diversity in the Chesapeake Bay region may be beneficial taltitie/st
of a panmictic American eel population faced with a changing environment$@si
al., in press). The heterogeneity of sub-estuaries should be taken into caosiderat
future stock assessments and management plans. The high growth ratesoelative t

other estuaries and mix of male and female eels among sub-estuga@stalh the
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Chesapeake Bay as a central growth habitat for American eels| ¢otisastained

spawner escapement for American eel.
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Tables

Table 1.1. Mean TL, age, weight and overall growth rate for Chesapeake Bag fameica eels by sub-estuary and bay region,
2007. Means with common superscripts are not significantly different from one anatéénipan a Tukey mean comparison test

(p<0.05). Sub-estuaries are listed from north to south.

River N Mean TL Mean Age Mean Weight Mean Growth Rate
(cm, (+xSE)) (yr, (£SE)) (9, (+SE)) (M yr(+SE))

Upper Bay 213 36.8 (0.58) 6.1 (0.13)° 90.4 (5.92f 65.2 (1.69%
Sassafras 100 36.2 (1.05) 6.8 (0.24fP 93.1 (11.75) 54.4 (3.31)
Chester 213 36.9 (0.5%) 5.9 (0.14)*® 89.2 (6.40% 68.7 (1.89F
Lower Bay 537 41.2(0.34) 6.1 (.069)° 135.5 (3.43Y 73.2 (0.93Y
Choptank 110  40.0 (0.78) 5.4 (0.16) 111.9 (8.13§® 80.9 (2.26Y
Patuxent 121  36.0 (0.62) 5.7 (0.14) 107.0 (6.75) 67.4 (1.86F
Potomac 205 41.8 (0.48) 6.3 (0.11F¢ 136.9 (5.27% 72.7 (1.47%
James 101 47.0 (0.6%) 6.8 (0.14Y 178.9 (6.91y 74.8 (1.90%¢
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Table 1.2. Mean growth rate and condition for each gender, bay region, and subefDlmsapeake Bay American eels. Means
with common superscripts are not significantly different from one another based Tippayamean comparison test (p<0.05).

! Growth rates of each sub-estuary calculated usingdrmodel with gender and sub-estuary as fixeglct$f Growth rates for each gender calculatedyusin
one-way ANOVA. Growth rates for bay region cald¢athusing ANOVA with gender and bay region as fiedfeécts. ZCondition K) calculated as Fulton’s

condition index (Ricker 1975). Sub-estuary estuhfferences tested using ANOVA with gender and-estuary as fixed effectS ANCOVA condition uses
ANCOVA analysis of the logweight eels with loglength as a covariate and gender, bay regionylmestuary as class variables to test for diffezeric
condition between sub-estuaries.

Gender/ N Mean Growth Mean Conditioh ANCOVA Conditiort

Region Rate (mm ¥t (+SE)) K, g-mi*1@, (+SE)) Log Weight (g (+SE))
Female 605 71.4 (0.78) 0.174 (0.001% 4.33 (0.007%
Male 19 64.2 (4.89¢ 0.174 (0.006)° 4.30 (0.0133
Intersexual 194 57.7 (1.45% 0.163 (0.002) 4.36 (0.034}
Undifferentiated 30 48.5 (3.65) 0.165 (0.005)® 4.32 (0.0303
Upper Bay 57.3 (1.67) 0.170 (0.003} 4.28 (0.009§
Sassafras 100 53.4 (2.£8) 0.166 (0.003}) 4.33 (0.017%
Chester 213 60.2 (1.89) 0.161 (0.002)"® 4.30 (0.014%
Lower Bay 65.2 (1.81) 0.183 (0.003Y 4.35 (0.007Y
Choptank 110 72.7 (2.32) 0.167 (0.003)® 4.32 (0.017%
Patuxent 121 60.9 (2.7%) 0.199 (0.003)" 4.51 (0.017§
Potomac 205 63.9 (2.0°9 0.172 (0.003} 4.34 (0.015}"
James 101 67.2 (2.52) 0.168 (0.003y 4.30 (0.018%
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Table 1.3. Catch curve estimates of instantaneous mortalityjaed annual

mortality rate p) for Chesapeake Bay sub-estuaries. Means with common
superscript are not significantly different from one another based upon a Tukey mean
comparison test (p<0.05). Sub-estuaries are listed from north to south.

River Z (xSE) A Ages for analysis
Sassafras 0.623 (+0.53) 0.464 6 to 10
Chester 0.572 (+0.93) 0.436 6to 11
Choptank  0.519 (+0.92) 0.405 6to 11
Patuxent 0.716 (+0.82) 0.511 6to11
Potomac 1.009 (0.62) 0.636 7to 11
James 0.879 (+0.34) 0.585 8to 11
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Table 1.4. A. crassus parasite prevalence and mean intensity by Chesapeake Bay sub-
estuary. Mean parasite intensity was adjusted for length and sub-edfaety using
ANOVA with size class and sub-estuary as fixed variables.

River Parasite Mean Parasite Parasite
Prevalence (%) Intensity (xSE) Range (n)

Sassafras 72.0 3.8 (x0.74) 0-23
Chester 42.3 2.9 (x0.69) 0-15
Choptank 39.1 2.1 (x0.79) 0-9
Patuxent 40.5 4.0 (x0.78) 0-48
Potomac 36.3 2.5 (x0.64) 0-10
James 17.8 2.0 (x1.07) 0-6
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Figures
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Figure 1.1. Map of sub-estuaries of the Chesapeake Bay sampled in 2007. The
Potomac and Chester Rivers were sampled in summer and fall, the Sassafras and
Patuxent were sampled in summer only, and the James and Choptank were sampled
in fall only.
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Figure 1.2. Mean TL (cm; a), mass (b), and age (c) of eels by gender astdgori

all sub-estuaries combined. Four gender categories are identified incAmeaels;

female £), male M), intersexuall), and undifferentiated). Boxes indicate the
median (horizontal line), the first and third quartiles (box edges), £ 1.5 times tine inne
guartile range (whiskers), and outliers (stars). Significant differencesd&eimeans
(p<0.05) are indicated by a different letter.
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Figure 1.3. Proportion of each gender for each sub-estuary. Four genderieate
are identified in American eels; female (hatched), male (blackjsexeal (white),
and undifferentiated (gray).
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Figure 1.5. Catch curves for Chesapeake Bay yellow eels for each gatyest
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Figure 1.7. Growth rates of female American eel by swimbladder thickness
transparency scor&itt). Boxes indicate the median (horizontal line), the first and
third quartiles (box edges), 1.5 times the inner quartile range (whiskers), aedsoutli
(stars). Significant differences between means (p<0.05; Tukey multiple mean
comparisons) are indicated by a different letter.
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Figure 1.8. Mean female American eel age by swimbladder thickness and
transparency3Btt) score. Boxes indicate the median (horizontal line), the first and
third quartiles (box edges), 1.5 times the inner quartile range (whiskers), aedsoutli
(stars). Significant differences between means (p<0.05; Tukey multiple mean
comparisons) are indicated by a different letter.
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Chapter 2: Local abundance and production of Patdrueer
Estuary American eels

Abstract

The Potomac River represents the center of Americafingellla rostrata
distribution and supports among the most productive yellow eel fisheries ¢a#itori
~100 metric tons per year) in the U.S. To evaluate underlying production related to
this fishery, a mark-recapture study was conducted in July and October of 2007 on
the tidal, brackish portion of the Potomac River. The objective was to estimate
abundance and growth to evaluate trends in seasonal yellow eel production and
compare these to Hudson River estuary yellow eels, which are not exploited. Loc
abundances were higher in the Potomac River Estuary in comparison to the Hudson
River, but growth rates were similar. Mortality rates, determined throaigh curve
analysis, were twice as high as those in the Hudson River estuary. If naittedityn
rates are similar in both systems, then fishing mortality in the Potomaci®afeout
equal to natural mortality. Production of eels in the Potomac may be greater due to
underlying benthic production differences between the two ecosystems.
Alternatively, if the Potomac River is not recruitment limited, higher mioyrtdue to
exploitation could result in higher production of yellow eels than in the Hudson
River, which may be closer to carrying capacity.
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Introduction

The decline of U.S. catches of American A&agyuilla rostrata during the past
20 years has prompted concern that harvest rates may be too high for population
sustainability. In the 1970s, U.S. landings of American eel peaked at almost 1600
metric tons, but by 2001 harvest had fallen to about 400 metric tons. American eels
are catadramous, panmictic, and semelparous (Avise et al., 2003; Tesch, 1977); all
harvest occurs prior to spawning thus making fishing mortality a potential cause of
declining American eel abundance (ICES, 2001; ASMFC, 2004; USFWS, 2007).
Most exploitation occurs in estuaries on the yellow eel stage, yetdittleiwn about
the estuarine ecology of American eel. Here, | evaluate abundanceodndtwity
of American eels in the Potomac River Estuary, which is centrally locatbihthe
species' range.

Declining abundance has been observed in other portions of the American
eels’ range. A >10-fold reduction in yellow eel passage from the St. LawRavee
into Lake Ontario has raised conservation concerns for the species If@zassehl.,
1997; Casselman, 2003) but other fishery-independent data indicates either a more
moderate rate of decline during the past 20 years or no trend (ASMFC, 2004).
Reasons for American eel stock decline are not fully understood but lack of spawner
escapement, poor habitat quality, reduced habitat availability due to dams, global
climate change and lethal or sub-lethal effects of parasitismioridtave been
discussed in addition to overexploitation (Castonguay et al., 1994; Haro et al., 2000;

Knights, 2003; Friedland et al., 2007).
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Access to approximately 25-84% of the historically available habitat fo
American eels is now partially or completely impeded by small and largs da
(ASMFC, 2000; USFWS, 2007), so understanding the growth and mortality of
American eels in estuaries and tidal rivers is critical to managemtrd epecies.
Estuaries and the brackish portions of rivers are recognized as productive America
eel habitats (Helfman, 1987), but the American eel population in the Chesapeake Bay,
the largest North American estuary, has received little attention. Th&/8%$Z007)
concluded that listing American eels as a Federally threatened or erethagecies
was not warranted, based in part on the conclusion that American eels can complete
their life cycle without entering freshwater and that brackish and maalmtats can
be highly productive.

Within the Chesapeake Bay, the Potomac River supports the single largest
yellow eel fishery. From 1950 to 2007, 16% of U.S. American eel catches and 32%
of catches in Chesapeake Bay came from the Potomac River (Potomac River
Fisheries Commission [PRFC], unpublished data). The fishery is predominately
commercial and is conducted primarily using two-chambered eel pots (>98% of the
catch by weight), with a small number of eels taken in pound nets. The PRFC
regulates harvest and licensing on the river and maintains a database on catch and
effort statistics.

Historically high yield in the Potomac River and its central location withe
range of American eel suggest that the Potomac could be a critical dyalptht for
yellow eels. The Potomac River is a large, productive tributary of the Chesapeak

Bay. The tidal portion of the river extends approximately 180 river km to the
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Washington, D.C. border and is broken into three regions; the tidal freshwater zone,
the transition zone, and the mesohaline estuarine region (Fig. 2.1; Jaworski, 2007).
The mesholine estuarine region of the river extends 80 km upstream from the mouth
of the river and is characterized by salinities of 5 to 18 %.. The transition zone
extends 47 km further upstream, with salinities ranging from 0.5 to 10 %o.

The Hudson and Potomac Rivers share physical characteristics that allow for
comparisons of production, abundance, and growth. Located in the Mid-Atlantic
region, both rivers contain large freshwater and brackish tidal components that are
partially mixed. The Potomac and Hudson River estuaries also have similar
watershed areas (36,784 kand 34,706 kirespectively), and discharge rates (326
and 388 ms* respectively; Paul, 2001). Since 1976 the harvest of American eels has
been banned in the Hudson River due to polychlorinated biphenyl (PCB)
contamination. The ban includes commercial and recreational harvest, with the
exception of a small bait fishery, and the long-term closure allowed us to compare
estuarine yellow eel production between the Potomac and Hudson River estuaries
which represented exploited and unexploited stocks. The Potomac River is a
productive system with high nutrient inputs and high primary production (Boynton et
al., 1982; Jaworski, 2007), and despite fisheries occurring there, | predict thdt growt
and production rates and abundance will be greater than in the Hudson River estuary.

The objectives of this study were: 1) estimate early summer anddall |
abundances in brackish portions of the Potomac River estuary; 2) estimate annual
growth, mortality, and production rates; 3) compare local abundance and production

rates between the Potomac and Hudson River estuaries. To fulfill these objectives
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conducted a mark-recapture experiment in the Potomac River in 2007 and compared
my estimates of growth rate, production and mortality to published estimatesiom t

Hudson River.

Methods

Mark-Recapture Experiment

To estimate local abundance, we conducted a mark-recapture experiment in
the early summer (June 25-July 12) and fall (September 28-October 14) of 2007.
Consulting with a knowledgeable local waterman (J. Trossbach, pers. comm.), | chose
three sites within the mesohaline estuary region and oligohaline zone of the ®otoma
River that (1) corresponded to historical high yield fishing locations, (2) @cturr
over river depths 2 - 8 m, and (3) accommodated a 6.4 km long string of pots (Figure
2.1).

At each site, 75 cylindrical two-chamber, 1.2 cm mesh eel pots baited with
razor clams were set on a trot line in a grid-and-line configuration (F&yRyeand
surface and bottom water quality measurements (dissolved oxygen, safidity, a
temperature) were obtained with a YSI handheld meter. The pot set consisted of five
sections, each with 15 baited pots. Based on Morrison and Secor (2004), local
abundance was estimated for the centrally located three lines of grid petse gots
were closely spaced at 50 m intervals to saturate the area. Lines of potetve
upstream and downstream of the grid to measure bait attraction of Americarnaeels i
the grid. During the summer experiment, captured yellow eels at Site leexee

lethal hypoxia. Therefore, an alternative site (Site 4) was chosen fofl thenfipling
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when it became evident that eels had still not re-colonized Site 1. The alteritative s
was a trot line set by the commercial waterman for the purpose of haneesite
consisted of a line of 18 pots spaced at ~40 meter intervals with no grid section.

Sampling at each site in each season occurred over a four-day sequence. On
day one, baited pots were set into the grid-and-line configuration (Figure 2t2). Af
a one night soak, pots were retrieved one section at a time. Each American eel was
anesthetized with MS-222, measured (nearest mm TL), and given a site- &t sect
specific freeze-brand (described below). American eels were alloweddver from
the anesthetic and were released into the middle of the section where theyrhad bee
caught. Yellow eels exhibit trap-shy behavior the day following captuoer{®én
and Secor 2004), so no pots were fished on day two. On day three, we set 45 baited
pots back into the central grid, using GPS to relocate the original pot sites. Rots we
soaked one night, and then on day four the pots were retrieved and captured
American eels were inspected for brands and PIT tags. We recorded ther mfim
newly captured and recaptured American eels for each section of the grid.fdlh the
all American eels were checked for evidence of past brands.

Liquid nitrogen brands were applied according to Sorenson et al. (1983). A
copper rod with a 0.75 cm changeable copper die screwed to one end was pressed to
the skin of the anesthetized eel. The copper rod was seated in a 4-L thermos of liquid
nitrogen; by applying the copper die to the eel’s skin for 3 to 5 seconds, a brand was
marked upon the skin. Previous studies of branded and eels held in the laboratory
showed that brands were visible for at least 30 days and American eels showed no

adverse effects from the branding process (Morrison and Secor, 2003). Brands from
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the summer mark-recapture experiment were still visible on some Amesets
captured three months later at the fall mark-recapture sites, and werguiks$table
from recent brands by their larger size and indistinct edges.

Local American eel abundance at each site was estimated with a modified
Lincoln-Peterson method,

(2.1) noMDCHD)
R+1

whereN is the estimate of total population sikéjs the total number of individuals
captured and marked in the grid on the first v(Sits the total number of individuals
captured in the grid on the second visit, &id the number recaptured in the grid on

the second visit (Seber, 1982). We calculated the estimated abundance with branded
eel data and excluded PIT tagged American eels (see below) to avoid possible

adverse effects of PIT tagging on recapture rates. The variancevadtediN was

(M +1(C+1(M -R)C-R)
@2) valN) = R

(Seber, 1982). We evaluated immigration between sites by examining eekids br
that were specific to sections outside sampling grid or site; these inds/islesd

removed from the abundance estimates. Ingress into the sampling grithédrom
upstream and downstream sampling lines was calculated as the number of eels
marked outside the grid on day 2 that were recaptured in the grid on day 4 divided by
the recapture rate of marked eels in the grid. The estimated abundance @bAmeri
eels in the sample grid was reduced by the number of American eels atwabied t
sampling grid from the upstream or downstream lines. To estimate Ameegican e

density at each site, we assumed a 50 m x 50 m attraction area centered at each pot,
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with symmetrical coverage of the sampling grid to estimate thesarepled by the
grid. The estimated American eel abundance in the sampling grid was divitlezl by

area sampled to estimate density (American eéts ha

Growth

During summer sampling, we measured and injected 80 American eels at each
site with PIT tags into the visceral cavity using a hypodermic needle. ntaiggihe
visceral cavity rather than in the dorsal musculature was necessary dee to t
potential for tagged American eels to be used for human consumption. We estimated
daily summer growth rates of recovered PIT tagged American eels by diviéing t

change in length by the number of days at large.

Loss and Production Rate

| used catch curve analysis to obtain loss rate estimates for comparison to
similar estimates for the Hudson River (Morrison and Secor, 2003), and for
comparison to loss rate estimates based on changing seasonal abundan@s estimat
had obtained 850 American eels representing six sub-estuaries of the Chesayeake B
from the Delaware Valley Fish Company (see Chapter 1), including 97 and $08 eel
from the Potomac River in summer and fall of 2007, respectively. | used standard
aging techniques (Secor, 1991; Morrison and Secor, 2003) to section, polish and age
the otoliths and determine catch-at-age for each season’s sample.airestast
annual mortality rates were estimated using catch curves. Thesiegrased catch-
at-age data beginning at an age one year past the age of peak catch throwgsthe ol
age in the catch. Non-trending recruitment, constant mortality, and constant

catchability across years and ages were assumed (Ricker, 1975; Hilborrakeis W

64



1992). Because American eels in the Potomac River were subject to a coinmercia
fishery, catch-curve mortality estimates include mortality due bonfgsand natural
causes and emigration from the sampling region (or the Potomac River due to
maturation). Net loss rates were estimated from the mark-recappaeneent by
calculating the percent decrease in abundance at the study sites betwen and
fall.

We estimated production rates for the three Potomac River sites to allow
comparison with production in the Hudson River and for comparison with outputs
from the age-structure production model developed for the Potomac River (see

Chapter 3). Mean biomass throughout the year was estimated as

_ B,(e*% -1

(2.3) 6-2)

whereBy is the initial biomass per hectare of Americars etlthe sitei is the mean
instantaneous growth rate as measured by PIT tagygedican eel growth, andis

the instantaneous mortality estimate from the catelre analysis. Because only
length measurements were taken in the fiBjdpr each site was calculated by
converting length measurements to weight estimadsesd on the length (cm)—weight
(g) relationship of Chesapeake Bay American esdgyzed in Chapter 1
(W=0.0012T>*, N=850, f=0.96). Then, the mean individual biomass for esiteh

was multiplied by the abundance estimate from thekmecapture experiment.
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Results

Mark-Recapture Experiment

Captured American eels ranged from 20.1 to 97.0°tr(Fig. 2.3), with a
mean of 31.6 cm, and a median of 30.2 cm. Thesrsinge is representative of
harvested eels throughout the Chesapeake Bay (sg#eC 1). The minimum mesh
size for American eel pots was regulated by the®RFselect eels greater than 15.2
cm, the minimum legal size. | did not catch Amanieels smaller than this
minimum legal size.

A total of 4952 American eels were branded asstte3, and 4 over the
duration of the investigation, with an overall rptae rate of 22%. The mark-
recapture grid sites had salinities ranging froentb.12.2%.; summer and fall bottom
temperatures ranged 23.6-27.6 C and 20.8-27.1sPectively. Dissolved oxygen
(DO) levels at Site 1 ranged 0.3-10.4 my(B.1-135.7% saturation). Site 2 and Site
3 had summer DO levels of 1.65 to 6.7 mb(R1.7-83.5% saturation) and fall DO
levels of 4.53-8.31 mg't (56.3-104.6% saturation). The depth at Site 4 gvaater
than water quality probes could reach, so bottonptratures and DO levels were
not recorded for that site.

Ingress of American eels into the sampling gri@iéés 2 and 3 ranged from
0-151 eels per site (Table 2.1). Only four Amarmiegls out of 623 recaptured with
brands were recaptured at a different samplingfisite where there were originally
branded (<1%); one American eel moved from Site duimmer to Site 2 in summer

(one week at large), two moved from Site 2 in sumim&ite 3 in summer (one week
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at large), and one American eel originally brande8ite 2 in summer was recaptured
at Site 3 in Fall (~3 months at large).

The summer ingress-adjusted abundance estimat2,%8% and 2,875
American eels for Sites 2 and 3, respectively (@&bl). Fall abundance estimates
were much lower; with 886 and 946 American eelSits 2 and 3, respectively.
Because Site 4 was not set up to estimate ingressall abundance was not adjusted
for bait attraction. Here fall abundance was estad at 2,116 eels. Density
estimates between seasons ranged from 79-256a&¢lsrSites 2 and 3, and was

470 American eels Hafor Site 4.

Seasonal Abundance

American eel abundance and density showed steampsal trends. The
estimated ingress-adjusted abundance of Ameridarae8ites 2 and 3 was
significantly greater in summer than fall (Z-tgs£0.001), resulting in a 66.6%
average decrease in abundance through the fiseasps. The density of American
eels at Site 2 dropped from an estimated 230 Amerels hain summer to 79
American eels Hain fall, while the American eels' density at Stdecreased from

156 to 83 American eels h@ver the same time period (Table 2.1).

Growth

Returns of PIT tagged American eels were low.H@f240 American eels
tagged in summer, only 5 were recaptured in tHg2&b recapture rate). A similarly
low return rate was observed with branded eels; 2% of American eels captured

in the fall had visible brands from summer. Growts highly variable, ranging
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from 18 to 108 mm during the ~3 months at largprasenting daily growth rates of

0.19 to 1.15 mm g with an average of 0.52 mnitd

Loss and Production Rate

The annual instantaneous loss rate estimate fedoh curve analysis was
0.55 (xSE 0.45) for summer and 0.82 (£0.39) for(f@igure 2.4). This corresponds
to a total mean annual loss rate of 64% fgr the Potomac River. This estimate
combines mortality due to fishing and natural caws®l emigration. A coarse
estimate of seasonal mortality was derived fronmctienge in abundance between
summer and fall from the mark-recapture estimaldee decrease in abundance
between summer and fall was 65.8% for Site 2 and% 7Tor Site 3.

Production estimates based on summer abundan&#ésr2 and 3 were 26.7
kg ha'yr! and 23.2 kg Hayr™, respectively. Production estimates based on fall
abundance for Sites 2, 3, and 4 were 8.5 kipynia, 9.2 kg ha yr?, and 43.1 kg Ha

yr, respectively.

Discussion

Mark-Recapture Experiment

American eel density in the Potomac River was nmhigher than in the
Hudson River estuary. Previous work in the HudRover (Morrison and Secor,
2004) estimated densities of 5 to 18 American kalsin brackish water sites.
Estimates from the White Oak River estuary in N&@#rolina were similar to the

Hudson River, 4 to 14 American eels'Halightower and Nesnow, 2006). These
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numbers are much less than the 230 to 256 Ameeielrhd summer densities or 79
to 83 American eels Hefall densities estimated in my study. The brackigter

sites sampled by Morrison and Secor (2003) on thasbiu River comprised similar
river depths, substrates, and salinities to thosad at the Potomac River study sites
(Table 2.2). The White Oak River estuary is a tariigally smaller system.

The large differences in American eel density leetwvthe Hudson and
Potomac rivers suggest that there may be largerdiites in the productivity of these
estuaries. Primary productivity is often usedragdicator of a system’s capacity
for production. In the Mid-Chesapeake Bay, mealygdiytoplankton production
and chlorophyll concentrations are higher tharnenkudson River (Table 2.2).
Estimates of summer chlorophyll concentrations iigadly in the Potomac River
regularly exceeded 20 mg'l(20,000 mg rif; Chesapeake Bay Monitoring website:
http://www.dnr.state.md.us/Bay/monitoring/mon_mngautions/chapter5.htthl These primary
production rate differences between systems likefyport higher fishery production
in the Potomac than in the Hudson River (HoudeRmitherford, 1993; Monaco and
Ulanowicz, 1997; Nixon and Buckley, 2002).

The mark recapture estimator used here dependedaiplosed population
assumption. | attempted to correct for any baitetion of eels into the sampling
grid by directly measuring ingress and adjustirgltdtal abundance estimate
accordingly. Ingress rates, or the number of afacted to the grid divided by the
number of eels marked outside the grid, ranged1@% and were less than those
observed for the Hudson River, where 32% of the e®lrked outside the grid were

found recaptured within the grid within a six-dagripd (Morrison and Secor, 2004).
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Movements of branded eels among study sites weyea@r Only four eels were
observed at a site different from where they weigimally branded (< 1%). Thus
tagging data indicated that yellow eels show Idicility to the region corresponding
to the grid size (c. 11.25 ha), similar to homegemobserved throughout the Hudson
River estuary (Morrison and Secor, 2003).

| observed a strong influence of hypoxia on yelksV abundance and
behavior. At Site 1, on the morning of day twdleé summer mark-recapture
experiment, | measured extreme hypoxia in bottortersg1.21 mg * or 11.5%
saturation on Day 2). Many pots that had beetheeprevious day were pulled up
empty or containing dead eels, particularly indieep section of the grid (depth 3.7-
6.1 m, total dead eels=58). On day four, hypogriaditions continued and 21 of 45
grid pots were empty when retrieved. The earlymmay hypoxic events were
believed to be due to a diel DO sag, the resudtlafge phytoplankton bloom that |
observed when setting pots. Such diel hypoxicasytt estuaries are increasingly
recognized as an important constraint on growthramdery habitats within estuaries
(Breitburg, 2002; Tyler et al., 2009). Three weaksr the initial visit to Site 1, |
returned and sampled the grid during normoxic dommaBs. | captured 1537 eels, but
only five that had brands from the original Siteaggging. During fall, no brands
from the first day’s tagging were observed. Thesls likely perished, migrated to
new and more suitable habitats, or were caughelgre

The influence of hypoxia on eel habitat suitapihits been infrequently
noted. Despite the fact that eels can respireneotasly and survive in air better than

in poorly oxygenated water, they are no more tofeta hypoxic water than other
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fishes (Tesch, 1977). In a study on small Japaeelsefnguilla japonica, mean
weight 2 g), dissolved oxygen levels of 1.0 mbvere found to be lethal (Yamagata
et al., 1983), and there is well documented evideridcuropean eelg\guilla
anguilla) escaping poor water quality conditions by crag/lomto shore (Tesch,
1977). In addition, European eels parasitizedhieysivimbladder parasite
Anguillicola crassus have increased mortality under severe oxygenssthes non-
parasitized eels (Lefebvre et al., 2007). Amerieals in the Potomac River are

frequently infected wittA. crassus (Chapter 1).

Growth

Growth was highly variable, and this has been domrother studies of
American eels (Morrison and Secor, 2003; Cairng. gingporess). The average
growth rate, 0.52 mm-g indicated that individuals below the minimum sizeight
by the pots (~15-20 cm TL) in summer probably régeduto the fishery by the fall
sampling period. Thus, the closed population ags$iam between the summer and
fall sampling periods was likely violated as newrtgts would occur in the fall
experiment and fall abundances were likely oveirredted in comparison to the
summer abundance.

Returns of PIT tagged American eels were much idlagn expected. Only
2% of American eels PIT tagged in the summer wecaptured in the fall. This low
recapture rate could be due to two factors; 1}dalyging of American eels in the
visceral cavity may have been stressful or letleakling to increased mortality of
PIT-tagged American eels, or 2) the presence ohantercial fishery increased

mortality on all eels and few PIT-tagged Americaisavere recaptured because they
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had been caught in the commercial fishery. Morrigot Secor (2003) PIT tagged
American eels in the dorsal musculature in 1998, iarhe visceral cavity in 1999.
They found that 72 of 81 eels retained PIT tagh@wisceral cavity when recaptured
two months later, supporting high rates of tagnméd® and post-tagging survival.
Support for the second factor can be gleaned fleniaw number of American eels
branded in summer that were recaptured in fall shgwvidence of summer brands.
Of the 1249 eels branded in the grid during my semiBotomac River sampling,
only 25 American eels were recaptured in the fiadl gites with evidence of summer
brands. While it is possible that brands fadedvbeh summer and fall or were
missed in our examination, | feel my careful exaation of the American eels makes
this unlikely.

Growth rates in the Potomac River were higher thahe Hudson River
(Morrison and Secor, 2003). Growth rates for botarrsystems were estimated over
summer months (June/July through September/Octoll&tomac River, June
through August for Hudson River) and mean tempeeataver months and years
sampled in both rivers were within 1° C. Hudsowegrdaily growth estimates for 14
brackish water American eels at large for two mertheraged 0.44 mn‘dwhereas
the Potomac River growth rates averaged 0.52 mm=%) and were more variable.
Morrison and Secor (2003) observed that Hudson Rivegrican eel growth in
brackish water sites was 30 mni\greater than American eels in freshwater. Given
that the tidal Potomac River is large, and grovaties were slightly higher than the
Hudson River, results indicate that the Potoma@eR& a more productive habitat for

American eels.
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Loss and Production Rate

There are few loss rate estimates for Americas ieghe published literature.
Morrison and Secor (2003) estimated 9-24% annualrate for American eels in the
Hudson River, and cite an anonymous source wiimaggs of 22% annual natural
mortality on Prince Edward Island and 12-55% anma&liral mortality for 10-year-
old eels from a portion of the Gulf of St. Lawrend&y comparison, our average
estimate of 64% from the catch curve and 66-67%asstfrom changing abundance
is not unrealistic for a productive population exgecing natural and fishing
mortality. One of the assumptions of catch cumvalsis is that recruitment is not
trending over time. This assumption was likelylaied because recruitment declined
over time in Virginia waters of Chesapeake Bay {@&a3). Because of the small
range of American eel ages present in the Potomaar Ehe range of ages available
for catch curve analysis was small, typically oatch curves were based on 4-6 age-
classes. This limited range adds uncertainty tdass rate estimates, although they
were not unreasonably high for a population thabimmercially fished.

Production estimates of American eels in the PamRiver (8.5-43.1 kg Ha
yr'') were greater than those of the Hudson River ¢(1.Z@ kg h&d yrin brackish
sites) but biomass estimates from the Potomac Rieee similar to estimates from
European eel biomass estimates (Barak and MasoR).198e ten-fold difference in
American eel density and the 10- to 20-fold differe in production between the
Potomac and Hudson River estuaries cannot be ctehpéxplained by the two- or
three-fold difference in primary production in t#veo estuaries. One possible

explanation for the difference in production isttassuming the Potomac River is not
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recruitment limited; the fishery on the PotomacedRismerican eel population has
kept the population below carrying capacity, insreg the productivity of the stock
by keeping the population in a growth phase. Hisatly high and long-term fishing
yields in the Chesapeake Bay region suggest thes&teake Bay is a highly

productive region for American eels.

Management Implications

The Potomac River American eel fishery may notréaeking species trends in
productivity and abundance. While the worldwidé&has of American eels have
been decreasing since the early 1980s, harvelse iGhesapeake Bay has been fairly
stable (NMFS Annual Landings Query; Chapter 3), shgwnly moderate declines.

A stable landings history suggests that high prodacpecific to the Potomac River
estuary may be able to sustain high fishing rates.

Morrison and Secor (2003) suggested that freshvpatgions of rivers should
be set aside and kept free from commercial fisamémerican eel “reserves” and
that brackish habitats be fished, due to their égtbundances and higher growth
rates. My research supports these conclusionshbudteshwater reserve concept has
some problems. Pound net fisheries for silver imetgsackish estuaries must be
minimized to avoid catching silver eels that argmating out of freshwater habitats.
Freshwater habitats are frequently obstructed lnysdhat can impede the migration
of eels upstream and significantly reduce eel dadbeyond habitat barriers (Busch
et al., 1998; USFWS, 2007; Machut et al., 2007), intgakeshwater regions less
reliable as spawning or production reserves. Hewedte idea of freshwater reserves

is supported by evidence of hypoxia in estuarin@thts. As hypoxia can cause

74



stress and mortality in fishes (Breitburg, 2002) & common in estuarine
environments, a freshwater reserve would help btifie effects of estuarine
degradation. The USFWS (2007) decision to notAimserican eels as an Endangered
or Threatened Species was based in part on evidleatestuarine production of eels
was sufficient to counteract the freshwater halbitstt due to dams. On average,
American eel densities in brackish habitats weeaigr than in freshwater habitats
(Morrison and Secor 2004), indicating that braclkiabitat may help counteract the
loss of some freshwater habitat. As world climatesnge and population centers
continue to grow and impact our coastal estuabietf) freshwater and brackish water

may be crucial to American eel survival.

75



References

ASMFC. 2000. Interstate fishery management planhierAmerican eel. ASMFC
Fishery Management Report No. 36, Atlantic StatesMddfisheries Commission,
Washington, DC.

ASMFC. 2004. Public information document for potainthanges to the interstate
fishery management plan for American eel. AtlaBiiates Marine Fisheries
Commission, Washington, DC.

Avise, J. C. 2003. Catadromous Eels of the Nortaric: A Review of Molecular
Genetic Findings Relevant to natural History, Papah Structure, Speciation and
Phylogeny. Eel Biology, K. Aida, K. Tsukamoto, aldYamauchi (eds.), Springer-
Verlag, Tokyo. Pgs. 31-44.

Barak, N. A.-E., and C. F. Mason. 1992. Populatiensity, growth and diet of eel,
Anguillaanguilla L., in two rivers in eastern England. Aquacultarel Fisheries
Management. 23: 59-70.

Boynton, W. R., W. M. Kemp, and C. W. Keefe. 1982Zomparative analysis of
nutrients and other factors influencing estuaringt@plankton productiorin:
Estuarine Comparisons. Edited by V.S. Kennedy. Anad Press. New York.

Breitburg, D. 2002. Effects of hypoxia, and thednale between hypoxia and
enrichment, on coastal fishes and fisheries. Estsia?5:767-781.

Busch, W. D. N., S. J. Lary, C. M Castilione, andPRMcDonald. 1998. Distribution
and availability of Atlantic coast freshwater halstfor American eelAnguilla
rostrata). U.S. Fish and Wildlife Service, Administrativeport 98-2, Amherst, New
York.

Cairns, D.K., D.H. Secor, W.E. Morrison, and J.Alletaln press. Salinity-linked
growth in anguillid eels and the paradox of temfezne anadromy. J. Fish Biol.

Casselman, J. M., L. A. Marcogliese, and P. V. Hod$887. Recruitment index for
the upper St. Lawrence River and Lake Ontario teeks a re-examination of eel
passage at the R. H. Saunders hydroelectric gemgpsdation at Cornwall, Ontario,
1974-1995. Pages 161-169R.H. Peterson, editor. The American eel in eastern
Canada: Stock status and management strategiesedelings of Eel Workshop,
January 13-14, 1997. Quebec City, Quebec, Canada.

Casselman J. M. 2003. Dynamics of resources of therfgan eelAnguilla rostrata:

declining abundance in the 1990sAida K., Tsukamoto K., Yamauchi K. (Eds.).
Eel Biology(Springer, Tokyo) pp. 255-274.

76



Castonguay, M., P. V. Hodson., and C. M. Couilla@24L Why is recruitment of the
American eelAnguilla rostrata, declining in the St. Lawrence River antd?®y
Canadian Journal of Fisheries and Aquatic Scierg®):479-488.

Chesapeake Bay Monitoring: "Monitoring for Managem&etions™: 5. Plankton.
Maryland Department of Natural Resources. Retridrad the World Wide Web on
13 May 2009.
http://www.dnr.state.md.us/Bay/monitoring/mon_mngaations/chapter5.html

Friedland, K. D., M. J. Miller, and B. Knights. 200Jceanic changes in the Sargasso
Sea and declines in recruitment of the European@ES Journal of Marine Science.
64:519-530.

Haro, A., W. Richkus, K. Whalen, A. Hoar, W. D. BbsS. Lary, T. Brush, D.
Dixon. 2000. Population decline of the American éablications for research and
management. Fisheries 25(9):7-16.

Helfman, D. E. F., L. S. Hales, Jr., and E. L. Buoae, Jr. 1987. Reproductive
ecology of the American eel. American Fisheriesi&gSymposium 1(42-56).

Hightower, J. E. and C. Nesnow. 2006. Distributma abundance of American eels
in the White Oak River estuary, North Carolina. beastern Naturalist. 5(4):693-
710.

Hilborn, R., and C. J. Walters. 1992. Quantitafigberies stock assessment — choice,
dynamics and uncertainty. Chapman and Hall, NevkYo

Houde, E. D., and E. S. Rutherford. 1993. Recemnids in estuarine fisheries:
Predictions of fish production and yield. Estuaris%:161-176.

ICES. 2001. Report of the EIFAC/ICES working graupeels. ICES CM
2001/ACFM:03.ICES 2001

Jaworski, N. A., W. Romano, C. Buchanan, and Codski. 2007. The Potomac
River Basin and its Estuary: Landscape Loadingsvaater Quality Trends, 1895-
2005. Available from the Potomac Integrative Anay@nline Collection at
www.potomacriver.org.

Knights, B. 2003. A review of the possible impaat$ong-term oceanic and climate
changes and fishing mortality on recruitment ofaltig eels of the Northern
Hemisphere. Science of the Total Environment. Z3D:244.

Lefebvre, F., P. Contournet, and, A. J. CrivelllOZ. Interaction between the severity

of the infection by the nematodaguillicola crassus and the tolerance to hypoxia in
the European ednguilla anguilla. Acta Parasitologica. 52:171-175.

77



Machut, L. S., K. E. Limburg, R. E. Schmidt, andMttman. 2007. Anthropogenic
impacts on American eel demographics in HudsonmRiiteutaries, New York.
Transactions of the American Fisheries Society: 11G3#-1713.

Monaco, M. E., and R. E. Ulanowicz. 1997. Comparatieesystem trophic structure
of three U. S. mid-Atlantic estuaries. Marine Ecgl®yogress Series. 161:239-254.

Morrison, W. E., and D. H. Secor, 2003. Demograptticbutes of yellow-phase
American eelsAnguilla rostrata) in the Hudson River estuary. Canadian Journal of
Fisheries and Aquatic Science. 60:1487-1501.

Morrison, W. E., and D. H. Secor. 2004. Abundancgetibw-phase American eels
in the Hudson River estuary. Transactions of theeAoan Fisheries Society.
133:896-910.

National Marine Fisheries Service (NMFS) FisheriegiStics Division Annual
Landings Query.
http://www.st.nmfs.noaa.gov/stl/commercial/landiagaual_landings.html

Nixon, S. W., and B. A. Buckley. 2002. "A StrikirygRich Zone" - Nutrient
Enrichment and Production in Coastal Marine Ecosystdstuaries. 25:782-796.

Paul, R. W. 2001. Geographical signatures of middlantic estuaries: historical
layers. Estuaries. 24:151-166.

Ricker, W.E. 1975. Computation and InterpretatibBiological Statistics of Fish
Populations. Bulletin 191. Fisheries Research Boa@anada.

Seber, G. A. F. 1982. The estimation of animal alanee and related parameters.
Second ed. Macmillan Publishing Co., Inc. New Y®k,.

Secor, D. H., J. M. Dean, and E. H. Laban. 1991lit@teemoval and preparation for
microstructural examination: A users manual.
http://www.cbl.umces.edu/~secor/otolith-manual.html

Sorenson, P. W., M. Bianchini, and H. E. Winn. 1988ividually marking
American eels by freeze branding. Progressive Eigldrist. 45:62-63.

Tesch, F.-W. 1977. The eel; biology and managemieanguillid eels. Translated
from German by J. Greenwood. Chapman and Halhn Ydiley and Sons, New
York, New York, USA.

Tyler, R. M., D. C. Brady, and T. E. Targett. 200@mporal and spatial dynamics of
diel-cycling hypoxia in estuarine tributaries. Esies and Coasts. 32:123-145.

78



United States Fish & Wildlife Service. 2007. Endarggl and threatened wildlife and
plant: 12-month finding on a petition to list thenArican eel as threatened or
endangered.

Yamagata, Y., S. Oonaka, M. Harada, and M. Niwa. 188Rience of concentration
of dissolved oxygen on the growth of Japanese aguia japonica. Bulletin of the
Japanese Society of Scientific Fisheries. 49(9B1B339.

79



Tables

Table 2.1. Summary of field sites. Site 4 wagioglly a pot line set by the waterman assistintp\ireld work; when Site 1 failed in
fall, we used this set. Estimated abundances be&e corrected for ingress due to bait attraction.

Site  Season Total Unadjusted  Proportion Number  jugied Standard Est. PIT tags
N M-R of grid eels marked estimated deviation density retrieved
branded abundance eels outside grid abundancéabund. (eels/ha)

estimate recaptured recap. in grid of eels timese (%)
2 Summer 1343 2663 0.315 10 2589 273.6 230
Fall 387 886 0.380 0 886 68.2 79 2
3 Summer 1922 3026 0.312 47 2875 139.7 256
Fall 631 955 0.219 4 937 99.5 83 3
4 Fall 669 2116 0.148 2116 160.7 470
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Table 2.2. Comparison of physical features andycthon of the Hudson River and Potomac River esgarSample sites for both
studies had a fine grain clay and silt substr&orrison and Secor 2002Boynton et al. 1982.

River Tidal reach  River width at Temperature Dea@ange  Salinity Phytoplankton Chlorophyll a
Sample sites range at sites, C at sites itest s productivity (mg )
(g Cid)
Potomac 180 km 3-6 km 20.6-29.1 2-6 m 3.6-12.9 ~1.0 (in Mid- ~7.8
Chesapeake Bay)
Hudson 255 km 0.5-5 km mean 24+2 2-10 nf 0-2¢* ~0.8 ~2.8’
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Figures

Tidal Freshwater
Zone

Potomac River

Site 2 , g

g 4,

o X Site 1 } i )
Oligohaline %

Zone

Mesohaline Zone

Figure 2.1. The Potomac River tributary of Ches&peBay, USA. Field sites are
indicated by the black line between solid circl@he thick black bar indicates the Rt.
301 Bridge between Maryland and Virginia. Riverisions based on salinity are
indicated on the left axis (Jaworski et al., 2007).
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Grid Sections
Line Section Line Section

Figure 2.2. Eel pot configuration for day oneiefd work. Sites 1, 2, and 3 were
sampled using a grid-and-line layout. The gridststed of three sections, each
section made up of one line of 15 pots, each patiae spaced 50 m apart. A line of
pots extending upstream and downstream of thecgndisted of 15 pots each. Line
pots were spaced 200 m apart and the first lingosepot was placed 50 m from the
last grid pot. The total pot set was 6.4 km looigdach site.
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Figure 2.3. Length frequency distribution for loled American eels in the Potomac
River. All sites and seasons were combined. Hmpeured American eel length range
was 20.1 - 97.0 cm TL; mean length was 36.1 cm.
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Figure 2.4. Catch curves for the summer (openesidashed line) and fall (solid
square, solid line) samples (Chapter 1) from thfac River. Ages 6-9 and 7-11
were used in summer and fall catch curves, respdygti Instantaneous mortality
estimates of 0.55 (summer) and 0.82 (fall) werewtated, with a total annual
mortality rate estimated as 64% per year for tigoblline zone samples of the
Potomac River. Trendline equation for summer igelld = -0.5505*age + 6.5979,
R? = 0.7921; for fall, LogN = -0.8191*age + 8.7436,°R 0.9372.
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Chapter 3: Age-structured production model for Aicaar eels

in the Potomac River, Maryland

Abstract

Since 1964, an average of 16% of the U.S. comiadnarvest of American
eel has come from the Potomac River, yet littleniewn about the population
dynamics or abundance in this system. To exarhieeffect of fishing on American
eel abundance in the Potomac River, | developexbarstructured production (ASP)
model for 1980-2008 and a biological reference p(@RP) model. The model
included natural mortality, fishing mortality, agender- and age-specific estimates
of maturation mortality and selectivity. Prelimigaesults from the ASP model
indicated that American eel abundance had decresagesdantially, while annual
fishing mortality rates ranged 4.1-41.9% and inseebover time. Average estimated
recruitment and biomass for 2004-2008 were 13.01d4n¢% of 1980 levels,
respectively. The average estimated abundanc0f®t-2008 was 13.3% of the
1980 abundance. In all years except one, t# BRP was not met. Sensitivity
analysis revealed that the model was moderatelitsento changes in natural
mortality, standard deviation for fishery and retnent CPUE indices, and initial
fishing mortality, but several sensitivity analysemain to be conducted.
Synchronous declining recruitment of American éelhe Potomac River, St.
Lawrence River, Canada, and in European eels indiarer, Netherlands suggested
that large-scale oceanic processes have affectgdilid eel recruitment in the
North Atlantic.
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Introduction

American eeAnguillarostrata is a common species on the east coast of
North America that inhabits coastal and inland kisitand freshwater systems from
Greenland to Venezuela (Tesch, 1977; Helfman e1987). Ecologically, American
eels are opportunistic carnivores, and historicadijnprised as much as 25% of total
fish biomass in portions of their east coast radkantic States Marine Fishery
Commission [ASMFC] 2004). As a semelparous and petiovspecies, local
recruitment dynamics may not be closely tied t@l@bundance (Tesch, 1977; Wirth
and Bernatchez, 2003). Adult American eels througtheir range spawn in the
Sargasso Sea, and larvae are distributed alongrémgje by oceanic currents
(Kleckner and McCleave, 1980). American eels haaally dimorphic growth and
maturation; females are larger and older at matumrand have higher growth rates
(Tesch, 1977; Helfman et al., 1987; Oliveira, 1999)

American eel abundance and recruitment have d&tlmthe past 25 years
(ASMFC, 2000). In 2004 a petition for the listinfAamerican eel as an endangered
species was filed with the U.S. Fish and WildlifenSce (USFWS). The USFWS
found that the listing was not warranted, citing gtability of glass eel recruitment
over the past 15 years, the resilience of the widitributed and panmictic species,
and the ability of American eels to complete thigrcycle in marine and estuarine
waters as justification (UWFWS, 2007). In Canallmerican eels are considered a
“species at risk” and in Ontario, Canada they a&iadyconsidered for an
“endangered” listing by The Committee on the Statusndangered Wildlife in

Canada (MacGregor et al., 2008). Speculation aheutause of decline centers on
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diminished recruitment, disease and parasitisnrhareest, and habitat degradation
(Haro et al., 2000).

Many of the potential causes for declining Amerieahabundance are
interrelated. Declining American eel recruitmergynbe tied to changing oceanic
conditions encountered on spawning grounds in #1ga&so Sea, as suspected in the
European eeAnguilla anguilla (ICES, 2001; Freidland et al., 2007; Bonhommeau et
al., 2008). Declining recruitment may also be ealsy reduced spawner
escapement, which may be caused by over-harvestialiyofrom hydro-electric
dams, and increased mortality due to disease amagdipam on the yellow-phase
juvenile or maturing silver eel stages (ICES, 200Rgduced habitat availability and
quality may be due to the number of dams impediiggation into upstream,
freshwater habitats throughout the American eedeaand pollution (Busch et al.,
1998; Castonguay et al., 1994). Increased urbammzen U.S. watersheds may also
negatively affect habitat quality and American @ahdition (Roth et al., 1996; Foley
et al., 2005; Machut et al., 2007).

American eel is an economically important spemdbe Potomac River;
harvest in the Potomac River comprises 32% of thes@peake Bay harvest and 16%
of the total U.S. harvest on average during thé payears (Potomac River Fisheries
Commission [PRFC], unpublished data). The majaftpmerican eel are caught in
baited, cylindrical, two-chambered pots (>98% @ tlatch by weight) set on trot
lines in the oligohaline portion of the Potomac &i{PRFC, unpublished data). The
American eel fishery is primarily commercial, witlost eels sold for export to

Europe and Asia (Foster, 1981). Smaller commayatalught eels are frequently
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sold for bait in the catfish, cobia, and stripedseecreational fisheries (J. Trossbach,
pers. comm.). Few American eels are capturedetathed by recreational
fishermen, and recreational harvest is consideegtigible (ASMFC, 2004). Since
peak harvest in the 1980s, total harvests througheir U.S. range have declined
about 75% (NOAA, unpublished data). The Potoma®Rs near the center of the
range of American eels and is highly productive pared to other U.S. estuaries
(Chapter 2).

Despite the large harvest of American eels takemally from the
Chesapeake Bay region, little is known about theufadion dynamics of American
eels in the region. Data on American eel natuiattatity, abundance, age-at-
maturity, and gear selectivity are fragmented awmtcewailable for all areas of their
range. Despite the panmictic population, thereoften regional differences in
growth rate, gender ratios, and maturation agefiiiéal et al., 1984; Oliveira, 1999).

My goal was to develop a model to estimate thecefbf fishing on the
Potomac River American eel sub-stock and develojogical reference points to aid
in management of the fishery. To address thesxtwbgs, | constructed an age-
structured production (ASP) model for the Potoma@Rusing data from the PRFC,
my field and lab data, and Virginia Institute of Mer Science (VIMS) trawl survey
data. Because of concerns about the potentidrfegrican eels to experience
depensation at low population size, the managenfefmerican eel based on
spawner escapement has been suggested (ICES, 2@¥\eloped a spawner per
recruit model to estimate the threshblgy, where 50% of virgin spawning potential

is protected. | then compared the model-estimigbchg mortality rates to the rates
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that would be protective of 50% of the unfishedvapiag potential of female

American eels.

Methods

Stock Assessment Model

A sex-specific ASP model was developed to obthimdance and mortality
rate estimates for American eels in the PotomaeRRiThe ASP model followed
cohorts of fish through time and consisted of twotg a process submodel and an
observation submodel. The process submodel desiciiiie population processes,
while the observation submodel described the olasiens of the population. This
state-space approach allowed for assumed errgroaess and the observations. The
model’s parameters were estimated using maximuatitiod.

The American eel ASP model included years 1988201 ages 4-11+; the
“plus” group served as an aggregate category fes 44 and older. The model years
were chosen to cover the range of available catdhrecruitment data and modeled
ages reflected the ages of American eels observédetiPotomac River (Chapter 1).
Male and female American eels had different demducajate parameters (see
Chapter 1) and were tracked separately in the mdé®lir stages of sexual
development were identified in American eels (Bemdl et al., 1997); female, male,
intersexual and undifferentiated. For gender-gpegarameters, male and
intersexual American eels are termed ‘male’ andalerand undifferentiated are

termed ‘female’. All symbols used in equations @escribed in Table 1.
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Process Submodel
The process model described how recruitment anddance of American

eels changes over time. Recruitment (abundanageafour) was estimated for each

year and sex by estimating median recruitment &ad-gpecific deviations.

(3.1) R,, =Re”s,

The model was parameterized in this way to redoceelations among parameters. |

assumed a 1:1 gender ratio for the first age imrtbdel. This ratio was supported by

the bay-wide proportion of 51.4% female for agees éChapter 1 data).
Abundance-at-agé\N] was modeled with the assumption that catch-atisige

known without error and that all of the catch happm a pulse halfway through the

year. For the first year in the model, abundanas @stimated using an assumed

equilibrium instantaneous fishing mortality of OSL0rior to 1980,

(3.2) N

=N e_(FinitSa‘g'*'M) (1_ ma‘g )

y=l,a+1g y=1a,9

The age-11+ group for the first year of the moda$wstimated as the solution to the

infinite series for abundance for ages older thihn 1

N @ (FntSecang*M) (1— ma=1lg)

(3.3) Nytaigy g = :
Y l' 11 ’g 1_e (Flnnsazll,g M)(l_ ma:].llg)

For subsequent model years abundance was estiamted

-M

ﬂ
(3.4) Ny = (Nm,ge 2 —cyya,g]e 2 (1-m, ,, ).

The plus-group was modeled as the number of ageelsthat survive plus survival

of those in the plus group from the previous year,
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(3.5) Nyitag = [Ny,avge2 ~Cyag }ez (1— m, )+[Ny,a_lge2 —Cyarg }ez (1— m,_,, )

This is a common approach used in this type ofeh(elg., de Bruyn et al.,
2008), and the instantaneous catch assumptioriésl 2ope’s approximation
(MacCall, 1986). This assumption was reasonablausecthe fishery primarily
occurs between April and October, while natural taddy is thought to occur
throughout the year. In cases of moderate andikhwng mortality, Pope’s
approximation is a reasonably accurate, simplifapgroximation (MacCall, 1986;
Quinn and Deriso, 1999). Instantaneous naturatatityrin the model was assumed
to be 0.15, based on estimates from the Hudsorr Rsing the original Morrison
and Secor (2003) Hudson River data, | used thea@trence River and Chesapeake
Bay recruitment indices to adjust the Hudson Ramrindance at age data and
recalculated the catch curves because of the cdxdelecline in recruitment. The
adjusted mean annual loss rate estimate was 0*44Tyre Hudson River natural
mortality estimates did not separate mortality tumaturation. Because maturation
mortality was considered separately from naturattatity in the ASP model, the
natural mortality estimate | chose was less théimages from the Hudson River.
Natural mortality was assumed to be constant a@gss and years.

The last term in the abundance-at-age equatiaesepts the loss of
individuals from the population due to maturati@tause American eels are
semelparous. To obtain maturation-at-age estinfatesale and female American
eels, | used maximum likelihood estimation to bserved age-at-maturation from
two sources of data on American eel maturatioménG@hesapeake Bay: my

dissection of the ~400 Chesapeake Bay eels caléctill 2007 (see Chapter 1),
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and estimates of mean ages-at-migration for maldemale American eels from
Goodwin (1999; see Appendix 1 for details). Du¢hilack of male eels older than
age eight in my Chesapeake Bay samples (Chaptead3umed a maturation-at-age
of 0.99 for male American eel ages 8-11.

American eel biomass was calculated as the massl®ht the middle of the

year, which accounts for effects of natural matgddefore the fishing,
_ ™

(3.6) B,y =D N, Wage ? .

Mean mass-at-age for female and male Americarmesedcalculated using
the mass and age data collected from all sampleddfieake Bay sub-estuaries (see
Chapter 1; Figure 3.1a). Mass-at-age data for aradeintersexual American eels
was available for ages 3-8, and | extrapolated meass-at-age for male and
intersexual eels aged 9-11 using the regressioatiequirom ages 3-8.

Spawner biomas$B) is the biomass of maturing female American eels i

given year that survived natural mortality and weoé harvested,

M M
(3.7) B, =, [ N,.e 2 - Cy,ajezwarna .
Ages
Equation variables were for female eels only bbeovise were the same as
described for ASP model. The model assumed thahmmeass-at-age did not change
over time.

Because catch-at-age data were not availableh-edtage (in numbers) for

each gender was calculated from total catch (irsinaslectivity, and mass-at-age,
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(3.8) C,..=

Selectivity-at-age was estimated using the fisledgpendent data in Owens
and Geer (2003). Because size-at-age is difféoemhales and females, selectivity-
at-age was modeled separately. For female sealgetitrage | calculated the
proportion of American eels greater than 320 mnetwrh age in the model,
assuming a normal distribution and standard denatfrom Owens and Geer (2003)
for American eels in Virginia waters of ChesapeBkg (Figure 3.1b). | chose 320
mm as the fully selected size based on the frequeistribution of lengths for
Potomac River eels captured during my field workd@ter 2). Peak frequency of
capture occurred at 320 mm in field samples. MateeAcan eels were smaller at
age on average than females (Chapter 1). Thehdreguency distributions for male
American eels were very similar for ages 4-8. Thassumed a constant selectivity
pattern for male American eels. Based on the &boy dissection data of Potomac
River eels (Chapter 1), mean total length of maleeAican eels was 73.3% smaller
than age-4 females. Assuming a linear relationshale selectivity-at-age should be
about 73.3% of female selectivity-at-age 4, 0.428re 3.1b).

The fishing mortality rate was calculated as thtngated catch-at-age divided

by the exploitable biomass,

(3.10) Flog=—1—
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The exploitation rate of American eels was cal@das the total observed

catch divided by total biomass,

y

X
(3.11) U, =—-X.
By

Observation Submodel

The observation model makes predictions that eacompared to the data to
estimate parameters. A recruitment index was estidhfor each model year to

compare with the VIMS trawl survey data,

A

(3.12) I, =Rq.
Additionally, the model-predicted fishery CPUE wasportional to exploitable

biomass,
(3.13) CPUE, =B, .

Fishery catchabilityd,) was estimated for each year using an effort degen

catchability model (Wilberg et aln submission),
(3.14) Q,, =0F,”.

Effort dependent catchability occurs when additiamats of effort result in lower
catchability than previous units of effort. Thigynoccur because of gear interaction,
localized stock depletion, or when additional dfftirected at the fishery is in sub-
optimal locations because the optimal locationsadneady occupied. | chose to use
time-varying catchability instead of constant catality because there were fewer
trends in the residuals, and | was not satisfidti tie assumption of constant

catchability over time given the decrease in thelner licensed eel fishermen over
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the model years. Other fisheries have been fooiméve effort dependent
catchability as well; in the Australian prawn fish&nowledge of prawn behavior
and technological advances led to increased catithaver time (Ellis and Wang,

2006).

Model Fitting

The model was built in AD Model Builder and paraenstwere estimated
using maximum likelihood. The model was fittedfimding the set of parameters
that minimized the negative log likelihood functiGhL). The negative log
likelihood function contained components for therogment index, the fishery
CPUE index, and female abundance-at-age data in. 200

The first likelihood component() used the observed recruitment index to

model predicted recruitment for each year,

3 (l0g,(1,) - log,(T,)f

2
207

(3.15) L, =nlog.o, +
where,

(3.16) log, q, = %Z(Ioge |, —log, By).

y
| assumed that the observed abundance index wamlogally distributed and that
the standard deviatiow{) for recruitment (on the log scale) was 0.4. The
generalized linear model estimates for the standaviation of the log-scale
recruitment index was about 0.2, but | used 0.4bse the recruitment index was not
specific to the Potomac River. Recruitment catdhiplvas assumed to be constant

for the model years. The fishery-independent ligoent index time series was
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selected to minimize effects due to changing gedneas thought to have reasonably
constant catchability. | used analytic solutiorthed maximum likelihood estimate of
catchability for the recruitment index.

The second likelihood componeht) compared the observed and predicted
fishery CPUE index,

> (log(CPUE, ) - log, (CPUE,)f

(3.17) L, =n,log. o, + 5
20,

| assumed that this abundance index was log-noyrdatributed with a log-scale
standard deviatiorosg) of 0.3.

The third likelihood component$) compared the observed and predicted
proportional abundance-at-age for female Ameriads @ges 7-11 using a

multinomial likelihood function,

(318) L3 = _ne* Z Pobserved * loge f) .

a=7-11
The overall negative log likelihood function coméd components for the
recruitment and CPUE indices,

(3.19) =L +L,+L,.

Data

The ASP model required catch data, a recruitnmetex, and an index of
abundance for the remaining ages. Catch (kg) atwh @er unit effort (CPUE, in
kg/pot) from the Potomac River commercial fishegrevavailable from the PRFC
during 1980-2008 and 1988-2008, respectively. rEeeuitment index was

developed from log-transformed catch datalcatch+0.01)) from York, James, and
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Rappahannock Rivers in months April through Septamaid years 1980-2008 from
the VIMS trawl survey. American eels 20-40 cm weased in the index, to best
correspond to the size range of age-4 eels frolCltesapeake Bay sampling data
(Chapter 1). The recruitment index was standaddiseng a generalized linear
model that included year, river, depth, and a Fepth interaction. No comparable
long-term survey exists for the Potomac River. ngsghe VIMS trawl! data to
develop the recruitment index was a reasonableceHlzased on the proximity to the
Potomac River and because the size range of aglhtcan the survey overlapped the
size of age-4 eels in the ASP model. The indeecfuitment allowed the ASP
model to avoid the assumption that recruitment eeggendent on the local spawning
stock.

Early model versions predicted a large proportibthe population in the 11+
age group, which conflicted with aging informatimom the Potomac River (Chapter
1). Abundance-at-age data for females aged 7eit the Potomac River were
obtained from Chapter 1 dissection data. The sictuof Potomac River abundance-
at-age data led to model outputs of proportionagatthat more closely resembled

observed values.

Sensitivity Analysis

Because of the uncertainty around the assumeeév & some of the model
parameters, | performed sensitivity analyses onvani@ble at a time to examine
effects of different natural mortality estimate#fedent values of standard deviation
for recruitment and fishery CPUE indices on modgpats, and for different values

of initial fishing mortality. | increased and deased each variable by one-third or
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one-half and compared estimates of total abundandenale and female mean

fishing mortality for 2008 to those from the basedal.

Reference Points

Biological reference points (BRP) are fishing lleteggets or limits that
establish acceptable levels of catch or biomadsatitiaallow a species to self-
regenerate. My goal was to assess the fishingatitgrof yellow-phase American
eels in the Potomac River with respect to a cordee BRP, Eyy, Where 50% of the
virgin spawning potential was protected (Punt gt2408).

A spawning potential ratio (SPR) model for semedpa species was
developed. Parameters of the SPR model were the aa those for females in the
ASP model. SPR was calculated as the spawning btomass per recruit of
American eels in a fished population (SSB/&vided by the spawning stock
biomass per recruit in an unfished population ($3B/

_SBIR

(3.20) SPR= .
SB/R,

The SSB/R of American eels in a fished population was

a-1
NF§+M al

(3.21) SSB/R:iNaeg w]]a-m).

ages
The SSB/R for an unfished population was the same as equatRi with
fishing mortality equal to zero. For computatiopake the infinite series solution

was used in calculating the SSB/R for the age-Tbtim
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Results

Fishery Trends

Commercial harvest of American eels in the PotoRiaer declined since
peaking in the late 1970s and early 1980s (Figuzg Eel pots were the primary
gear used for harvest; greater than 98% of repadezhes during 1976-2008 were
from eel pots. There was a decline in the numbearabermen who held eel pot
licenses and in the number of license holders weponted catches (Figure 3.3).
Between 1988 and 2008, the number of active {hese that reported catch of
American eels), license-holding fishermen declifrech 50 to 15. There was a
corresponding decline in the amount of effort régarfrom more than 142,000 eel
pots in 1988 to less than 49,000 eel pots in 2008 mean observed fishery CPUE
increased slightly between 1988 and 2008 and wmeedtighest level in the Potomac
River in 2007 (Figure 3.4a). The recruitment CHb#ex decreased substantially

during 1980-2008 (Figure 3.4b).

Preliminary Model Results

The ASP model fit the observed fishery CPUE amduiament indices
reasonably well, but some residual patterns wezsgnt (Figure 3.5). Observed and
predicted recruitment CPUE decreased over modesyda 17 of the most recent 19
years, model predictions for recruitment CPUE wgeater than observed
recruitment CPUE. In contrast to the recruitmeRUE index, fishery CPUE
increased slightly over model years. Estimateakefig CPUE fit reasonably well to
observed values. Standardized residuals for fsBEUE showed little trend and

95% of observations were within one standard deviatof the mean (Figure 3.5a).
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Standardized residuals for recruitment indicaté@ad of reduced deviation through
time, and four observations were greater than taredard deviation from the
observed value (Figure 3.5b).

Preliminary estimates indicated that abundanceérstsubstantially during
1980-2008. Estimated abundance across age clafsdagerican eels was relatively
high from 1980 to 1984 then began a steady derlin®85. The average estimated
abundance for 2004-2008 was 2.4 million eels, winel only 13.3% of the 1980
abundance (Table 3.2). There were differencesdmiwnale and female abundance
over time; females were more abundant from 19808, but during 1999-2008
male and female abundances were nearly equal.eTiksrences were driven by the
different selectivity and maturation patterns faalenand female eels. Estimated
biomass decreased over time in a similar patteabasdance (Figure 3.6). The
2004-2008 average estimated biomass was 11.7% @80 biomass. Estimated
recruitment showed a strong decreasing pattermageeecruitment for 2004-2008
was only 13.0% of the 1980 estimate in 2008 (Figuvr@. The estimated sex ratio of
American eels in the model was skewed heavily tde/éemale eels for ages 9-11+
because of the assumed maturation of most masegeagight.

Estimated fishing mortality and exploitation ragesoss ages increased over
time (Figures 3.8 and 3.9). Estimates of instagwas fishing morality rates ranged
0.04-0.42 across years and ages. The estimatantaseous fishing mortality rate
for both genders during 1980-2008 averaged abd6t 8imilar to natural mortality.
Female American eels had consistently greatemigsmortality rates (range 0.06-

0.42) than males (range 0.04-0.18; Figure 3.8}intaged fishery catchability was
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fairly constant from 1988 to 2001, and then inceglaguring 2002-2007 as effort

decreased (Figure 3.10).

Reference Points

Estimated spawner biomass followed the same deogepattern as
abundance and biomass, but with an approximatglyad1ag (Figure 3.11).
Estimated spawner biomass in 2008 was 3.9% of [E9&0. The estimated F was
higher than By in all modeled years except 1981. Between 1992808, the

estimated SPR has been below 20%.

Sensitivity Analysis

The model was only moderately sensitive to eseaf natural mortality,
standard deviation for fishery and recruitment CRitkces, or initial fishing
mortality (Table 3). A 33-67% increase in naturadrtality caused estimated fishing
mortality rates for female and male American eel2008 to decrease by
approximately 5-10% and abundance to increase 80%0. A similar magnitude
decrease in natural mortality caused estimatethfysimortality rates for female and
male American eels in 2008 to increase by approaind-15% and abundance to
decrease by 10-20%. Decreasing the standard oeviat the recruitment by 50%
resulted in an approximately 6% increase in fishiraytality and a 6.2% decrease in
2008 total abundance. Increasing the standaratiewifor the fishery CPUE index
by 50% resulted in a 16.9% decrease in 2008 abwedamd increased instantaneous
female and male fishing mortality by about 30% eaChanging the initial fishing
mortality estimate had little effect on estimatesthing mortality or abundance for

2008.
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Discussion

Both the American eel sub-stock and the Ameriarighery in the Potomac
River have undergone changes in the past 27 y&ased on the preliminary model
estimates, American eel biomass, abundance, andtreent declined substantially
since the early 1980s, yet fishery CPUE and esticheatchability increased in recent
years. The sub-stock dynamics of Potomac Riverrigae eels were affected by
processes outside the Potomac River, largely evatehy the decline in recruitment,
as well as locally high fishing mortality in recerdars.

The decline in recruitment was of a similar maggé and on the same time
scale as the decline in abundance seen in Ameeiglarin the St. Lawrence River in
Canada (Casselman et al., 1997; Mathers et al8)19tce the 1970s, the number of
American eels ascending eel ladders at the Mosesdges Hydroelectric Dam at
Cornwall, Ontario has declined by about 99%. Bbthlower Chesapeake Bay
recruitment index and the St. Lawrence abundardiees peaked in the early 1980s.
Similar declines in recruitment have been obsemdtliropean eehnguilla anguilla
populations (Bonhommeau et al., 2008), a specadsstiares spawning grounds in
the Sargasso Sea with American eel (McCleave, 1993)

The coincidence of the decline in three distagiams of anguillid eels points
to large-scale processes as an important compoheetlining American eel
recruitment. Recruitment is often affected by spiangy stock biomass and larval
survival (Myers and Barrowman, 1996). For Amerieats, spawning stock biomass

may be too low, possibly due to overharvest (ASMIBO00), habitat loss (Busch et
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al. 1998, ASMFC 2000), changing oceanic conditi@nsncreasing natural mortality.
If the A. crassus parasite affects American eels similarly to EurapealAnguilla
anguilla, mortality due to parasitism or during the spawmmgration has been
suggested (Kirk, 2003; Palsta et al., 2007). Uagehsurvival may also be affected
by oceanic conditions. Knights (2003), Friedlahdle(2007) and Bonhommeau et
al. (2008) all suggested that worsening forage itimmd and starvation of eel larvae
may be linked to fluctuating primary productivity the Sargasso Sea. Productivity
fluctuations may have been due to increasing séacgutemperature and vertical
stratification of the water column that reducedrieut: availability to surface waters
where eel leptocephali occur. These studies stifjggtschanges in productivity and
currents could result in poor food availability farval eels, alteration of the larval
migration back to continental waters, or lead toidished larval condition that
would negatively affect recruitment. Such a lasgale process is consistent with the
wide-ranging decrease in recruitment observed iredcan eels as well as in
European eels, and points to changing oceanic tonslias a contributing cause of
declining abundance for European and American eels.

Few comparable models have been developed for isameeels in other
portions of their range, so it has been difficalevaluate the effect of fishing
mortality on abundance or recruitment outside tb®fac River. Additionally, few
natural mortality estimates for American eels efistt see Morrison and Secor,
2003). The estimates from the ASP model were amtal loss rates estimates from
catch curve analysis in the Potomac River and dilnesapeake Bay sub-estuaries.

Catch curve estimates of mortality for the PotoRaer (Chapter 2) indicated a 64%
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annual loss rate that included natural mortalighihg mortality, and loss due to
maturation. Other Chesapeake Bay sub-estuarieariradl loss rate estimates of
approximately 41-59% (Chapter 1). Catch curveysmlbof the Owens and Geer
(2003) published data indicated a similar loss fa69%) in the James, York, and
Rappahannock Rivers (ages 4-18; 0.01 added totatjas of no catch).

The discovery of the swimbladder paragiterassus in American eels did not
coincide with the onset of declining abundancegssting that parasitism may not be
a primary cause of declining abundanée crassus were first identified in American
eels in the U.S. in 1995 (Fries et al., 1996) antkAcan eel recruitment began to
decline as early as 1985 in the Potomac River. |&\this possible that the parasite
went unnoticed for a decade, this seems unlikalycrassus was identified in
European eels in 1982 (Peters and Hartmann, 1886% than a decade before it was
discovered in the U.S. and thereby alerting U.Seaechers to the possibility of its
spread. Also, there has been no evidence of detdl effects byA. crassus on
American eel. My previous work was not able toniifg a relationship between
parasitism and increased mortality or decreasedagglition in the Chesapeake Bay
(Chapter 1), which was consistent with other stsidMoser et al., 2001; Machut and
Limburg, 2008). There has been suggestion thahbleidder damage causedAy
crassus may affect the ability of silver eels to compléteir spawning migration,
which is thought to occur at substantial depth é8gel and Lichtenberg, 1991; Kirk,
2003). Paltra et al. (2007) found tiatcrassus infection severely impaired

swimming performance of silver eels.

105



During the past two and a half decades, Potomaer Rimerican eel catches
decreased, CPUE increased, and fishermen leftghery. This may have left only
the “best” fishermen in the fishery and it was plolesthat a fishery retaining only the
“successful” fishermen lead to increased CPUE atchability over time. The
model-estimated catchability increase that beg&@®0® corresponded with the sharp
reduction in the number of fishermen who reportelcharvests and a steep decline in
effort. In 2002, the number of fishermen reportkrgerican eel harvest in the
Potomac River dropped to 12 from 28 in 2001. Abkdrmen leave a fishery, reduced
competition for productive fishing sites and redligear interaction may increase eel
catchability (Hilborn and Walters, 1992). Changaagchability over time may have
made fishery CPUE a less accurate predictor of ddmuee so allowing catchability to
change over time in the model was necessary aogedl the model to converge
given the conflicting trends in recruitment and &Piddices.

The ASP model was moderately sensitive to assomptiegarding natural
mortality and the fishery and recruitment CPUE ¢edi Additional sensitivity
analyses regarding maturation-at-age for Ameries would improve confidence in
the preliminary model results. Research leadingifwroved estimates of natural
mortality and maturation-at-age rates, and furtiedy of upstream migration
patterns of American eels would improve the modeh®ates. Similarly, the
development of a fishery-independent catch-at-agex and a recruitment index for
the Potomac River would allow for increased confmkein model estimates of

abundance and fishing mortality.
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Management Implications

Given the differing growth, gender ratios, andsignof American eels in
other regions, stock assessments should be conldioctempare production in the
Potomac River to other systems where eels are $tadie Assessment and reference
point models similar to those developed here cbeldpplied in other regions.
Describe necessary additional data. For the fudtitee American eel stock, it is
imperative to assess the status of the stockvel#tifishing in other regions and to
reduce fishing mortality to meet target referencmis. The ASP model indicated
that annual fishing mortality rates below 10% wolbdprotective of the spawning
potential. My previous chapters indicated that@hesapeake Bay was a highly
productive habitat for American eels, and compassaf the abundance in the
Chesapeake region to other regions may indicateh&hstock protection efforts
should be targeted to regions with above-averaggibation to spawning stock. For
the conservation of the species, evidence of lacgée influences on recruitment
suggested that American eels throughout their rahgeld be managed as a single

population, supporting the conclusion reached bgtMéand Bernatchez (2003).
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Tables

Table 3.1. Parameters, data, and variables fan®at River American eel
assessment model.

Variables Description

Age
Plus group for maximum age used in the model (11)
Exploitable biomass (kg) for yepand agea

>

<
)

Catch (number of individuals) for yeaand agea

=
)

>

Deviation for American eel recruitment
Fishery effort for yeay (in 10,000 pots nights fished)

mao, O W

<

Fishing mortality

Equilibrium fishing mortality prior to 1980
Gender (female or male)

init

@ T m

<

Recruitment index (laghumber of eels per tow) for year

Proportion of eels agexdthat will mature that year

Natural mortality rate
Effective sample size for abundance-at-age data

S Z 3

Number of years of data for the first likelihood component
Number of years of data for the second likelihood component
yag Numbers-at-age in yeary for gendeig
Proportional abundance-at-age for third likelihood component
Catchability for recruitment CPUE

Catchability for fishery CPUE

Estimated recruitment of American eels in year y

L Loz
<

RO NI [

Median recruitment of American eels over range of model
Sex ratio of age-4 American eels

Selectivity-at-age for eels ageand gendeg

«

Spawner biomass (female kg) for ygar

<

Mean weight-at-age for eels amand gendeg
Observed catch (kg) for year

Year

Parameters of effort-dependent catchability
o, Standard deviation for recruitment index
Standard deviation for CPUE index

R < X
h «

9
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Table 3.2. Model estimates of American eel abuoeat-age (10,000s) during
1980-2008 in the Potomac River

Age
Year 4 5 6 7 8 9 10 11+
1980 511.7 399.0 306.2 232.4174.6 66.5 46.2 79.0
1981 865.1 393.2 300.3 227.3170.7 64.4 447 76.3
1982 561.5 676.5 302.7 228.6171.3 64.6 44.8 76.6
1983 489.4 435.6 515.4 227.8170.3 63.9 443 75.5
1984 1027.0 376.7 328.5 383.5167.7 62.3 43.0 73.3
1985 301.7 776.9 277.9 238.5275.4 589 40.4 68.6
1986 399.6 235.3 596.1 210.7179.1 1015 40.8 68.6
1987 327.8 307.1 177.2 442.8 154.9 64.4 68.2 66.8
1988 99.9 252.0 231.3 131.6 325.5 55.6 43.2 83.3
1989 186.6 7.7 192.4 1745 .398119.8 38.2 78.8
1990 229.1 140.3 56.9 138.5124.2 339 76.8 67.9
1991 150.8 173.1 103.3 41.2 9.29 426 219 86.1
1992 173.8 113.6 127.0 746 .429 334 274 62.3
1993 170.0 131.2 83.6 91.9 3.45 9.8 21.6 52.3
1994 198.8 121.4 89.8 55.8 0.76 15.7 5.6 38.0
1995 238.2 129.4 73.5 52.4 2.13 13.7 7.1 17.6
1996 300.6 164.6 84.9 47.1 3.33 7.5 7.2 11.7
1997 231.5 203.9 105.3 529 9.22 7.1 3.7 8.7
1998 215.8 166.8 141.2 715 5.63 6.9 4.1 6.5
1999 145.1 151.1 111.3 919 6.14 8.3 3.7 5.2
2000 156.2 104.5 104.5 75.3 176 11.8 4.8 4.7
2001 91.1 107.0 67.7 65.8 47.0 14.5 6.0 4.5
2002 109.6 59.1 64.5 39.4 38.0 9.4 6.5 4.4
2003 146.4 75.2 38.4 40.9 24.8 8.0 4.8 5.2
2004 116.9 100.1 48.6 24.2 25.7 5.1 4.1 4.7
2005 76.3 80.3 65.2 30.8 15.3 5.4 2.6 4.2
2006 66.1 52.6 52.5 415 19.5 3.3 2.8 3.2
2007 72.9 46.4 35.1 34.3 26.9 4.5 1.8 3.0
2008 0.4 48.7 29.1 21. 207 5.6 2.1 2.1
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Table 3.3. Results of sensitivity analyses foeralate natural mortality rates (M), standard demmeestimates for the fishery (D
and recruitment (SR) CPUE indices, and initial fishing mortality;{k.) used in the ASP model for yellow-phase Americals e
the Potomac River. The baseline model estimate®fal abundance (N; 1,000,000s) in 2008, and nrestantaneous female and
male fishing mortality § ; percent) for 2008 are provided. The proportiart@nge in abundancal; percent change) and mean
instantaneous fishing mortality§ ) between the baseline and the adjusted modelispkaged for comparison.

AF
Baseline Adjusted N AN Females Males
Baseline 13.0 35.7 16.5
M 0.15 0.05 10.5 -19.2 15.1 15.2
0.10 11.8 -9.2 6.7 6.7
0.20 14.3 10.4 -5.3 -5.5
0.25 15.6 20.3 -9.8 -9.7
SDr 0.4 0.2 12.2 -6.2 6.2 6.1
0.6 13.3 2.3 3.9 4.2
SDr 0.3 0.2 15.9 22.3 -22.4 -22.4
0.4 10.8 -16.9 30.5 30.3
Finitial 0.10 0.05 131 -0.8 11 1.2
0.15 13.0 0.0 .60 -0.6
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Figure 3.1. Mean mass-at-age (a), selectivitygat{®), and maturity-at-age (c) used
in the ASP model for female (circle) and male (tgke) American eels.

115



35
30 -
25 -
20 -
15 -
10 -
5 -
O e e e

Total Catch (10,000 kg)

e F &
> & §

SR S VN S S SR R
£ F S F F F PP S

NN N N N N R R N M S
Year

Figure 3.2. Total catch (in 10,000 kg) of Ameri@aais in the Potomac River, 1964-
2008 (PRFC, unpublished data).
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Figure 3.6. Estimated biomass (100,000 kg) of Acaereels in the Potomac River,
1980-2008.
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in the Potomac River, 1980-2008.
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Figure 3.9. Estimated exploitation rate for Amanieels in the Potomac River,
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the Potomac River, 1980-2008.
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Appendices

Appendix 1. Estimation of maturation-at-age for female and male American eels
in the Potomac River.

To obtain maturation-at-age estimates for malefandle American eels, |
used maximum likelihood estimation to fit obseragg at maturation from two
sources of data on American eel maturation in thes@peake Bay: my dissection of
approximately 400 Chesapeake Bay eels collecté&llig007 (see Chapter 1), and
estimates of mean ages at migration for male amelz American eels from
Goodwin (1999).

Data

| used gonad dissection data from the Chesterptah&, James, and Potomac
Rivers fall samples, 2007. A total of 345 femadéseaged 4-11 were macroscopically
inspected (Table A.1). Female eel gonads were meahto identify eels that may be
approaching sexual maturation. | removed and vegigionads that appeared large
and well developed to determine the proportionedé éhat may mature that year.
According to Durif et al. (2005), a female exhibgia gonado-somatic index 2%
may mature in the present year and subsequentbriak@& an oceanic spawning
migration. To increase the sample size | seleestsl with a gonado-somatic index
>0.9%.

For male maturation-at-age | used my Americardeslection data from the
Chester, Choptank, James, Patuxent, Potomac, asdf&es Rivers differently than
for the female maturation-at-age. A total of 18&lerand intersexual eels aged 3-8

were examined (Table A.2). Male European eels pragumable American eels,
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develop directly from intersexual eels (Buellenalett997). Because | used only
macroscopic examination for the gender identifaatil was conservative in the
differentiation between male and intersexual e€lsly gonads that fit the
macroscopic observations of male eels detailecuellBns et al. (1997) were termed
males. Because of the low number of male Ameresdsa in my samples, | assumed
that any American eel deemed male would maturenagdhte in the current year.
Thus, | used the ratio of male to intersexual ateksach age to estimate the proportion
mature.

| also used the Goodwin (1999) estimate of meanahgilver eels in Potomac
River tributaries. Goodwin (1999) conducted elesthiocking surveys in 1996-1998
in ten Potomac tributaries and identified six gileels, of which two male and two
female silver eels were aged. The mean age f@rd¢male eels in the Potomac was
8.0 (sd=4.2) and the mean age for male silveriedl®e Potomac was 6.5 (sd=0.7).
Model

Abundance-at-agd\f) for female American eels was modeled using
_ -M
(A.1) |\|a+1 - Nae (1_ ma),

whereM is natural mortality and, is the proportion of eels that mature at a given

age

1
(A.2) m, = 14 @l-ex@h)

and wherex is the 50% maturation age apiés the slope at 50% maturation ag\é.

was assumed to be 0.15, based on data from theoHRIger (Morrison and Secor,

129



2003). Maturation-at-age for male American eels wadeled using the same model
as females, but maturation-at-age was assumedacmmster ages.

AIC indicated that the single parameter model (A16.4) was a bitter fit than
the two-parameter model (AIC=18.5) used for maléunzdion-at-age.

The likelihood function included a binomially dibiuted component (L1) for
the maturation at age data and a normally disetbhebmponent (L2) for the mean
age of maturation. Using the two data inputs fahegender, | used Solver to

minimize the negative of the lptikelihood for each gender. Solve foandp.

(A3) —LL =log,(L,)+log,(L,)

Results

The estimated maturation-at-age for female ane raierican eels is given
in Tables A.1 and A.2. For female American edis,50% maturation age, was
13.8 and slope at the 50% maturation #geyas 0.47. For male American eels, the
proportion maturing at each age was 8.0%. Dubddack of male eels older than
age eight in my Chesapeake Bay samples, | assumeaduaation-at-age of 0.99 for

male eels aged 8-11 for the ASP model.
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Table A.1. Data and results of female maturatieaget modetN mature refers to the
number of examined female American eels (N examingith a gonado-somatic
index>0.9% (data from Chapter 1).

Age Nexamined N Matute Estimated Proportion Mature

(observed) (model output)
3 0 0 0.006
4 31 1 0.010
5 106 1 0.015
6 93 2 0.024
7 63 3 0.039
8 31 2 0.061
9 9 0 0.094
10 10 0 0.143
11 2 2 0.211
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Table A.2. Data and results of male maturatioage-model*Number of male and

intersexual eels observed in the Chester, Chopamkes, Patuxent, Potomac, and
Sassafras Rivers in 2007 (data from Chapter 1ra@se of the low sample size of

male eels, both summer and fall data were combined.

Age N Malé N Intersexudl Proportion Mature
(observed) (observed) (model output)
3 0 4 0.080
4 5 49 0.080
5 5 57 0.080
6 4 45 0.080
7 1 12 0.080
8 0 3 0.080
9 0 0 0.080
10 0 0 0.080
11 0 0 0.080
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