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Spatial and temporal overlap between zooplankton and larval AmericanAsbsed (
sapidissima), river herring (alewiféd. pseudoharengus and blueback herring. aestivalis), and
hickory shad A. mediocris) was evaluated in lower Roanoke River and Albemarle Sound, North
Carolina. Zooplankton abundances in this system have historically been lower thaotndse f
in other coastal river systems. It was hypothesized food limitation duringrtizdifeshistory of
alosines was contributing to recruitment failure. Zooplankton and ichthyoplankton samepée
collected concurrently March through June 2008-09 at 19 stations, within three aneas: Ri
Delta, and Sound. Significant spatial and temporal differences were observiedifor a
abundances. Abundances (humber/1D818D) were significantly higher in 2009 (30.8 +
149.8), than in 2008 (4.1 + 20.9). Across both years, River (21.0 £ 127.6) alosine abundances
were significantly higher than those in Delta (7.4 + 35.4) and Sound (4.6 £ 24.8). Zooplankton
abundances were higher than observed in previous studies and did not differ significantly
between years. Zooplankton abundances exhibited the opposite spatial trend of altsines
significantly higher abundances (numbet#SD) observed in the Sound (16,547 + 14,678) than
in the River (4,934 + 3,806) and Delta (4,647 = 2,846). Differences in zooplankton composition

were evaluated using analysis of similarity. Composition in the Sound sagntifi differed



from the River and Delta. Canonical correspondence analysis explored the Helati@taeen
zooplankton and the environment and found that some differences in composition could be
explained by salinity preferences of zooplankton taxa. Zooplankton size distribuson wa
evaluated and the most common taxa segregated into two groups based on size. fbtifers a
copepod nauplii comprised the small size group and Daphniidae, Bosminidae, calanoid
copepods, and cyclopoid copepods composed the larger size class. Mouth gape models were
developed for each alosine species and used to estimate maximum preyiszéeating. At

first feeding, alewives, blueback herring, and hickory shad are primaldy@bonsume

copepod nauplii and rotifers. Larval American shad are larger and have a weatdrgbprey
breadth including Bosminidae, cyclopoid copepods, copepod nauplii and rotifers, at diirsg fee
During both years, there was a high amount of overlap between larval alosinesand siz

appropriate zooplankton, suggesting larval alosines in this system are not fived. lim
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CHAPTER 1: INTRODUCTION
Roanoke River and Albemarle Sound
Roanoke River basin is the largest basin of any North Carolina estuary, essmgpa

25,035 kni(Konrad 1998; NCDENR 2000). Roanoke River originates in the Blue Ridge
Mountains of Virginia and flows southeast, extending approximately 660 km betiween i
headwaters to where it empties into Albemarle Sound, North Carolina (Konrad 1998]I¢ars
al. 2005). Roanoke and Chowan Rivers are the two main tributaries emptying intcaAéem
Sound. Roanoke River accounts for over 50% of the freshwater input into Albemarle Sound
while the Chowan River accounts for approximately 25% (Gray and Copeland 1988pk&oa
River is one of the largest alluvial rivers on the East Coast of the United StaeefwEr
region below the fall line is surrounded by bottomland hardwood floodplain forests and is the
largest and least fragmented ecosystem of this type in the mid-AtlGRENR 2000; Pearsall

et al. 2005).

Between 1951 and 1996, seven dams were built to provide both flood control and
hydroelectric power generation. Roanoke Rapids Dam is located the furthestréam at
river kilometer (RKM) 220 and directly regulates the flow of lower portiorth@friver (Konrad
1998; Pearsall et al. 2005). The U.S. Army Corp of Engineers and North Carolireaggul
agencies have placed restrictions on when maximum discharge or peakingdeidgtdc
power generation can occur. From April 1st to Jurié e peak spawning period for striped
bass, the amount of allowable maximum discharge is reduced and water rateasdeeduled to
meet flow targets for spawning (Manooch and Rulifson, 1989; Pearsall et al. 2005). oReiak fl

also restricted during warm weather, as regulated by the betterraentTiis plan was



instituted after a large fish kill in the lower Roanoke River in the summer of 2008hdie
from the dam was reduced dramatically and resulted in a large amount ofdrairrgypoxic
water from riparian wetlands into the river. Discharge is now regulateditdgam high
dissolved oxygen levels (NCDENR 2000). Releases are gradually reducedetat jrgooxic
swamp water drainage in the main stem of the river. During non-flood control operations
restrictions are lifted and maximum discharge occurs during times of peakyeconsumption

(Pearsall et al. 2005).

Albemarle Sound is a shallow estuary with mean depth <5 m and is part of the
Albemarle-Pamlico Estuarine System (APES), which is composed of broddwshisowned
river valleys. APES is the second largest estuary and the largest lagsimaay in the United
States. Pamlico Sound and Albemarle Sound are the two main basins in this systenarlélbe
Sound is the northern most basin and is separated from Pamlico Sound by Croatan and Roanoke
Sounds (Gray and Copeland 1989). The Outer Banks form a barrier separating Albeoratle S
from the Atlantic Ocean. Oregon Inlet is located south of Albemarle Sound &edoisly
connection between Albemarle Sound and the Atlantic Ocean. This limited salhiraigion
combined with high freshwater input from several rivers results in AlberSaxind having
salinity values < 5 ppt. (Copeland et al. 1983; Pearsall et al. 2005). The Outer Banks als
protects Albemarle Sound from gravitational tides, with water circulation Ipeimgrily wind

driven (Copeland et al. 1983).

Alosine biology and life history

Blueback herringAlosa aestivalis), alewives A. pseudoharengus), American shadA.

sapidissima) and hickory shadA( mediocris) are schooling fish belonging to the family



Clupeidae. “Alosines” will be used when collectively referring to all foucigse As adults,
alosines are characterized as being silver with dark blue or green bekky fzard spines, and
having compressed bodies that form sharp keels along their ventral midline (Robiresy/and R
1986). Juveniles and adults are found in a variety of habitats, including coastal otsran wa
rivers, and freshwater portions of estuaries. Alosine eggs and larvae are foummdsgstems

with significant levels of freshwater input (Able and Fahay 1998).

Alosines are distributed along the east coast of North America. Histolieddack
herring distribution ranges from Cape Brenton, Nova Scotia south to St. JohnsHRixida.
Occasional reports have surfaced of blueback herring being found as far sdattieexsRiver,
Florida (Greene et al. 2009). Landlocked populations have been reported in Clayton Lake,
Virginia (Klauda et al. 1991). They are most abundant in the Mid and South Atlagttits B
(Loesch and Lund 1977; Able and Fahay 1998). Historical alewife distribution externdhé
Gulf of St. Lawrence to South Carolina. Recent surveys have suggestedwihadsabee no
longer found south of North Carolina (Greene et al. 2009). There are also poputatfens i
Great Lakes and completely landlocked populations in New York. They are most abondant
the region between the Gulf of Maine and Chesapeake Bay. In areas of overlamlzémefe
and blueback herring distribution, alewives are more abundant in the northern portion, while
blueback herring are dominant in the southern region (Greene et al. 2009). Alewives a
blueback herring are often collectively referred to as river herringuseaof their similar
appearances and overlapping distributions (Rulifson 1994). American shad distrianges r
from Gulf of St. Lawrence to St. Johns River, Florida (Winslow 1994; Able and Fahay 1998).
They were introduced on the Pacific coast of North America and currentg feom Cook

Inlet, Alaska to Baja California. Landlocked populations occur on the west coast, bubhave
3



been reported on the Atlantic coast (Greene et al. 2009). Hickory shad dstrigxtends from
Bay of Fundy south to St. Johns River, Florida. They are rarely observed north ofdciape C

Massachusetts (Able and Fahay 1998; Batsavage and Rulifson 1998).

Maturation rates differ among alosine species and within species pbiogtty along a
north south cline. Alewife and blueback herring males mature between ages 3 aralthevhil
females mature later between 4 and 6 years (Able and Fahay 1998). Ameatanades reach
maturity between ages 3 and 5 years and females between ages 4 andAbiearsl(Fahay
1998; Bilkovic et al. 2002). The Albemarle Sound acts as a transition zone for Ameadan sh
In this system, American shad life history patterns are more simitarthern stocks than those
found in the south. American shad in the Albemarle Sound mature at later ages tham stocks i
other North Carolina systems (ASMFC 2007; Greene et al. 2009). No geograplérahdiés
have been observed in hickory shad maturation rates. In Roanoke River, North Carolina and St.
Johns River, Florida, hickory shad males and females mature between 2-Bgsavage and
Rulifson 1998; Harris et. al. 2007). The distribution and early life histories for &mthea

species is summarized in Table 1.1.

All four species are anadromous and migrate inshore to spawn beginningntate w
early spring. Alewives, blueback herring, and American shad return ton#talrivers to
spawn, but there is no evidence to support this with hickory shad (Green et al. 2009). Optimum
water temperature range for blueback herring spawning is between®batthey have been
documented spawning in temperatures as low & 18pawning occurs in both lotic and lentic
waters over hard substrates, but they avoid areas with standing water (WI085; Greene

et al. 2009). Alewives begin spawning in lentic waters when temperatoetween 13 and



15C. They spawn over a variety of substrates including gravel, sand, detritus, amdgacm
vegetation (O’Connell and Angermeier 1997; Able and Fahay 1998; Walsh et al. 2005). In areas
where alewives and blueback herring have overlapping distributions, alewivespagning in
late February; 3-4 weeks earlier than blueback herring which begin spawnatg March
(O’Connell and Angermeier 1997; Able and Fahay 1998). In the sympatric range, kluebac
herring and alewives utilize different spawning habitats. Blueback getomot migrate as far
upstream as alewives. Blueback herring spawn predominately in the neaim-$iow, while
alewives select shorebank eddies and deep pools for spawning. (Able and Fahayd&88eGr
al. 2009). American shad spawn when water temperatures are between 1ZangphRally
between March and early June (Able and Fahay 1998; Bilkovic et al. 2002). Hickory shad
spawning occurs in water temperatures ranging from 8°@, B2t peaks when water
temperatures are between 12 taC19In Roanoke River, North Carolina, hickory shad were
observed spawning in water < 1 m deep with moderate to high velocity, over substrates

containing cobble, gravel, and sand (Greene et al. 2009; Harris and Hightower 2010).

During their early life histories, alosines use the low salinity watktiseir natal rivers
and estuaries as nursery habitat. Egg and larval development occur whdesthrethese rivers
and estuaries. As juveniles, alewives, blueback herring, and American siadlg stay in these
nursery areas then migrate to the Atlantic Ocean during autumn ofitsieyefar. Hickory shad
juveniles exhibit a variety of migration behaviors; some remain in estuagters until fall,
while others migrate directly to ocean waters and spend no time in freshwatnasi(Able

and Fahay 1998, Greene et al. 2009).



Fishery resources

Managing and restoring alosine stocks are currently of high importance yostagsand
federal U.S. and Canadian agencies (Greene et al. 2009). Alosines havealisbwén
important in Albemarle Sound, North Carolina. American shad and river herring oncetsdppor
a variety of fisheries, including large drift gill net, stake gill net, ansthaiill net, pound net,
haul seine, bow net, fish wheel, and hook and line (Winslow 1994). They were one of the first
fishing industries in North Carolina and became established by the 1770’s. Théedbil
allowed for the fish to be salt preserved without refrigeration and shippedawdsirmarkets
including the British West Indies, Azores, Canary Islands, southern Europé&yanghout the
colonies. The market for these fish expanded as advances in transportation desré\vthan
ice became available during the late 1800’s, the number of markets beingighraméim
prices for fresh American shad increased (Hightower et al. 1996). Hiskadywere not as
commercially important as American shad and river herring and have only ®goponor
fisheries, because the quality of their meat is considered inferior todemeshad and river

herring (Greene et al. 2009).

The U.S. Fishery Commission began recording landing data in 1887. Coast-wide peak
American shad landings are identified as occurring in 1897, with recordeddarafi4 million
kg. Limburg and Waldman (2009) found that American shad landings were higher andl peake
earlier in 1832, when data fish house records are included. Regardless of whicie issesied,
it is agreed there has been a dramatic decline and their landings, ardamew ballion kg
(Hightower et al. 1996; ASMFC 2007). A coast-wide American shad stock assessment
documented stocks are at all time lows and do not appear to be recovering. larfdi&&omand,

they are a species of concern (ASMFC 2007; NCDMF 2010). In North Carolina, eiviergh
6



landings remained relatively stable ranging from 6-7 million kg until theik pethe 1970’s,
when landings exceeded 8 million kg. Since the 1970’s, there has been a steaabedeithe
landings falling below 1 million kg (Rulifson 1994; Winslow 1994; Hightower et al. 1996).
River herring stocks in Albemarle Sound are depleted (NCDMF 2010). Hickory shalista
North Carolina is currently unknown, but coast wide landings suggest populations are viable
There was a slight increase in North Carolina landings in 2009, but landings| ategbtlly

below the 10 year average (Taylor et al. 2009; NCDMF 2010).

Currently in North Carolina, American shad and hickory shad are managed under the
ASMFC shad and herring fishery management plan. In 2004, the American shad oceeptinter
fishery was closed. American shad and hickory shad fisheries are openeosaddogi
proclamation from January‘to April 14" each year. There is no commercial quota for these
species; harvest is regulated through restrictions on fishing geaBMRNQ008). In an effort to
revive American shad stocks, larvae are stocked in several coasta) stith over 8 million
larva stocked in the upper reaches of Roanoke River in 2008. (Taylor et al. 2009). In 2007, a
statewide moratorium on all river herring harvest was accepted by NrheMrasheries
Commission (NCDMF 2007). Despite these efforts, current American shadrantetring

stocks are well below historic levels of abundance and biomass (Taylor et al. 2009).

Early life history
Year class strength and recruitment of fish is strongly correlatedvival during egg
and larval development. The availability of food resources is considered deenobte
influential factors affecting survival in the larval phase (Cushing 199§géte and Deblois

1994). In 1914, Hjort developed the critical period hypothesis, which directly links larval



survival with feeding success. Under this hypothesis, there is a criticad paefined as the
period of time after yolk sac absorption when a larva is transitioning from emalcg®
exogenous feeding. Year class strength is dependent on successful fingt feentig this
critical period. If there is not a temporal overlap between larval fish andotley, many larvae
will not have a successful first feeding and will starve. There wil beggh mortality rate and
year class strength will suffer (Fig. 1.1). Hjort (1914) hypothesizeadaheal production was
timed to follow phytoplankton production to increase feeding success (LeggettebluisD

1994; Houde 2008).

Cushing’s match/mismatch hypothesis builds upon Hjort’s critical period hypathes
The match/mismatch hypothesis expands the importance of prey avsilahiifeeding success
to include the entire larval period, not just for the first feeding (Cushing 1990).hyposhesis
suggests fish spawning occurs at fixed times in both spring and autumn to overlppaiit
plankton production. This hypothesis also highlights the importance of larval fishuisitns
overlapping with zooplankton distributions both temporally and spatially. If laskabhd
zooplankton distributions coincide in both time and space, then Cushing defines this ds a matc
If there is any level of separation, temporally and/or spatially betveeead and zooplankton,
then a mismatch has occurred. Larval growth and survival is expected to bentighex
match is occurring, and this leads to an increase in year clasststaedgiecruitment in juvenile

and adult populations (Cushing 1990; Leggettt and Deblois 1994).

Zooplankton
The term “plankton” is derived from the Greek word planoas, which means to wander. It

is used to refer to suspended organisms, with limited locomotion abiliess@n and Allen



2005; Miller and Kendall 2009). The planktonic community consists of both primary producers
and heterotrophic consumers. Phytoplankton refers to photosynthetic protists and thextte
act as primary producers, while zooplankton refers to the consumers, consistingzdgeotd

animals (Johnson and Allen 2005).

Life history is a common approach for describing zooplankton. Zooplankton that spend
their entire life as plankton are called holoplankton. Examples of holoplankton include
cladocerans, rotifers, copepods, and jellyfish. Meroplankton are organisms tithpapeof
their lives in the plankton and then either settle in the benthos or enter the nekton community

including the larval stages of fish, decapods, and bivalves (Lenz 2000; Johnson and Allen 2005)

Several abiotic parameters, such as water temperature, salinity, depth,rant cur
velocity have an impact on zooplankton diversity and distribution on both spatial and temporal
scales. In rivers, current velocity, in conjunction with discharge raiesdams has a strong
impact on zooplankton. Zooplankton abundance can be diluted by swift currents and high
discharge rates. Conversely, if currents are weak and water restaeads high, zooplankton
populations can be replenished as zooplankton are transported downstream (Hynes 1970;
Akopian et al. 1999; Obertegger et al. 2007; Dickerson et al. 2010). Currents also plap a role i
zooplankton production in riverine systems. Production is hypothesized to occur in ateas of s

moving water, such as backwaters, side channels, and reservoirs created yyes4970).

Salinity is considered the most influential factor affecting zooplanktontsteuin
estuaries (Lenz 2000; Johnson and Allen 2005). Salinity tolerances are speaieeigpath
some species able to tolerate wide salinity ranges, while others haws renges.

Zooplankton diversity typically decreases as salinity decreases (JomusAfien 2005; Hwang
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et al. 2010). In freshwater and oligohaline systems, zooplankton composition is usually
dominated by rotifers, cladocerans, and copepods. Rotifers dominate numeriaigdly, w

copepods dominate in terms of biomass (Pace and Orcutt 1981; Thorp and Covich 2001).

Thermal preferences differ among zooplankton taxa and water temperaturadsrashs
to be equally important in both rivers and estuaries. Several studies have docunzsuteal se
differences in dominant zooplankton taxa that correspond to differences inevaperature
(Hynes 1970; Soetaert and Rijswijk 1993; Kimmel and Roman 2004). While individual
parameters, such as water temperature, salinity, and current velagtg krong influence on
zooplankton communities, they do not act in isolation and several environmental fantars ¢
in combination to control zooplankton dynamics (Hynes 1970; Johnson and Allen 2005).
Graham and Bollens (2010) observed seasonal differences in zooplankton communitestruct
related to water temperature, but upwelling and freshwater input were &lsmaifig

zooplankton populations.

In aquatic systems, zooplankton act as a link between primary producers andewvgher |
consumers (Lenz 2000; Johnson and Allen 2005). Zooplankton feed on phytoplankton and then
transfer energy up the food chain as they are consumed (Lenz 2000). Zooplanktonuemedons
by a variety of aquatic animals, including other zooplankton, planktivorous fishes clfdtenhi
feeders, and baleen whales (Lenz 2000; Johnson and Allen 2005). Larval fish are one of the
main groups that prey upon zooplankton (Johnson and Allen 2005). Zooplankton are the main
food source for larval fish as they undergo yolk sac absorption and transition tayfeedi

exogenously (Yufera and Darias 2007; Miller and Kendal 2009).
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In larval fish, mouth gape is a limiting factor at the onset of exogenous feeding,
restricting the prey size that can be consumed (DeVries et al. 1998; Yondemaas 2007).
Mouth gape becomes less limiting as fish grow. There is a positivenslap between fish
length and mouth gape (DeVries et al. 1998; Puvanendran et al. 2004). Studies havedsugges
that the width when the mouth is open at & 8fgle is the maximum functional mouth gape.
Optimal prey sizes are generally within 30- 50% of the mouth gape (BremghStein 1994,

Turingan et al. 2005; Riley et al. 2009).

Zooplankton abundances in Roanoke River and Albemarle Sound have historically been
much lower than those found in other North Carolina river systems. A long term study
conducted from 1984-1991 by Rulifson et al. (1993) and a study by Coggins (2005) in 2003
documented abundances that were between 1-2 orders of magnitude lower thantetner sys
(Table 1.2). American shad, river herring, and hickory shad all spawn in Roanokeriiiver a
their larvae use this system as nursery habitat (Greene et al. 2009; hiiightower 2010).

In this system, American shad are currently listed as a species ofrcamg herring stocks are
depleted and current hickory shad landings are below the 10 year averageGA8MF:

Greene et al. 2009; NCDMF 2010). One possible explanation for failure of these stocks to
rebound could be high levels of larval mortality caused by food limitation. Zooplankton
abundances are low in this system, increasing the probability of a spédtml @mporal

disconnect between zooplankton and larval alosines.

Research objectives
The purpose of this thesis is to evaluate foraging potential of larval Ametea,

blueback herring, alewives, and hickory shad in three areas in the lower RoanokanRiver
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Albemarle Sound, North Carolina. Two main research objectives were addi@esaluate
larval alosine foraging potential and each objective is discussed inteeffaapters. Chapter Il
focuses on zooplankton abundance and composition. The overlap between larval alosines and

zooplankton is discussed in Chapter Ill. Chapter IV summarizes the main findithgs thesis.

In Chapter Il, zooplankton abundance and composition in three areas within lower
Roanoke River and Albemarle Sound are described. Spatial differences in albundsmnc
evaluated using analysis of variance (ANOVA). PRIMER-E was used to donualgsis of
similarity (ANOSIM) and similarity percentages (SIMPE#&)alysis of zooplankton
composition. ANOSIM was used to evaluate spatial differences in zooplankt@osition and
the results are visualized using a non-metric multidimensional scaling @Midination plot.
SIMPER analysis allows for identification of key taxa driving dissantties between areas.
Multiple analysis of variance (MANOVA) evaluated if differences amareas could be
observed when both environmental data and zooplankton abundance and composition data are
included in analysis. Canonical correspondence analysis (CCA) evaluated howm@evital
parameters drive zooplankton patterns in each area. Results from this stadyompared to
previous work in Roanoke River and Albemarle Sound and long term patterns in zooplankton

abundance were evaluated.

Chapter Il focuses on the potential of larval alosines to prey upon zooplankton.
Abundance and distribution of larval alosines was described. Mouth gape models were
developed for each alosine species and from these, optimal prey sizestiveteds Analysis
of covariance (ANCOVA) was used to test if there are differences inhngae among the

species. Size distribution was modeled for the most numerous zooplankton taxa. Using
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abundance data from Chapter Il, spatial and temporal overlap between lesuasabnd size
appropriate zooplankton prey was evaluated. Cross correlations were cond@staidate the

relationship between larval alosines and zooplankton.

Chapter IV summarizes and highlights the main findings of this research.

13



Table 1.1. Life history traits for alosines in North America.

Species
Alewife American shad  Blueback herring Hickory shad
Gulf of St. La(\?vtig:ges-t. St Nova Scotia - St.Bay of Fundy - St
Distribution Lawrence - South . ' Johns River, Johns River,
. Johns River, : .
Carolina . Florida Florida
Florida
Maturation Males: 3-4 years Males: 3-5 years Males: 3-4 years Males: 2-5 years
Females: 4-5 yearBemales: 4-6 yearBemales: 4-5 yearSemales: 2-5 years
Spawning dates Late Mgrch - March - June Late April - early Late April - early
April May June
Spawning aEo 500 21 - 24°C, but as 8 - 22°C, peaks
temperature range 13-15%C 12-20°C low as 14°C  between 12 - 19°C
Open water, over
Spawnin IocationShorebank eddies Main stream Main stream over  substrates
P g and deep pools hard substrates containing cobble
gravel, and sand
Total length at 3.5 mm 7 - 10 mm 31-42mm  5.2-6.6mm
hatching
Total length at
yolk-sac 6.0 mm 9-12mm 6.0 mm 7.0 mm

absorntiol
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Table 1.2. Zooplankton abundance (numb&rimseveral North Carolina coastal river systems.

Mesh
Study System Sampling period size Abundance
(Lm) (number/m)
Mallin (1991) Neuse River May-Dec. 76 32,877
Fulton (1984) Newport River All year 76 21,900
Thayer et al. (1974) Newport River All year 156 6,200
Birkhead et al. (1979) Cape Fear River All year 156 7,450
Winslow et al. (1985) Chowan River All year 70 3,423
Rulifson et al. (1993) Roanoke River All year 250 327
Roanoke Delta All year 250 696
Albemarle Sound All year 250 532
Coggins (2005) Roanoke River June, Sept., & Nov. 90 892

15



Mortality Curve Without
Critical Period

Log Larval Abundance

|
|
|
|
|
: Critical
!
i
|

| :
Perjod! Mortality Curve With
i Critical Period
First I
Feeding

Time
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CHAPTER 2: SPATIAL AND TEMPORAL TRENDS IN ZOOPLANKTON ABNDANCE
AND COMPOSITION IN LOWER ROANOKE RIVER AND ALBEMARLE SOND,
NORTH CAROLINA
Abstract
Zooplankton abundance and composition were evaluated in lower Roanoke River and

Albemarle Sound, North Carolina. In this system zooplankton abundances have Historeara
lower than other North Carolina coastal river systems. Samples wkretediweekly at 19
stations using a vertical net haul technique, during March-June in 2008 and 200%atidbhe s
were located within three areas identified as River, Delta, and Sound. Rhemi®a furthest
upstream with seven stations between RKM 9.5 — 22, scattered throughout the main stem of
Roanoke River and its tributaries and distributaries. Delta is the transiggiah mwhere the
Roanoke, Middle, and Cashie Rivers converge at the Highway 45 Bridge, befogendj\aard
flowing into Albemarle Sound. Sound has six stations in Batchelor Bay, the westéwn pbrt
Albemarle Sound. Zooplankton abundances (numBet/8D) were not significantly different
(t(95) =-1.47p = 0.144) between 2008 (7,214 + 8,048) and 2009 (9,774 £ 11,967). Spatial
differences were observed with abundances in the Sound (16,546 + 14,678) being significantly
higher £(2,94) = 12.98p < 0.001) than those in both River (4,934 + 3,806) and Delta (4,647
2,846). Zooplankton composition was dominated by rotifers, cladocerans, and copepods, which
accounted for 96% of zooplankton, but the percentage of each varied spatially and temporally

Abundances in this study were significantly higher than those reported in startless.



Differences in zooplankton composition were also observed between this study and previous

studies.

Introduction

In aquatic systems, zooplankton act as a link between primary producers and kigher le
consumers (Lenz 2000; Johnson and Allen 2005). Zooplankton feed upon phytoplankton,
aguatic primary producers, and transfer energy up the food chain as they areetbfisenm
2000). Zooplankton are consumed by a variety of aquatic animals, including other zooplankton,
planktivorous fishes, benthic filter feeders, and baleen whales (Lenz 2000; Johnsdieand A
2005). Larval fish are one of the main groups that prey upon zooplankton (Johnson and Allen
2005). Zooplankton are the main prey resource for larval fish undergoing yolk saatiabsor

and transitioning to feeding exogenously (Yufera and Darias 2007; Miller and IK/0$5.

Several abiotic parameters, such as water temperature, salinity, depthrrand
velocity have an impact on zooplankton diversity and distribution on both spatial and temporal
scales. In rivers, current velocity, in conjunction with discharge naiesdams is believed to
have a strong impact on zooplankton. Zooplankton abundances can be diluted by swift currents
and high discharge rates. Conversely, if currents are slow and watencedidee is high,
populations can be replenished as zooplankton are transported downstream (Hynes 1970;
Akopian et al. 1999; Obertegger et al. 2007; Dickerson et al. 200). Current velocitysaéso ha
role in zooplankton production in riverine systems. Production occurs in areas of slow moving

water, such as backwaters, side channels, and reservoirs created by daessIO7Q).

Salinity is considered the most influential factor affecting zooplankton inrest{aenz

2000; Johnson and Allen 2005). Salinity tolerances are species dependent, with sase speci
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able to tolerate wide salinity ranges, while others have narrow rangegplagkton diversity
decreases as salinity decreases (Johnson and Allen 2005; Hwang et al. 20E8hwlatér and
oligohaline systems, zooplankton composition is usually dominated by rotifers, eriadscand
copepods. Rotifers dominate numerically, while copepods dominate in terms of bioatess (P

and Orcutt 1981; Thorp and Covich 2001).

Thermal preferences differ among zooplankton taxa and water temperaturadsrashs
to be equally important in both rivers and estuaries. Studies encompassing mukiphs $esve
documented seasonal differences in dominant zooplankton taxa that corresponds to mhanges i
water temperature (Hynes 1970; Soetaert and Rijswijk 1993; Kimmel and Roman AG0K).
individual environmental parameters can exert a strong influence on zooplanktonrmitissn
several factors can act in combination to control zooplankton dynamics (Hynes 1976nJohns
and Allen 2005). Graham and Bollens (2010) observed seasonal differences in zooplankton
community structure related to water temperature, but upwelling and frieshmaut were also

influencing zooplankton populations.

Zooplankton abundances in Roanoke River and Albemarle Sound have historically been
much lower than those found in other North Carolina river systems (Fig 2.1). A longielym s
(1984-1991) conducted by Rulifson et al. (1993) and another study by Coggins (2005) in 2003
documented average abundances that did not exceed 900 nufrasetivere 1-2 orders of
magnitude lower than other systems (Table 2.1). American shad, rivelgh@gwife and
blueback herring), and hickory shad all spawn in the Roanoke River and their larvae use this
system as nursery habitat (Greene et al. 2009; Harris and Hightower 2010). s{rstikins,

American shad are currently listed as a species of concern, riveghstooks are depleted and
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current hickory shad landings are below the 10 year average (ASMFC 2007; Grale26@9;
NCDMF 2010). High levels of starvation during the larval stage may maké&cuttifor these
stocks to recover. Zooplankton abundances are low in this system, increasing theityrobabil

a spatial and/or temporal disconnect between zooplankton and larval alosines.

In this chapter, spatial and temporal variation in zooplankton abundance and composition
is evaluated within three areas in lower Roanoke River and Albemarle Soutid(doolina.
Environmental data was analyzed separately and in combination with zooplankton data
Zooplankton abundances from this study were compared to those from Rulifson et al. §993) a
Coggins (2005) to evaluate long term trends in this system. Zooplankton abundance and
composition results are used in Chapter 3 to evaluate foraging potential balasiaes in the

three study areas and to determine if all areas are suited to seseay habitat.

Methods
Roanoke River and Albemarle Sound
Roanoke River basin is the largest basin of any North Carolina estuary, easmgpa

25,035 kni(Konrad 1998;: NCDENR 2000). Roanoke River originates in the Blue Ridge
Mountains of Virginia and flows southeast, extending approximately 660 km between it
headwaters to where it empties into Albemarle Sound, North Carolina (Konrad 1998]IR¢ars
al. 2005). Roanoke and Chowan Rivers are the two main tributaries emptying into Adbemar
Sound. Roanoke River accounts for over 50% of the freshwater input into Albemarle Sound
(Gray and Copeland 1983). It is one of the largest alluvial rivers on the East Coasower

region below the fall line is surrounded by bottomland hardwood floodplain forests and is the
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largest and least fragmented ecosystem of this type in the mid-AtlQR2ENR 2000; Pearsall

et al. 2005).

Albemarle Sound is a shallow estuary with mean depths <5 m and is part of Adbemar
Pamlico Estuarine System (APES). This system is made up of broad, shallow,dirmene
valleys. APES is the second largest estuary and the largest lagoonsl iestiv@ United States.
Pamlico Sound and Albemarle Sound are the two main basins in this system. Allgonade
is the northern most basin and is separated from Pamlico Sound by Croatan and Roanoke Sounds
(Gray and Copeland 2002). The Outer Banks form a barrier separating Albemartefom
the Atlantic Ocean. Oregon Inlet is located south of Albemarle Sound and actealythe
source of saltwater intrusion. This limited saltwater intrusion combined withflg@ghwater
input from several rivers results in Albemarle Sound having salinity valgspt. (Copeland et
al. 1983; Pearsall et al. 2005). The Outer Banks also protects Albemarle Sound from

gravitational tides, with water circulation being primarily wind driveng€land et al. 1983).

Field collection and data processing

Samples were collected from three areas within the lower RoanokeaRtv&lbemarle
Sound, North Carolina. The three sampling areas were classified as Rit&rabe Sound and
contained a total of 19 stations. River is the area furthest upstream with séves between
RKM 9.5 — 22, scattered throughout the main stem of the river and its tributaries and
distributaries. Delta is the transitional region between River and Sound tvbdReanoke,
Middle, and Cashie Rivers converge at the Highway 45 Bridge, before diverginigwaimaf
into the Albemarle Sound. There are two stations in the Roanoke, Middle, and Cashie Rivers

for a total of six stations. The Delta station furthest upstream is locatied Roanoke at RKM
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5. Sound has six stations in Batchelor Bay, the western portion of Albemarle Sound. The

stations extend 2 — 4 km from the mouths of the Roanoke and Middle Rivers (Fig. 2.2).

Zooplankton samples were collected March through June 2008-09. Sampling was
conducted at weekly intervals, and began at sunset. Zooplankton samples weezlantiag a
3:1 conical net with a 0.5 m opening andi® nitex mesh. The plankton net was deployed
using a vertical net haul technique where the net is lowered to the bottom and ken pul
vertically through the water column. A preliminary study comparing tteh eficiency of
vertical hauls, surface tows, and using a bilge pump to filter water through the netisimw
significant difference in species abundance or composition when using verticabhthe
pumping method, while abundances were significantly lowgt, (@5) = 21.49n = 48,p <
0.001) using surface tows (K. Riley, ECU, unpublished data). The contents of the net were
washed down and condensed into the sample jar and preserved with 5% buffered formalin. In
2009, samples were not collected in the Delta during calendar week 20 and during weeks 12, 16,

and 25 in the Sound because of mechanical issues with the boat and inclement weather.

Environmental parameters were recorded at each station during eacimgaweht. Air
temperature'C), wind speed (m/s), and direction were measured using a Skymate Model Sm-18.
Surface and bottom water temperatur€3, (salinity, conductivity(S), and dissolved oxygen
concentration (mg/L), were measured using a YSI Model 85 Multiparameter Qaality
Meter. A Hanna Model HI 98128 pH meter was used to measure surface pH. Cugehy vel
(m/s) and direction were measured one meter below the surface usingraN#=Birney FLO-

MATE Portable Velocity Flow Meter, Model 2000.
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Daily water discharge rates were obtained from Roanoke Rapids Dammvesti¢oring
gage, located 4.5 km downstream of the dam and 215 km upstream from Albemarle Sound. The
gage records hourly discharge rates and river height data and is maintained bgdlb§ic&l
Survey and Dominion Power Company. Precipitation and daily air temperaGiresete
obtained from a 10-m weather station located at Tidewater Research St&igmauth, North
Carolina. The State Climate Office of North Carolina maintains and opénatesather

station. Data are maintained by the National Climatic Data Center.

For each sampling date, three samples from each area were randootgddele
processing. Subsamples were taken using a Hensen-Stempel pipette. Iisdivedleacounted
and identified to the lowest possible taxon using an Olympus Model SZX-ILLD100
stereomicroscope. Zooplankton were identified using taxonomic keys found in Tdorp a
Covich (2001) and Balcer et al. (1984). Abundance (numBewas estimated by dividing total

number of zooplankton per sample by the volume of water filtered.

During comparisons of zooplankton abundance and composition from this study and
from Rulifson et al. (1993) rotifers and copepod nauplii are excluded from anaRslifson et
al. (1993) collected zooplankton using a 280 mesh net. Rotifers and copepod nauplii are
typically < 200um in size and are not efficiently collected in a 260 mesh net (Thorp and

Covich 2001).

Satistical analyses
An independent samplésest evaluated if zooplankton abundances and environmental
parameters differed between sampling years. Differences betiweedamces from this study

and previous studies (Rulifson et al. 1993; Coggins 2005) were also compared using independent
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sampled-test. Spatial and monthly differences between abundances and abiotic factors were
evaluated using a one-way analysis of variance (ANOVA). If the AN@Xs significant,
differences were further examined using the Ryan-Einot-GabriethW(BIEGWQ) post-hoc test,
which holds family wise alpha at 0.05. A one-way multiple analysis of varid&BQVA)
tested whether the three sampling areas were significantly diffenemt both environmental
and zooplankton data were included in the analysis. In addition to testing forcsighnifi
differences among groups, MANOVA also provides a valyaneasuring how large the
differences are among groupA.ranges from 0 to 1, with O indicating strong differences
(Tabachnick and Fidell 2007). To protect against multicollinearity, a Pearsolatorrenatrix
was conducted using all environmental variables. If a pair of variables maeGaf), one of the
variables was deleted from MANOVA and canonical correspondence an&@g#g. Unless
otherwise noted, all statistical analyses were conducted using SAS 9.2n&iufie, Cary,

North Carolina).

Primer-E v6 (Primer-E Ltd, Plymouth, UK) evaluated spatial differemceommunity
structure. Prior to analysis, zooplankton data were fourth-root transformedavetspecies
being down-weighted. Data were fourth-root transformed because thabtnagisdn down-
weights the impact of the most abundant species, while still allowing mid-rpegesto exert
some influence in the calculation of similarity indices (Clarke and VW&r2001). Non-metric
multi-dimensional scaling (NMDS) was used as a visual representatiomghsiwiilarities
within areas based on differences in Bray-Curtis dissimilarityegali'he closer two points are
located on the ordination plot, the more similar those two points are. One-vigsisaoh
similarity (ANOSIM) tested if there were significant diffec&s in community structure among

the three areas. The test statistic for ANOSRWUsually ranges from O to 1, with O indicating
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little similarity among groups. Similarity percentages (SIMP&#®re used to analyze which
taxa are driving dissimilarity among areas. SIMPER procedure decontprase€urtis
dissimilarity values and transforms them into percentage contributions &amtaexon.
SIMPER also allows for the identification of discriminating taxa, thosewtoasistently
contribute to dissimilarity between two areas (Clarke and Warwick 200keCiad Gorley

2006).

Canonical correspondence analysis evaluated the relationship between ezntiabnm
parameters and zooplankton abundance and composition. Prior to analysis, both data sets we
evaluated for normality by assessing kurtosis, skewness, and Shapiro-Wek f@l each
parameter. All parameters met the criteria for a normal distributicepékor zooplankton
abundance and salinity, which wereqg@+ 1) transformed prior to analysis. Precipitation was
excluded since data was only available for the entire sampling region aiad eath discrete
area. CCA was performed using CANOCO 4.5 (ter Braak and Smilauer 2002) and the
corresponding biplots were created using CANODRAW for Windows. In a biplotréreyth of
the vector is reflected in the length of the line. A small angle betweenwveuiaates a
positive correlation, while angles approaching®i8fve a strong negative correlation. Angles
near 90 are not correlated. The origin of the synthetic gradients (axes) regrésegtobal

average for each vector (ter Braak and Verdonschot 1995; Rahel and Jackson 2007).

Results
Environmental data
Environmental datan(= 97) are summarized in Table 2.2. Monthly patterns were

observed for dissolved oxygen, air and water temperatures. Dissolved oajgeed the
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expected seasonal pattern of being highest in March and decreasing thrdbglsaupling
season. Hypoxic conditions (< 2.0 mg/L) occurred infrequently in late May and Jhmenticg
for 1% of bottom dissolved oxygen readings. Dissolved oxygen also varied betweeangears
was significantly higher (1 £ SD) in 2009 (7.9 £ 2.0) than 2008 (6.5 £ 1.5). Air and water
temperatures followed the opposite pattern of dissolved oxygen and were lowestnalkicr
increased through June. Significant yearly differences were obseryad &nd wind speed
(Table 2.3). In 2008 (7.5 £ 0.2), pH was significantly higher than in 2009 (6.7 + 0.4). Wind

speed was also higher in 2008 (5.2 = 5.1) than in 2009 (1.7 £ 1.1).

Salinity, current velocity, and wind speed were significantly higher in the Soafie(T
2.4). Mean salinity was 0.1 = 0.0 in both the River and Delta. Salinity wasicagiy higher
(F(2,94) = 35.69n = 97, p< 0.001) in the Sound, ranging from 0.1 — 2.8 ppt, with a mean value
of 0.5 £ 0.6. The majority of salinity values did not exceed 1.0 ppt. Current velocitymikes si
in River and Delta, ranging from 0.0 — 0.83 m/s, with a mean velocity in both areas of 0.1 + 0.1.
Current velocity was significantly highef(@,94) = 3.98n = 97,p = 0.022) in the Sound (0.2 +
0.1), ranging from 0.0 — 1.2 m/s, and currents were most frequently from the westallyen
winds were < 10.0 m/s and were typically from the south or southwest. Mean windrsgeed i
Sound (6.4 + 5.5) was significantly high&(2,94) = 13.69n = 97,p < 0.001) than River (1.7 +
2.2) and Delta (2.8 + 2.8) areas. Mean depth at River (4.8 + 0.7) stations was sigyificantl
higher £(2,94) = 85.44n = 97,p < 0.001) than Delta (3.2 + 0.6) and Sound (3.3 +£0.3) stations

(Table 2.4).

Water discharge from Roanoke Rapids Dam exhibited different patte208&xand

2009. In 2008, daily discharge rates from Roanoke Rapids Dam ranged from 64 3416 m
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Discharge rates peaked from mid-April to Juff@fd exceeded 220°=s. In response to heavy
rains, discharge rates were higher in 2009. Flows peaked twice during 2009, ote®/isrtn
and again during mid-late June. Discharge rates were > 283an90% of the sampling period

and with peaks > 500 fs.

Zooplankton abundance and taxonomic composition

Zooplankton abundances were highly variable. Mean zooplankton abundances
(number/n + SD) were not significantly different(95) = -1.47n = 97,p = 0.144) between
2008 (7,214 £ 8,048) and 2009 (9,774 + 11,967). Month had a significant effect on zooplankton
abundancedH(3) = 4.93n =97, p=0.003). When abundances were combined for all areas,
abundances in March (13,104 + 12,654) were significantly higher than those in April (6,848 +

7,309), May (6,054 £ 7,309), and June (8,118 + 8,875).

Area also had a significar(2,94) = 12.98n = 97,p < 0.001) effect on zooplankton
abundances. Sound (16,547 + 14,678) had significantly higher abundances than the River (4,934
+ 3,806) and Delta (4,647 + 2,846) areas (Fig. 2.3). No clear temporal patterns emaate in e
area, so the years were evaluated separately. Abundances in the Sound wereigatnles
with the widest range in abundances. Even though overall abundances were signifighatl
in the Sound, the lowest observed abundance in any area was in the Sound at week 20 in 2008,
with an abundance of 935 + 496. Highest abundance occurred in week 12, with 33,384 + 47,621.
In 2009, lowest abundances were once again in the later part of the sampling seasong @atcurri
week 21 with abundances of 2,710 + 466. Peak abundances in the Sound occurred the following
week and were the largest observed during the study at 51,816 + 52,092. Temporal patterns

were more consistent in the River. Highest abundances were observed in week 13 in 2008
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(13,562 + 10,797) and 2009 (19,751 + 25,719). In both years, lowest values were observed in
early summer. In 2008, lowest abundances occurred in week 22 (1,380 + 20) and during week
23 (1,261 £ 1,430) in 2009. In the Delta, the two years exhibited opposite patterns. In 2008,
zooplankton peaked in late June (week 26) with an abundance of 10,672 + 7,901 and was lowest
in March during week 13 with an abundance of 997 + 598. During 2009, zooplankton

abundance was highest in week 11 (12,727 + 4,235) and lowest in week 24 with an abundance of

1,802 + 940 (Fig. 2.4).

Zooplankton communities were dominated by five taxa: calanoid copepods, cyclopoid
copepods, copepod nauplii, rotifers, and cladocerans (Fig. 2.5). Calanoid and cyclopoid taxa
include both copepodite and adult life stages. Several families of cladocerandemgified in
this study, including Daphniidae, Bosminiidae, Sididae, Chydoridae, and Lepi@elofThese
five taxa account for a minimum of 96% of the composition for each area acrosgéarsth y
Some of the less common taxa included ostracods, gammarid amphipods, and harpacticoid

copepods. A complete list of all taxa is in Table 2.5.

Zooplankton community structure varied temporally and spatially. Temporaledities
occurred on both monthly and yearly scales. In 2008, monthly changes in composition were
observed. In the River, rotifers were dominant in March representing over 60% ofrkbopla
Rotifers were less abundant in April, and cladocerans were the dominant tagsamgpge37%
of zooplankton. In May (47%) and June (36%) rotifers were dominant. From Marchfthroug
May calanoid copepods were not common in the River, but in June, there was an increase
abundance (32%) and they were almost as abundant as rotifers. In the Deitadaapepods

(65%) were dominant in March, but had low abundances April-June. In April and May, copepod
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nauplii and rotifers had similar abundances and were the most common taxa. Raitfensest

for 32% in April and 33% of the composition in May. Copepod nauplii represented 33% in April
and 32% in May. Rotifers were the dominant taxa in June (48%). In the Sound, copepod nauplii
were the dominant taxa for all of 2008. In 2009, zooplankton communities did not follow the
same temporal patterns observed in 2008. One of the biggest differences wagéseadncr
dominance of rotifers. Rotifers were the dominant taxa, except during MarchRiv#reand

Sound and always accounted for at least 35% of the zooplankton (Fig 2.6).

A one-way ANOSIM indicated weak (Globl= 0.298) but significantp(= 0.1%)
differences in zooplankton composition among the areas (Fig. 2.7). Post-hoc comparisons
revealed that River and Delta were not significantly differBrit 0.054.,p = 1.3%), while the
Sound was significantly different from both Riv& £ 0.527 p = 0.1%) and DeltaR = 0.357 p
=0.1%). SIMPER analysis comparing the Sound to both the River and Delta showedlthe leve
of dissimilarity among comparisons. Bray-Curtis average dissimgifarnthe Sound-River was
36.9 and 34.0 for Sound-Delta comparisons. Calanoid copepods contributed the most to
differences between the Sound and other areas. Copepod nauplii and rotéestswer
important to dissimilarity among the areas, rankifftexd & highest contributors. Their order
differed between Sound-River and Sound-Delta comparisons. In the Sound-Riverp@estr
and Chydoridae were identified as discriminating taxa. Harpacticoid cdpeyere the

discriminating taxa in Sound-Delta comparisons (Table 2.6).

Relationship between zooplankton and environment
Air temperature and conductivity were both highly correlateeld.9) to other

parameters and were excluded from MANOVA and CCA analyses. A one-w&lOVA
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indicated that strong and significamt € 0.11,7% = 0.89,p < 0.001) differences exist among
areas. Area explained 89% of the variance in the environmental and zooplankton daga. Thes
results indicated that the three sampling areas can be distinguishec@towtieer when both

environmental and zooplankton data are analyzed together.

CCA revealed differences in relationships among abiotic parameters ariewbleof
influence in each area, and also many shared patterns (Fig. 2.8). &asllaater temperature
was one of the most influential vectors. No other vector was among the mosttiafluremore
than one area. In the River, depth exerted a strong effect. Dissolved oxygen wastthe m
influential parameter in the Delta. In the Sound, current velocity, salindywater temperature
were all strong and equal in their degree of influence. Temperature and dissglged were
negatively correlated in all areas. The influence of salinity was not tamsésross the areas.
The level of salinity influence was lowest in the River and strongest in the Soune. Rivén
and Delta, salinity and flow velocity were negatively correlated. Neelation for those vectors

was observed in the Sound.

There were some spatial differences in how the most abundant taxa Wwexeced by
environmental parameters. In all areas, Rotifer abundance was positfeeled by slightly
above average water temperatures. Abundances were higher with below auaege
velocity, in the River, and with above average current velocity in the DeltafelRadtundances
were also higher in the Delta and Sound when dissolved oxygen levels slightly betagea
Copepod nauplii are positioned near rotifers on all biplots and exhibited similanpatiéne
most common cladocerans, Bosminidae and Daphniidae were all positively influsnicsv

salinity levels. In all areas, Bosminidae were also more abundant with abozgeavater
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velocity. In the River and Delta, Daphniidae exhibited opposite trends for tenmpesad
dissolved oxygen. In the River, lower temperature and higher dissolved oxygen walléavora
Calanoid and cyclopoid copepods exhibited different patterns. Calanoid copepods were
positively correlated with salinity while cyclopoid copepods were neggtafédcted by salinity

in all areas. Calanoid copepod abundance varied spatially to water tengaratutepth.
Cyclopoid copepods were positively influenced by water velocity in both the RiddDelta

(Fig. 2.8).

Long-term zooplankton patterns
Zooplankton abundances found by Rulifson et al. (1993) and Coggins (2005) were
significantly lower than those observed in this study (Table 2.7). Excluding copegad aad
rotifers for comparison with Rulifson et al. (1993), did result in a large retuct abundance
values. Even with the removal of those taxa, abundances from this study were betwvieen t
seven times higher than abundances from Rulifson et al. (1993). Using the sameenesh s
(90um), there was a large difference between abundances in this study and §gnsIin
the River, Coggins (2005) had an average zooplankton abundance of 892 + 775 and in this study

average abundance was 4,934 + 3,806.

Spatial abundance trends differ between this study and Rulifson et al. (1993). In this
study, highest abundances were found in the Sound, and they were significantly lagher th
those observed in the River and Delta, which had similar abundances. In Rulifson et al. (1993)
highest abundances were found in the Delta, and they were twice as high asuhdse the
River, which had the lowest abundances. Sound abundances were 25% higher than abundances

in the River (Table 2.7).
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Zooplankton communities between this study and Rulifson et al. (1993) were gimilar
the River and Delta, but differed in the Sound. In the River and Delta, for both studies,
Bosminidae, Daphniidae, and cyclopoid copepods were the most abundant taxa. Calanoid
copepods were more prevalent in this study, representing 13% and 28% of the composition in the
River and Delta, respectively. Most years, calanoid copepods represestidie% of the
composition in the River and Delta, in Rulifson et al. (1993). In 1986 and 1988, there was a
slight increase to 11% and 15%, respectively. More pronounced differences bétsveen t
studies are found when comparing zooplankton composition in the Sound. In Rulifson et al.
(1993) zooplankton community was dominated by Bosminidae, Daphniidae, and unknown
cladoceran species. Throughout the multiyear study, cladocerans alwaysectéoumnt0% of
zooplankton in the Sound. Cyclopoid copepods were also abundant in the Sound, and
represented 15-36% of Sound composition. Calanoid copepods comph@¥dof zooplankton
community, except in 1986 when they made up 36% of the community. In contrast, zooplankton
composition in this study was dominated by calanoid copepods, which made up 76% of the
Sound community. Bosminidae (11%), cyclopoid copepods (6%), harpacticoid copepods (3%),

and Daphniidae (2%) were the only other taxa to represent > 1% of the composition.

Major differences were observed between River community structure stulligand in
Coggins (2005). In this study, the main River taxa were rotifers (41%), copepod (I8,
Daphniidae (11%), Bosminidae (11%), and cyclopoid copepods (10%). The zooplankton
community in Coggins (2005) was dramatically different. The main differernbe iack of
rotifers, which accounted for 0% of the composition in Coggins (2005), compared to 41% in this
study. The main River zooplankton taxa in Coggins (2005) were cyclopoid copepods (35%),

Daphniidae (19%), copepod nauplii (13%), Bosminidae (12%), and Diptera (10%). In the two
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studies, Daphniidae, Bosminidae, and copepod nauplii had similar prevalence in the zooplankton
communities. Few insects were collected in this study and compose kthécommunity,

versus 10% in Coggins (2005).

Discussion

Zooplankton abundances, in all three areas, were significantly higher than thossdreport
in previous work and are similar to those observed in other North Carolina coastaysteens
(Table 2.1). In this time period, increases in zooplankton abundances were also observed in
Chowan River, North Carolina (Leech et al. 2008). Many factors could be attributimgse
differences in zooplankton abundance. Rulifson et al. (1993) measured phytoplankton
concentration in Roanoke River and Albemarle Sound and found that concentrations were large
enough to support much higher zooplankton abundances than what was observed. They
hypothesized that various environmental parameters, such as daily river floeaaoda
temperatures were responsible for zooplankton patterns in this system. daldiesdlved
oxygen, salinity, temperature, turbidity, and pH were similar betweenttioig and Rulifson et

al. (1993), and no major differences are observed.

Some differences in water quality are observed when data from stateesgme
included. Water quality in the lower Roanoke River and Albemarle Sound has ésshed as
being of good quality in recent years (NCDENR 2010). In the mid 1990’s, the betternment pla
was created which regulates discharge from Roanoke Rapids with the g@ahtaimmg daily
average dissolved oxygen concentrations of 5 mg/L and reducing hypoxic and anoxic events
(NCDENR 2000). Ambient monitoring from 2005-2009 had no observations of daily averages

outside of the standards set by NCDENR for dissolved oxygen (<5.0 mg/L), pH (< 6.0, > 9.0), or
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turbidity (> 50 NTU) (NCDENR 2010). Water quality monitoring prior to the enantrof the
betterment plan did not identify any long term problems with any of the wateétyqual
parameters, but did show periods of hypoxia with associated fish kills (NCDENR 1996)
Anecdotal evidence suggests there are differences between water logtalgen this study and
Rulifson et al. (1993) not being captured by solely investigating water qudligsvaln the
earlier study, there were frequent problems with the nets clogging wittusletvhich was not
an issue during this study (R. Rulifson, ECU, personal communication). It iblpdbsit
factors causing hypoxic events during that time period and high levels ofisi@trRulifson et

al. (1993) contributed to differences in zooplankton abundance between the two studies.

Flow velocity and high discharge rates from dams are considered to be imhfectars
in regulating zooplankton abundance and composition (Hynes 1970). ldentifying thedafluen
of river velocity in all three studies is difficult and beyond the scope of thity stZooplankton
abundances are negatively correlated with velocity. Zooplankton production ineiggstems
occurs in areas of slow moving water. High river flows and discharge ratesyabgatiluence

zooplankton abundances by having a wash out effect that dilutes populations (Hynes 1970).

Discharge rates and rankings for the past 100 years, ending in 2009, for the different
years in all three studies are presented in Table 2.8. Coggins (2005) sampled in 2003 whe
discharge rates were highest (660 ®sinand zooplankton abundances were low. This suggests
that high flows were responsible for low abundances, but when zooplankton composition is
included, there is no clear picture. In other studies where high flows and dam didudnazg
negatively influenced zooplankton abundance, rotifers were still dominant in jistsas.

Larger zooplankton taxa, such as cladocerans and copepods were negatively ohibydmge
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flow and had lower abundances (Cowell 1970; Obertegger et al. 2007). Even in studies where
rotifers were negatively influenced by flow, they were still the numigridaminant taxa, but
abundances were lower than in areas with low current velocity (Dickerson et al. 011

spring samples, Rotifers were absent from Coggins (2005), suggesting thiwigs not the

only parameter influencing zooplankton abundance in this study.

During the Rulifson et al. (1993) study, samples were collected over sevesahgda
discharge rates and flows were highly variable. In 1987, fheighest discharge rates (1 =
566.2 m/s) for the past 100 years were observed and this was also the year withabie hi
zooplankton abundance (1 = 606 numb&yimthis study. During that study, abundances did
not follow any clear pattern in respect to flow. Abundances in this studysigerécantly
higher than those previously reported, and discharges were moderate to lovparisomto the
past 100 years. It is possible flow and discharge partially explain thesedés in abundance,
but more research is needed to fully understand what factors are drivingiongooplankton

trends in this system.

Significant differences in zooplankton composition and abundance were observed
between the Sound and other study areas. SIMPER analysis showed that cafzemmdx
were most responsible for the Sound being significantly different in compostiorthe River
and Delta areas. Calanoid copepods were more abundant in the Sound and comprised a higher
percentage of the zooplankton. Higher abundances of copepod nauplii and rotifers in the Sound
also contributed to the Sound being significantly different. In the River and Digjkeer
abundances of cyclopoid copepods, cladocerans, and ostracods also contributed to significant

differences when compared to the Sound (Table 2.6). Many of these differences can be
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explained by salinity differences among the areas. Salinityigrai$icantly higher in the Sound
where calanoid copepods had the highest abundance. CCA showed they were positively
correlated with salinity, while taxa that were less common in the Sound, sueld@secans and
cyclopoid copepods were negatively correlated with salinity (Fig 2.8). Whitetgalas a
strong influence in the Sound, it had lesser influence in the River and Delta. Thartaes
located the furthest upstream of the areas. In times of low flow, there havedbearine
influences from Albemarle Sound, but typically the River is far enough upstreahete those

influences are rare and this is considered a true freshwater are&NCZD00).

The results of the one-way MANOVA suggested the majority of varigrfce 89%) in
zooplankton trends and the environment were explained by the effect of aredicaéigni
differences in zooplankton abundance and composition were not observed between the River and
Delta, despite the strongly significant MANOVA. Differences in zooktan composition
between the two areas were more pronounced in 2008 (Fig. 2.7). It is possible the surge of
rotifers in 2009 masked differences in zooplankton composition between the RiveeltandID
the Rulifson et al. (1993) study, Delta abundances were significantly highehtsann the
River. Long term observation of zooplankton in these areas needs to be conducted, tdtsee if w
more years of data, these two areas can be classified as sapzaatkased on zooplankton
patterns and not just location. Long term observation is also needed to address wdether th

increase in zooplankton abundance seen in this study is a permanent or a tempanatipfiuct
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Table 2.1. Average zooplankton abundance (number/m3) in several North Carolina coastal
river systems.

Study System State Mesh size Abundance
(Lm) (number/m)
Mallin (1991) Neuse River NC 76 32,877
Fulton (1984) Newport River NC 76 21,900
Thayer et al. (1974) Newport River NC 156 6,200
Birkhead et al. (1979) Cape Fear River NC 156 7,450
Winslow et al. (1985) Chowan River NC 70 3,423
Rulifson et al. (1993) Roanoke River NC 250 327
Roanoke Delta NC 250 696
Albemarle Sound NC 250 532
Coggins (2005) Roanoke River NC 90 892
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Table 2.2. Average monthly values (u+ SD) for environmental parametersedlMatch-June 2008 and 2009 in
lower Roanoke River and Albemarle Sound, North Carolina.

Area Month  Air temp Conductivity D.O. Flow pH Salinty Wateemp Wind speed
(’C) ©S) (mg)  (m's) (ppt) ©) (m's)
River March08 13.1+3.0 1342+99.1 82+11 0.1%074+0.1 01+00 13.2+18 4.6%5.7
Apri08 16.4+28 1126+112 7.0+19 0.1+01 #6061 01+00 157+15 20+28
May08 18.8+25 119.6+8.4 57+09 02+02 7G%* 01+00 202+1.0 2739
June 08 25.3+28 136.6+17.0 51+10 0.1+0.1 xR 0.1+00 272+22 0814
March09 11.6+4.1 77.4+16.2 10.3+1.2 0.2+0.1 6®B6 0.1+0.0 96+23 11+1.1
Apri09 14.8+3.6 915+74 83+06 01+01 683 01+0.0 162+23 1013
May09 205+29 107.1+6.8 70+£09 01+01 662 01+00 218+15 1.0%1.0
June 09 242+08 1108+7.73 50+14 01+01 +05 0.1+00 244+13 07+1.0
Defta March08 12.3+4.1 203.7+231.3 78+14 0A& 74+01 01+02 134+18 6.0+54
Apri0o8 15.7+2.1 139.9+598 64+16 01+01 #¥6.1 01+00 16.0x16 29+57
May08 189+25 133.1+186 5709 02+01 762 01+00 214+47 43%50
June 08 25.1+23 1555+194 50+08 02+02 +032 0.1+00 288%+57 13+13
March09 125+6.2 89.1+13.5 10.1+1.3 0.2+0.1 6®3 0.1+00 99+21 19+15
Apri09 142+40 96.1+11.7 78+04 01+01 683 01+00 163+24 17+16
May09 21.0+4.1 116.7+7.8 69+05 0.1+01 6B2 0.1+00 222+16 16+1.2
June 09 248+13 1148+295 49+13 01+01 80 0.1+0.0 256+09 13+1.3
Sound March08 12.1+3.3 1,779.8+1,1404 88+1.71+0.0 7.8+0.3 13+0.7 126+16 120+2.2
Apri08 158+1.7 6422+966.4 79+21 02+026%01 04+06 159+22 9.7+43
May08 19.7+15 408.0+4900 6.4+08 0.1+01 #®1 03+03 205+10 10.7+8.8
June 08 255+1.9 8356+643.7 54+08 03+02+0L 04+03 269+17 43121
March09 12.1+6.5 1,464.7+842.3 10.9%+0.8 0.33%0/7.0+04 12+0.7 89+25 23+17
Apri09 16.3+2.1 1740+2706 8.7+0.7 0.3+0.266.02 01+0.1 16.7+22 31+19
May09 209+46 791.0+9845 86+1.0 03+01 6®3 04+05 220+24 3.0+£0.7
June 09 26.0+1.1 6465+713.8 64+13 01+01 +08 03+03 262+03 1.7+1.1




Table 2.3. Comparison between average values for environmental parameters in 2008
and 2009 in lower Roanoke River and Albemarle Sound, North Carolina. Values for
2008 and 2009 represent p + SD.

Parameter 2008 2009 t p
Air temperatureC) 18.3+5.3 18.0+6.0 0.30 0.765
Conductivity (1S) 389.9 +593.3 270.0+479.9 1.09 0.280
Dissolved oxygen (mg/L) 6.5+1.5 79220 -3.74 <0.001
Flow (m/s) 0.1+£0.1 0.2+0.1 -1.54 0.128
pH 75+0.2 6.7+0.4 16.11< 0.001
Precipitation (mm) 25+29 3.0£20 -0.91 0.367
Salinity (ppt) 02+x04 0.1+£0.3 0.84 0.401
Water temperatureQ) 19.4+5.8 18.1+6.1 095 0.344
Wind (m/s) 52+5.1 1.7+1.3 449 <0.001
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Table 2.4. Mean values for environmental parameters in each
sampling area in lower Roanoke River and Albemarle Sound,
North Carolina. Means sharing a letter in their superscript are
not significantly different at the 0.5 level according to a Ryan-
Einot-Gabriel-Welch (REGWQ) procedure.

Environmental parameter . Area
River Delta Sound
Current velocity (m/s) oA o010 02
Depth (m) 48 32 33
DO (mg/L) 74 68 1.7
pH 700 700 7.3
Salinity o o1 02
Water temp C) 18.8 19.1* 18.8
Wind speed (m/s) 17 28 6.£
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Table 2.5. Complete list of taxa collected March-June 2008 and 2009
in lower Roanoke River and Albemarle Sound, North Carolina. A (+)
indicates that the taxa was collected from that area, while a (-)
indicates absence. CCA abbreviation is the code used to identify the
taxa on CCA biplots. A (.) indicates the taxa was rare and not used in
the analysis.

Taxa CCA abreviation . Area
River Delta Sound
Bosminidae Bos + + +
Branchiopoda . + - -
Calanoida Cal + + +
Chydoridae Chy + + +
Coleoptera : + + +
Copepod nauplii Naup + + +
Crab megalopa . + - -
Cyclopoida Cyc + + +
Daphniidae Daph + + +
Diptera Dip + + +
Fish egg + + +
Fish larvae . + + +
Gammarus spp. Gam + + +
Gastropoda . + - -
Harpacticoida Har + + +
Isopoda . - - +
Leptodoridae . - + +
Nematoda + + +
Oligochaeta : + + +
Ostracoda Ost + + +
Rotifera Rot + + +
Sididae Sid + + +
Unknown : + + -
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Table 2.6. SIMPER analsysis evaluating dissimilarity between areasieteas significantly different
using ANOSIM. Abundances ar& foot transformed. Average Bray-Curtis dissimilarity scores are
listed as average dissimilarity. Diss/SD identifies how consistem#lyaacontributes to dissimilarity.
Values with an asterisk identify discriminating taxa. Contribution percergdge amount of

dissimilarity that can be attributed to a taxon.

Average abundance

Area Average : Contribution
comparison Taxa Comparison dissimilgrity Diss/SD %
Sound area
Sound & River  Calanoida 5.8 2.9 4.8 1.4 12.9
Copepod nauplii 8.1 5.2 4.1 1.4 11.1
Rotifera 7.2 6.2 3.8 1.2 10.3
Daphniidae 2.2 4.1 2.8 1.3 7.6
Ostracoda 0.6 2.5 2.8 17 7.6
Chydoridae 0.7 2.4 2.7 17 7.4
Bosminidae 3.3 3.8 2.6 1.3 7.0
Cyclopoida 3.0 4.2 2.5 1.3 6.8
Harpacticoida 2.5 1.3 2.5 1.4 6.6
Gammarus 15 0.1 2.0 1.1 5.5
Diptera 0.7 1.8 1.9 1.4 5.3
Sididae 0.5 0.9 1.4 0.9 3.9
Sound & Delta  Calanoida 5.8 3.3 4.6 1.4 134
Rotifera 7.2 6.0 3.9 1.2 11.5
Copepod nauplii 8.1 5.6 3.9 1.4 11.4
Harpacticoida 2.5 1.0 2.7 i5 7.9
Cyclopoida 3.0 4.4 2.6 1.3 7.5
Chydoridae 0.7 2.0 2.5 1.4 7.2
Bosminidae 3.3 3.7 2.4 1.3 7.1
Ostracoda 0.6 1.8 2.1 1.4 6.1
Daphniidae 2.2 3.3 2.1 1.2 6.1
Gammarus 15 1.0 2.1 1.2 6.0
Diptera 0.7 14 1.7 1.2 5.0
Sididae 0.5 0.8 1.4 0.8 4.0
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Table 2.7. Comparison of mean zooplankton abundnace (1 £ SD) between this study and previous
studies in Roanoke River and Albemarle Sound, North Carolina. For comparison witbriretitd.
(1993), rotifers and copepod nauplii were excluded from analysis.

Study Area Abundance (numbgrﬁh - 0
Study Binion (2011)
Rulifson (1993) River 327 £ 50 1,998 + 2,683 -3.68 0.001
Delta 696 + 5272 1,537 £1,454 -2.994 0.005
Sound 532 + 323 3,670 £ 3,878 -4.331 <0.001
Coggins (2005) River 891 £ 775 4,933 + 3,806 516 <0.001
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Table 2.8. Comparison of Roanoke Rapids Dam discharge rafs} fon

all years sampled by Rulifson et al. (1993), Coggins (2005), and Binion
(2011). Rankings are based on 100 years of data, ending in 2009. A rank
of 1 indicates the fastest mean discharge rate.

Discharge (r¥s)

Study Year Rank
Mean Min Max

Rulifson et al. (1993) 1984 10 4353 1950 569.5
1985 95 1113 716  142.2
1986 92 1283 80.3  156.3
1987 2  566.2 240.0 808.7
1988 91 1321 69.9 1954
1989 13 4020 2953 531.8
1990 18 366.3 3265 404.4
1991 34 321.1 2004 472.9
Coggins (2005) 2003 1 660.8 517.4 860.0
Binion et al. (2011) 2008 77 1779 709  286.3
2009 42 280.7 235.4 405.8
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Fig 2.1. Roanoke River and Albemarle Sound, North Carolina located at 76°N, 36°W.
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Fig 2.2. Location of the sampling stations and the division of the three samplinghdeasri
Roanoke River and Albemarle Sound, North Carolina.
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Fig 2.3. Mean monthly zooplankton abundance (number/m3) in each sampling area in Roanoke
River and Albemarle Sound, North Carolina during 2008 and 2009.
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Fig 2.5. Overall zooplankton taxonomic composition by area for (a) 2008 and (b) 2009 in lower
Roanoke River and Albemarle Sound, North Carolina.
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CHAPTER 3: FORAGING POTENTIAL OF LARVAL ALOSINES IN LW/ER ROANOKE
RIVER AND ALBEMARLE SOUND, NORTH CAROLINA
Abstract
Spatial and temporal overlap between zooplankton and larval AmericanAsbsed (

sapidissima), river herring (alewiféd. pseudoharengus and blueback herring. aestivalis), and
hickory shad A. mediocris) was evaluated to determine if larval alosines are food limited in
lower Roanoke River and Albemarle Sound, North Carolina. Zooplankton and ichthyoplankton
samples were collected concurrently March through June 2008-09 at 19 stations, dnodgd a
three areas: River, Delta, and Sound. Significant spatial and temporardifierwere observed
for alosine abundances. Abundances (number/i808D) were significantly higher in 2009
(30.8 £ 149.8), than in 2008 (4.0 + 20.9). Across both years, River (21.0 + 127.6) alosine
abundances were significantly higher than those in Delta (7.4 £ 35.4) and Sound (4.6 = 24.8).
Zooplankton abundances exhibited the opposite spatial pattern with signyficigtidr
abundances (hnumberfm SD) in the Sound (16,547 + 14,678) than in the River (4,934 + 3,806)
and Delta (4,647 £ 2,846). Zooplankton size distribution was evaluated and the most common
taxa segregated into two groups based on size. Rotifers and copepod nauplii cohmpessl|t
size group and Daphniidae, Bosminidae, calanoid copepods, and cyclopoid copepods were in the
larger size class. Mouth gape models were developed for each alosies spelcused to
estimate maximum prey size at first feeding. Alewives, bluebackgeand hickory shad are
able to consume copepod nauplii and rotifers at first feeding. American shaddavamer

and are able to feed on Bosminidae and cyclopoid copepods, in addition to copepod nauplii and



rotifers. During both years in all areas, there was a high amount of oketlapen larval

alosines and zooplankton, suggesting larval alosines in this system are not ftwatl lim

Introduction

Year class strength and recruitment of fish are strongly relat&arvival during egg and
larval development. The availability of food resources is considered one of thenfhaetial
factors affecting survival in the larval phase (Cushing 1990; Leggett and ®&b®4). In
1914, Hjort developed the critical period hypothesis, which directly links larvesfis/ival
with feeding success. Under this hypothesis, there is a critical period, it gfeime after
yolk sac absorption when a larva is transitioning from endogenous to exogenous feeding. Y
class strength is dependent on successful first feedings during this pétloete is not a
temporal overlap between larval fish and their prey, then many larvae willveaaiccessful
first feeding and starve. There will be a high mortality rate and yass strength will suffer.
Hjort hypothesized that larval production was timed to follow phytoplankton production to

increase feeding success (Leggettt and Deblois 1994; Houde 2008).

Cushing’s match/mismatch hypothesis builds upon Hjort’s critical period hypsathes
The match/mismatch hypothesis expands the importance of prey availahdifeeding success
to include the entire larval period, not just for the first feeding (Cushing 1990).hyprashesis
suggests that fish spawning occurs at fixed times in both spring and autumn to ovérlagakit
plankton production. This hypothesis also highlights the importance of larval fish distributi
overlapping with zooplankton distribution both temporally and spatially. If ldiskakbnd
zooplankton distribution overlap in both time and space, this is defined as a matche i the

any separation, temporally and/or spatially between larvae and zooplanktonmisgnadach has
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occurred. Larval growth and survival is expected to be higher when a match rsngcand

this increase in larval survival corresponds to an increase in year ofaggisand recruitment
in juvenile and adult populations (Cushing 1990; Leggettt and Deblois 1994). Increases in
feeding success and larval survival were observed in areas with high zooplanktonalnd lar

striped bass overlap in Chick and Van Den Avyle (1999) and Martino and Houde (2010).

In larval fish, mouth gape is a limiting factor at the onset of exogenous feeding,
restricting the prey size that can be consumed (DeVries et al. 1998; Yidemaas 2007).
Mouth gape becomes less limiting as fish grow. A positive relationshis &etveen fish
length and mouth gape (DeVries et al. 1998; Puvanendran et al. 2004). Previous studies have
suggested that maximum functional mouth gape for a larval fish is when the mouth & ape
90° angle. Optimal prey sizes are generally within 30- 50% of the mouth gapei¢gBreand

Stein 1994; Turingan et al. 2005; Riley et al. 2009).

American shad, river herring, and hickory shad all spawn in Roanoke River, North
Carolina and their larvae use this area as nursery habitat. All of thesessdpme experienced
population declines (ASMFC 2007; Greene et al. 2009; Harris and Hightower 2010; NCDMF
2010). A coast-wide American shad stock assessment documented that stoc&l aneeat
lows and do not appear to be recovering (ASMFC 2007). In Albemarle Sound, American shad
are currently listed as a species of concern (ASMFC 2007; NCDMF 2010). Rikeglstocks
in Albemarle Sound are depleted (NCDMF 2010). Hickory shad status in North Carolina is
currently unknown, but coast wide landings suggest the populations are viable. In 2009, there
was a slight increase in hickory shad landings, but they were still below ffeadverage

(Greene et al. 2009; NCDMF 2010).
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Currently in North Carolina, American shad and hickory shad are managed under the
ASMFC shad and herring fishery management plan. In 2004, the American shad oceeaptinter
fishery was closed. American shad and hickory shad fisheries are openeosaddogi
proclamation from January'to April 14" each year. There is no commercial quota for these
species; harvest is regulated through restrictions on fishing gg@B\N 2008). In an effort to
revive American shad stocks, larvae are stocked in several coastaasthte2008, over 8
million larvae were stocked in the upper reaches of the Roanoke River (Tayl®2@%. In
2007, a statewide moratorium on all river herring harvest was accepted by Nide Maheries
Commission (NCDMF 2007). Despite these efforts, current American shad ankenikiag

stocks are well below historic levels of abundance and biomass (Taylor et al. 2009).

The purpose of this study is to evaluate if the failure of alosine stocks to recover in
Roanoke River and Albemarle Sound, North Carolina can be linked to match/mismatch
regulation during the larval phase. Spatial and temporal distribution of éaneshad, alewives,
blueback herring, and hickory shad were evaluated within three areas |ockedr Roanoke
River and Albemarle Sound. Mouth gape models were created to estimate pptiyrgizes for
each species. Spatial and temporal overlap between larval alosines apgpsipeate
zooplankton prey were analyzed. Whether match/mismatch regulation is agevasn
determined by evaluating the degree of overlap between larval alosine anéhpptet

populations.
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Methods

Sudy area

Larval fish and ichthyoplankton samples were collected from three aréws thit lower
Roanoke River and Albemarle Sound, North Carolina. These areas were clasdfieera
Delta, and Sound and contained a total of 19 stations. River is the area furthest upglream
seven stations between RKM 9.5 — 22, scattered throughout the main stem of the riwer and it
tributaries and distributaries. Delta is the transitional region between&igesound where the
Roanoke, Middle, and Cashie Rivers converge at the Highway 45 Bridge, befogendj\aard
flowing into the Albemarle Sound. There are two stations each in the Roanoke, Middle, and
Cashie rivers, for a total of six stations. The Delta station furthest asisdocated in the
Roanoke at RKM 5. Sound has six stations in Batchelor Bay, the western portion of ddbema
Sound. The stations extend 2 — 4 km from the mouths of the Roanoke and Middle Rivers (Fig.

3.1).

Larval fish and zooplankton collection

Larval fish and zooplankton samples were collected concurrently March througim June
2008 and 2009. Sampling began at sunset. Ichthyoplankton were collected using pared surfa
pushnets mounted on the bow of the boat. Each net was housed in an aluminum frame with a 0.5
m square opening. Each larval fish net had a 5:1 ratio and was constructed from &g
mesh. A Sea-Gear model MF315 flowmeter was mounted in the center of etxlestanate
the amount of water filtered during each tow. The nets were pushed into the curneot for t
minutes at a speed of 1.03 + 0.11 m/s (Overton and Rulifson 2007). The contents of each net
were condensed into a 1 L plastic collection jar. The contents of the lefereepreserved with

95% ethanol while the contents of the right net were preserved with 5% bufferediriorithe
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amount of ethanol used for preservation changed between the two sampling years. Ire2008, th
ratio of sample water to ethanol was approximately 70% sample water and 30%6 attth

there was a high amount of deterioration. In 2009, the amount of ethanol used for poeserva
was increased with a ratio of water to ethanol was closer to 5% samplean&@$% ethanol.

To determine larval abundance, the catches between the two nets werechicyeter.

Zooplankton samples were collected using a 3:1 conical net with a 0.5 m opening and 90
um nitex mesh. The plankton net was deployed using a vertical net haul technique @inete th
is lowered to the bottom and then pulled vertically through the water column. The contents of
the net were washed down and condensed into a sample jar and preserved with 5% buffered
formalin. In 2009, samples were not collected in the Delta during calendar week 2Giagd du
weeks 12, 16, and 20 in the Sound because of mechanical issues with the boat and severe

weather.

Data processing and analyses

In the laboratory, larval alosines were identified to species, enumeaatedptochord
length was measured to the nearest 0.1 mm. Alosine abundance data did not meey normalit
assumptions, even with data transformation and nonparametric tests werar es@dparisons.
Yearly differences in alosine abundance were evaluated using a Wilcoxon &arnkeSt.
Kruskal-Wallis ANOVA evaluated abundance differences among speciesraptirgpareas. If
the ANOVA was significant, post-hoc comparisons were conducted usingdildeank-Sum
Tests with family wise alpha being controlled by a Dunn-Sidak adjustment.92ASAS

Institute, Cary, North Carolina) was used to conduct all statisticalsesaly
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For mouth gape analysis, only individuals preserved in formalin were used. Few
American shad larvae were collected, so mouth gape analysis was conductedeoobitaved
from U.S. Fish and Wildlife Service Edenton National Fish Hatchery, Edentoriy Garblina.
Larvae were separated into 1 mm size bins based on notochord length. In binhereanete
> 20 fish, a minimum of 20 larvae in each bin was analyzed. In bins&i@harvae, all
possible fish were analyzed. All measurements were done using InmBesBovery 4.5. For
each fish, the upper and lower jaws were measured to the nearest 0.1 mm. The upp®r jaw wa
measured across the premaxillae and maxillae to the point of articulatiotm&dorsal process
of the dentary. The lower jaw was measured along the length of the dentayptortt of
articulation with the angular and maxillae. Mouth gape was calculated usitayitlof cosines
for a mouth open at 9@ngle (Riley et al. 2009). This angle is considered the maximum
functional degree of opening for feeding in most larval species (Turingan et gl RA@g5et al.
2009). Mouth gape models for each species were created using linear oagraabysis. A
one-way analysis of covariance (ANCOVA) tested if mouth gapes diff@gmificantly among
species. Prey size estimates are based on the length when the yokisacbed and larvae
begin to feed exogenously. Yolk sac absorption occurs when alewives and bluebagkanerri
6 mm, at 7 mm in hickory shad, and between 9-12 mm in American shad larvae (Lippson and

Moran 1974).

For each sampling date, three zooplankton samples from each area were randomly
selected for processing. Subsamples were taken using a Hensen-Stpetpel ndividuals
were counted and identified to the lowest possible taxon using an Olympus Model SZX-
ILLD100 stereomicroscope. Zooplankton were identified using taxonomic keys found in Thorp

and Covich (2001) and Balcer et al. (1984). Body length and widths were measured, to the
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nearest 0.1 mm, using Image-Pro Discovery 4.5. Zooplankton abundance values@stimat
Chapter 2 were used in this chapter to evaluate spatial temporal ovewaghé&irval alosines

and zooplankton.

Results

Alosine abundance and distribution

Differences in alosine abundance (number/16@ 8D) and composition were observed
between sampling years. In 2009 (30.8 + 149.8) abundances were significantly(igher
0.001) than in 2008 (4.1 £ 20.9). Alewives (28.5%) were the most abundant alosine in 2008,
followed closely by blueback herring (26.7%) and hickory shad (24.4%). In 2009, blueback
herring were dominant, accounting for 64.8% of larval alosines collected. Hidiamfy(23.8%)
were the second most abundant species. American shad were the least commdorbmme

years (Table 3.1).

Weekly patterns were different between the two years. Larval atosere collected
during all weeks of sampling in 2008, but were not present the first week of sam@&o@OIn
Blueback herring were the first species collected both years. Adewiere observed earlier in
2008, and were thé®species collected. In 2009, hickory shad were thepcies collected.

American shad larvae were not common (Fig. 3.2).

Strong spatial differences in larval abundance were observed. Mean alosinenabsinda
were significantly differentg< 0.001) among all three sampling areas. Highest abundances
were observed in the River (21.0 £ 127.6) and were lower in the Delta (7.4 = 35.5) and Sound
(4.6 £ 24.8). This trend was consistent across both years and for all species. Awertde m

abundances were always highest in the River, except for American shad in Ma{20333).
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Clear patterns are not present when species abundance is analyzed on tamporal
spatial scales. Alewife abundances were highest in the River, in March ofelaogh yn 2008,
alewife abundances peaked in March where in 2009 peak abundances were obseruedim Ap
the Sound, alewives were present all months in 2008, but were absent in March 2009. Blueback
herring abundances were consistent in 2008 within each area. There was ae indokseback
herring abundances in 2009 and abundances varied across the months. In all areas;esdund
peaked in April and were at least twice as large as abundances observechin Mter peaks
in April, there was a sharp decrease in abundances for the remaining months. IncROO@, h
shad patterns in abundance were similar to blueback herring. Hickory shad alsortades® i
in abundances in 2009 with peaks in April. In 2008, monthly hickory shad trends were similar in

the River and Delta, with highest abundances in April (Fig. 3.3).

Alosine mouth gape analysis and prey size estimates

Larval alosine notochord lengths ranged from 3 — 14 mm, with 97% of larvaem.
Over 90% of alewives, blueback herring, and American shad were betwéamd, with
lengths > 8 mm rarely collected. American shad larvae had the narrengtt distribution and
were typically larger, with all but one larga7mm (Fig. 3.4). Mean length (4 £ SD) was similar
between alewives 4.7 £ 1.2 and blueback herring 4.6 £ 1.0. Mean hickory shad length (6.5 + 1.0)
was larger than alewives and blueback herring. American shad larvae hadebkerfsan

length (8.7 £ 2.1)

For all species, there was a strong linear relationship between maaitingapotochord
length (Fig 3.5). A one-way ANCOVA indicated there were significant idiffees, £(4,459) =

2115.0,p < 0.001), in mouth gape sizes among species. American shad larvae had the largest
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mean mouth gape (1 = 0.67 mm), followed by alewives (4 = 0.57 mm), blueback herring (u
0.56 mm), and hickory shad (1 = 0.53 mm). Alewife and blueback herring mouth gapes did not

significantly differ from each other, while all other comparisons were signify different.

For mouth gapes calculated at & @ening, estimated prey size at yolk sac absorption
was similar among alewives, blueback herring, and hickory shad larvaecanilar for
American shad larvae. At 6 mm, alewife and blueback herring have a 400 um mouthtgape wi
an estimated maximum prey size of 200 um. Hickory shad at 7 mm have a 430 um mouth gape
and an estimated prey size of 215 um. At 9 mm, American shad mouth gape is twie ais wi
first feeding. Mouth gape is estimated at 820 um with a maximum pregfsid® um (Fig.

3.5).

Zooplankton size distribution was estimated for the most abundant taxa in Chapter 2.
These taxa included calanoid and cyclopoid copepods, copepod nauplii, rotifers, Daphniidae, and
Bosminidae, which accounted for 98% of total abundance. The greatespwandiody length
is seen with calanoid copepods, cyclopoid copepods, and Daphniidae, with differencddyn wee
length exceeding 400 um. Bosminidae lengths showed some weekly variation whh leng
differences < 200 um. Copepod nauplii body lengths did not vary greatly. Overallwtsere
little change in rotifer length, but there were a few weeks werga lacrease was observed

(Fig. 3.6).

Mean zooplankton body length and widths are plotted in Fig. 3.7. Based on these
measurements, zooplankton taxa separated into two size classes. The smafieluded
rotifers and copepod nauplii with remaining taxa comprising the larger ag® chlong the

length axis the two groups begin to separate at 200 um and at approximately 1&0gsnthe
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width axis. Based on mouth gape estimates, copepod nauplii and rotifers are sipgapgdor
alewives, blueback herring, and hickory shad larvae at first feeding. Bosminaiagcopoid
copepods at the low end of their size distributions could also serve as potegtfal phese

species. American shad larvae have a wider potential prey breadth includerg,robpepod
nauplii, cyclopoid copepods, and Bosminidae. Smaller Daphniidae and calanoid copepods are

also within American shad estimated prey size range.

Larval alosine and zooplankton spatial and temporal overlap

There was a high degree of spatial and temporal overlap between larval atukine
zooplankton abundances in all three sampling areas. Weekly mean alosine abundences
generally < 1 number/fn Mean weekly zooplankton abundances, including all taxa, ranged
from 934 — 51,815 number’m When abundances of the most suitable prey (copepod nauplii
and rotifers), were evaluated separately, weekly abundances ranged e 2834
number/m. There is always overlap between larval alosines and size appropriate prey
Spatially, the highest overlap occurs in the Sound where zooplankton abundances were the
highest and larval alosine abundances were the lowest. Higher weekly peaka teewRiver
than in the Delta, but there is still overlap in zooplankton and larval alosines ieaal|(&ig.

3.8).

Discussion
Differences in mouth gape in coexisting larvae allows for a reduction inpetefis
competition (Crecco and Blake 1983; Bremigan and Stein 1994; Makrakis et al. 20€8% |
study, alewife and blueback herring mouth gapes were not significangyeditffrom each

other, but all other comparisons with American shad and hickory shad were signifbauth
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gape calculations for blueback herring and hickory shad are comparablectcdlmsgated by
Crecco and Blake (1983). When mouth gape size at yolk sac absorption was chlaldaii¢e,
blueback herring, and hickory shad had similar mouth gapes and American shad maauth gape

were larger.

Temporal differences in spawning have been observed as a mechanism to reduce
competition between alewife and blueback larvae in areas where thebuliistrs overlap.
Alewives typically begin spawning in late February or early MardfileAblueback herring
begin spawning in late March (O’Connell and Angermeier 1997; Able and Fahay 1998)h In bot
years of this study, blueback herring larvae were collected earlierldvaifedarvae. This was
also observed in the Tar-Pamlico River, North Carolina (Overton et al. in revi@mw)poral
overlap was greater in 2008 between these two species. Blueback herringvkenevaellected
one week earlier, than alewife larvae, and both were collected the remaeekg of the study.
In 2009, alewives were not collected until week 15, following a peak in blueback herring
abundance the previous week. Hickory shad larvae also experienced a tempaplvoier!
both blueback herring and alewives (Fig. 3.2). Temporal differences, on a wes&lywsere
observed, and there were differences in when peak abundances occurred. tldorapaing
larvae feeding exogenously may be reduced by temporal differences mirsp@waks and not
by a complete separation in spawning activity. Larval American shachrgape is
significantly larger than the other alosine species, and they do not have to campetg, fbut
were rarely collected and least abundant. Food availability does neir dppee the driving

force behind low American shad numbers.
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Maximum larval fish mouth gape is typically estimated for 90 degrees, butlaorak
fish are capable of opening their mouths to 120 degrees (Riley et al. 2009). Hickoryositiad m
morphology is different from the other alosine species. The lower jaw of hickory spad sk
an angle > 40 while the other species lower jaw slopes at an anglé€ @Malsh et al. 2005).
This difference in morphology may allow hickory shad to open their mouths at éangjess,
enabling them to consume larger prey at smaller sizes. This could be one ofdine feekory
shad populations have remained more stable than the other alosines. If hickory shpdldee ¢
of feeding at a larger mouth gape opening, this could act as a way to reducatmonipween
hickory shad and river herring. At first feeding, hickory shad may be capalesfraing
larger prey items than predicted in this study, allowing them to feed on preycessoot
available to river herring. If mouth gape for hickory shad is calculated 2@ @apening,
optimal prey sizes at first feeding are at 300 um. This maximum preis $izéveen the
estimated prey sizes for river herring and American shad larvae withop@@ing. This would
reduce competition between river herring and hickory shad. Feeding studies need to be
conducted with hickory shad to determine if they are capable of opening their mdatigerat

angles.

Zooplankton abundances were much higher in this study than those previously conducted
and there was a high ratio of zooplankton to larval alosines (See Chapter 2). This hegh overl
was observed even when only copepod nauplii and rotifers were included in thesanalysi
Competition among larval alewives, blueback herring, and hickory shad could be possibly
reduced by the large volume of available prey. Studies evaluating diet nichg dverd
dissimilarities among larval fish with similar mouth gapes (Gaughan aitelrR997; DeVries et

al. 1998; Makrakis et al. 2008). When zooplankton abundances are high, competition is reduced
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and larval fish with similar mouth gapes exhibit different feeding behaviors beudiagy

because of by high prey availability (Gaughan and Potter 1997).

During both years in all areas, there was a high amount of overlap between zooplankton
and larval alosines. Laboratory studies examining growth and survival are eahdittt larval
alosine and zooplankton abundances higher than those observed in this study. In Riley et al. (
review), larval American shad growth and survival were evaluated at thieedifprey
abundances equivalent to 1,000, 50,000, and 500,000 numbdtese abundances reflect all
zooplankton and not just size appropriate prey. Larval American shad were stocked at
abundances equivalent to 4,000 numb&r/@rowth was significantly higher in treatments with
the two highest abundances, but survival rates were similar in all threeeinéstriExcept for
one observation in the Sound, zooplankton abundances never exceeded 50,000, but alosine
abundances were typically < 1 numbet/mn Johnson and Dropkin (1995), larval American
shad were stocked at the equivalent of 8,000 numBeriohArtemia nauplii were stocked at
500,000 and 1,000,000 numbet/nGrowth was not different between the two treatments, but
survival was higher in the treatment with larger nauplii abundances. For baigssif
zooplankton abundance is divided by larval shad abundance, the zooplankton to fish ratio is
125:1. Ratios this low were never observed during this study, even when calculhtemtifeits
and copepod nauplii only. This suggests larval alosines in this system are natitextidnd
all three areas are suitable to serve as larval alosine nursery habéd on prey availability.
Further research is needed to determine the amount of overlap between zooplankton and al

planktivores in lower Roanoke River and Albemarle Sound, North Carolina.
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Table 3.1: Comparison of larval alosine species composition in 2008 and 2009 in Roanoke River

and Albemarle Sound, North Carolina.

Frequency percent (%)

Species 2008 2009
Alewife 28.5 11.1
Alosa spp. 18.3 0.2
American shad 2.1 0.2
Blueback herring 26.7 64.8
Hickory shad 24.4 23.8
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Fig 3.1. Location of the sampling stations and the division of the three samplinghdeesri
Roanoke River and Albemarle Sound, North Carolina.
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CHAPTER 4: DISCUSSION
Zooplankton abundance and composition
Zooplankton trends were analyzed within three areas in lower Roanoke River and
Albemarle Sound where studies were previously conducted. A significant incredsendance
was observed in all three areas. Abundances from this study were moreatdenfmar
abundances documented in other North Carolina river systems. Zooplankton composition was
affected by many environmental parameters, but salinity and tempgevadte two of the most

influential.

Spatial differences in environmental parameters explained differenzesplankton
composition in the Sound when compared to River and Delta, but no clear evidence emerged to
explain why abundances were higher in the Sound. It is possible that top down regsilation i
occurring within this system. Grazing by larval and juvenile fish could bsiroglower
abundances in the River and Delta areas (Bollens 1988). Throughout the studyistarval f
abundances, for all species were higher in the River and Delta than in the Souakle In L
Michigan, it was estimated that larval and juvenile alewives consumedd-886plankton
biomass daily (Hewett and Stewart 1989). In addition to alosines, many fisessptiize the
Roanoke River and Delta region for spawning and nursery habitats. StripeMbesse(
saxatilis) and white perci. americana) are both spring spawners that use this area. The glass
eel stage of American eel and several resident species in the fam(iestadirchidae,

Cyprinidae, and Ictaluridae are also found in this system. All of these spesrie collected
during this study and during previous work by Overton and Rulifson (2007). Modeled

population dynamics between larval fish and zooplankton communities demonstratedtthe abil



of larval fish grazing to reduce zooplankton abundance (Bollens 1988). Declining zooplankton
abundance with increasing larval fish abundance was shown in several mesocasmeekpe
(Welker et al. 1994; Qin and Culver 1996). In the Roanoke River, alosine, striped bass, and
white perch spawning begins in late March-early April. During this stilndymajority of

zooplankton peaks were observed before the onset of spawning by these fish.

The ability of larval fish to exert top down control on zooplankton abundance in open
systems has been debated. Larval alosine abundances were typically < Ymtimibieese
abundances are considered too dilute to have a significant effect on zooplankton abundances that
are typically at least one to two orders of magnitude larger (Cushing 1988)aralysis of
larvae collected in Conception Bay, Newfoundland, Canada supported this hypothpsis. Pe
and Penney (2000) estimated total zooplankton consumption by larval fish was < 0.1% of

potential prey in that system.

Larval alosine abundance
Mouth gape analysis for larval alewives, blueback herring, and hickory indicated
copepod nauplii and rotifers were suitable prey items at the onset of exogenous feedin
American shad larvae are larger at first feeding and able to consurderaavige of prey items.
When spatial and temporal overlap between larval alosines and size appropriatagrey
evaluated, a high degree of spatial and temporal overlap was observed.alosinas in this

system do not appear to be food limited.

Low alosine abundances could be related to high levels of predation on larvaslosi
In laboratory experiments, cyclopoid copepods were observed attacking and consotfming

alewives and blueback herring (Binion, personal observation). While procpssssgved
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ichthyoplankton samples, larval alewives, blueback herring, and hickory shadbhserged

with cyclopoid copepods attached to their bodies. It is not possible to know whether this
occurred prior to or during the collection when the zooplankton and fish were alyificial
concentrated, but it does support the idea of copepod predation on larval fish. Cooper (1996)
also observed evidence of cyclopoid copepod predation on ichthyoplankton collected in Roanoke
River. McGovern and Olney (1988) examined predation on larval striped bass indaborat
experiments. The authors documented high rates of predation by cyclopoid copepods and larval
spottail (Notropis hudsonius) and satinfin . analostanus) shiners. Predation by juvenile striped
bass, white perch, shiners, minnows, sunfish, and catfish were also observed. Ibis pugsi

predation rates on larval alosines are suppressing populations.

Future research needs
Long term zooplankton monitoring is needed within lower Roanoke River and Albemarle
Sound, North Carolina to determine if the higher abundances observed in this sthéyrewe t
baseline for this system or just an anomaly. With long term observation, thenskgt
between environmental parameters and zooplankton can be better understood asevell as t

factors driving zooplankton dynamics.

Alosine stocks need to continue to be monitored. By assessing adult populations for the
next 1-2 years, it can be evaluated if high levels of prey availability iB-20Qranslated to
increases in adult recruitment. More larval alosine studies are neefigat ¢ out if there is a
link between larval mortality and adult recruitment or if factors lateferare responsible for

inability of stocks to recover.
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