ABSTRACT
ELLIS, TIMOTHY ALAN. Assessing Nursery Quality f@outhern FloundePRaralichthys
lethostigma, through Fish Energy Content and Habitat Abiotan@itions. (Under the
direction of Dr. John M. Miller).

Estuarine nursery habitats are essential to thaisability of many of the world’s
fisheries. Anthropogenic perturbations and watsdctivities threaten the quality of these
vital ecosystems, and the significance of nursatyitat loss has become so distressing that
most fishery management strategies now place highty on the protection and restoration
of ‘Essential Fish Habitat’ (EFH, Magnuson-Stevéias, NOAA 1996). The inability to
accurately evaluate habitat quality and fully urstiend the factors limiting habitat-specific
productivity preclude the success of any manageefénts to improve fishery recruitment
through the protection and restoration of estuamimsery habitats. The Albemarle-Pamlico
Estuarine System in North Carolina (NC) providepamant nursery habitat for many
ecologically and economically important speciesiuding southern floundePRaralichthys
lethostigma. Abiotic factors, in particular temperature, dis®d oxygen (DO), and salinity,
almost certainly affect growth and survival at kixeels experienced in NC nurseries, but the
relative importance of these factors in determimuogsery habitat productivity for southern
flounder has yet to be determined. Two separalieators of nursery habitat quality were
compared: fish energy content and habitat abiatditions. The hypothesis that fish energy
content represents the cumulative effect of thetabenvironment on the fish was tested to
see if these independent but potentially relatdecators could be used in assessments of
nursery habitat quality. When measured on appaiptemporal and spatial scales, total fish
energy content provided a measurable responseunigyof-the-year (YOY) southern

flounder to short-term environmental variabilityjwdethe results of this study suggest a strong



potential for the utility of fish energy contentevaluations of nursery habitat quality for the
species. Over a continuous 15 week sampling pémod May to August 2006, YOY
southern flounder energy content varied weekly smgle nursery habitat by a maximum of
approximately 8%, and 51% of this weekly variapilit energy content was explained by
the weekly variability in temperature and DO meadun this habitat. Across multiple
nursery habitats sampled biweekly from May to Aud@@95, the variability in YOY

southern flounder energy content ranged from apprately 12 to 37%. The spatial
variability in temperature, DO, and salinity measiim these different nursery habitats was
often significant but minimal and did not unequiattg explain the measured variability in
fish energy content. The results of this studygest)that fish energy content can provide an
unbiased measure of the fish’s perception of hafitality and can be an alternative to other,
more labor intensive and potentially biased stuthas estimate juvenile growth through

field enclosures or micro-otolith analyses. Thaatosions of this study and the utility of

fish energy content as an indicator of nurserytaaljuality are likely applicable to other

fish species whose juveniles utilize similar est@nursery habitats.
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INTRODUCTION

In aquatic ecosystems, habitats that promote thwtgrand survival of fish in early
life stages are generally considered nurseries (Wob092; Gibson 1994). More recently, it
has been suggested that these habitats be defirtbdiblevel of production (i.e. biomass
contributed to the adult/fishable stock) where dmbhly productive juvenile habitats are
considered ‘nurseries’ or ‘effective juvenile halbét (Becket al. 2001; Dahlgreret al.
2006). Although these classification systems eelitainly allow for more directed efforts to
conserve and manage juvenile fish habitat givertdahresources, production as it is
commonly measured today may not be an adequateunseaishabitat priority for such
efforts. Considering that present guidelines Essential Fish Habitat’ (EFH, Magnuson-
Stevens Act, NOAA 1996) primarily focus on utilizat (Able 1999; Musick 1999), the
simplest and most often used measure of nurseduption by fisheries management
agencies is an estimate of juvenile abundance. édery production in nurseries is limited
by not only growth and survival but also by larsapply (i.e. initial colonization),
immigration, and emigration (Millezt al. 1991; Wooton 1992; Gibson 1994; Nedllal.
1994). Consequently, abundance-based classifitsatbproduction may undervalue many
nursery habitats, especially if colonization isitinmg and/or movement rates are high
(Guindon and Miller 1995). This sentiment of achéar better means of evaluating nursery
habitat other than juvenile abundance has beeresgpd by many (Guindon and Miller
1995; Able 1999; Beckt al. 2001; Dahlgremt al. 2006). Alternative measures of
production, and more importantly, the causes oflpction variability provide more accurate
estimates of a particular habitat’'s need for coret@yn and management efforts and are
more informative about what specific efforts aredte.
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Survival through the larval, early, and late julefife stages undoubtedly plays a
major role in habitat-specific productivity andiodately year-class strength (Sissenwine
1984; Bailey 1994; Petermanal. 1988; Bradford and Cabana 1997). Mortality ratesng
these stages are extremely high and often quitablar(Sissenwine 1984; Anderson 1988;
Bradford and Cabana 1997; Sogard 1997). Size-dgmesurvival during the prerecruit
period is driven by high rates of predation andrawater mortality that generally have
inverse relationships to body size (Tanakal. 1989; Sogard 1992; Van der Vetal.

1994; Sogard 1997). As such, rapid growth is araathgeous early life-history
characteristic for many species (Parker 1971; BodtPrankevicius 1987; Tanadtzal.

1989; Post and Evans 1989a; Post and Evans 1989bi&f Veeet al. 1994; Sogard 1997;
Searcy 2005). Because a rapid growth trajectodgpendent upon adequate energy
accumulation for the entire growing season andesyesnt allocation of all excess energy
towards somatic growth, juvenile growth rates canamd often are, highly variable
(Sissenwine 1984; Weatherley 1990; Sogard 1997).

Growth is only one component of production, bueftects on nursery productivity
are widespread, often determining rates of movemedtsurvival. The ‘quality’ of nursery
habitat generally refers to how preferable halgitetditions are to a measure of fish
performance (e.g. growth) (Gibson 1994). Earlygloin fish has been routinely used as an
indicator of nursery habitat quality largely duatisensitivity to environmental conditions
and response to environmental change (Fry 1971i{iWgday 1990; Yamashit al. 2001,
Neill et al. 2004). The assumption is that higher qualityifaalsupports higher growth by
providing favorable abiotic conditions, refuge frgmedation, and abundant prey (Sogard
1997). The complexity of growth however, is probétic and can hinder a researcher’s
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ability to understand the relationship between tadlguality and fish performance. In
numerous field studies, high variability in growtdtes among individuals from a single
habitat made it difficult to detect significant grit differences across multiple habitats
(Sogard 1992; Phelat al. 2000; Duchon 2001; Meis al. 2003; Ross 2003; Necaiskal.
2005) and led some researchers to conclude tha&t wexe no significant differences in
guality among these different habitats (Necatsa. 2005). Growth is also difficult to
measure in the field. Estimates of actual growtjueenile fish in a habitat have generally
required the use of enclosures or back-calculdgohniques via micro-otolith analyses.
Both methods are costly and time-consuming, whartsequently, are the main reasons why
today, estimates of abundance remain the prefenetbod of habitat assessment by
management agencies, despite the repeated comddisizeries biologist about their use for
such purposes. Given the uncertainty that has tegented in numerous field studies about
growth’s reflection of habitat quality and the difflty of measuring actual growth in the
field, other options for estimating fish growth agwhluating habitat quality are worth
exploring. The energy content of a fish is anniec measure of growth due to its strong
positive correlation with growth rate (Busaclkesl. 1990; Weatherley 1990). A proximate
analysis of the energy content of free-ranging ¢iash be quicker, easier, and generally
cheaper to determine relative to actual growther&fore, fish energy content could
potentially be a useful indicator of habitat qualit

Variability in juvenile growth is due in large paa habitat effects on energy
accumulation and allocation during the early gropghiod (Weatherley 1990; Post and
Parkinson 2001). Energy accumulation and subsé@lienation are dependent upon
resource limitations including prey availabilityey type, and competition, and also upon
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environmental control of and limitations on fishyplology and metabolism, mainly through
temperature, dissolved oxygen (DO), and salinity 71; Sissenwine 1984; Millet al.
2000; Neillet al. 2004). A measure of variability in fish energyntent and the potential
sources of that variability across different nuiessecould be informative about the processes
likely and unlikely limiting growth in those habita

Estuaries are among the most physically dynandcbhémiogically productive
ecosystems in the world. For many marine fisltigse adequate and abundant estuarine
nursery habitat is critical to the growth and suaViof early life stages (Weinstein 1979;
Hoss and Thayer 1993; Gibson 1994; Able and FaBag;1Able 1999). Able and Fahay
(1998) suggest that approximately two-thirds oféhenomically important fish species in
the eastern United States depend on estuarinerpinaieitat, and in North Carolina, USA,
more than 90% of commercial and 60% of sport figlspecies rely on estuarine habitat for
part, if not most, of their life history (Ross alBdperly 1985; Division of Marine Fisheries,
NC, USA). Most temperate estuaries are charaety seasonal variability in the
environmental conditions that determine ratessif irowth, where warmer months are
generally the most productive and also the mosabl. Temporal and spatial variability in
abiotic conditions during these warmer months, lolgtan temperature, DO, and salinity, are
likely factors driving observed habitat-specifié¢feiences in juvenile fish growth in
temperate estuarine nurseries (Mikeal. 1991; Milleret al. 2000; Sogaret al. 2001).
Miller and colleagues (2000) simulated the growitjugenile red drumsciaenops ocellata,
in four different temperate estuaries, and thesults suggest a strong potential effect of
abiotic factors on fish growth. Their simulaticc@mpared growth rates under constant
optimal abiotic conditions to that under actualditions measured in each estuary, and they
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found that summer growth in these estuaries was 485% of that which would occur
under constant optimal abiotic conditions (Miletal. 2000).

Southern floundeRaralichthys lethostigma (Jordan and Gilbert 1884), are
ecologically and economically important euryhalilafishes that inhabit the estuarine and
coastal waters of the southeast United Statesrenddrthern Gulf of Mexico. Southern
flounder have estuarine-dependent early life stéugsutilize nursery habitats located in the
upper estuary where salinities are generally loi®ervell and Schwartz 1977; Burkeal.
1991). In North Carolina, habitats in the upp@ioas of the Pamlico River and Neuse River
estuaries have been designated (based on juvénitelance) as primary nurseries for the
species (Division of Marine Fisheries, NC, USA)iglivariability in the abiotic conditions
of these nurseries during the summer months catecoballenging environments for early
growth and survival. As such, southern floundet ereir North Carolina nurseries provide
an excellent opportunity to study the relationdbgpween fish and their environment,
especially fish response to change in abiotic dmms, and to evaluate nursery habitat
guality for the species.

Rising population has increased the demand fostabeesources and placed
enormous stress on U.S. estuarine ecosystems ¢hisen 1998, Peterson 2003). Estuaries
are currently threatened by watershed activitiekiting agriculture, industry, forestry, and
recreational and urban development. The degradatid loss of estuarine habitat resulting
from these anthropogenic activities directly aféeftshery production. Without abundant
high quality estuarine nursery habitat, juvenilersgment is limited (Hoss and Thayer 1993;
Gibson 1994; Peterson 2003). Greater efforts meishade to protect and restore this
rapidly diminishing natural resource. Althoughe flastifications for such efforts are
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becoming increasingly more apparent, their sucdepsnds on the ability of fishery
biologists and managers to accurately understadce#iciently evaluate habitat quality.

The approach taken in this study was to assessnyunabitat quality from the
perspective of the fish, where there are no coimsran fish behavior, such as movement or
feeding, beyond what are due to habitat and indadifish characteristics (i.e. no caging). A
comparison between the fish’s perspective andahiigh biologists, which is based largely
upon factors suggested by experimental lab resd¢arsh important determinants of growth,
should provide better insight as to what factoesaatually important as well as potential
factors that may be important to consider in futrglies of habitat quality. In this study,
the biologist’s perception is based on the measabaatic environment, specifically
temperature, DO, and salinity, and the hypothasmade that young-of-the-year (YOY)
southern flounder energy content will reflect tliability observed in their nursery
habitat’s abiotic conditions. The objectives aktbtudy were (1) to examine the response of
YOY southern flounder energy content to recent glean abiotic conditions encountered in
a typical temperate estuarine nursery and (2) édfigsh energy content to assess nursery

habitat quality for southern flounder across migtipurseries.

METHODS
Study Species

In North Carolina, the northern limit of the sperange, southern flounder are an
economically important species and when combined suummer floundeRaralichthys
dentatus, are second only to blue cral@allinectes sapidus, in value of a commercial fishery
(Division of Marine Fisheries, NC, USA). North @&na adults spawn offshore from late
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fall through early spring near the continental Ef\larlen and Burke 1990; Fitzhugh 1993;
Fitzhughet al. 1996; Monaghan and Armstrong 2000). Onshoreesatsrtransport
developing larvae across the shelf and into theeldrle-Pamlico estuary (Millet al.

1984; Pietrafesa and Janowitz 1988; Mieal. 1991) where they actively select shallow,
low salinity habitats to settle out as early juvesi(Powell and Schwartz 1977; Buriteal.
1991). Juveniles frequently occupy these primamgeries beyond their first year of life,
however seasonal shifts in habitat conditions mwaction with a diet shift from benthic
invertebrates to piscivory prompt most late juvesilo emigrate out of the relatively shallow
creeks and bays by late summer and fall and octhepgleeper waters of the main river and
sound bodies (Powell and Schwartz 1977; Fitzhu@81Bitzhughet al. 1996; Division of
Marine Fisheries, NC, USA).

Southern flounder in NC are overfished accordinth&oState’s current stock assessment
(NCDMF 2005). Age-1 fish are largely recruitedhe fishery and comprise roughly half of
total annual landings, yet only 59% of this agesslan average is mature (Safrit and
Schwartz 1998; Monaghan and Armstrong 2000; NCDRIG52. This dependence upon
incoming recruits, half of which are pre-spawnemimbined with high fishing mortality rates
have reportedly reduced the spawning stock bionmasas estimated 5% of that of an
unfished stock (NCDMF 2005).

Study Sites
The Pamlico River Estuary (PRE) and the Neuse Rigémnary (NRE), located in
North Carolina, USA, provide nursery habitat catitor the growth, survival, and successful

recruitment of many juvenile fish species (Fig. These low-salinity, muddy-bottom



nurseries are the preferred habitat types for swatfiounder and are therefore ideal areas to
capture and study this species (Powell and SchwaitZ; Burkest al. 1991).

Watershed activities heavily impact the water gyalf both estuaries.
Anthropogenic nutrient loading causes eutrophicatiich has increased the frequency and
severity of hypoxia (DO < 2.0 mg) within these systems in recent years (Stanley 1993;
Paerlet al. 1998). During the late summer and early fakbrthohaline stratification creates
deep hypoxic water within both estuaries (Stanlay ldixon 1992; Pae#t al. 1998;
Buzzelliet al. 2002). Wind-driven upwelling moves large volunoéshis deep hypoxic
water into the shallow near-shore habitats alomtp @ the main estuary bodies (Reynolds-
Fleming and Luettich 2004). Nursery habitats ledawithin the bounds of the shallow
creeks of these estuaries, however, may be lesstadf by these episodic upwelling events
due in part to their spatial isolation from thewlof the upwelling event (e.g. their location is
opposite of the wind direction) and/or protectioonf a large influx of water due to a narrow
or indirect link between the mouth of the creek grelmain river body. Hypoxia more
frequently occurs in these shallow estuarine craskas result of a diurnal cycle of microbial
respiration and photosynthesis (Stanley and NiX@82). Oxygen supply is high during the
day when photosynthesis increases primary produetial becomes limited in the evening
when respiration exceeds primary production. Ofteor circulation and high turbidity
within these creeks can result in prolonged hypoxidne benthic habitat that can last on the
order of hours to days.

Part of this study was conducted in Hancock Crelichvis located on the south side
of the NRE (Fig. 1). The other portion of the stwehs conducted in four creeks of the PRE.
Back Creek (BC) and East Fork Creek (EF) are lacatethe north side of the PRE and
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Long Creek (LC) and Porter Creek (PC) are locatethe south side of the PRE (Fig. 1).
These four nursery habitats were selected basedemous work that showed differences in
growth of YOY southern flounder among these habi(@uindon and Miller 1995).
Preliminary data collected by the author in thdyefall of 2004 also suggested high
variability in abiotic conditions (especially DOnang these habitats.

Abiotic Environment

Field Sampling. In order to examine the relationship betweerathietic
environment and fish energy content, the environtaldnstory of the fish prior to capture
had to be documented. Water quality sondes (Ye8pwngs Instruments, YSI, Model
6000) were placed in the nursery habitats to retmmperature, dissolved oxygen, and
salinity every 30 minutes for the week prior tdftsapture. All sondes were placed in depths
of 1-1.5 m to target depths heavily populated smagbmmer months by YOY southern
flounder. The sonde recorded the environment ot#pture site, and the data were assumed
to represent the abiotic conditions experiencedlbgaptured fishes. Sondes were anchored
and suspended in the water column approximatel3&80m from the substrate. Southern
flounder exhibit little vertical movement and adagpted to life on the bottom, so measuring
the quality of the bottom water is most relevanthis study. Due to rapid fouling of the
sensors, all sondes were cleaned and properlyraedibaccording to YSI protocol before
each weekly deployment to ensure the most accaraésurements possible.

Analyses. The means and range of temperature, DO, anutgadis well as the
frequency (number of events) and severity (duratifosn event in hours) of hypoxia were
summarized for each nursery habitat. For the oif the study conducted in Hancock
Creek in 2006, these abiotic parameters were used@anatory variables in the analyses of
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total fish energy content. For the nursery halmitahparison portion of the study conducted
in 2005, differences in mean temperature, meandd@,mean salinity across habitats were
examined using an analysis of variance (ANOVA)ncBithese data are temporally
autocorrelated (i.e. measured every 30 minutesy, ¥iolate the ANOVA assumption of
independence. Therefore, a repeated measures dessgused that incorporated a first-
order autoregressive process. This design molelsdrrelation between the repeated
abiotic measurements and allows for the error @ramgiven time (t) to be partially
predicted by the preceding error at time (t-1). ekamine differences in the severity of
hypoxia across habitats, a normal one-way ANOVA used. Cochran’s test for
heterogeneity of variances was used to test therggson that variances in mean length of
hypoxia were the same across all sites (Underw@8d)L All statistical tests were
performed at an = 0.05 significance level using SAS version 9(EAS 2004).
Fish Energy Content

Field Sampling. Free-ranging YOY southern flounder were colldateeekly from
late May to late August from the four creeks in BRRE in 2005 and from Hancock Creek in
the NRE in 2006. All sampling was done using a beam trawl. Dutch designed beam
trawls have been shown to be more efficient atwapy juvenile flatfish than other more
conventional gears such as otter trawls (Kuigees. 1992). In the 2005 portion of the
study, only comparable sample sizes among sites afanterest and therefore no effort was
made to standardize tow durations and estimaté-qecunit-effort (CPUE). However, in
the 2006 portion of the study conducted in HandOoek, five 1-minute tows covering a
distance of approximately 20 m each were made taimmh sufficient sample size and
estimate CPUE. If five tows provided an insuffrdi@umber of samples, then more tows
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were made but not included in the measurement$fEC All samples from each creek
were collected in the area immediately surroundiegY SI-6000 water quality sonde (less
than 75 m away), however, low abundances in BaelelCin 2005 made it necessary to use
fish caught away from the sonde placement (10@@M away) to achieve sufficient sample
sizes. Samples from 2005 were immediately placeid®and subsequently frozen.
Samples from 2006 were placed on ice and soon ggeddn the laboratory without
freezing.

Laboratory Procedure. Samples collected in the field from 2005 weitbd and
processed in the laboratory 3-5 months after capt@amples from 2006 were processed
within 12 h of capture. First, excess water wastetl from the exterior of the thawed fish
and the total length (TL) and the wet weight (neaf@2001 g) were determined. Wet weights
were not obtained prior to freezing for a majoofythe 2005 samples and the freezing
process appeared to lower the post-freezing wailweneasurements by approximately 2-
10%. Thus, wet weights for 2005 samples were setlun the analyses presented in the
appendix. The otoliths were then extracted, allowed to ayrfdr 48 h and then stored dry in
air-tight vials for future analysis. Next, the stach contents were removed, weighed, and
stored in 95% ethanol for later identification. eTlvet weight of the fish was corrected for
the weight of the stomach contents (WETWEIGHT).e Whole fish was then held in a
drying oven set at 60°C until a stable weight veshed (at least 48 h). The desiccated
sample was then weighed (DRYWEIGHT) and broken dtwma semi-homogenized sample
using dissection scissors and a mortar and pesgtie.weight of a pre-dried alundum
extraction thimble was obtained (THIMBLEWEIGHT) atiee semi-homogenized sample
was placed inside of it. The weight of the thimaiel the semi-homogenized sample
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together was obtained (THIMBLEDRY) and used to ectrifor sample lost due to the
homogenization process and transfer to the thifllESSTSAMPLE). Next, neutral lipids
were extracted from the sample using a Soxhletrappgand petroleum ether (see Schultz
and Conover 1997). In the 4 h extraction processh non-polar solvent constantly drips on
the sample allowing non-polar lipids to dissolvmithe solvent and drain out of the
extraction thimble. Once the extraction process waanplete, the sample was dried again
for 24 h at 60°C and then weighed (THIMBLELEAN)in&lly, the lipid-free sample was
placed in a muffle furnace at 450°C for 24 h. &bkked sample, once cooled to 60°C, was
then weighed (THIMBLEASH). The variables explairs@zbve were used in the following

mass difference equations to analyze the totalggr®ntent of the fish.

% Dry Weight = (DRYWEIGHT / WETWEIGHT) * 100

LOSTSAMPLE = DRYWEIGHT — (THIMBLEDRY — THIMBLEWEIGH)
UNCORRECTEDLIPID = THIMBLEDRY — THIMBLELEAN
UNCORRECTEDLEAN = THIMBLELEAN — THIMBLEWEIGHT
UNCORRECTEDASH = THIMBLEASH — THIMBLEWEIGHT
UNCORREDTEDPROTEIN = UNCORRECTEDLEAN — UNCORRECTEBHA
%LIPID = UNCORRECTEDLIPID / (DRYWEIGHT — LOSTSAMPLE 100
Corrected Total Lipid (g) = (%LIPID / 100) x DRYWEGHT

%PROTEIN = UNCORRECTEDPROTEIN / (DRYWEIGHT — LOSTBWRLE) * 100
Corrected Total Protein (g) = (%PROTEIN / 100) xDREIGHT

%ASH = UNCORRECTEDASH / (DRYWEIGHT — LOSTSAMPLE)I00
Corrected Total Ash (g) = (%ASH / 100) x DRYWEIGHT
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The calculation of total protein is based on theuagption that protein is the primary
component of lean tissue. Petroleum ether doedissblve phospholipids, which may
compose a minor portion of the lean tissue, oralaybrates, also considered a minor
component of fish tissue (Love 1980). The totargy for the whole fish in kilojoules (kJ)
was calculated using the converted caloric valdidipid and protein presented in Brett and
Groves (1979). Using the standard conversionkafal = 4.184 kJ, the lipid energetic value
of 9.45 kcal @ was converted to 39.54 k3,cand the protein energetic value of 4.80 kéal g

was converted to 20.08 k3 ¢Brett and Groves 1979).

Total Energy (kJ) = (39.54 * Total Lipid) + (20.68 otal Protein)

Analyses. To determine if significant differences in togalergy content existed in
YOY southern flounder caught in Hancock Creek dliersummer of 2006, an analysis of
covariance (ANCOVA) was used. Fish energy contanies as a function of length
(Appendix, Fig. A9). Using ‘Total Length’ (TL) a independent continuous variable and
‘Week’ as an independent categorical variable, ANMBQletermined the least-squares mean
total energy content for all fish in a given weelusted to a common length. Fish lengths
and energy values were In-transformed to lineaheedata prior to use in the ANCOVA
model. If the ANCOVA results suggested a significdifference existed among weeks then
pairwise comparisons were conducted to determiasitinificance of differences between
adjacent weeks. The resulting significance lewadse adjusted by the Tukey-Kramer

method of honest significant difference (HSD).
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To determine if significant differences in YOY @lnder total energy content existed
among four different nursery sites at a given tdnang the early growth season in 2005,
ANCOVA was used in the manner just described, usingek’ instead of ‘Week’ as the
independent categorical variable. If the ANCOVAuks suggested a significant difference
existed between creeks, then pairwise comparisens eonducted to determine which
creeks were significantly different at a given tipexiod. The resulting significance levels
were also adjusted by the Tukey-Kramer method dD H&II statistical tests were
performed at an = 0.05 significance level using SAS version 9(EAS 2004).

Diet

Laboratory Procedure. The diets of YOY southern flounder collectednfrthe four
different nursery habitats in 2005 were determibg@nalyzing the previously weighed and
preserved stomach contents under a dissecting seimpe. Prey items were identified to the
nearest taxonomic group. After analysis, sample®wlaced back in vials containing 95%
ethanol for further preservation. Gut fullnessueasl for YOY southern flounder collected in
Hancock Creek in 2006 and the four different nir$ebitats in 2005 were also determined.

Analyses. Qualitative comparisons were conducted to detexnf differences in diet
were apparent among fishes from the four differemsery habitats during the six summer
sampling periods of 2005. The frequency of ocawreefor each prey category was
determined as follows:

100* O,

>0
i=1

whereQ,; is the number of stomachs containing prey of categ@ndn is the total number

of prey categories for all stomachs (Bowen 1996plet al. 2001).
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Qualitative comparisons of gut fullness values wase conducted to determine if
relationships existed between apparent feedingaradetotal fish energy content for YOY
southern flounder collected in Hancock Creek dutirgsummer of 2006 and in the four
different nursery habitats studied in 2005. Gilhgss for individual fish was determined as
follows:

weightof stomactcontents
weightof fish withoutstomactcontents

Gutfullness=

Prey Availability

Field Sampling. YOY southern flounder mainly consume mysids nigitheir early
growth period (Appendix Table A13, Fig. Al14; Fitgtul993). To examine habitat
differences in prey availability, mysid densitiesre quantified for each nursery habitat
twice during the 2005 experimental season, oneaily June and again in late July. Mysids
and other potential prey items were sampled usingpébenthic sled with a 0.19°rapening
and fitted with a plankton net of 100-um mesh vaittod end. The epibenthic sled is
designed to sample available prey present on ttiacguof the sediment and in the water
column extending roughly 25 cm above the bottore {g@mermanst al. 1995). Five one-
minute tows were made in each site, covering @t of approximately 20 m each.
Multiple tows were made in order to cover the enfish capture site and to obtain an
average representative of the entire site. Alldamwere immediately preserved in 95%
ethanol for later analysis in the laboratory.

Laboratory Procedure. Prey samples obtained from the field were firsined of
their ethanol using a 100-um sieve and rinsed wéter. Most samples were counted and

identified without the need for subsampling, howetee high density of mysids in some
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samples made subsampling necessary. In samplssioeampled, all prey items were
counted and identified using a dissecting microecophe subsampling process was begun
by first counting and identifying all large pregims. Next, the remaining sample was placed
in 500 ml of water and stirred to uniformly mix teample throughout the water. Three 50
ml samples were then taken, and prey items in @&ch counted and identified under a
dissecting microscope. The average of the thrbsasuples was taken and used to estimate
the total number of each prey item in the entirada.

Analyses. To determine if significant differences in mysiensities existed between
nursery habitats at a given time, a one-way ANOVaswonducted. Cochran’s test for
heterogeneity of variances was used to test thergsson that variances in mysid density
were the same across sites (Underwood 1997) e IAMOVA results suggested a significant
difference existed between sites, then pairwisepasivons were conducted to determine
which sites were different. The resulting sigrafice levels were adjusted by the Tukey-
Kramer method of HSD. All statistical tests weegfprmed at amx = 0.05 significance level

using SAS version 9.1.3 (SAS 2004).

RESULTS
Fish Energetic Response to Changing Abiotic Envirament

Fish Sampling. Weekly collections of YOY southern flounder wenade from
Hancock Creek in 2006 from May 25 to August 30.e firean length, range, and number of
samples collected for each week are presenteddte Ta Mean fish length increased
approximately 30 mm over the 15 week summer sammperiod, and YOY sizes differed in
the range of 25-59 mm during each week. Weeklyna@athe total lengths of captured fish
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gave apparent growth rates that ranged weekly fiaen1.417 mm d with an overall mean
apparent growth rate of 0.43 mnit fbr the 15 week sampling period. CPUE remained
steady at approximately 4-5 fish td0.2-0.25 fish rif) for much of the summer sampling
period (Fig. 2). Peak catches were in mid-Jurspptoximately 7 fish to (0.35 fish rif),
and CPUE decreased steadily after August 1.

Abiotic Environment. Temperature, DO, and salinity in Hancock Creekev
continuously monitored every 30 minutes for eackekwuring the 2006 summer sampling
period from May 25 to August 30. The means, raagd,sample sizes for these abiotic
parameters during each week were calculated (T3bkdong with the frequency and
severity of hypoxia for each week (Table 3). Mé&amperature rose in Hancock Creek from
24°C in late May to 31°C by early August. Meanrstyl fluctuated between 6.7 and 14 ppt
during the summer sampling period with the lowadinhgies occurring during the first week
of July and the highest during the second weekugust. Mean dissolved oxygen remained
constant at 5-6 mg'lfrom late May to late July and then declined t B I* for the month
of August. The frequency and severity of hypoxerevgreatest in Hancock Creek during
the month of August (Table 3). Fish in HancockeBrexperienced the worst abiotic
conditions in the first and second weeks of Auglus to the combination of low levels of
DO and high temperatures.

Fish Energy Content. To determine if fish energetic condition varmcer the 2006
summer sampling period, energy content was detewchfior all fish collected during each
weekly sampling event. ANCOVA allowed for the caamipon of least-squares means of
total fish energy content adjusted to a commontteagross time (Table 4). The test for
homogeneity of slopes found no significant inte@acbetween ‘Week’ and ‘TL’ (p =
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0.891). The results of this simple ANCOVA are gr&ed in Table 5. ‘Week’ had a
significant effect on fish energy content (ANCOWA< 0.0001) and explained
approximately 51% of the variability seen in figheegy content. Pairwise comparisons of
all adjacent weeks were conducted, and resultogfgiance levels were adjusted using the
method of Tukey-Kramer HSD. Weeks where fish hgdiicantly different energy content
as compared to fish from the previous week inclutiedveeks of July 6, July 26, August 15,
and August 23 (Fig. 3).

An apparent relationship between fish energy cdrded the abiotic environment
experienced by those fish in the week prior to aapexisted for this nursery habitat over the
summer sampling period (Fig. 4). To test if theaswged abiotic parameters had a
significant effect on fish energy content and alshe ‘Week’ effect was still significant
after accounting for variability in the abiotic @mnment during each week, a more complex
ANCOVA model was developed. The mean temperatuegn DO, mean salinity, number
of hypoxic events (#Events), and mean length oblkigp(MeanEvent) for each week were
entered as independent continuous variables anékVés an independent categorical
variable. The results of this ANCOVA are presentedable 5. Mean temperature, mean
salinity, and the mean length of hypoxia were mgiiicant (ANCOVA, p = 0.8832, 0.6138,
0.1016, respectively) and were removed from theehoean DO and the interaction of
mean DO and mean temperature explained approxiyrizdeand 21% of the variability in
fish energy content, respectively. The numberyplaxic events explained only 1.1% of the
variability in fish energy content. The interactibetween the number of hypoxic events and
the mean length of hypoxia explained only 2.1%hefvariability in fish energy content.

The effect of ‘Week’ was still significant (ANCOVAy = 0.0081) after accounting for
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variability in the abiotic environment and explainen additional 3.9% of the variability in
fish energy content.

Although no apparent relationship existed, addéldasting was done to determine if
the abiotic environmental history of fish two wegksr to capture had any effect on fish
energy content. One-week lags of mean temperanean DO, and mean salinity were
included in the ANCOVA model as continuous indeparidrariables. Lags of all three
abiotic parameters were insignificant (ANCOVA, 08703, 0.6696, 0.0641, respectively)
and explained no additional variability in energymtent beyond what was explained by the
abiotic parameters of the week prior to capture.

Gut Fullness. No apparent relationship existed between thennge&fullness of
YOY southern flounder collected in Hancock Creekimtyithe summer of 2006 and the
ANCOVA determined least-squares means of totaldisérgy content across this time
period (Fig. 5) or the abiotic conditions measusedr that same time period (Fig. 6). Mean
gut fullness was included as a continuous indepandeiable in the complex ANCOVA
model previously described and was found to bgmgcant (ANCOVA, p = 0.8320).
Nursery Habitat Comparison

Fish Sampling. YOY southern flounder were collected during sanpling events
from four different nursery habitats throughout suenmer of 2005: late May, early June,
late June, early July, late July, and early Auguste mean length, range, and number of
samples collected during each habitat's samplirenesvare presented in Table 6. Long
Creek was not sampled in late July, and Back Cweeeknot sampled in early August. No
efforts were made to calculate CPUE in these nuisaitats, but southern flounder
abundances in East Fork Creek and Porter Creekmecha higher than in Back Creek and
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Long Creek and correspond to the generally greaterber of samples collected in East Fork
and Porter creeks.

Abiotic Environments. Temperature, DO, and salinity were measuredye3@r
minutes in each habitat for the week prior to fisipture. The means, range, and sample
sizes for these abiotic parameters in each hadiihfor each sampling event were calculated
(Table 7), along with the frequency and severithyoxia (Table 8). No abiotic data were
collected for any habitat during the late May sangpkvent. Due to probe failures, abiotic
data for some creeks were not collected during ssangling events. DO data are missing
for East Fork Creek in early June. No abiotic de¢ae collected in Porter Creek during late
June or in Long Creek during early August.

The data presented in Table 7 describe the getmenals in mean temperature, mean
DO, and mean salinity for each nursery habitatughmut the summer sampling season.
Back and East Fork creeks were generally warmer ltloag and Porter creeks. Maximum
water temperature ranged from approximately 23°€anty June to approximately 31°C in
early August. East Fork and Long creeks genehally higher salinities than Back and
Porter creeks. Salinities across all habitatsedrfgppm upper-oligohaline to lower-
mesohaline levels throughout the summer. Mean B&Wwed no general trends across
habitats over time with the exception of East FOrkek, where mean DO was always high.
Back and Porter creeks had the highest variabiliyO. East Fork Creek only went
hypoxic in early July; however, Back, Long, andteocreeks went hypoxic and/or anoxic
(no DO) during every summer sampling event excepeérly August.

Beyond a descriptive and qualitative analysishefdbiotic environments of these
nursery habitats, a repeated measures ANOVA witbragressive capability was used to
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test for significant differences in these abiotiziables across habitats for a given sampling
event. Although the complex repeated measures AN@ddel is designed to account for
temporal autocorrelation, some of the time-seraa dould not be analyzed through
meaningful statistical tests because these teitd ta remove the bias associated with the
correlation of adjacent measurements (i.e. thecautelation of the model was close to 1).
The results of these ANOVA are presented in Tabl&®& tests with significant results,
pairwise comparisons among habitats were madethenesulting significance levels were
adjusted according to the Tukey-Kramer method dDHS

Early June. In early June, the mean DO level of 2.7 tinl Back Creek was
significantly lower than that of Long Creek (4.9 iy and Porter Creek (4.1 mg)!

(ANOVA, p = 0.0001). East Fork and Long creeks baphificantly higher mean salinity

(6.5 and 6.1 ppt, respectively) than Back and Pareeks (3.6 and 3.9 ppt, respectively)
(ANOVA, p <0.0001). The repeated measures ANOVd@dei did not converge (i.e. test
was not meaningful) for significant mean tempemaulifferences among creeks. The mean
temperatures for Back, East Fork, Long, and Paregks were 25.5, 23.2, 23.1, and 24.7°C,
respectively.

Late June. In late June, the mean temperature of 26.64M@ingy Creek was
significantly lower than that of Back Creek (27.5%0d East Fork Creek (27.3°C) (ANOVA,
p =0.0011). The repeated measures ANOVA modehdictconverge for significant mean
DO and mean salinity differences among creeks. nibéan DO levels for Back, East Fork,
and Long creeks were 4.1, 5.2, and 4.0 hgdspectively. The mean salinities for Back,

East Fork, and Long creeks were 5.0, 7.7, and @.6-@spectively.
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Early July. In early July, there were no significant diffieces in mean temperature
across habitats (ANOVA, p = 0.4685). The mean &nawpires for Back, East Fork, Long,
and Porter creeks were 30.1, 30.9, 27.5, and 28té&%pectively. There were also no
significant differences in mean DO across habifat¢éOVA, p = 0.8084). The mean DO
levels for Back, East Fork, Long, and Porter creg&ee 3.3, 5.2, 3.5, and 2.3 my |
respectively. Mean salinity was significantly eifént across habitats (ANOVA, p < 0.0001)
where Back and Porter creeks (4.0 and 4.4 pptectisely) were lower than East Fork and
Long creeks (6.5 and 6.3 ppt, respectively).

Late July. In late July, mean salinity was significantlyferent among Back (3.1
ppt), East Fork (5.7 ppt), and Porter (4.8 pptekse(ANOVA, p < 0.0001). The repeated
measures ANOVA model did not converge for significaean temperature and mean DO
differences among creeks. The mean temperatur&afik, East Fork, and Long creeks
were 30.6, 30.7, and 28.7°C, respectively. Themi¥a levels for Back, East Fork, and
Long creeks were 5.7, 7.1, and 3.4 Mgrespectively.

Early August. In early August, there was no significant difiece in mean DO
between East Fork (6.2 mg)land Porter (8.6 mg') creeks (ANOVA, p = 0.1104). The
repeated measures ANOVA model did not convergsifprificant mean temperature and
mean salinity differences between the two credise mean temperatures for East Fork and
Porter creeks were 30.6 and 30.0°C, respectivEiiee mean salinities for East Fork and
Porter creeks were 7.3 and 6.3 ppt, respectively.

Hypoxia. The frequency and severity of hypoxia for eaghitat in each time period
is summarized in Table 8. Back and Porter creekelly had more frequent and more
severe hypoxic events. Back Creek remained hydoxi2l hours in early June and for 47
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hours in early July while Porter Creek was hypdic31 hours in late July. ANOVA was
used to test for significant differences in the misngth of hypoxia among habitats with
more than one hypoxic event, and the results fluesd tests are presented in Table 10.
Cochran'’s test for heterogeneity of variances wagnificant for late June and late July
time periods (p = 0.1113 and 0.1427, respectivel{griances were heterogeneous for early
June and early July time periods (Cochran’s testQ@068 and <0.0001, respectively).
Log-transformations of the data for these timegumsisuccessfully met ANOVA model
assumptions (Underwood, 1997). No significantedtéghces were found for any time period
except early June when the mean length of hypoam greater in Back Creek (5.4 h) than in
Porter Creek (1.6 h) (ANOVA, p = 0.0431).

Fish Energy Content. To determine if YOY southern flounder energetadition
varied across nursery habitats at different tirhesughout the summer early growth period,
energy content was determined for all fish collddtem each habitat during each sampling
event. ANCOVA determined the least-squares meiah ¢oergy content for all fish in a
given creek and given time period adjusted to amomlength (Table 11). The results of
these ANCOVA are presented in Table 12. The teshdémogeneity of slopes found no
significant interaction between ‘Creek’ and ‘TL'rflate May, early July, late July, and early
August sampling periods (p > 0.05). Slopes weumdoto be heterogeneous for early and
late June sampling periods (p < 0.0001). In edulye, Porter Creek had a significantly
different slope from those of the other three cseekhe separate-slopes ANCOVA model
for these data incorporated one slope for PorteekCand one common slope for the other
three creeks. In late June, East Fork Creek angiRoreek had similar slopes, Back Creek
had a significantly different slope from the otli@ree creeks, and Long Creek had a
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significantly different slope for the other thraeeks. The separate-slopes ANCOVA model
for these data incorporated separate slopes fdt &ad Long Creeks and a common slope
for East Fork and Porter Creeks. ‘Creek’ had aiicant effect on fish energy content in all
sampling periods except early May and explained@apmately 22 to 46% of the variability
seen in fish energy content for those samplingogsrivhere it had a significant effect.
Pairwise comparisons among all creeks were conddotecach sampling period
with significant differences among creeks (Fig.-fj.bThe resulting significance levels were
adjusted using the method of Tukey-Kramer HSD. aBee of the use of separate slopes
ANCOVA models for early and late June sampling gasj the effect of ‘Creek’ on total fish
energy content is dependent upon the ‘TL’ at whiehcomparison is made. In other words,
comparing mean energy content across creeks atammon length is meaningless.
Therefore, least-squares mean fish energy contemieich creek were compared at th8, 25
50", and 7% percentiles of total length (Fig. 7 b,c). In galline, fish energy content was
significantly lower in Porter Creek than the othaee creeks for smaller fish (approximately
68 mm, 28' percentile). For fish in the Bpercentile (approximately 75 mm), Porter Creek
was only significantly different from Back Creelqdafor fish in the 7% percentile
(approximately 81 mm) there were no significantedé#nces in fish energy content among
creeks. In late June, Back Creek fish had siganifily lower energy content than fish from
the other three creeks for both thé"2fd 58 percentile fish (approximately 74 and 83 mm,
respectively). There were no significant differee@mong creeks for large fish
(approximately 92 mm, 5percentile). In early July, fish in Long and Ror€reeks had
significantly lower energy content then fish in Rad East Fork Creeks (Fig. 7d). Porter
Creek fish had significantly lower energy contdrart fish in Back and East Fork Creeks in
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late July (Fig. 7e) and significantly lower enepntent than fish in East Fork and Long
Creeks in early August (Fig. 71).

Habitat Differencesin Diet. A stomach content analysis was performed ofishllto
determine if diet differences were apparent acnossery habitats. Seven prey categories
were found in the 354 flounder stomachs that waedyaed (Table 13). Crab zoeae were
only found in two stomachs from Porter Creek, aastigppods were only found in one
stomach from East Fork Creek. Mysids were the riteguiently occurring prey item in the
stomachs of flounder across all nurseries (Fig.a®le 13). At least 50% of all full stomachs
contained mysids only and approximately 70-95% aioed both mysids and other food
categories. Next to mysids, amphipods and fistewlse most frequently observed prey
items in flounder stomachs across all nurserigserd were no apparent differences in the
onset of piscivory across nursery habitats (Fig.Bgginning at 80-90 mm in total length,
flounders were consuming fish prey in every nurdetyitat with the exception of East Fork
Creek, where only one out of the 83 flounder (appnately 1%) analyzed in this creek that
were smaller than 80 mm had the remains of fisgtsistomach. Mean gut fullness values
were determined for YOY southern flounder colleatedach nursery site during each
sampling event (Fig. 10 a-f). Apparent differencemean gut fullness were found across
nursery sites for late May, early July, late Jalyd early August sampling periods. In late
May, flounder in Back and Porter creeks had highurfullness than flounder in East Fork
and Long creeks. In early July, flounder in Backé&k had apparently higher gut fullness
than flounder in East Fork, Long, and Porter credkdate July, flounder in Porter Creek

appeared to have higher gut fullness than floumdBack and East Fork creeks. In early
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August, flounder in Porter Creek appeared to hagleen gut fullness than flounder in East
Fork and Long creeks.

Habitat Differencesin Prey Availability. Mysid densities within each nursery site
were estimated in early June and late July. Na datre collected for Back Creek in late
July. A one-way ANOVA model was constructed focleéime period where mean ‘Mysid
Density’ was dependent upon ‘Creek’ (Table 14).cl@an’s test for heterogeneity of
variances was insignificant for both time periogs=(0.1215 and 0.0981, respectively).
Significant differences in mysid densities acrosssary habitats were found for both
sampling periods (ANOVA, p = 0.0101 and 0.0005pessively). Pairwise comparisons
found lower mysid densities in early June in EaskFCreek (24.9 mysids i) as compared
to Back and Porter Creeks (116.3 and 104.7 mysifig@spectivelyand higher mysid
densities in late July in Porter Creek (750.9 mysitf) as compared East Fork and Long
Creeks (33.9 and 142.8 mysid& mespectively) (Fig. 11). Mysid densities increas
between months in Porter Creek but remained faohstant in East Fork and Long Creeks

(Fig. 11).

DISCUSSION
Fish Energetic Response to Changing Abiotic Envirament

The first objective of this study was to examine thsponse of YOY southern
flounder energy content to recent change in abaatiaitions encountered in a typical
temperate estuarine nursery. Hancock Creek hativaly high abundances of YOY
southern flounder throughout most of the summe&0&6 and provided important nursery
habitat for the species during that time periotie &pparent mean growth rate determined

26



from changes in the mean total length of fish cagatieach week in Hancock Creek was 0.43
mm d’. Although the weekly movement of individuals irtied out of the capture site can
affect the accuracy of this estimate of mean grawaté, YOY southern flounder in Hancock
creek during the summer of 2005 were apparentlwi at similar rates presented in other
field studies. Guindon and Miller (1995) reportethean growth rate of 0.44 mrit tbr
YOY southern flounder caged in NC nurseries. kitghand colleagues (1996) reported
otolith-based growth rates of juvenile southermifider in NC ranging from 0.35 to 1.5 mm
d* with a mean growth rate of 0.65 mmi.d

By sampling this nursery habitat on a weekly tsoale, significant fine-scale
temporal differences in fish energy content wertected and approximately 51% of that
variability was explained simply by the timing afah sampling event. These results suggest
not only that juvenile fish growth in a single nemg habitat can be highly variable over short
time scales but also that these fish were respgrtdinapid and abrupt changes in their
environment. In temperate estuaries, this findesteanporal variability in the environment
more often corresponds to changing abiotic conatisuch as temperature, DO, and salinity
as opposed to changing biotic conditions such ad &vailability (Milleret al. 1991).
Although it is often difficult in ecological studig¢o discern the temporal and/or spatial scale
in which to measure an organism’s response to ehamigs environment, the measured
response often varies on the same scale as thefactons influencing that response (Levin
1992). Therefore, the hypothesis was made that-s&ron variability in fish energy content
should reflect the short-term variability in abetonditions of the nursery habitat. When
the weekly abiotic variability was included in dANCOVA model, ‘mean DO’, ‘mean
DO*mean temperature’, ‘the number of hypoxic everaisd ‘the number of hypoxic
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events*mean length of hypoxia’, explained approxehe51% of the variability observed in
fish energy content. Given those significant abiparameters are in the model, all other
possible abiotic and biotic factors occurring imidack Creek during a given week only
explained an additional 3.9% of the variabilityfish energy content. These results support
the research hypothesis and suggest that weekpbiley in the abiotic conditions of
Hancock Creek were largely responsible for thealality in fish energy content observed
over those weeks.

Temperature. Given that the dominant abiotic factor contraligrowth in fish is
water temperature (Fry 1971; Brett and Groves 1%iBson 1994; Neilkt al. 1994), it may
be surprising that the results from this portiorihef field study showed no significant effect
of mean temperature on fish energy content. Relati temperature, the larger weekly
variability in salinity and DO in Hancock Creek atfé larger response by fish energy
content to the weekly variability of those two aligarameters masked any overall effect of
temperature (Fig. 4). However, fish energy conteditincrease steadily over the summer
early growth period, and given no effects of DGalinity, the maximum values for energy
content were observed on AuguStahd 28 when temperatures were approximately 30°C,
near optimum for growth of juvenile southern floendPeters 1971; Guindon and Miller
1995; Del Toro-Silva in prep.) and suggest thatnghorates were higher at warmer
temperatures. These results do not conflict witleofield studies that found temperature to
be responsible for observed temporal and spatradhéity in fish growth (Guindon and
Miller 1995; Rookeet al. 1997; Baltzet al. 1998; Menget al. 2000; Mandersost al. 2002;

Meiseet al. 2003), rather they highlight the abiotic complexafyestuaries and the difficulty
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in detecting statistically significant effects angasuch complex abiotic processes and
interactions.

Dissolved Oxygen. DO acts as a limiting factor on fish growth legtricting active
metabolism at lower concentrations (Fry 1971). phegsiological and metabolic responses
of fish to low DO are well reviewed (Hughes 197%dth 1995), and numerous studies have
attributed observed reduction in fish growth to ID@ (Bejdaet al. 1992; Phelasmt al. 2000;
Taylor and Miller 2001; McNatt and Rice 2004; Stieif et al. 2006; Del Toro-Silva in
prep.). DO must be measured on a time-scale plogstally relevant to the fish (e.g. hours)
in order to make sensible interpretations of ife@ on fish condition and performance. DO
is highly variable in shallow estuarine nurseriethitemporally and spatially, and point
measurements of DO are useless in trying to acgyrahd completely describe the abiotic
environment of these habitats (Milletral. 2000; Taylor and Miller 2001). Mean DO was
shown here to have a significant effect on fishrgmeontent and explained approximately
27% of the observed variability. In estuaries,¢bmbination of high temperatures and low
DO is extremely important in determining the coiwitand performance of juvenile fish
(Miller et al. 2000). Temperature controls the rate of activeab@ism; therefore, the effect
of DO on growth is not independent of temperatéiy (971; Neillet al. 2004). Recent
studies have shown that the interaction betweepéesure and DO has a significant effect
on growth in juvenile southern flounder and juversummer flounder, whereby the
minimum oxygen required by the fish to meet metabdémands increases with increasing
temperature (Stierhott al. 2006; Del Toro-Silva in prep.). The resultshustcurrent study
found that the interaction of mean temperatureraadn DO did have a significant effect on
fish energy content and explained approximately 21%e variability observed. These
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field results support the lab results of Stierlanftl colleague€006) and Del Toro-Silva (in
prep.) and demonstrate that, like the individuéd@s of temperature and DO on fish
performance, the interaction effects can also latfied in the field.

Typical of a temperate estuarine nursery, HancaeekCexperienced more frequent
and severe hypoxia in late summer due to a temperatduced increase in demand by the
ecosystem for oxygen as well as low mixing of tregex column attributable to reduced
winds (Stanley and Nixon 1992). The propensityhfgpoxia generally appeared to be
inversely proportional to mean DO for the 15 weséipled in the summer of 2006.
However, low mean DO was not always an indicatibmore frequent and/or more severe
hypoxia. During the week of August 1-9, mean DG wa® mg T, there were 13 hypoxic
events, and the maximum length of an event wasolivsh During the following week,
August 9-15, mean DO was 2.9 mfg there were 9 hypoxic events, and the longestteven
lasted for 9 hours. Variability in the conditioresulting in hypoxia (e.g. reduced winds,
high turbidity, high temperatures, and ecosystemevaxygen demand) can affect the
relationship between mean DO and the propensititypoxia. Therefore, lower mean DO
does not always suggest more frequent and/or nemexa hypoxia. The frequency of
hypoxia had a significant effect on fish energyteon as did the interaction of frequency
and severity of hypoxia. However, given the otkignificant parameters in the ANCOVA
model (i.e. ‘mean DO’ and ‘mean DO*mean tempera}utiee fine-scale variability in
hypoxia only accounted for approximately 3% of thiserved variability in fish energy
content.

CPUE apparently declined as DO conditions wors€Rregd 2). There are a few
possible reasons why this decline in CPUE occuriddrtality could have increased as a
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result of prolonged hypoxia and anoxia, which ocediin the creek throughout late July and
early August. Another possibility is that YOY sbatn flounder moved out of the system as
DO conditions deteriorated in search of more sigthhbitat. Likewise, the decision to
move out of the system could have also been diwesize-dependant emigration processes
where larger individuals may move to deeper wat@ttain larger prey (Rogeesal. 1984;
Fitzhugh 1993). YOY southern flounder caught daitims time period in Hancock Creek
were assumed to be individuals that stayed in thiseny and experienced the DO conditions
that were measured. The energy content data se flshes suggest that staying in the
nursery during these unfavorable DO conditions @r@rgetically expensive for the fish.

Salinity. Mean salinity did not have a significant effeatfish energy content, but an
apparent relationship was observed between the Bwothree weeks during the 2006
sampling period, June 28 to July 19, the varianmtaslinity measured during each week
were the highest across the entire 15 week sampéngd with salinity varying by
approximately 9 ppt for each of those weeks. Eistrgy content was depressed during this
time period, potentially due to the high varialilih salinity conditions over those weeks.

To test this further, the weekly standard deviatiosalinity was included as an independent
continuous variable in the complex ANCOVA modelivéh the other significant abiotic
parameters in the model, the weekly standard dewiaf salinity had no significant effect

on total fish energy content (ANCOVA, p = 0.8920).

The effects of mean salinity on fish growth arelwabwn for many species, but the
effects of salinity fluctuation, especially oveloshtime scales (i.e. hours to days), are poorly
understood (Boeuf and Payan 2001). Osmoregulatisis have been reported to be as low
as 10% to greater than 50% of the total energy éuolga fish (Boeuf and Payan 2001).
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Southern flounder are a euryhaline species andCininhabit nursery areas with a wide
range of salinity (Burket al. 1991). The apparent, although statisticallygngicant, effect
observed here suggests that despite this highataterof variable salinity, osmoregulatory
costs associated with frequent and rapid changeslimity may be energetically expensive
for juvenile southern flounder and could reducergnavailable for growth.

In similar size spot,.eiostomus xanthurus, also a euryhaline species, rapid changes in
salinity were stressful, but interestingly, the aic costs incurred from tolerating extreme
salinity changes were less than that needed to savamoid them (Moser 1987; Moser and
Miller 1994). Since swimming costs are greaterflatfish (Duthie 1982), it seems logical
that Moser’s results would be applicable to thedvedr and response of YOY southern
flounder to salinity variability. Another inter@sgj aspect of Moser’s work is that she found
a size effect for the sensitivity of spot to sdlirfluctuation. Her results indicate salinity
change stresses were greater for 70-90 mm spatsvé670 mm and 90-120 mm spot
(Moser 1987; Moser and Miller 1994). Moser sugeeshis size-dependent change in
sensitivity to salinity fluctuation may reflect aysiological adaptation by spot to emigrate
out of the shallow estuarine nurseries to deepeepoysiochemically stable habitats
(Moser 1987; Moser and Miller 1994). Southern flder also exhibit size-dependent
emigration out of the shallow nursery habitatseéeker water (Fitzhugh 1993; Fitzhugh
al. 1996), and it is possible that the size rangédoninder used in this study (mean 70-100
mm TL, Table 1) were the most sensitive to salifiigtuations over that of smaller and
larger individuals. The results of this currentdst and of the extensive work by Moser

suggest that the short-term variability of salimyher than the mean may be more
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physiologically relevant to juvenile fish in regartb short-term growth variability and
should be considered in future analyses of fisphalse to environmental change.

Gut Fullness. The significant effect of the measured abiotinditions in Hancock
Creek on total fish energy content found duringgteamer of 2006 may have been a result
of environmental limitations on fish activity, spezally feeding (Malloy and Targett 1991;
Lankford and Targett 1994). If abiotic factors lsas highly variable salinity and/or low DO
reduced feeding ability, then lower feeding rategld ultimately be the cause of the
measured energetic response of YOY southern flauodshange in their abiotic
environment (e.g. low total fish energy conterilpwever, no apparent relationships were
found between gut fullness and total fish energyteat or the abiotic conditions measured
over that same sampling period. Mean gut fulllvess also statistically insignificant in
determinations of total fish energy content. Gitlemlack of a relationship between gut
fullness and total fish energy content found ir$ study, it is important to consider potential
limitations of gut fullness values determined fretamach contents measured at one point in
time (i.e. day of capture). Gut fullness valueshis study likely only reflect the most recent
feeding event and therefore may not represent etihg@aral scale needed for comparisons to
weekly variability in total fish energy content (Baet al. 1998).

Fish Response in Hancock Creek. The short-term variability in both fish energy
content and the abiotic environment of Hancock Kmeagest that there was agreement
between how fish and fish biologists perceive nyréabitat quality. However, it is
important to interpret these results with cautiod aonsider that the factors influencing fish
movement may not be uniform across all speciesaimiirsery habitats. Not much is
known about fish behavioral responses to chandbngtia conditions, especially for small
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juvenile fish (i.e. <100 mm TL). In Hancock Cregikring the summer of 2006, CPUE data
suggested that fish did not move out of the habita¢sponse to highly variable salinity but
stayed and suffered an energetic loss as a rdsigktwise, in late summer, some fish stayed
in the habitat during poor DO conditions, whichoatesulted in a loss in energy content.
There are many possible reasons why fish staydteihabitat during these unfavorable
abiotic conditions. In this study, the abiotic ddions measured in the fish capture site by
the YSI water quality sonde were similar to coruis measured by a sonde placed
elsewhere in the creek (approximately 1.3 km upst)e This suggests that abiotic
conditions were similar across a large part ofdfeek and that there may have been no other
areas with more favorable conditions to serve agyeefrom highly variable salinity or low
DO. Another possible reason is that flatfish himwe resting metabolic costs and swimming
requires more energy than that of fusiform fishtfide1 1982). The energetic costs of staying
in poor abiotic conditions for a short period ohé may be less than the costs associated
with the swimming effort required to successfullydf suitable refuge habitat (Moser 1987,
Moser and Miller 1994). High predation risk assdetl with moving out of the shallow
water may have also provided sufficient motivationfish to stay in the nursery despite
poor abiotic conditions (Gibson 1994). Lastlyetestive advantage to staying in poor
abiotic conditions may exist if these condition$ydast a short period of time and resources
become more available as a result of some compe({itonspecifics and other species)
leaving the habitat during the unfavorable condgio The results of this portion of the study
do not support anything more than speculation agwoYOY southern flounder stayed in
Hancock Creek during the poor abiotic conditiongezienced in the summer of 2006.
However, the results do suggest that the captisadekperienced the measured abiotic
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conditions, and they support the hypothesis thatnue fish energy content responds to
variability in the abiotic environment of a nursérgbitat when measured on appropriate

temporal and spatial scales.

Nursery Habitat Comparison

The second objective of this study was to usedisrgy content to assess nursery
habitat quality for southern flounder across migtipabitats. Four nursery habitats for
southern flounder were compared at six times througthe summer of 2005, from late May
to early August, in order to assess habitat qualitpss a time period relevant to when the
habitat is predominantly used by the species agsery. Significant differences were found
among the four habitats in both fish energy confgsit’s perception) and in abiotic
conditions (biologist’s perception). If fish engrgontent is largely a reflection of the quality
of the abiotic environment, which the results frira study in Hancock Creek suggest, then
theoretically, differences in fish energy contemtoag different nurseries compared at
similar time periods should be explained by théedénces in abiotic conditions of those
nurseries. However, the results of these habitaiparisons suggest that some habitats may
be more complex than Hancock Creek with respecatiability in abiotic conditions
throughout the habitat. This spatial complexityyat monitored correctly, can make it
difficult to understand differences in fish conditiobserved across different habitats and,
ultimately, to assess nursery habitat quality.

Late May. No significant differences in fish energy cornitamong habitats were
found during this period. Although no abiotic datere collected, conditions during this
time of the year are not highly variable among tebi Water temperatures are generally
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low (22-25°C), and southern flounder show littlewgth variability at temperatures within
this range (Davis 1998; Del Toro-Silva in prepDO is also generally high during this time
period and should have little effect on fish coiwait Given the generally favorable abiotic
conditions during late May, it is not surprisingtimo significant differences in fish
condition were found.

Early June. Significant differences in fish energy conterevfound for smaller fish
in the 28" and 58" percentiles of TL, where flounder in Porter Créekl lower energy
content (up to approximately 22% difference foﬁhziércentile fish) than flounder in Back
Creek for both size classes. Based on measureticatonditions, it is surprising to see that
Back Creek flounder not only had higher energy ennthan flounder in Porter Creek but
also that Back Creek flounder had the same enengtent as flounder in East Fork and Long
creeks. Although no apparent temperature diffexemegere found, mean DO in Back Creek
was significantly lower, hypoxia was more frequemtg the mean length of hypoxia was
significantly longer. These results suggest that@O conditions measured in Back Creek
were not what the captured fish experienced (sb.dénergetic condition was higher than
expected in these DO conditions).

Late June. Flounder from Back Creek in the"28nd 58" percentiles of TL, had
significantly lower energy content (up to approxteip 37% difference for 25percentile
fish) than the other three creeks for this timeqeer There were no apparent differences in
the abiotic conditions of these habitats, sugggdhat the abiotic environment of Back
Creek was misrepresented or other abiotic andgatictiactors were limiting fish condition

in this creek during late June.
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Early July. Long and Porter creeks had flounder with sigatiitly lower energy
content (up to approximately 16% difference) thanrider from Back and East Fork creeks.
DO conditions were not significantly different angotiese habitats. Although mean
temperature was not significantly different, botbng and Porter creeks were approximately
2°C cooler than Back and East Fork creeks. Badkeast Fork creeks were at the suggested
optimum temperature for growth in southern floun@ound 30 °C) which may explain why
fish energy content was higher in those two créBleters 1971; Guindon and Miller 1995;
Del Toro-Silva in prep.).

Late July. Flounder in Porter Creek had significantly loweergy content (up to
approximately 12% difference) than flounder in Backl East Fork creeks. Back and Porter
creeks had similar DO conditions, yet flounder scB Creek had significantly higher energy
content than flounder in Porter Creek. This agaiggests that DO conditions measured in
Back Creek may not have been what the fish acteaibperienced. Mean temperatures
remained virtually unchanged in these habitats feamty July. An apparent temperature
relationship, similar to early July, also existestdy with Porter Creek approximately 2°C
cooler than Back and East Fork creeks which weae optimum for growth, and fish energy
content in Porter Creek was significantly lowentltiae other two creeks.

Early August. Flounder in Porter Creek again had significaltlyer energy content
(up to approximately 14% difference) than flounffem other creeks. No abiotic data were
collected for Long Creek, however results of datifected from East Fork and Porter creeks
suggest no apparent differences in temperaturédob&ween these two habitats. Both

creeks were not hypoxic during this sampling peraodl both were at optimum temperatures
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for growth. These results suggest that other mbawtd/or biotic factors in Porter Creek were
limiting fish condition in early August.

Diet and Prey Availability. Fish energy content can vary due to prey tymepay
availability. No apparent differences in diet weyand among these four nursery habitats,
and mysids were the most frequently occurring ieay in the stomachs of YOY southern
flounder from all habitats. In North Carolina, nd/glensities are greatest in the upper
reaches of the estuaries, where these PRE and NR¥£stes were located (Williams 1972;
Burke 1995). This study found significant diffeces in mysid densities among habitats for
both early June and late July samples, howeven evi®w density habitats, mysid
abundance did not appear to limit fish energy aantén both early June and late July, East
Fork Creek had the lowest mysid densities and fleuof relatively high energetic
condition. This suggests that the mysid abundameasured in East Fork Creek, although
lower than the other habitats, was not a limitiagtér of fish energetic condition. An
interesting aspect to note about East Fork Cretiatsa larger percentage of full stomachs
(approximately 25% more) had mysids only and a knpercentage (approximately 15-
25% less) contained other prey types as compartgtetother habitats. One possibility for
the lower mysid densities measured in East ForkelCiethat YOY southern flounder fed
exclusively on mysids and drove down mysid abundanc¢he habitat. As a result, the prey
field measured may have been misrepresented, asid mgnsities may have been higher
than what was actually measured. Regardless, gim@ydance in this habitat did not appear
to be low enough to limit fish energy content. tBoCreek, in both early June and late July,

had extremely high densities of mysids relativéh®sother creeks, yet fish energetic
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condition was often the lowest. Prey abundanceapasrently not a limiting factor on YOY
southern flounder energy content in this creek.

Similar results were found for these same sitemiextensive study by Kamermans
and colleagues (1995) that examined the effectetfath habitat-specific growth rate of
caged YOY southern flounder. In that study, tlgmiicance of mysid abundance on growth
was inconsistent over trials, and the authors cmled that mysid abundance could not
unequivocally explain the observed differencesahitat-specific growth rates. Currin and
colleagues (1984) also concluded that juvenile fisiduction in the lower PRE was not
limited by food. Food limitation on juvenile fistondition or performance in North Carolina
estuaries was not an objective of this study, andxtensive efforts were made to evaluate
this relationship, especially given the considezakbrk done on this topic by Kamermans
and colleagues (1995) and Currin and colleague4)19However, the results of this current
study found no apparent evidence to suggest mysidity affected habitat-specific fish
energy content and support the hypothesis put fahvg Miller and colleagues (1991) that
food likely limits growth at the center of a speciange rather than at the edges (North
Carolina is the northern edge of the range fortseut flounder).

Southern flounder exhibit an ontogenetic shifdiet from benthic invertebrates to
fish (Appendix Table A13, Fig. A14,15; Powell anch®artz 1979; Fitzhugh 1993; Fitzhugh
et al. 1996). Although the dominant prey found in YOXuthern flounder stomachs from
this study were mysids, southern flounder will Ioeigi consume fish as early as possible (45-
50 mm TL, Appendix Fig. A15). Fitzhugh and colleag (1996) concluded that the onset of
piscivory was largely responsible for the obsersgdodal growth in juvenile southern
flounder. The higher predator growth rates, akeMise, the higher measures of predator
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energy content, that result from a diet shift tecpiory are due to both preconsumptive and
postconsumptive processes (Juanes and Conover Q8 1996; Lankford and Targett
1997). To equal the energy content in one preyrgjuires the consumption of a much
greater number of planktonic individuals (e.g. mdg$i(Thayeet al. 1973; Steimle and
Terranova 1985). Preconsumptive energetic cast$, as foraging and capture costs, are
therefore elevated by feeding on mysids rather fislinand may reduce maximum growth in
juvenile southern flounder. Fish prey also hanéigenergy content per gram versus that of
non-piscine prey (Thayet al. 1973; Steimle and Terranova 1985), no exoskeletod a
greater surface area:volume ratio (Jobling 198nkiad and Targett 1997). Therefore,
postconsumptive energetic costs, such as digestidrassimilation, may be higher for
mysids than for fish prey and could also reduceimar growth in juvenile southern
flounder. The onset of piscivory is largely depemdupon predator morphology, the
availability of right-sized fish prey, and rapidogrth during the invertebrate-feeding stage
(Juanest al. 2002). A difference in the timing of the onsépscivory among flounder

from the different nursery habitats examined i gtudy could have contributed to the
observed habitat-specific differences in fish egagntent. The results of this study,
however, suggest that the onset of piscivory wadai for flounder in all four nursery
habitats and had no apparent effect on the obsérateitht-specific differences in YOY
southern flounder energy content.

Apparent differences in mean gut fullness weratbior YOY southern flounder
across nursery sites for late May, early July, Jatg, and early August sampling periods.
However, the patterns of difference in gut fullnéssthose time periods do not match those
of total fish energy content determined over theegeriods. In late May, flounder in Back
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and Porter creeks had apparently higher gut fudltlegn flounder in East Fork and Long
creeks, yet there were no significant differencetotal fish energy content across these
nurseries. In early July, flounder in East Forkd &ong creeks had apparently similar gut
fullness but significantly different total energgntent. In late July, flounder in Porter Creek
had apparently higher gut fullness than floundeBack or East Fork creeks, yet total fish
energy content was significantly lower in Portee€lt as compared to the other two creeks.
Similarly in early August, flounder in Porter Crele&d apparently higher gut fullness than
flounder in East Fork and Long creeks, yet tott energy content was significantly lower
in Porter Creek as compared to the other two creAksmentioned earlier, the lack of a
relationship between gut fullness and total enemytent of YOY southern flounder
collected in Hancock Creek in 2006 and in the fifferent nurseries compared in 2005 may
be due to a disparity in the temporal scales bkiotal fish energy content and gut
fullness were measured.

Other Biotic/Abiotic Factors. Overall, there appeared to be little differencthe
measured abiotic conditions experienced by fisih@se four different nursery habitats over
the summer of 2005 (assuming the abiotic envirotmaeBack Creek was misrepresented).
Lower mean temperatures in Long and Porter creelsirave resulted in the lower fish
energy content of these two creeks in early aredJaly, but that remains questionable,
especially given that Porter Creek and East Fatkwere at roughly the same mean
temperature in early August, yet flounder in Po@ezek had lower energy content. Itis
likely that other abiotic and/or biotic factors raminsidered in this study contributed to the
significant differences in fish energy content meed across these different nursery
habitats. For example, abundances of juvenileaaludt blue crabsCallinectes sapidus,
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were higher in Porter Creek than any of the othere creeks studied. Blue crabs and
southern flounder are both closely associated thighbottom and may compete for space at
high densities. Although predation by blue crabguwenile flounder is unlikely (Laughlin
1982; Hinesxt al. 1990; Meise and Stehlik 2003), stress and energesits associated with
harassment and competition for space may have eddue capacity of southern flounder in
Porter Creek to acquire and assimilate energydi@v). Another possibility is that water
pollution from an industrial phosphate mine thatdaws the entire eastern shore of Porter
Creek could have resulted in the lower fish eneaytent that was measured in that creek.
Elevated concentrations of toxic metals such amaad, chromium, zinc, and arsenic have
been reported in Porter Creek and other tributauesounding the mine (CZR Incorporated
1999). Sublethal concentrations of these metatate fish skin and mucous membranes,
causing increased spontaneous locomotor activilyoaggen consumption, which ultimately
elevates routine metabolism and reduces a fislpaaty to grow (Fry 1971; Heath 1995).
Guindon and Miller (1995) also found consistentiwér growth rates in Porter Creek as
compared to the other nursery habitats using cagethern flounder, suggesting that
unmeasured abiotic characteristics of this hab@at water pollution) are more likely
responsible for the lower growth rates rather tinameasured biotic characteristics (e.qg.
competition and harassment by blue crabs).
Fish Energy Content as an Indicator

The estimates of energy content were obtaineddirpate analysis of total fish
lipid and protein content. Lipids make up a minpeetion of the dry mass of YOY southern
flounder (Appendix, Fig. A4). By approximately #tm TL, lipids only constitute about 4%
of the dry mass of the fish. Many species, inclgdspecies of flatfish, require lipid reserves
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for metamorphosis which may explain why lipid lesrate higher for individuals smaller
than 40 mm TL (Fraser 1989; Hossairal. 2003). Protein makes up approximately 80% of
the dry mass of YOY southern flounder (Appendix.FA6), and therefore determines the
majority of total fish energy content. The raparatic growth of early juvenile southern
flounder as well as many other species appeanetbdyae the accumulation of lipids
(Suther=et al. 1992).

For juvenile southern flounder, energy content pobio be useful in measuring a
fish’s response to change in its environment arel/aluating nursery habitat quality for the
species. The low variability in energy contentifatividuals at a given size allowed for the
detection of differences in fish condition bothhiit a single nursery habitat (Hancock
Creek) and across multiple habitats (Back, East,Hang, and Porter creeks). In Hancock
Creek, weekly variability in fish energy contentsiargely explained by the weekly
variability in temperature, DO, and salinity, sugtyeg that fish energy content was sensitive
to changes in abiotic conditions (i.e. habitat dygl

Fish energy content was shown to be a relativglydreesponse indicator of habitat
quality. According to the data, the perspectivéheffish, as measured through energy
content, was related to the environmental condstiexperienced by the fish during the
immediate week prior to capture and was indepenalfgmtevious energetic conditions. This
makes sense considering the high plasticity ofdisiwth, where growth rate quickly slows
in response to negative environmental change aiitlgueturns to maximum levels when
favorable conditions return (Weatherley 1990; &lal. 2003). The major implication of the
short time scale of this indicator is that the ok&sh energy content in assessments of
nursery habitat quality requires multiple samplavgnts over the entire time period that
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habitat is used as a nursery by the species ofecond herefore, the accuracy of a habitat’s
assessment is both subject to the frequency atwhis sampled and limited by the time
period over which the assessment is conducted.
Perception of Habitat Quality

Fish biologists often perceive habitatlguahrough some measure of fish
performance (e.g. growth) and also through theeakegf factors thought to affect that
measure of performance. The most common experaher@asure of nursery habitat quality
is juvenile fish growth. A vast understanding loé relationships between environmental
conditions and fish bioenergetics (growth and maiaim) has allowed fish biologists to test
a wide range of hypotheses about factors that rfiagtayrowth in a nursery habitat. Much
of this work in estuaries has involved the usaeaitifenclosures (Sogard 1992; Guindon and
Miller 1995; Kamermanst al. 1995; Ableet al. 1999; Menget al. 2000; Phelast al. 2000;
Mandersoret al. 2002; Stunzt al. 2002; Necaiset al. 2005). Movement of juvenile fish
within a nursery, especially recent settlers @@75 mm), is not well known. Because the
accuracy of a habitat’s assessment depends onifyuanthe environmental conditions
actually experienced by the fish, field enclosurage been the easiest solution to restricting
fish movement. Although these caging studies lpaiweided valuable insight into how
natural variability in environmental conditions cafifiect fish growth, they don’t necessarily
obtain an unbiased view of habitat quality from fisd’s perspective. Caging studies allow
for desirable experimental design, help ensurdrtreats are consistent and/or accurately
described for all individuals, and exclude unddsegarameters such as predation.
However, when such studies are used to assessathaidtlity, biases attributed to caging
artifacts (e.g. increased/reduced feeding, altpred type, altered prey abundance, and
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restricted movement), if not correctly accounted foay alter the habitat effects on
measured fish performance and subsequently akan#asure of habitat quality (Peterson
and Black 1994; Able 1999; Kellisabal. 2003).

There is some evidence that suggests movementafatesently settled age-0 fish in
estuarine nurseries are minimal. Weinstein ande®’(1986) found that movement of
juvenile spotLeostomus xanthurus (mean 41.4 mm SL), between adjacent creeks was
relatively insignificant and that on average thgget resided in a single nursery for 85 days.
Similarly, Miller and Able (2002) found high halititedelity for juvenile Atlantic croaker,
Micropogonias undulatus (41-121 mm SL), throughout most of the summerl dialli egress.
Able and Hales (1997) also found strong site figidbr black sea bas€entropristis striata
(34-111 mm TL), as did Able and colleagues (2085pring and summer months for age-0
tautog,Tautoga onitis (25-187 mm TL), and age-0 cunn@&autogolabrus adspersus (24-99
mm TL). YOY winter flounder reportedly move lessah 100 m from their nursery sites
during the summer months (Saucerman and Deegar),J 88l many appear to remain in
their nurseries even when exposed to hypoxia (Haamel Simpson 1994). In this current
study, CPUE data and field observations suggestvt@& southern flounder may also have
high site fidelity during the summer early growtripd. Throughout the summer of both
2005 and 2006, YOY southern flounder in every cresakpled were found in the highest
densities in only one or two locations of each kréespite extensive efforts to capture them
in other areas of the creek both across differeptlts and different substrates. Given that
post-settlement movement rates appear to be eXiréonefor a number of juvenile
estuarine species (at least for the first 75-10@duture studies of nursery habitat quality
should first consider if cages are necessaryibmbuld be more beneficial to devote
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available resources to more thorough water quaibyitoring (i.e. multiple sondes in areas
of local high abundance within a single habitat).

The overall approach to this current study wasseas nursery habitat through
examining differences in how fish and fish bioldgiperceive habitat quality. The accuracy
of a measure of the fish’s perspective depends tipofish acting naturally in its
environment. An obvious advantage to this apprasen caging, is that a true measure of
habitat-specific fish condition or performance Itaned that gives the best possible estimate
of the conditions affecting that measured fish ¢oowl or performance (i.e. habitat quality)
at a given time (Meiset al. 2003). The major disadvantage to a no-cage apprdowever,
which was realized in this study, is that if thare considerable differences in abiotic
conditions across some habitats (i.e. possibly Baelek), it can make measuring the
environmental conditionactually experienced by free-ranging fish difficult, hinohey the
researcher’s ability to understand the true facaffiecting quality in that habitat (Able 1999;
Meiseet al. 2003). YOY southern flounder in East Fork, Loagd Porter creeks were
captured within 0-75 m of the YSI water quality des for all sampling events. However, in
Back Creek, YOY southern flounder were captured-300 m from the YSI water quality
sonde. Juvenile southern flounder in this habvexe only located in one area for the
duration of the study, however high disturbancedryeational boating in this area prevented
safe deployment of expensive monitoring gear. &ioee, the water quality sonde was
deployed in the closest safe area that was posstithough the free-ranging fish approach
gave the most accurate estimate of habitat qualitiBack Creek from the fish’s perspective,
the ability of this study to evaluate the factoifecting habitat quality in Back Creek may
have been limited by a misrepresentation of thetabenvironment.
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The unfortunate circumstances surrounding the Y&émnguality sonde placement in
Back Creek and the potential significance of tlisde placement provide a relatively easy
explanation for why YOY southern flounder in Backe€k were of higher energetic
condition than expected. However, habitats witthiproductivity (e.g. high mysid
abundance) are, by nature, prone to nocturnal hgpeken photosynthesis ceases and
higher respiration rates reduce oxygen in the ay$Miller et al. 2000). The possibility
exists that if fish can physiologically withstarieetstress of temporarily low DO, they might
be able to capitalize on the highly abundant fomatee when DO conditions improve.
Mysid densities in Back Creek were only measureghirly June but were the highest of the
four nursery habitats that were compared overgaate time period. The higher than
expected energy content of YOY southern flounddack Creek could have been a result
of fish maximizing their prey resource despite phgsiological limitations incurred as a
result of the low DO conditions. This scenariacestainly interesting and worth
investigating further. However, given the dramatiergetic responses by YOY southern
flounder in Hancock Creek to hypoxic conditionsslaéarsh than those measured in Back
Creek, it is more likely that YOY southern flounderBack Creek did not experience the
harsh hypoxic conditions measured by the YSI wabality sonde placed in that creek.

By providing abundant prey and refuge from predatestuarine nurseries promote
the early growth and survival of many juvenile figbecies (Hoss and Thayer 1993; Gibson
1994; Sogard 1997; Able and Fahay 1998; Able 198f)wever, despite these highly
favorable biotic conditions, estuaries have lowcggsediversity (Able and Fahay 1998). The
extreme and often harsh variability in summer aatlyefall abiotic conditions require that
temperate species, such as southern flounder, voinectominantly utilize estuarine habitats
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during this time period as early and late juvenitge physiologically capable of dealing with
such conditions in ways that maintain growth wieihesuring survival. The adaptive
characteristics of these species that allow ferihfestuaries raise an important question to
consider when evaluating habitat quality for thgigecies: are statistically significant
differences in fish condition or performance biotadly significant in terms of nursery
quality? Within Hancock Creek, statistically sifycant differences in fish energy content
were found over the continuous 15 week samplingpddyut the maximum difference
observed was only approximately 8%. Fish energyerd was also independent of previous
energetic states, suggesting that statisticallyisoggint drops in energy content were not
physiologically difficult to recover from if they eve followed by favorable environmental
conditions. Greater differences in fish conditwere found when multiple nursery habitats
were compared. The maximum differences observéusrstudy between different habitats
ranged from approximately 12 to 37% over the ersinmmer sampling period. The
biological significance of these point estimatesalbitat quality likely lies in the overall
picture (i.e. habitat productivity, see Begtlkal. 2001). The 8% difference seen in Hancock
Creek may be large enough for biological signifwaif it frequently occurs (i.e. high

weekly variability) and reduces the overall growtid survival of fish observed at the end of
a growing season. Similarly, habitats consistepdéisforming worse than other habitats over
an entire growing season (i.e. Porter Creek) mag neduced overall growth and survival at
the end of the season compared to the other habitdte real value of these point estimates
of habitat quality lies in their ability to helpddogists and managers understand and describe
the causes (e.g. abiotic conditions, colonizatmayement, food availability, and survival)

of production variability among different nursergifitats. Given the rapid degradation and
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loss of estuarine habitat (Hinrichsen 1998; Pete2§93), it no longer suffices to simply
acknowledge differences in nursery-specific prositgtwithout trying to understand why
these differences exist, especially if the necggsaemptive and proactive efforts to protect

and restore estuarine habitat are to be made.

CONCLUSION

Estuarine nursery habitats are essential to thaisadility of many of the world’s
fisheries because they promote the growth andaalref early life stages of ecologically
and economically important species such as souftemder. Estuaries are particularly
vulnerable to the effects of anthropogenic perttioipa and watershed activities, and the
degradation and loss of estuarine habitat is ocmyat unprecedented rates (Hinrichsen
1998; Peterson 2003). The significance of nurkahjtat loss has become so distressing that
most fishery management strategies now place highty on the protection and restoration
of ‘Essential Fish Habitat’ (EFH, Magnuson-Stevéas, NOAA 1996).

Estimates of juvenile abundance have long beestdndard evaluation of habitat
guality; however, larval supply, survival, and mmant too often result in abundance
estimates inaccurately evaluating habitat quality andervaluing many nursery habitats. As
a result, extensive efforts have been made in tg@ans to find new robust indicators of
nursery habitat quality. Although early juvenil@gth is only one component of
production, much attention has been placed ormpmameter since it theoretically
encompasses all of the effects of the nursery enment (biotic and abiotic) on the fish.
Estimates of actual growth in the field are labdensive, and high variability in individuals
from a single habitat may not allow for detectatiiféerences in quality among different
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habitats. Fish energy content is an indirect meastigrowth and is relatively easier to
measure than actual growth in the field. This gtiedind fish energy content to be a useful
indicator of nursery habitat quality for southelouhder both within a single habitat over
time and across multiple habitats at a given ti®ger a continuous 15 week sampling
period from May to August 2006, YOY southern floen@&nergy content varied weekly in a
single nursery (Hancock Creek) by a maximum of 8Plae temporal variability in
temperature, DO, and salinity explained 51% oftémeporal variability in fish energy
content observed in this habitat. Across multiplesery habitats (Back, East Fork, Long,
and Porter creeks) sampled biweekly from May to #sit@005, the variability in YOY
southern flounder energy content ranged from 1278. The spatial variability in
temperature, DO, and salinity was often signifidauit minimal and did not unequivocally
explain the measured spatial variability in fislergy content. In fact, YOY southern
flounder in only one nursery (Porter Creek) weresistently of lower energetic condition as
compared to the other nurseries, and the qualithisthabitat appeared to be partially
limited by an environmental factor unmeasured ia $ftudy, possibly water pollution.

The conclusions of this study on juvenile southfeounder and the utility of fish
energy content as an indicator of nursery habitatity are likely applicable to other fish
species whose juveniles utilize similar estuarinesary habitats. Further work is certainly
needed that continues to address the role of alfaxttors in estuarine nursery habitat
productivity. An important question to answer ®sld species living in highly variable
environments like estuaries be more or less seadii abiotic variation. Similarly, are early
life stages when fish tend to be smaller and medestary even less sensitive to abiotic
variability? This study found significant resposse YOY southern flounder energy content
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to weekly abiotic variability, though the maximussponse observed was only 8%.
Southern flounder appeared to be an ideal spemighif study, which employed a free-
ranging fish approach to assessing habitat quélégause, among other reasons, they seem
more likely to be exposed to the abiotic conditiaresasured by a stationary water quality
sonde than other more mobile species. Howevan &sensitivity point of view, southern
flounder, who are apparently quite capable of adgpb highly variable abiotic conditions,
may not be an ideal species for studies addresisegffects of abiotic factors on the
condition and performance of juvenile fish in esies

In their prominent paper on the role of nursergexgk and colleagues (2001) propose
that a measure of the number of juveniles from iipd@bitats recruiting to the
adult/fishable population is likely the best int&gre measure of all the factors contributing
to habitat-specific productivity, including abundangrowth, survival, and movement to
adult habitats, and more accurately identifies @ssguvenile habitats where protection is
critical. Quantifying the connectivity between @gnile and adult populations likely holds the
greatest potential for designation and protectiocuorent EFH. However, it does little to
address the limitations of production and produrctiapacity of individual habitats (i.e.
habitat quality), an important step that preclutiessuccess of any restoration efforts and
protects against the loss of habitats with curyeoilv relative production but high
productive capacity (e.g. high growth) that mayotigh restoration or enhancement, be
designated afuture EFH.

The simplicity of single-factor analyses of habdgatlity, such as this study, should
not discredit their utility in assessments of hatbifuality. Although the effects of
abundance, growth, survival, and movement on nygs@ductivity are certainly linked, the
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conditions affecting growth alone, for example, stk poorly understood. In dynamic
ecosystems such as estuaries, high temporal atidlsgaiability in the conditions affecting
individual factors, such as juvenile fish growtanasval, or movement, make it frequently
difficult to make sensible interpretations of tlesults of relatively simple single-factor
studies. A better understanding of the conditaffiscting single factors of production, such
as growth, may enable researchers to successbrljuct more difficult multifactor
assessments of habitat quality.

Despite the extensive estuarine research oveagt@0 to 30 years aimed at
assessing juvenile fish habitat, scientists stilhdt fully understand the limitations of
habitat-specific productivity and still lack theildly to accurately evaluate and predict
nursery habitat quality. Demand for coastal resesithreatens estuarine nursery habitats,
and fisheries managers must have measures (itéicatson) with which to protect these
essential ecosystems from loss and degradaticagically, the ability of scientists to
provide managers with further justification for ftabprotection, beyond the designation of
current EFH through abundance estimates, is far exceedéuetgbility and ease of
developers, agriculture, and industry to destrsly habitat and habitat quality. In light of
this, evaluating and protecting nursery habitaedasn productive capacity (e.g. growth
potential) rather than actual production (i.e. bassicontributed to fishable stock) may be an
important approach for fisheries management agsmnaitake. Given the current political
atmosphere surrounding the “best” use of coassalurees, habitat protection based on
potential production rather than realized productall undoubtedly be challenging for
fisheries management agencies. Regardless,ncertain whether or not scientists will ever
fully understand estuarine habitat quality, atiesugh to provide fisheries managers with
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indisputable proof of EFH, and therefore it is e to be preemptive and proactive in the
efforts to protect and restore these ecosystemsitaaritical to the sustainability of many of

the world’s fisheries.
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Table 1. Distribution of total lengths (mm) for young-dfe-year southern flounder
collected in Hancock Creek during the summer ofe28@d used in regression analyses.

Period Mean SD Max Min n

May 25 67.1 9.1 80 49 14
June 1 700 95 89 54 17
June 8 729 91 92 60 22
June 13 76,6 9.0 92 61 29
June 21 748 70 92 63 35
June 28 81.912.9 113 67 20
July 6 86.2 80 100 73 29
July 12 88.2 143 119 60 32
July 19 88.9 11.0 110 75 19
July 26 96.7 13.1 135 77 23

August 1 97.0 129 129 79 41
August 9 90.1 7.8 101 76 16
August 15 98.6 12.5 127 86 11
August 23 101.813.9 121 85 6
August 30 98.6 11.6 115 77 10
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Table 2. The weekly means, range, and number of obsensta temperature, DO, and salinity in HancockeBrmeasured
continually for 15 weeks during the summer of 2006.

Water_ 2006 Sampling Period — Hancock Creek
Quality
Sampling Dates
Begin 5/18 5/25 6/1 6/8 6/13 6/21 6/28 7/6  7/12 7/19 7/26 8/1 8/9 8/15 8/23
End 5/25 6/1 6/8 6/13 6/21 6/28 716  7/12 7/19 7/26 8/1 8/9 8/15 8/23 8/30
Temp. (°C)
Mean 240 26.8 26.1 26.7 265 286 288 278 30.0 298 303 31.2 28.2 287 288
SD 1.2 15 1.5 1.0 1.1 1.2 1.2 1.3 1.2 14 1.3 1.4 15 1.0 1.2
Var. 1.3 2.2 2.2 0.9 1.3 1.4 1.5 1.6 1.5 2.1 1.7 1.9 2.2 0.9 1.5
Max. 26.8 296 294 288 290 317 316 311 331 333 331 349 317 320 325
Min. 21.3 233 232 242 241 261 263 249 279 274 277 287 255 27.0 26.6
n 335 333 337 242 380 336 384 288 336 337 287 384 288 380 336
DO (mg 1Y
Mean 57 5.8 6.0 6.0 5.2 6.2 5.9 5.3 6.3 4.6 4.7 4.0 2.9 4.2 4.4
SD 1.1 1.8 1.5 1.4 1.6 1.7 1.6 1.5 2.0 2.0 1.9 2.7 1.1 1.7 1.3
Var. 1.2 34 2.3 2.1 2.6 2.7 2.5 2.2 4.2 4.0 3.6 7.3 1.2 2.8 1.7
Max. 7.7 11.7 9.3 8.8 109 10.4 9.8 95 11.1 9.3 10.3 115 6.0 9.5 8.4
Min. 2.2 2.7 2.0 2.6 2.3 2.5 1.7 2.1 2.1 1.1 0.1 0.0 0.7 1.4 1.5
n 335 333 337 169 380 336 384 288 336 336 287 384 288 380 336
Salinit t
Mean 109 10.3 10.8 9.4 9.4 10.0 6.7 94 112 118 127 126 140 122 11.4
SD 0.4 1.1 1.1 0.7 1.0 0.6 1.6 1.7 2.1 14 1.4 1.0 0.3 0.6 0.9
Var. 01 11 1.1 0.5 1.1 0.3 2.7 2.9 45 2.0 2.0 1.1 0.1 0.3 0.9
Max. 11.7 131 140 109 115 117 134 168 164 150 179 159 149 136 134
Min. 100 7.9 9.7 8.0 8.0 7.3 4.8 7.6 7.8 9.5 10.0 9.6 13,5 10.3 9.0
n 335 333 337 242 380 336 384 288 336 337 287 384 288 380 336
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Table 3. The frequency and severity of hypoxia observeldancock Creek during the summer of 2006. Onlykseeth at least

one hypoxic event are shown. The mean, standesd eraximum, and minimum values for length of gpdxic event (i.e. severity)
are given.

2006 Sampling Period — Hancock Creek

6/1- 6/28- 7/19- 7/26- 8/1- 8/9- 8/15- 8/23-
Hypoxic Events 6/8 716 7/26  8/1 8/9 8/15 8/23 8/30
Frequency (#)
n

1 2 5 1 13 9 7 3
Severity (hours)
Mean 0.5 0.8 3.6 6.5 4.2 3.5 2.4 1.0
SE 0.3 1.6 14 11 0.5 0.3
Max. 1.0 9.5 --- 17.0 9.0 4.0 15
Min. 0.5 0.5 0.5 1.0 1.0 0.5
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Table 4. ANCOVA determined least-squares means and staredtests of total fish energy
content (In kJ) for young-of-the-year southern fidar collected in Hancock Creek during
the summer of 2006 adjusted to a common length58B.8 mm) across time.

Sampling Period  Total Energy SE
May 25 2.8440 0.0176
June 1 2.8257 0.0158
June 8 2.8491 0.0138
June 13 2.8403 0.0117
June 21 2.8592 0.0109
June 28 2.8496 0.0138
July 6 2.8121 0.0114
July 12 2.8214 0.0109
July 19 2.8229 0.0142
July 26 2.8680 0.0134
August 1 2.8933 0.0104
August 9 2.8679 0.0155
August 15 2.8224 0.0191
August 23 2.9049 0.0257
August 30 2.8753 0.0199
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Table 5. Results of ANCOVA models on total energy contantoung-of-the-year southern
flounder collected in Hancock Creek during the swenof 2006.

Dependent Type Partial
Variable  Effect df s F Pr>F T
Smple Model
In (Total Energy) Week 14 48.343 913.01 <0.0001 0.506
Full Model
In (Total Energy) DO 1 25.365 166.09 <0.0001 0.266
In (Total Energy) DO*Temperature 1 19.754 129.34 <0.0001 0.207
In (Total Energy) #Events 1 1.086 7.11 0.0081 0.011
In (Total Energy) #Events*MeanEvent 1 2.041 13.37 0.0003 0.021
In (Total Energy) Week 10 3.734 2.44 0.0081 0.039

Temperature, Salinity, and MeanEvent were not &gamt and were removed from
model. (p = 0.8832, 0.6138, 0.1016, respectively)
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Table 6. Distribution of total lengths (mm) for young-dfe-year southern flounder
collected in the four nursery sites over six sangpperiods during the summer of 2005 and
used in regression analyses.

Period/Site Mean SD Max Min n

Late May

BC 653 7.3 77 54 13
EF 63.8 7.1 80 52 62
LC 571 2.9 60 53 7
PC 58.2 88 74 47 10
Early June

BC 83.4 11.8 102 67 7
EF 75.8 14.8 130 55 24
LC 84.8 15.2 103 69 5
PC 68.6 10.0 83 54 13
Late June

BC 813 9.8 98 64 15
EF 86.8 18.1142 72 15
LC 103.3 16.7 149 82 13
PC 73.7 18.3131 57 14
Early July

BC 87.2 21 90 84 6
EF 944 49103 85 11
LC 110.2 20.2 155 86 15
PC 83.4 10.3124 63 33
Late July

BC 103.7 14.0 133 89 10
EF 92.8 14.9 106 72 6
PC 90.0 12.8125 69 29
Early August

EF 119.3 242193 102 12
LC 112.2 12.6 134 98 6
PC 101.2 31.5156 80 5
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Table 7. The means, range, and number of observatiorterfgperature, DO, and salinity measured in the housery sites over five
sampling periods during the summer of 2005. Sargpderiods marked with an asterisk (*) are missiata for one abiotic
parameter or one nursery site.

2005 Sampling Period — Nursery Habitat Comparison
Water Early June* Late June* Early July* Late July Early Aug.*
Quality BC EF LC PC BC EF LC BC EF LC PC BC EF PC EF PC
Sampling Dates

Begin 6/3 5/31 5/29 6/4 6/22 6/22 6/21 7/ 7/7 6/29 7/5 7/15 7/14 7/12 7/27 7/27
End 6/10 6/7 6/5 6/11 6/24 6/24 6/28 7/8 7/14 7/2 7/6 7/22 7/21 7/19 8/3 8/3
Temp. (°C)
Mean 255 23.2 231 247 275 273 26.6| 30.1 309 275 28.7| 30.6 30.7 28.7| 30.6 30.0
SD 23 14 11 13, 04 06 07, 11 16 07 03] 11 17 10| 14 1.5
Var. 512 19 13 17, 02 04 05| 12 26 05 01| 13 28 11| 21 2.3
Max. 29.3 26.7 26.8 28.1| 28.7 28.6 27.8| 33.3 34.3 294 29.5| 328 34.1 31.5| 353 345
Min. 219 213 214 224| 26.1 259 243| 265 275 26.6 28.3| 27.8 275 26.7| 283 26.9
n 369 368 371 368| 101 99 337| 320 357 178 63| 360 358 339| 337 323
DO (mg 1Y
Mean 2.7 4.9 4.1 4.1 5.2 4.0 3.3 5.2 3.5 2.3 5.7 7.1 3.4 6.2 8.6
SD 1.7 - 1.2 13| 20 16 16| 24 14 16 06| 23 16 26| 1.8 2.9
Var. 29 - 15 18| 39 25 24| 57 20 25 03] 55 25 70| 31 8.3
Max. 74 - 86 90| 82 77 77| 86 88 80 37| 11.6 10.6 10.5| 10.3 12.0
Min. 0.1 15 11 07 23 00| 01 17 07 11} 00 29 0.0/ 28 3.6
n 369 - 371 368| 101 99 337| 320 347 178 63| 360 358 339| 337 323
Salinit t
Mean 36 65 6.1 39| 50 77 66| 40 65 63 44| 31 57 48| 7.3 6.3
SD 03 07 02 03, 02 00 01, 06 02 03 02| 02 04 03] 05 0.2
Var. 01 05 00 01y 01 00 ©00f] 03 01 ©01 00| 00O 02 01| 0.2 0.0
Max. 42 86 65 52| 54 77 69| 48 68 69 48| 3.7 64 58| 86 7.1
Min. 30 48 56 34| 48 76 65| 11 56 57 41, 26 41 38| 6.2 5.6
n 369 368 371 368| 101 99 337| 320 357 178 63| 360 358 339| 337 323
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Table 8. The frequency and severity of hypoxia observeekich nursery site for each sampling period duhegsummer of 2005.
The mean, standard error, maximum, and minimumesgaar length of an hypoxic event (i.e. severing given. Sampling periods
marked with an asterisk (*) are missing DO dataoioe nursery site.

2005 Sampling Period — Nursery Habitat Comparison
Hypoxic Early June* Late June* Early July Late July Early Aug.*
Events BC LC PC BC EF LC BC EF LC PC BC EF PC EF PC

Frequency (#)

n 17 1 9 | 2 0 6 | 5 1 6 0 8| O 0
Severity (hours)

Mean 54 05 16| 55 -- 35| 129 40 3.2 105 | ---
SE 1.3 - 04 | 35 - 11| 87 - 1.1 - 37 | -
Max. 210 - 45 | 90 - 85| 470 - 8.0 31.0 | --
Min. 05 - 05 | 20 - 10| 05 - 05 05 | --
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Table 9. Results from repeated measures ANOVA models ammef abiotic parameters
observed in the four nursery sites over five sangpfieriods during the summer of 2005.
Dependent variables marked with an asterisk (*icag models that failed to converge and
therefore gave statistically meaningless results.

Dependant Variable Effect df F Pr>F
Early June

Temperature* Creek 3
DO Creek 2 1599 0.0001
Salinity Creek 3 67.92 <0.0001
Late June

Temperature Creek 2 22.16 0.0011
DO* Creek 2
Salinity* Creek 2
Early July

Temperature Creek 3 1.70  0.4685
DO Creek 3 0.33 0.8084
Salinity Creek 3 70.43 <0.0001
Late July

Temperature* Creek 2
DO* Creek 2
Salinity Creek 2 178.29 <0.0001
Early August

Temperature* Creek 1
DO Creek 1 9.04 0.1104
Salinity Creek 1
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Table 10. Results of ANOVA models on the severity of hymorbserved in the four
nursery sites over four sampling periods duringsimamer of 2005. Only creeks with two
or more hypoxic events were used in analyses.

Dependant Variable Effect df SS F Pr>F
Early June
Duration of Hypoxia Creek 1 91557 4.56 0.0431
Late June
Duration of Hypoxia Creek 1 6.000 0.60 0.4698
Early July
Duration of Hypoxia Creek 2 459.149 2.50 0.1120
Late July
Duration of Hypoxia Creek 1 6.061 0.07 0.7992
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Table 11. ANCOVA determined least-squares means and stdredeors of total fish energy
content (In kJ) for young-of-the-year southern fidar collected in the four nursery sites
over six sampling periods during the summer of 28@bisted to a common length for each
sampling period. ANCOVA models for late May, eailyly, late July, and early August
sampling periods compared nursery sites at a neahléngth. Separate slopes ANCOVA
models for early and late June sampling periodspemed nursery sites at the™?250", and
75" percentiles of total length.

Adjusted Total Length Category

Mean 258" Percentile 50 Percentile 7% Percentile
Period/Site  Energy SE Energy SE Energy SE Energy SE
Late May
BC 1.9932 0.0375
EF 1.9983 0.0171
LC 1.9951 0.0520
PC 1.9508 0.0437
Early June
BC 2.3519 0.0318 2.6524 0.0290 2.8885 0.0281
EF 2.2976 0.0167 2.5981 0.0151 2.8342 0.0164
LC 2.2834 0.0368 2.5839 0.0342 2.8200 0.0333
PC 2.1270 0.0206 2.5274 0.0249 2.8420 0.0322
Late June
BC 2.2742 0.0240 2.7497 0.0199 3.1763 0.0286
EF 2.4986 0.0222 2.8772 0.0195 3.2168 0.0202
LC 2.6535 0.0517 2.9813 0.0369 3.2753 0.0259
PC 2.5410 0.02012.9195 0.0227 3.2591 0.0272
Early July
BC 3.2558 0.0444
EF 3.2222 0.0329
LC 3.0954 0.0349
PC 3.1051 0.0214
Late July
BC 3.3144 0.0325
EF 3.3396 0.0393
PC 3.2152 0.0183
Early August
EF 3.9824 0.0218
LC 3.9670 0.0300
PC 3.8405 0.0349
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Table 12. Results of ANCOVA models on total energy contefiyoung-of-the-year
southern flounder collected in the four nursergssitver six sampling periods during the
summer of 2005. Dependent variables marked witasterisk (*) indicate models
incorporating separate slopes.

Dependent Variable Effect df Typelll SS F Pr>F Partial R”
Late May

In (Total Energy) Creek 3 2.123 39.36 0.7958
Early June

In (Total Energy)* Creek 3 4.241 257.2k0.0001 0.2362
Late June

In (Total Energy)* Creek 3 9.827 582.9k0.0001 0.3686
Early July

In (Total Energy) Creek 3 10.011 285.370.0008 0.4592
Late July

In (Total Energy) Creek 2 2.168 117.310.0047 0.2174
Early August

In (Total Energy) Creek 2 1.564 144.400.0104 0.2194
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Table 13. Prey categories observed in the stomachs of yotutige-year southern flounder
collected from the four nursery sites during theaswer of 2005. Top numbers represent the
number of stomachs in each creek containing treat pem. Numbers in parentheses
represent the percent occurrence of that preyiibestomachs (with food) analyzed for that
creek.

Nursery Site

Prey Category BC EF LC PC
Mysids 26 85 12 48
(655.3) (81L.7) (46.2) (52.7)

Crab zoeae 2
(2.2)

Decapods 2 3 2 10
4.3) (2.9) (7.7) (11.0)

Gastropods 1
(1.0)

Amphipods 15 10 3 18
(31.9) (9.6) (11.5) (19.8)

Isopods 1 1
(2.1) (1.0)

Fish 6 7 9 15

(12.8)  (6.7) (34.6) (16.5)

# of stomachs
with food /
total # of
stomachs

47/52 104/135  26/41 91/126
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Table 14. Results of ANOVA models on mysid density in tberf nursery sites for early
June and late July of 2005.

Dependent Variable  Effect df F Pr>F

Early June
Mysid Density Creek 3 5.40 0.0101
Late July
Mysid Density Creek 2 15.09 0.0005
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Figure 1. Map of the study sites in North Carolina, USA.rtRd the study was conducted
during 2005 in four nurseries of the Pamlico Rikstuary: Back Creek (1), East Fork Creek
(2), Long Creek (3), and Porter Creek (4). Theepffart of the study was conducted during
2006 in a nursery located in the Neuse River Egtidancock Creek (5).
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Figure 2. Mean (x SE) catch-per-unit-effort (CPUE) of youmfgthe-year southern flounder
in Hancock Creek during the summer sampling peoic2D06.
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Figure 3. ANCOVA determined least-squares means (x SEQtaf energy content adjusted
to a common length over time for young-of-the-ysauthern flounder collected in Hancock
Creek during the 2006 summer sampling period. leams marked with an asterisk (*) are
significantly different from the Is mean of the msponding previous week.

81



2.92 - 32 - 6.5 - 14
2.90 A a0
= L 55 L 12
'Y
< 2.88 -
g )
g - 28 §
4 © o 2
5 286 o r45 5 10 -TEG
=z £ @
E -2 O
= 2.84
[ L 35 -8
- 24
2.82
2.80 22 Los L6

Sampling Period

Energy
— Temperature
———— DO
—— Salinity

Figure 4. ANCOVA determined least-squares means of totatggncontent for young-of-the-year southern flourideHancock
Creek and the weekly variability in mean tempemtarean DO, and mean salinity during the 2006 sunsarapling period.
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Hancock Creek during the 2006 summer sampling gerio
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Figure 7. Results of ANCOVA pairwise comparisons of nursgtgs for total energy
content in young-of-the-year southern flounderexditd during the six sampling events in
the summer of 2005: Late May (a), Early June (telJune (c), Early July (d), Late July (e),
and Early August (f). Least-squares means (x 8ktjséed to a common length are shown
for each nursery site. Mean total length deterchime ANCOVA are shown for each graph
(a-f). Graphs (b) and (c) depict results of sefgastopes models, therefore the three mean
total lengths given and three plots represent e 23", and 7% percentiles, respectively.
Like letters indicate no significant differenae<X 0.05) between nursery sites. Sites: Back
Creek (BC), East Fork Creek (EF), Long Creek (L&) Porter Creek (PC).
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number of stomachs analyzed for each nursery site.
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Figure 10. Mean (x SE) gut fullness of young-of-the-yeartbem flounder collected in the
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Figure 11. Results of ANOVA pairwise comparisons among niyrsées of mysid density
for the two sampling events in the summer of 2@y June and Late July. Least-squares
means (+ SE) are shown for each nursery site. Ieiters indicate no significant difference
(o = 0.05) between nursery sites, where upper-césedeorrespond to early June samples
and lower-case letters correspond to late July gzsnBites: Back Creek (BC), East Fork
Creek (EF), Long Creek (LC), and Porter Creek (Pi€).data were collected for BC in late
July.
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Appendix: Energy Allocation and Diet of YOY Southen Flounder in North Carolina

The basic early life-history characteristics of thaun flounder in North Carolina,
including size-at-age, growth rates, hatch dated hebitat preference, have been previously
described (Powell and Schwartz 1977; Powell andv@diz 1979; Milleret al. 1984;

Pietrafesa and Janowitz 1988; Warlen and Burke ;1B8&keet al. 1991; Milleret al. 1991,
Burke 1995; Fitzhugh 1993; Fitzhughal. 1996). There are, however, no studies that
describe the energetics of wild YOY southern floemdThe purpose of this appendix is to
present data collected by the author on the ersrgymulation and subsequent energy
allocation of YOY southern flounder in North Car@i Relationships are made between
energetic characteristics and body size. Diet dedgalso presented and can be compared to
similar data presented by Fitzhugh (1993).

YOY southern flounder used in these energy andatiatyses were collected in 2005
and 2006 from creeks and bays that are part cAltbemarle-Pamlico Estuarine System
(APES) and from other estuarine habitats not cametipart of the APES but part of the
larger lagoonal system encompassed by North Carslbarrier islands, which includes the
APES (Fig. Al). All sampling sites are classifesiprimary and secondary nursery areas by
the North Carolina Division of Marine Fisheries (NBIF) according to their juvenile fish

abundance indices (Division of Marine Fisheries, NGA).
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Figure A1l. Map of the Albemarle-Pamlico Estuarine SystemHEAIPin North Carolina,

USA, and the 2005/2006 collection sites for YOY theun flounder located within the APES
and the larger lagoonal system encompassed by Rarthlina’s barrier islands. Black dots
represent NCDMF juvenile sampling sites where sentfiounder were collected for use in
energy analyses (approximately 35% of total sampellated black dots represent sites
sampled by the author where the majority of soutfieunder used for energy analyses were
collected (approximately 65% of total sample).
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Figure A2. Linear relationships between YOY southern flourtdéal length and (a) wet
weight and (b) dry weight. All data were In-tramshed to linearize the data. The equation
of the line, the number of individuals used to elsh the relationship, and the fit of the
linear regression are shown.
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Figure A3. (a) The relationship between YOY southern flourtdéal lipid (g) and total

length (mm). (b) All data were In-transformed d@he equation of the line, the number of
individuals used to establish the relationship, goedfit of the linear regression are shown.
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and the total length (mm) of YOY southern floundériwo parameter hyperbolic decay
relationship was fit to the data. The equatiothefline, the number of individuals used to
establish the relationship, and the fit of thetiefeship are shown.
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Table A13. Prey categories observed in the stomachs of Y&ithern flounder collected
from nursery sites throughout NC in 2005 and 2006e data were separated by 30 mm
size-classes. Top numbers represent the numistommfichs in each size-class containing
that prey item. Number in parentheses represenpéhcent occurrence of that prey item in
stomachs (with food) analyzed for that size-class.

Size Class (TL mm)
Prey Category  21-50 51-80 81-110 111-140 141-170 1-2DO

Mysids 81 504 262 35 6 1
(83.5) (90.6) (81.4) (62.5) (35.3) (33.3)
Crab zoea 1 1
(0.2) (0.3)
Decapods 1 22 34 7 1 i
(1.0 (4.0) (10.6) (12.5) (5.9
Gastropods 1
(0.2)
Amphipods 19 72 20 1 2
(19.6) (12.9) (6.2) (1.8) (11.8) )
Isopods 2 1
(0.4) (0.3)
Fish 1 30 95 20 11 2
(1.0 (5.4) (17.1) (35.7) (64.7) (66.7)

# of stomachs
with food / total 97/148 556/640 322/359 56/73 17/24 3/6
# of stomachs
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Figure Al4. Prey occurrence (% of stomachs analyzed with faedgnt) in YOY southern
flounder stomachs (separated by 30 mm size-claseisited in NC nurseries in 2005 and
2006. Numbers above bars indicate the numbeoaiaths with food present over the total
number of stomachs analyzed for each size-class.
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Figure A15. The onset of piscivory (%) for YOY southern floundd 10 mm size-classes
from 20 to 180 mm, collected from NC nurseries ngi2005 and 2006. Numbers above
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