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ABSTRACT

This dissertation used statistical and simulation modeling to
examine population dynamics of brown shrimp, Penaeus (Farfantepenaeus)
aztecus. Brown shrimp are ideal to use in examiring recruitment
because shrimp represent a common life history strategy, because rthey
are commercially important, and because there are extensive data
availaeble. In the first sectior cf this dissertation, I used long-

term monitoring Zata

annual, stage-specifiic abundance estimates and envircnmental factors.
Criticisms of traditional correlative studies wers addressed oy 2=sing

multipie regression ¢ Bayesian mcdel averaging, and by investigating

nenlinear relationships with generalized additive mcdels. Post.arval
LT P am e~ PREEE) o a ey e = [ P T - e L
aoundance was not weli described by any statisticar model. Juvenli.e

Q.

apundance was partiail escriced by envircnmental wvariapbles such as

temperature, water clarity, and water level. Adult abundance was wel.

descripbed by early Iuvenile abundance, salinity, and zemperaturs.

hese results suggested that juvenile acundance may e the srizical

In the second section c©f this dissertation, a scatially-
exp:iicit, individuali-tased simulation medel was deveicped <¢ further
investigate relationsnips tetween estuarine natitats and juven:i.e
shrimp survival. The model simulated the movemenz, mor=ailzy, and
growth of individual shrimp during their residence in estuarine
marshes. Relatlonships between shrimp survival and marsh atzribuczes
(amount cf vegetaticn and edge habitat) were examined by overlaying
the simulation on ¢ habitat maps created from aerial photograchs. The

model was corroborated with fine-scale density patterns otserved ir

the northern Gulf of Mexico, and sensitivity analyses were performed.

v
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Surviving shrimp grew faster, moved less, spent more time in
vegetation, and experienced slightly higher local densities than
shrimp that died during the simulation. Maps with more edge habitat
supported higher simulated survival under baseline conditicns, under
high shrimp densities, under alternative rules about movement, and
under realistic uncertainty in model inputs. The characteristics of
surviving shrimp suggested that high-edge habitats increase survival

by providing shrimp direct access to the bene

tn

its of vegerated marsh

2,
t
I}
3
o
-
1
t
¥
@
jo 3
9
«Q
o)

h-density cost that may be erncountersd in lcw-edge
habitats. These results highlight the important role of marsh nabitat

in determining the recruitment of an estuarine-depsndent species.
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CHAPTER 1. INTRODUCTION

This dissercation used statistical and simulation modeling tc
examine population dynamics of the brown shrimp, Penaeus
(Farfantepenaeus) aztecus. Brown shnrimp represent a life history
Strategy that 1s common to many commercially-exploited fish and

hel

n
=
[}

ish species. Therefore, all ¢f the methods and some 0f the

conclusions reached in this dissertation can be applied to cther
estuarine-dependent crganisms. Given the current state oOf degressed

degradaticn, 1T L1s lmportant tc develcp new metncds IsSr explcring and

nderstanding the pogulation dynamics cf estuarine-degendent Iisnh and

ratios and amcunt cf edge nacitat). A synthesis of the conclusicns
reached by combining the statistical and simulation models is

presented in Chapter 4.
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1.1 Study organism

Brown shrimp are an ideal
dynamics because they represent
strategy and have an essentially

estuarine-dependent organisms, a

species for examining recruitment
a commercially-important

1

i
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cycie. xe cother

e

1
i

nnual

1]

dult brown shrimp spawn offshore, the

larvae are transperted shoreward, and postlarvae settle in the
sstuaries. Juveniles grow within the estuary and then migrate
Siishore. Unlike long-iived, astuarine-derendent finfish, <he Trown
shrimpg popuiaticsn ZONSisStsS almest entirely Of corganisms less than one
vear old. The apcsence of multiple vear classes in the shrimp
the Culf of Mexicc Landings, and Doth absolute iandings and the
sontributicn of Loulsiana landings Zo the Gull of Mexicc landings have
increased since the early 13708's. The shrimp fishery ccnsists o7 an
inshore :compcnent (IZrom the zoastline zcward the intericr, including
marshes, .iakes, and canals) and a&n cifshcre comgpcnent (Ifrom the
ccastline toward the Gulf cf Mexicc). The brcwn shrimp fishery is
meornitored by both Iishery-independent and fishery-dependent methcds.
The =2conecmic valus of the Gulf cf Mexico shrimp Zishery has
fueled cver 50 years of research intc the population dynamics of prown
shrimp. Research gJoals include documenting interannual variation in
commercial shrimp catch and identifying the environmental. Zacrors <hat
influence shrimp production. Understanding the sources i variation
in shrimp recruitment 1s especially important to Louisiana because
Loulsiana is losing coastal wetland habitats, several major Zreshwater
and sediment divarsions {(which will affect marsh habitat) are being

considered, and highly restricti

ve fishery requlations are presently

2
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used to maintain a sustainable shrimp harvest. Additicnally, there is
an effort in the United States to examine the relationship between
fishery resources and essential fish habirtat.

State and federal monitoring programs made i

lal
'0
[¢]
n
7]
ol
o
)
¢]
1
(e]

assemple a long-term dataset for use in this dissertaticn. The

dataset included 28 years (

oY)
o
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of catch-per-unit-ci-=Ifcrz (CPUE} as an Index 5I acundance at Iour

H - = ~ . = M . o =3 oy . R =~ - - * oy -
Life srtages: postlarvae {(number of shrimpem ', =3rly ‘uvenliles In zhe
marshes . numger ¢ shrimp per 10 minute, 1.3 m <2o72r “rawl), late

juveniies in Days number Of 4.7 m Coizer Trawl.,
and adults (geounds ¢ tocmmercial catch cger standard day fishea) . L
estimated annual indices cI predatcr abundance and envircnmental
factcrs including water temperature, salinity, water clarity, river

analyzed in Chapter Z, and porticns of the assemc.2d datakase wers

used tC nelp coniigure the simulation model used in Chapter 3.

¢

Chapter 2 cf my dissertaticn used statisticail medeling o

examine correlativ

D
'y
®

lationships between annua., stage-specific,
prown shrimp abundance =2stimates and envircnmenta. factors. This

my dissertation started with traditicnal correlative

rn

section ¢
methods and incorporated two new statistical techniques that are cnly
rarely applied to fishery iIssues: Bayesian model averaging and
generalized additive models. The thcroughness of the statistical

-
2
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approach and the extensive dataset increased our confidence in the
biological conclusions reached in Chapter 2.

Correlation analysis is a common approach to analyzing iong-term
datasets of brown shrimp and other astuarine-dependent species.
Correlative studies are useful because they can help identify
influential life stages, critical! time periods, and impertant

environmental variaplies, all of which enable more informed management

decisicns. Corr

@

-

ative analyses, however, have received substantial

¥

criticism. The short-comings of simple correlative analysis include

stepwise multiple regression, Bayesian mcdel averac

jeneralized addizive mcdels addressed several <riziz:

was decreased by using 3 sga

ot

dataset that ccntained carefully chesen oredictcer variazbles. Second
medel uncerzalnty was iddressed oy comparing the stecwise multipls
regression mcdels to models that were £it using Bayesian mcdel
averaging. Third, nonlinear relatiocnships were investigated with

generalized addizive models.

rn

Chapter 2 presents the results of the statistical analysis o
the relaticnsnips among the 28 years of life-stage abundances and
environmental variables. The analyses were designed to determine

which life stages were important in determining annual recruitment,
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and to quantify the dependence of each life stage abundance on
previous life stage abudances and environmental conditions.

1.3 Simulation modeling

[\

Chapter 3 used a fine-scale, geographic analysis and

spatially-explicit, individual-based simulaticn model to examire the

(W)

urvival and marsh

relationship tetween juvenile shrimp

0
o
<

characteristics (i.e., vegetation:water ratics and amount of =dge

naoic

at). The simulation mcdel was developed as 3 way to examine, in
greater detal., the juvenile llIe stage that zhe stazistical anaiysis
of Chapter 2 identiiled as Impcortant in determining recruitment. At

Jurrent gopulation levels Ln Loulsizna, =he vear-class strength cof
prown shrimp is related tc uvenile survival within zhe =stuary; yet,
envircnmental predictors described less than half of the interannual
variation Iin juvenlile snrimp apundance. Some c¢f =zhe unexp.ained
variation in the statistical modeling czan Lixkely te explained zvy
variatlon in habltat-related =2ffects cn jrowth and mertalizy. Hence,

I used a spatially-explicit, individual-based mcdel to examine how

ndividual-based modeling offers a straight-Icrward way cf

cembining spatial information with empiri

)
(4
u
'
rn
¥
\D
§—
@]
{1
[
ct
[}
s
o]
e}
H
[0}
1]
"
v
o]

guantizatively explore the relationship between habiltar and shrimp

survival. Individual-tcased model

u

IBMs) simulate popuilatnion-lsvel
behavicr by representing the population as an assemblage of
interacting individuals. The individual-based approach is agpropriate
for simulating brown shrimp because there is extensive empirical data
and because fine-scale movement is easier tc simulate in an IBM rthan
in more aggregated modeling approaches. When simulating early 1ife
stages, Lt can be important to know the characteristics of surviving

individuals because early life stages often have high mortality rates,

5
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and the relatively few surviving individuals may be determined by a
distinct set of characteristics. Individual-based modeling enables a

direct comparison of the characrteristics ¢f survivors compared to

those individuals =zhat died.

guarter Juadrangle [CCQQ;. The ZCQQ is an cruncrectifiiled d4igizsl
image 2 z2rn a=srlial pghotcograph that was acguired In Fepruary 1397,
Zach unit (or gixel! I1n the lmage regpresented one sJuare metsr. 72
Zr=ate The nacltatl meps, I Jhese four 138 m ok 100 Io3ugpsens Irom nhe
ZCCQ and translated ealh sguare meter oI the zlassifilisd lmage Ints ns
22l 2Z <he hablitat mep.

The four hablitat maps regresentad snapshots in a simpllifisg
continuulm of marsh disintegraticn: low edge and high wvegetaticn, nizh

considered lLow-edge marshscapes, and maps with zbcu:t

3
b
Q

Y]
D
2,
1
"
1

considered high-edge marsnscapes. Habizat maps with 30+ water were

censidered nigh-vegetar

ion marshscages, and maps with “C% water were
sonsidered lcw-vegetation marshscages.

The model develcped in Chapter

ta
U
b
=]
o
4
fu
t
17
£2
ct
vy
M
3]
o]
<
]
2]
4]
o]

mortality, and growth of individuals intrcduced in weekly shrimp
cohorts. Shrimp location [cell), survival status, and length were
updated during each of the four tidal stages (rising, hnigh, falling,

6
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low) simulated each day. Each simulation began on January 1 and ended
on September 1 so that there were 245 days in each annual simulation.
Individual characteristics (such as survival status, realized growth

rates, and percentage of time in vegetation) were recorded fcr each

A\

ons for population statistics (e.g., mean

(=8

shrimp. Model predic

Il

percent survival, mean realized growth rates) were calculated for each
nabitat map.

ndividual shrimp were tracked from the time <hey entered <he

and spatial hetercgeneity in estuarine habitats zffect Juvenils 3rownh

Jrowth was

density.
type, loca: density cf other shrimp, and shrimp leng:tn.

Several technigues were used tc examine the performance of =-he
simulaticn. The mode. was corrcborated by comparing the simulated
density patterns with fine-scale density patterns observed in the
northern Gulf cf Mexico. Variation produced by stochastic elements in

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the model were examined by comparing replicate simuiations wich

"
(]
"
rn

different random number seeds. The effect of di

was examined in three sets of simulations. The f

dependency of movement; the second varied the mag

and the third made movement

o

S

input parameters on simulated shrimp survival, I

The Mornte Carlo sensitzivi

Carlo anaiyses.

.
-

and

erent movement rules

irst varied

<

x the size-

nitude of movement;
examine the effect of
gerfcrmed =wo Mcnte

v3is wvarled inpu:z
nte Carlo uncertainty
ranje.
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CHAPTER 2. ENVIRONMENTAL AND BIOLOGICAL FACTORS ASSOCIATED WITH
STAGE-SPECIFIC ABUNDANCE ESTIMATES OF BROWN SHRIMP IN
LOUISIANA: APPLYING A NEW COMBINATION OF STATISTICAL
TECHNIQUES TO LONG-TERM MONITORING DATA

Note: This chapter i1s currently in press in the Canadian Journal o2
Fisheries and Aguatic Sciences. The expecrted citzazion is as follcws:

-

jo o

jo I

< fu

(SR )]

o~
O

33
3
m
jo’

M o~
fu

[Sadl
om
Q.
O
N
o}

[}

¢
o3
&
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[\
0
m

azzecus) in Loulsiana ticrn oI statistica:l
techniques =0 long-term menitcring data. fLan. J. rish. Aguat. 3:z2i.
ca. .

S¥r 1-13.

2.1 Abstract

issoclazed orown shrimp recrul-ment with nign densi-ies 27 suc-adulnts,
nigh salininty, warm temgerature, oW civerflcw, and .ow gracigizatizn,
In this caper we address cricizisms cf =raditicnal ccrrelative studies
by 2singy 2 spa=izlly and tempcorally-extensive datases, DYy tomparing

and ty investligating ncnlinear relavicnships with generalized addizive
mcde.s [ 3AMS) . We usge zhis comeinaticon Zf statistizal metheds o

o - - - - vy . - - = - = “r . o = - - ! LY Bat
2sSTimates and 2nvironmental IacTors. Bayesian model averaging (3Ma,
S - < 1= - o < - M - -~ - - -

and SMR resulted in models with similar expglanatcry cower, but 3MA

any mcdel. Juvenile abundance was partially described by
environmental variables such as temperature, water clarity, and water
level. Adult abundance was well described by early juvenile
apundance, salinity, and temperature. These results suggest zhat
juvenile abundance may be the critical component in determining year-
class strength of brown shrimp. Identifying mechanisms that regularte

9
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juvenile production within the estuary is & critical step in
effectively managing Louisiana’s brown shrimp resource.
2.2 Introduction

The shrimp fishery is Louisiana’s most valuable commerciail
fishery. Loulsiana’s shrimp landings account for approximately 40«

the Guli of Mexico landings, and botn absolute landings and the

Yy

O

contripution of Louisiana landings to the Gulf of Mexico landings have

increased sin

[¢]
@
(al
jo s
1]
{7
[\
[a}
) -
<
[
L
~J
(@]
~
4
v
o
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o
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=
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th
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o |
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3
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3
wn
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w
(Al
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(@)
",
[sY]
1]

inshore compcnent !from the coastline toward the interior,

fusled over 50 years of research intc the gopulati
shrimp, Pengeus (Farfantepena<eus) azrecus. Research Joals include
documenting interannual variaticn in commercial shrimp catch and

identifying the environmental Zactors that iniluence shrimp
is especially important tc Louisiana Decause Lculsiana is losing
coastal wetland habitats, because several maior freshwater and
sediment diversions are being considered, and because nighly
restrictive Iishery regulations are presently used to maintain a
sustainable shrimp narvest. Additicnally, there is an =2ffort in the
United States to examine the relationship between Zishery resources
and essential fisnh habitat.

Brown shrimp are an ideal organism to use in examining

recruitment dynamics of estuarine-dependent species because of the

10
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extensive data available and because shrimp have an essentially annual

life cycle. Like other estuarine-dependent organisms, adult brown

hrim

17
O

spawn offshore, the larvae are transported shcreward,
postlarvae settle in the estuaries, and juveniles undergo rapid growth

within the estuary and then migrate offshore. Unlike long-lived

. ’ 4 \A‘
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.. BN . . B A (o]
¢ ‘| Key to sampling stations | - : N 25
~
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Adult - Satewde s o @
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Atchafalaya e .
- ¥ L
River ' =
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e
N ¥ Bay
Figure 2.1. Mag of the northern Gulf of Mexico and ccastal Loulisiana
shcwing an example of Louisiana Department of Wiidlife and Fisheries
sampling staticns Icor brown shrimp. Stations varied slightly frem
year to year, and the locations shown in this map represent z stations

sampled in a typical year. Open water areas are shown in white.
Postlarval sampling stations are indicated with an “x”; early
juvenile sampling stations are indicated with a dark square; and late
juvenile sampling stations are indicated with an open circle.

11
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Correlation analysis is a common approach tc analyzing long-term
datasets of brown shrimp and other estuarine-dependent species.
Correlative studies are useful because they can help identify

& stages, critical time periecds, and important

[ i)

influential 1li

[{]

nvirormental variables enabling mcre informed management decisions.

ace

Q]

» per unit effcrt (CPUE) is used extensively as an index of

abundance, and there are many atrtempts tc rel

Larreneta 1988). High brown shrim torrelatea with

0
8]
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(nd
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<
M
o
@
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O e - b SK of = & - P R . .
criticlism. 10 L0 ZISK 0D LdenULlIylng SCUZldusS I=.allcnsnics 13 2
maicr shortcoming cf ccrrelaticn studies (Walters and Tcocllis 13233,

relaticnships (Tyler 1992). A seccnd groblem associazad with

crediztcr varliables are correlated, the results of ragression analysis

regression ana.ysis selects a single model, 2=2ven thcough there are

cften several plausible medels that may include different combinations

s
(1]

of predictor variables. Traditional multip regression methods do

not previde a way to address this uncertainty in model selection

[}

{Hoeting et al. 1999). A final criticism of simple correlative
analysis is that it may fail to detect, or may mis-specify, nonlinear

relationships between the response and predictor variables.
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In this study, we modify the traditional correlative approach to
address these commcn criticisms. We use stepwise multiple regressicn,

Bayesian mecdel averaging, and generalized additive models to examine

relationships between annual, stage-specific abundance estimatas of

n

nrimp and environmental factors. First, we decrease the likelinhccd

of spurious rel

¢l

tionships by using a spatially-extensive and

temporally-sxrensive dataset that contain
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variables. Second, we address uncertalinty in mcdel selecticn by

comparing the stepwise multigle regression {SMR) mcdels tc mcaels we
£it using Bayesian model averaging (BMA)}. Third, we investigate
possible addizive, ncniinear relationships by allcwing sciine
functicns within jenerazliced addizive mcdels [GAMs:. Cur cclective

zznclusicns.

2.3 Methods

2.3.1 Data sources
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tecause approximately 40% of the shrimp landings

in the Sulf ars
landed irn Louisiara. We used measures of CPUE as an index of
abundance at fcur life stages: postlarvae (number cf shrimpem™ ), earl:

(o8

juveniles the marshes {(number of shrimp per 10 minute, 1.§ m otter

trawl), late juveniles in bays /number of shrimp per 10 minute, 4.8 m
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(0]

trer trawl), and adulcs (pounds of commercial catch per standard day
fished). We estimated annual indices of predator abundance and

environmental factors including water temperature, salinity, wate

"

: inizy

larity, river flow, precipitation, acres of marsh with sa

a
\
s
(@}

[

ppt, water level, and atmospheric weather conditions.

The Louisiana Cepartment cf Wildlife and Fisheries [(LIWE;

provided tnhe gpcstliarval and juvenile abundance estimates. Alzhougn

the data were collected by LDWF to make short-term management

decisions, we ars using -he data ©0o expiore ecclzogical relationsnhips.
4 5 4 &

'Rl

—3

able 2.1 is 3z summary of =Zhe sampling ©

"

o

{i
14
Q.
[
"
]
177
['%
3!
[9
V‘]
'
Sy
[
"
D
4
'

shows a map Of sSampling sStatlons.

Table 2.1. Summary < Loulsiana Jepartment of Wildlife and fisneri=s
sampling protoccls usea to monizor postiarva:i and Juvenllse Drown
shrimp in southern Loulsiana.
Srtage Sampling jear Mesnsize Sampling lccazion
Postlarval 0.35m glankton ne-x $0C.00 micron Tidal casses
Zarly 1.8m (e’ otter =rawl 9.53 mm Srallcw marshes
Tuveniie
Late 4.9m (16’ ctter trawl 29.0% mm 2ays, scunds, .Lakes
iuvenile

In general, the LDOWF sampled weekly when <he crown storimp
densitles were historiczally high. Postlarval data were colleczed Zrcm

densizies tased on the catch per tow and flcwmeter reaad

estimates of juvenile abundance in Louisiana wers cttained from 1.3 m
and 4.9 m octter-trawl surveys from sampling staticns :throughout zhe
Louisiana coast. Because of sample location and mesh size, the 1.8 m

trawl selected smaller shrimp than the 4.9 m trawl (mean total length

14
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of 60 mm versus 71 mm total length). Hence, we used the 1.8 m trawl
data to estimate early-juvenile abundance in marshes and the 4.9 m
trawl data to estimate late~juvenile abundance in bays.

We estimated adult abundance from monthly CPUE data (gpounds of
inshcre and ofishore Louisiana commercial landings per sta

ndard davy

p— e
onverting catch Ir
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dirn
in pounds are cIlten used 33 an 23timate cI 32ult shrimp acundance

om

target sgecies of this sampling program, and we did not exgpec:t :the

trawl catch to pbe an exac:t reflecticn of actual abundance. We did,

hcwever, expect the large sampling size (39,325 traw.s cver the 28

year period) =o partially compensate for the non-targeted sampling

h

design. Hence, these data should provide a rough index of predator

r

apbundance. We initially examined abundance data for Lagodon rhomcides

15
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(pinfish), Fundulus grandis !(gulf killifish), Cynoscion nebulosus
{spotted seatrout), Paralichthys lecthostigma (southern flcunder),
Micropogonias undularus (Atlantic croaxer), Scianenops ocellatus {red

drum), and Leiostomus xanthurus (sSpot), out only Atlantic croaker were

only the Lcngest 23% (> 7.5 cm total length) of zhe Atlantic crcaker
Z¢ Zcalculate the predator index because analysis cof iuvenile crcaxer

STomach contents shcow That sShrimp are not 3 ma’or dietary compcnent
{i.e., shrimp are < 10+ 0of tcual dry welight) until srcaxer ars _inger
~han 7 c¢m (Sheridan 1979%9; Sneridan and Trimm L9&83;.

~itn the piclogical sampliing oI the pestlarval and *uvenile abundances
-~ 3 ~ v - - ’ -} o= 3 ey = ~ -
and included water <emgerature (°C), salinity .pet.; and water clarity
isecchi depth reccrded in feet and tenths,. Sue to o The lozaticn i

n cases where -he LIWF samp.ed sall
surface and totzom of the water cclumn, we used bottsm samp.es
whenever possible. To evaluate the relaticnshic betwesn surface ana

ons, we deleted any obvicus outliers and used simpie

rt
}oe

cottom condi

(9]

linear regressicn to compare the paired surface and potzcm values.

nity,

[N

Bottcm salinity explained > 90% of the wvariation in surface sal

0]

and the bottom temperature explained > 9

ty
A

t 0f zhe wvariation in surface

arity between surface and bottom cconditions was

[
[

temperature. The simi
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expected because the water column in areas of data

generally shallcw and well-mixed.

collection were

Postlarval brown shrimp are
primarily benthic, so we chose o use the bottom values for
temperature and salinity. If bottom values were missing, we

substiztuted surface values.
Because brown shrimp abunda
river

available nursery habitat,

—~

onshore transport (Barrett and

assembl

Q.

ZoL

x

as

zonaditlons

strong linear trend component tha

subsidence, so we detrended the d

linear regressicn water level

pericd 1970-1997.

Gil

nce may be influenced by acres

tn

flow, rainfall, marsn £l andg

ooding,

espie

1 197%; Zimmerman al.

2t

ed a seccnd set ¢

Jauge

data iniciaily contained a

[

regresented long-te
ataset by using

versus zTime (i

n

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.3.2 Annual indices
We chose tc use annual indices because we were interested in the
interannual variation in the fishery-dependent data, and because we

were concerned about statistical problems associated with using
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The environmental data were further narrowed to include snly the zime

periods of peak shrimp abundance. The designated critical cer:

were gjenerally narrcwer for the environmental variables than fcr the

biclegical variables to minimize any diiution effects ¢f averaging

(D

environmental conditions during periods with relatiwvely lcw shrimp

abundance.

18
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Table 2.2.
biological a

Summary of the months that were included in the critcical
nd environmental periods for each life stage.

Index

Biolcgical data Environmental data

Postlarval
Juvenile
Adult

January - May February - April
February - August March - June
May - Augustc May - Augustc

Annual

calculated ¢

averages of biological and environmental variables w

®
H
1]

Q.
it
1

"

rom data at the finest temporal scale available. Hence,

r

[\
)
1]

arly juvenile, and late juvenlle indiczes were

calculated from weekly data at multipie stations. Because some <f the
environmental data were conly avallacle on a3 montnhly Tasis, several
envircnmental indizes {=.3., precipitaticn, river Ilow) were
calculated from month.y daza. The annual index ¢I 3dult afuncdanze was

reported sec

methods were

C.8844 for e

t

We addressed

by averaging

cre catih Ty the montnaly inshore effcrz; dividing =ne
P W mm e - . A e - S myee mal - . -
ncre zatsh oy The monthly cifsncre =ffcrn; zalculaning a

through Augus:

calzulated by using simple arichmetic means. We
alzulating averages using 3 general lin=ar model ipgreach
cr silightly uneven spatial and tempcra. sampling Irom year

well correlated (r- = 0.9181 for gestlarval data, r =
arly-‘uvenile data, r- = (.3268 for late-juvenile data,.
multicollinearity concerns regarding the annual indices

two salinity variables (salinity in bays and in marshes)
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that were well-correlated (r- = 0.8256). We also omitted the variable

0.8626). We filled in one missing value for water clarity in the

were missing values for turbidity in both the marshes and zhe cays.

Postlarval
index

Eary juvenile
index

Late juvenile
index

Adult
index

Figure 2.2. Predicted and observed brown shrimp abuncance estimates
for =ach life stage (a) postlarval, (k) early juvenile, (c) late
juvenile, and (d) adult. Observed values are shown with a bold line
and circular markers. Predicted values from the stepwise multiple
regression analysis (SMR) are shown with a dashed line and X-markers.
Predicted values from Bayesian model averaging (BMA) analysis are
shown with a dotted line and square markers.
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To create the annual indices used

we standardized predicrtcr variables and

variables. To enable direct comparison

SMR and BMA, we standardized the annual

variable {including stage-specific abund

the mean Ifrom each annual

2.3 shows plcts

edicror variapnles

n

2.3.3 Stepwise multiple

e

o describe the

ear.y-r-

1]

nvironmental period fc

adult apundance may be an indica

lagged the adult index for use as

apundance. We used the same list

and the BMA analysis {see Table 2.3;.

in the statistical analysis,

transformed response

of par in

ameters
index fcr each predictor

ance

(AN

wvenile,

r each

tcr of
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Salinity
O -

.
-

Temperature
QO -

g
N

Water clarity

2
1
0

Precipitation

Water level

Zxampies cf environmenta.r indices plctted azains:t the
ed In the study pericd: [a} the estuarine sa.inity index
= mcdels, (D! the marsh temperature index Icor =—he adul:
~he bay water clarizy index Zor the ‘uvenile models, di
tion Lndex fcr the juvenile models, and e the water

cr the juwvenile models.

he regression models wer2 bullt using a Iorward stepwise
ragrassicn grocedure in SAS (selection = stepwiss, SAS
2390). The stepwise procedure started with a model with no predictcr
variables. If any F statistic (that reflected each variatle’s
contripution to the mcdel) was belcow the entry criteria {(p < 0.137,
the variacle with the highest F statistic was added to the mcdel. At
each step, variables that wers not significant at the J.15 level ware

removed.

22

-
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Teble 2.3.

[\

The prob
describing stage-sp

[¢]

[

o

B 0O -

ty of a linear term in
brown shrimp abundance e

ea

bi
ecif T .

Probabilities over (.50 are in rold and have at least a 1:1 cdds rati
of being included in the model. Dashes (-) indicate where
environmental gredicrtor variacles were unavailaple cr where tioclcgiza
oredicrtor variables were inappropriate for each stage-specific model.

?cst- Zarly lLate A

. . M . « s~auLt

larvae juvenile Suverile
Interceg: 1.0000 1.0000 1.0000 1.0000
Lagged adult index 0.0385 - - -
Eostlarval index - c.071s 0.3320 3.0:23¢C
Early juvenile index - - C.3023C 0.8740
_ate ‘uvenlile index - - - 2.4l
Frontal guii return 7.035% 5.338% 5.23z2C S.237%8
Guli reczurn 2.287%8 5.0369¢% 5.3300 S.02738
Precipitaticn £.276% 3.239¢0 L1353 2.342°C
Bredatcr index - 2.2330 2.3=33 -
River flcw raze 3.2378 S.C23E0 BRI 2S J.2142
Salinizy lastuiary) 5.3465 S.1TLE T.iT4s 0.4990
Saiinity ‘tasses; 2.372% 0.339S 3.34882 -
Temgerature 'bays. J.234%8 2.3380C s.200%
Temgerature Mmars! ' 2.5a20 T.37s88 C.l4063
Temgeraturs ,casses:’ 3.2288 J..680 2.0 340
Water Clar! ‘cays), 3.1388 0.5220 p
Water Tlar .marshas 3.11395 J.3093% 3
Water level J.52a3 J.3240 z

We examined <he residuals Ircm the SMR mcdels fcr ncrmallty,

nomcgeneity cf variance, and non-independence I <he =rrcor Term. e
used zThe Shapirc WNilxks zTest =o zetermine degarturas Irsm norma-isy,
clctzad residuals wversus fitted 7alues <o identiiy ©issicie non-
netersgernaity I rariance, and glotted residuals versus years T
exXplcre indecendence I the errcr terms. We ilsc sxamined Tcci«s
Distances tc screen for influenctizl cbservaticns., Afzer transicrming
the ciological resgense variaples, we Zound nc =vidence ajainst —hese
basic regressicn assumpticns and nc evidence of nighly influenzial
cpservations in any ¢ the IZinal SMR mcdels.

2.3.4 Bayesian

Because we were

using the traditional
dataset using BMA. Th

averaging
cencerned
regression

traditios

(BMA)

about uncer<ai

te

chnigues,

N

nal §

5

1
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response variable by selecting a single subset cf predictor variables.

The BMA aporoach, on the other hand, examines 3 larg
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possible mcdels and averages the parameter estimate
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of possible models. The number cf pcssible models egqualed 29, where ©

equals the numpber of pradictor variables {pcstlarval 2 = 13, earliy

ci <he Coefiizients Icr each gradicter wariafle see Lamcn and Tlyde
“~n D - - - =~ At - ho R o - -
200C ZIor details . Alchcugh 2MA allows different gricor

cr T v oln o this znaly use we nzd many credictsr
variaples, we used =he St2chastic Search Variaple Se_action SSVS
algorithnm I Gecrge and McCullcoch 1937 to znraverse <he mcdel scace.
This Marxosw Thain Mcente Caric menncg
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not remeoved Ircm the mcede:r; instead, the cZcefiiczients oI the gcreqalitcr
e = DY < - - 1. - - ERT, - DR = -~ - + v -~ = . -
Variar.las shrank TIWara I2rc wWhen they were et S.ageq Ln o many ok

When the probabilizy of inclusion equalecd 0.50, the term had & -:_
cdds ratic of being included. Variables with crotabiliti

inclusicn < 0.50 were not considered likely predictcr varizbles.
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2.3.5 Comparison between stepwise multiple regression and Bayesian
model averaging

We compared the results from SMR and BMA by examining the list

of

o

mportant predictor variables from each mcdel and by comparin

ial}

values of the ccefficients for the important predictcor variables. The
SMR parameter estimates represent the directicn and the slope of the

relarionship. In BMA, the sign of
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predictcr variable should be in the mcdel.

The results of the SMR and BMA were Iurther =valuated by

ciotted the coserved abundance estimates and the twc sets c¢f abundance

We Usec GAMs (Hastie and Tibshirani 1930; Chambers and Hastise

1992) to exclore the possibility of adaitive, non-linear

o
O
41
™
e
T
3]
o
3
t
it
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relationships. GAMs have been used o relate fishery r
stock size and envircnmental factors {(Daskalov 1993) and are a
flexibie way to explore relationships that may be nonlinear

response variable in GAMs is modeled by evaluating the Zunction
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corresponding to each predictor variable, then summing the values
together with the intercept. We used GAMs as an exploratory method,

rather than as our primary analysis tool, because the statistical

‘0
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[\
3
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rt
1]
ry
0
b
=}

GAMs can be difficult to interpret and GAMs use more

()

degrees of freedom than do linear methods. Also, GAMs nave short-
comings similar to those of the conventicnal linear regression models

pecause they produce a single model in which the model uncertainty zan

The GAM analysis was restricted to an exgplcration I the
relatisnsnics between iapundance indices ana =he envircnmental
cra2dictcrs that were ldentlified bty ="he SMR ana BMA aralysis. We

- . = - S = . - Qe A~ hikeSo N1 - - - i ee 1 e Y - -

scitware (ster.Jam, Statisticai Scilences -394 To lteratlvely =valdat
£.d b

- 3 = -3 - p— . N -~ s s s At See T -~ < ? - .= . -~ -

the it <I The additive mcae.l. ne lnitla. full Tmcdel cConsisted It oz

1933). The mcdel was reduced in a stepwise fasnicn using the Akaike
Information Critericn (AIC, Akalke 1973) sc that nhe final mcdel was
cptimal in terms of AIZ. The AIC uses a sum cf squares criteria that
includes a penality for model complexity {number cf parameters). In
the reduced model, a predictor could remain included as a full
smocthing spline term, could be reduced to a linear term, or could be

26
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omitted from the model. We calculated an approximate R- value for each
model by dividing the residual deviance by the null deviance, then
subrracting that groduct from one.

We investigated the contribution of the postlarval term zc the

adult GAM pecause the relationship between postlarvae and adults

1

appeared to pe heavily influenced by a few outlying points, cecause

the slope of the relationship was shallow, and because the postlarval

Term was not imporzant in the SMR or BMA analysis. We evaluated the

2.4 Rasults

2.4.1 Stepwise multiple regression

Interannual variation in the index of gostlarval abundance was
nCT Wel. descriped by the stepwlise regressicn model (Table 2.4).
Water cilarity {in the bays, was the only crediztcr variable that
enterad the mcde. (when the level cf signifiizance Ior 2nntry was a =
2..C). OCniy .0+ of the wariation in the index <f ccstiarval abundance

direct evidence that postlarval recruitment was linearly related =o

Environmental predictors were important ccmponents in the mcdels

rhat described =arly juvenile abundance in the marshes and late
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juvenile abundance in the bays (Table 2.4). Both regression models
were significant when evaluated at a = 0.05, and both models explained

almost half of the variation in the indices of juvenile abundance.

Indices of previocus life stage abundances were not significant in

either of the juvenile mcdels. Tempe

1y

ature was the most important

predictcr ¢f juvenile abundance, and it accounted Ior abcut 25« of the
iate Zuvenile models ‘part:al R~ = 3..7 -

0.07 for early Jjuveniles and J.23 for late Juveniles). Water levsl

Table 2.4. Results of -he sterwise mulriple regressicn (SMR) analysis
used to descrite the stage-sgesliic trown shrimp acundance ndizes.
The order cI =he predictor virlabless respresents whe crder In whilnh
they entered the moge.. A plus (-} or minus [-! in =he seccernd zclumn
indicates the slcope oI the regrassicn ccefficlent.
Index Significant terms Partial Model Model
{where aipha = 0.10) R- R- F-value
- Nazer clarizy {kays) 0.:074 3..074 S.09S1
- Temperature (passes! 0.173% J.5180 3.3C0us
- Warter level 2.1023
- Water clarity {bays; 0.176C
- Temperature {(marshes) 7.C%e33
Late - Temperature (cays) 0.2450 2.4399 S.o027
juvenile ~ Water ~larity (bays) J.1201
{bays! - Water level 0.0708
Aaqulc - Early juveniles 0.3605 G§.e019% c.0001
- Salinity {estuary! J.1113
- Temperature (marshes; C.147%
Althcugh <here were significant environmen=al. credictcrs cf =ne
index cf adult acundance, the index of esarly juvenile abundance was

the most impcertant predicteor {Table 2.4). The model was highly

significant (p = C.0C01) and explained over 60: 3

e

che variaticn in

rn

the index ¢

$ee
(T

au

¢4

acundance. The index of early-juvenile abundance
accounted for cver 36% of the variation in adult abundance. Salinity

and cemperature {in marshes) were significant predictors, and when
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combined, they accounted for about 25% of the variation in the adulc
model.
2.4.2 Bayesian model averaging

The BMA resulcs suggested that no predictor variables

1

1

e

successfully modeled the interannual variation in postlarval index

‘Table Z.3}. Nons cf the predictor variables had a high prcobabilizy

o inclusion as a linear term in the postlarval mcode., and the
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stage

abundances, ancd there wWwas i .0oW probabllizy =hat =2nvircnmental

credictcrs were linearly related 7o either juvenile abundance index
(Tabie Z.3,. Wdaner clarity in Zhe bays was inclided 35 3 linear =arm

in approximately hall (~ 1:1 odds ratic) cf the early jtzvenile mcdels.

Mo cther predizicr was included in more zhan hall o7 the mcdels.

i e H Sy ~E oo - aee -y oAt 2 - . . 3 -
Wit The Lndex I 23ULT apuncance [labl2 L0200, o2 LnZex CI o =2arnly

juveniie auncance

models. Salinity in the estuary and Temperature Lo “he marshes wers
included in siightly less than haléf

2.4.3 Comparison between stepwise multiple regression and Bayesian
model averaging

Stepwise multiple regressicn and EMA agreed cn the sign of zhe

n
ot
1

regression coeificients for all o most likely predictors (Table
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2.5). The postlarval index was negatively related to water clarity
{in bays). Both juvenile abundance indices were positively related to
temperature and negatively related to water clarity (in bays), and
water level. The index of adult abundance was positively related =c

the early juvenile index, salinity, and temperarture (in marshes).

Table 2.5. Comparison of parameter estimates between the stage-
specific models built via stepwise multigple regressicn (SMR) and
Bayesian model averaging (BMA). Bold face in the third column
indicates terms that are inciuded in over 50+ of the sample mcdels,
and bold face in the fourth column indicates significant nerms in the
stepwise multiple regression models. Bayeslan parameter estimates are
shrunk toward zero pbecause they reilect the sicpe Cf the regression
Line and the probability of inclusion in the sampled models. A plus
‘v} cr minus (-} in the third or fcurth cclumn indicazes the slope of
~he regressicn ccefficisnt,
Index Mcst lixely BMA zerms BMA estimaze / SMR
Z (inclusion! estimate
Postlarval Water claritcy (bays) - 0.039S / 0.138%2 -0.2823
Ear.y Temgeran.re ‘marshes) - 2.0088 / 0.07¢&0 + 0.1001
fuvenil Temperature [rasses) - J3.0223 7/ 5.1€83 + 0.0926
(marsnes) Aater clarity (pays) - 0.0976 / 0.5220 - 0.2017
dater leve.l - 0.0535 / 3.324C - 0.1732
Late Temperature 'tays) = 0.0487 s 0.220¢ + 0.1339
juvenile dater clarizy ‘bays) + 8.0413 /7 3.272¢C + 0.1187
(bavys; dater level - 3.0415 /7 2.273% - 0.1084
Adul=z Zarly iuvenlles + 0.000238 / 0.8740 + 0.000237
Salinity (estuary) - 9.000I12 /7 2.439C + 0.000240
Temperature (marshes) - J.C00CS8C / 3.432C + 0.000203
The iz ¢ teth the SMR and the BEMA models improved Ircm zh
costlarval <o adult stage. The 2rrcr terms were similar using tosh
methcds (Taple 2.9,. Ne2ither method adeguately mcdeled =-he
interannual varliatlicn In the goszlarval index. Besnn juwvenile SMR
mcdels (R- = 0.45) had tetter Zits <=han the opcstlarval SMR mcdel R o=
0.20), but nct as good as the adult SMR model {R- = 0.62;. The

predicted values calculated frcm the SMR and Irc
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other more clcsely than they tracked the cbserved values (Figure 2.2).
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predictors in the SMR anaiysis had
low probabilities of inclusion in the BMA (Tatle 2.5), which shrank

the regression carameter estimates toward zero. Because terms with
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less than S50% probability of inclusion are not considered likely
predictors, the BMA identified fewer likely predictors than the SMR.

Neither method identified likely predictors of postlarval abundance.

The SMR identified four significant predictors of early juvenil

abundance; whereas the BMA only identified one iikely predictor. Th
late juvenile and adult SMR models had three significant predicrors;
whereas the BMA did not identify any likely predicrors of the late

juvenile stage and only one predictcr oI the adult stage.

Table Z.o0. Compariscn of tThe mean square error ocetween the stiage-
specific models pbullt via stepwise multiple regressicon (SMR) and
Bayesian model averaging [BMA;,
Response varlacls SMR BMA
Postiarwval index C.e8356 G.8%6cl
farly ‘uvenils index (in the marshes) 3.07¢S3 5.3073%
Lare tuveniie index (in the bays! J.09%4 N.0%=2
Adult index (x 137 1.0874 0.9724
2.4.4 Generalized additive models

Seneralized addizive modeis did not identiiy any non.inear
relanisnships among the staJe-specifiic abundance =2s<imates, Thcuih zhe

{Taple Z.7.. ALl tut zhree 2f the spline terms wers either omitzed
from =he model cr reduced to lirnear =erms. In the =2arly juvenl.e

of the curve, hcwaver, was not signiilcantly different =han linear [T-
test, p = €.09) . In the late juvenile model, water zlarity was
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with a curved, but increasing function, that was only marginally
different than linear (F-test, p = 0.035).
In general, the results of the GAM analysis were similar to

those of the SMR. The higher R- values in the GAMs (Tabie 2.4 verses
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Table 2.7) resulted partially from the addition of the spline terms
and partially resulted from the difference in model building
techniques. The SMR models were sampied according to F statistics,

whereas the GAMs were selected based on maximizing AIC. With twc
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This is not a meaningrul departure IZrzom zhe SMR results because
—urbidity was Snly marginaily significant

In ~he second excepticn, =he gostlarval index was included In

—ne adult GAM. The slore of the relatlicnship wizth postiarvae was

shallsow and neavily welghted by 3 few cZutlyling cbservations. The
postlarval =erm ontriputed Litile to zhe adult mcodel. The R

1Lgner than the reduced GAM medel wiTncut the gosSToarva. Term v X
ct L e mzae. L - . A magp . . o o
oLl = 4. cZiy S meduced = C.024e), and "he redulsd nodel Was oot
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2.5 Discussion

The results presented in this study were fairly robust to slight

changes in the way rthe data were assembled. During initial analyses,

alues of the annual indices
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{parrticulariy in the Juvenile indices for 1970 and 1978). The 3MR

the excertion of the postlarval models (wnich show a time trend;), =k

results from the SMR and BMA were simiilar in mocdels with and withcut a
vear wvariable. We alsc examined the SMR and 3MA results with l23-

crmed abundance index substituzed salinity zerms fcr the water
clarity and water level terms inciuded in the log-transformed

apundance medel zhat we described in this analysis. In preliminary

ana.yses we alsc groduced models for annual catch [as cpposed =co

CPUE) . We did not repcrt these results because they were very similar
tc Those ci the TPUJE mcdeis repcrted hers when =2ffort was inciuded as

a predictor variable in the catch model.
2.5.1 Comments on statistical methods

3ayesian model averaging and SMR methcds resulited in models with
similar explanatcry power, but the BMA analysis suggested fewer .inear
predictor variables. Bayesian methods added to the analysis because
they allowed us to gquantify our confidence in the variable selection

of the stepwise approach by examining the probabilities of inclusion

[¥3]

-
3

I
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for each predictor variable. We might not expect similar performances

from the BMA znd SMR methods if we had more cbservations {(when it

would be more likely to find spuricus significant relationships} or Lf
we were using the model to make forecasts Icr observaticns zThat were

not used in mcdel fitting (Lamon and Clyde 2000).

1Y nelred 132ntlily & TOSSICLle NOn-.lneadar I2.laTllInsnis with
Uroiadity. SeCong, e LaCx I Sp.Llin€ Terms (0 D1Z.l2Gllal varlac.es

suggestad we did not mis-specify ncn-linear relationshics petween

relationships cetween successive life stages are sizen modeled with

non--inear Iunctions (e.g., classical spawner-recrulit fisheries

should be interpretad with caution because we have the same concerns
abcut multiccllirearity and mocdel uncertainty wizh the GAMs as we did

with the SMRs. In future analyses we plan to more fully explore non-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



linear relationships (both additive and non-additive} in rthis same
dataset.
2.5.2 Environmental correlates

Temgerature was pcsitively correlated with shri spundance

bt
=l
0

during all tut the postlarval stage. The abundance lacer
life stages {early juvenile through adult) increased with increasing

temperature, The rositive relationship between temperature and shrimp

temperatures and a sSubseguent reduced rericd ¢I wvulnerability =c
Sized-based gredaticn morTallizy !Minellc =2t al. 1339;.
Increased salinlty in the estuary was gositively corrsliated with

ccorrelated with =—hne LDWE's zannual astimate 2 <he number o acres i
marsh with salini=zy > 10 pet, a metriz that zhe LIWE nas used =o help

saglinity. ©Father, sShrimp may de drawn <o cer-ain crey Zields

< i == - 7 - - ] -~
assoclated with high sailinity (Zimmerman et al. 1%9Cc;, and
fluctuatlions in salinity may represent fluctuations in the tozal

acreage of approcriate nursery nabitat {Barrett and Zillespie 1373,
The results oI this study provided inconclusive evidence

ding the relationship between water clarity and shrimp abundance.

LA]

rega

The

Q

orrelation between abundance and water clarity was negative for
early Jjuveniles, put positive or bell-shaped for the late juvenilies.

Negative ccrrelations between water clarity and shrimp abundance may
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be a product of increased shrimp production due to less predation
pressure from visual predators (Minello et al. 1987). Negative
correlations could also arise from differences related to catchability
rather than prcduction. High water clarity may decrease catches
btecause shrimp In clear water may bury more in the substrate (Minellc
2t al. 1987) or be pbetter able tc detect and avoid the sampling gear.
Positive correlations between water clarity and shrimp apundance are

pcessitle if clear water supports hign o

A}

imary producticn and increases

[

relaticnships tezween water Zlarity and abundance. Flrst, habizacz
differences (shallow marshes wversus deeger Days: in The staje-specific

Jecr=ased water Leve.s ware associated with high indices £
fuvenile atundance. Water levels may effect sampling =fficisncy

che adult life stage {(when water level is not likeiy %o affect

sampling efficiency). When water level is low

n

, shrimp lose access =c
the marsh and beccme concentrated in deeper channels where they are
more susceptible to the sampling gear. The relationship tetween water
level and shrimp production may be curvilinear. Childers et al.

(199G} assert that there are low harvests in low-water years when

36
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there is little marsh inundation and therefore minimal access to the
marsh, and there are also low harvests when intense fresh-water ingut

causes very high water levels and a reduced area o:
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snrimp habirtat.
2.5.3 Importance of estuarine conditions

Three observations Zrcm zhis study suggest that estuarine

o)
O
ry

conditions are critical in determining the year-:lass strengt

prown shrimp. The first observation 1s -he Strong Correlaticn cetweean

juveniles and aduits. In This study, the wvarliaTticn in The =arly
juvenile index =2xplained mcore than nalf oI tche variaticn in adul-

apundance, and similar Zorrelaticns

Scmmerclil S3Tch have Teen documented elsewners (XKiima =7 o3

the last 30 years, sduliz shrimp abundance was mcre influenced oy
estuarine zcnditicns =han by f£luctuations in svawning-stock size.

One gossicle reascn Ior undetected L1inks rcetweean successivae _ils
stages cou:d ke insufiiczient abundance data. Thers are several

b
i

boor
r

1T

factors that make 1t especially difficult o gua £y stage-sgeciiic
aburdances oI estuarine-dependent organisms: the ontogenetic shiits

in habkitat utilization, the effects of emigration and immigration, the

influence of mulci

O
e
(]

envircnmental signals and their Impact on

catchability, th

{®
£
-
'

&1
™
O

culty in using both fisheries-independent and
fisheries-dependent estimates, and the time expenditure associated
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with acquiring annual data. These same issues may have contriburted to
the lack of impcrtance of the predatory index in this study.

Of all variables in our dataset, we believe the postlarval index
was least likely to reflect actual abundances because the sampling
=ffort was spatially-limited and because postlarvae are notoricusly

difficulr tc sample. Pestlarval abundance is not nistcrically well

e

@]
LA

- - » = = =i o -~ - - -~ - - - 1. ..~ - —~ . . = - - = -~

2ezause we .ackad ccnildence 1o the CoOStiarva. 1ndeX, Wwe Ireated
an i.Ternative mcdel =2 explore Tre rel:—.t‘.’msr‘.-p Tetwes2n sgawning-
STOCx sSiz2 and subseaguent racrultment oI tThelr zung. WNe repressenteg

medel, the estimaticn cf the spawning stock !(lagged adult index) was

-

The lack oI a significant relaticnship between zhe lagged adult index
and juveniles in the tays suggests that the undetected relaticnshic

petween spawning=-stock size and postlarval recruitment tTc the estuar

b

v

During the pericd of study, spawning-stcck size did nct nhaves a
linear relationship with subsequent recruitment cf young. Although
both guasi-linear and Beverton Holt-type relationships tetween penaeid
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stock and recruitment to varicus life stages have been

elsewhere, these models are highly controversial

short-lived, nighly-fecund spescies such as

STOoCk can suprort aigh recruizment =o the fishery. Hence, brown
shrimp recruitment may not be well-ccrrelated witl Spawnling stocx
{adults) under mcst conditzions. Only when spawning steock Zalls pelow
scme critical level would recruitment te hizhly inflienced oy stock
size.

Igentifiying mechanisms =nat r=Julite ‘uvenilse producticn within
estuaries will be a crizical step in the cngcing =Iicrt <c effecnively
manage Loulsiana’s shrimp rescurce. Juvenlils shrime grogduction may Ze
the crizic zempenent In determining The year-Ilass snrength oI Trown

'Y

e

reiative znalysis.

substantial wetland

"

nalysis ¢

o arine habizat
shrimp growth and survival are particularly needed.

In this study, we have described z new combinatien of
statistical tools that can be used to examine the dynamics of

~

2

9
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estuarine-dependent fishery species. OQur results have several
important management implicaticns. First, we believe that sustainacle

management practices can not be solely limited to regulating catch.

—
(4]

ATt currenzt stock vels, annual production appears to be more
regulated by envircnmental conditions within the estuary rather than

by postlarval arrival to the estuary. Second, we reccmmend fccusing
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survival 1n estuaries. A more thcrough undersrta
s

only help =2:ffsctively manage -he shrimp Jishery, but may yield
insights intc the management oI cther ommercially imporzant

estuarine-dependent sgeciss.
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CHAPTER 3. LINKING ESTUARINE HABITATS TO BROWN SHRIMP SURVIVAL:
IMPLICATIONS OF A SPATIALLY-EXPLICIT, INDIVIDUAL-~BASED
SIMULATION MODEL.

3.1 Introduction

There 1s a growing awareness of the role of hapirtar in the

"

production ¢

o
O
t
1
8]
m

£isn and shellfish species. The passag

management clans. In many Joasta. 3areas, natura: nablTats ars
pcecoming fragmentad and lest nc encrcaching human devel.coment.

astuarine~degendent specias. Many recreational.ly and Tommercially
imporzant scecies Ltillze Z0astal Mmarshes as nursery Jrounds Mine 1o
2999 . rcrmunately, our technical ablility T represent scatlally-
complex habitats and -he interactions petween habizat and crianisms is
also increasing. Gecgraphic informaticn systems and sga-ially-
explicic simulations zllow us =c guantitatively mcdel how

v

efercgenedus narlitats alfiect 3guat.lz Cilta.

.

Shrimgc are an example of a Zommercially sxplclted Specles that

@stuarine-decendent species, adult crown shrimg sgawn sifishors, =h

Juveniles 3Irsw within the estuary and then migrate offsnhcre. At
urrent poguiaticn levels in Louisiana, the vyear-class strength cf

brown snrimp acgears to De related tc juvenlle survival Wi

Press); yet, =2nvironmental predictors oiten describe less than half of
the interannual variation in juvenile shrimp abundance (Haas et al. In

. .
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Press). Some of the unexplained variation in statistical models can
possibly be explained by variation in habitat-related effects on
growth and mortality, which have not been traditicnally inciuded in
these correlative aralyses.

there 1is

tn
s1)
I
®
o]
O
fal
b
1}
—
t-s
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Q
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"
0
r
O
O
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Althcugh the mechanism

nrimg are influenced by marsh attribute

u
wn

evidence to suggest that

—

€.g., amount of vegetaticn, amount cf edge habitat). Cn a system o

system basls, shrimp harvests are correlated with wetland area (Turne
1377) More extensive wetland systems grcduce higher snrimp harvests
Because several crooesses ococur as wetlands disintegrate, the
relationsnip cetwean habizit and shrimp producticn may invclve natcinza
characteristics in addition =c just nctal wetland area. As marshes
disintegrate, =Wo grocesses occur. /egetaticn is ccocnverned into
Wwater; and the amount OI =dge hnapitat Icllows a dome-shaped -urve,
initiszlly Inzreasing, then geaxing 3t intermediate levels cf
disintegraticn, and decreasing at nigh l2vels 3f
disintegrazion [Browder =t 3l. 1385, ZChanges in =dge hacitat are
impcrTant T:o =2xamine pecause ‘uvenlle trown shrimp are Zfouncg
associatad Wwith vegetated edge nabitat (Minellc 1999, Rczas and
Zimmermar {23, . Z2Brown shrimp rarely genetrate Ifurther zZhan 3 m intc

the vegeraticn Irom the nearest watar-vegetation interZface (Petearschn
Tes T 33 A [T Ky = = - -~ - -t N

and Turner 19394). Given the high rate of ccastal wetland Lcss in

Loulisiang (Britsch and Dunbar 1293} and the dcme-shapec relationshic

between 2dge and marsh disintegration, it 1s sritical =o 2xamine <he

relationshic between wetland habitat and shrimp surviwval.

“

i

ndividuail-cased modeling cfifers a straight-Iorward way of
compining spatial inficrmation with empirical field data in crder tc

quantitatively exgplcre the relationship between habitat and shrimp

survival. Individual-based models simulate population-level behavior

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



by representing the population as an assemblage of interacting
individuals. The individual-based approach is apprcpriare for
simulating brown shrimp because there is extensive empirical data and
pecause fine-scale movement is easier to simulate in an IBM than in
more aggregated mcdeling approaches. When simulating early life
stages, 1t <can be important to record the characteristics of surviving
individuals tecause early life stages oftzen have high mortality rates,
and the relatively Zew surviving individuals may be determined by 3
distinct set of characteristics (Crowder et al 1992). Individuali-rased

mcdeling enables rhe direct compariscon c¢f the characteristics cf

mer=ality, and zrowth of Individual shrimp during thelr residence in

0]
n
ot
$2
[+1)
"
pe
3
19
3
fu
ry
[77]
o)
M
7]
jo )
v
r

elazionship between snhrimg surviva. and marsn

survival across the four habitat maps which haa diifsrent amounts of
v2getaticn and 2dge habitat. I aiso performed a series of sensizivisy
analysis 7o investigate relationships between mcde. input and
predicted shrimp survival. Based con the results 2f simulation
experiments and on the results of the sensitivity analyses, I cifer

suggestions for future research.
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3.2 Methods
3.2.1 Model description

The model simulated the movement, mortality, and

individuals intrcduc

ed as weekly shrimp cohorts.

durir

and length were updated

low) simulat

Cy

n. I
characteristics (such as survival status, realized gro
percentage cf =ime in wvegetation) were recorded Zar =2a
Mcdel predicticns fcr gopulation sStatistiss [such ao o
survival, mean reallzed Jrowtn rates) were Zaltu.ined
MA0.

Individua.r shrimg were Tracked Irom the “ime the
marsnh as postlarvae untll zthey either died or re3ached
Suvenlies typically tegln <o move offshore. The year-
cf brown shrimp iccears be estabilisned bezween cestlar
—he sstuary and pefore migratlion ciishcre ‘Barrewst and
Minelio et al. 19383, Haas et al. In Press.. Hence, ¢
atTempt o simulate the transgort ci larvae or gostiar
estuaries; nor does It attempt tc simulate the mcovemen
inT2 large estuarine tays or intc oiishcre wamers. Ra
2f this analysis was on juvenile shrimp while
witn the marsh. This aporcach isolatsd and examinad &
crecesses and spatial heterogenelty in estuarine hablt

9874

enile
3.2.1.1 Physical environment

The simulation model was overlaid on a ohysical

contained three components: water temperature, tidal
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habitat patterns. These three components were included because they

are nistorically correlated with shrimp behavior and survival {Barret<

and Gillespie 1973, Childers et al. 1990, Zimmerman
Turner 1377, Browder et al. 1989). Other physical

salinity) were not included in this model because I

+

m
0
0
,—
-
-
(1]
}
<
t
O
U
@®
.
3
2 )

luential ¢cn the small spatial

Simulared daily water temperatures were deriv

et al.

ed from

1991,

Nater

(197G-1997). ‘Water temperature in the marshes was regressed againss
function 27 Jullan day (JDAY,. I used the resul-ing =guaticn {(Zgn. .
R =C.0d) =0 zalculate the simulazed daily water "emperature (Figurs
<
TEMP = 23,137 - [2.459 = SIN(JDAY x C.2.7), - 3
T.lel o ® (CCS(JDAY x L.IL7,
v v v v v v v v g
o 30p 1
-
§ 25
3 T |
4
N
@20. -
Q
g
]
& 15} .
. a a N A A N . -
30 60 90 120 150 180 210 240
Julian Day
Figure 3.1. Dally water temgerature (°C) used in model simulations.
The temperature Iunction used to calculate the simulated daliy water
temperature was derived from water temperatires in shallcw Loulsiana
marshes.
The tidal stages were pased on the probatility of marsh
inundaticn in ccastal Louisiana marshes. I moceled tidal stages frcm

observed marsn-inundation patterns rather than from astronomical

conditions because access to vegetation within coastal Lcuisiana
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marshas is often driven by meteorological events (wind events) rather

than astronomical tides. I simulated & daily probability of flcoding

(P_FLOOD) by fitting a curve (Egn. 2, Figure 3.2a) to the estimated

-

marsh inundation in a hummocky southern Louisiana Sparcina marsh cver

& 5 year period (Rozas and Reed, 1993).

32*JDAY + 0.021é~JDAY - Egn
DAY + 0.000000336+JDAYY) /100

- 0.6

0 e 2 2 e 2 2 g g

30 60 90 120 150 180 210 240

Julian Day

Frobability of flooding

tides

Frequency ot

Jan Feb Mar Apr May Jun Jul Aug

figure 3.2. Seasonal changes in marsh inundaticrn.
flooding, pased c¢cn published field cbservations, :
simulation. D) Freqguency of the simuiated tidal
month. White bars indicate rising (r) tides; ligh
nign {(h) tides; darx gray bars indicate falling(f
bars indicate low (1} tides.

e
ot
t
jo 3
1
e}

nning of each 6-hour time-step, the tidal stage
‘i.e., rising, high, falling, or low) was assigned tased cn the

stage. If a random

bt

probability of flooding and on the previous tida

number was less than the probability cf flooding, the marsh was
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assumed flooded. If the marsh was floodecd and the previous tide was
falling or low, then the current tidal stage was set to rising; if the
marsh was flcoded and the previous tide was rising or high, the
current tidal stage was set to nigh. If the marsh was not flooded and
the previous tide was falling or low, the current tidal stage was set
to low; and if the marsh was not flooded and the previous tide was
rising or high, the current tidal stage was set =o falling. A
representative series of resulting tides for one annual simulation is
shown in Figure 3.2b.

In order to examine the individual and combined effects of
vegetation and edge habitat, I created four habitat maps with
different amounts of vegetation and edge habitat. The habitat maps
represented realistic marshscapes in southern Loulsiana and were
created by performing a vegetation-water classificatiocon on portions of
the Cocodrie NE DJigital Orthophoto Quarter Quadrangle (DOQQ). The
DOQQ is an orthorectified digital image of an aerial photograph tha:
was acquired in February of 1998. Each unit {or pixel) ir the image
represented one square meter. To create the habitat maps, I chose
four 100 m ® 100 m subsets from the DOCQQ and translated each square
meter of the classified image into one cell of the habitat map (Figqure
3.3).

To ensure that the habitat maps were large enough to capture
marshscape patterns and to avoid being dominated by the borders of the
map, I alsc created four 500 m x 500 m maps with edge and vegetation
ratios similar to the 100 m x 100 m maps. The baseline simulation
results from the larger maps were very similar to the baseline results
from the smaller maps. Differences in survival were less than 2% on
each of the maps. Hence, I used the 100 m x 100 m maps for all

subsequent simulations.
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c. HE LV

=

d. LE LV

Figure 3.3. The 100 m x 100 m habitat maps were created by subsetting
and classifying portions cf the Cocodrie NE Digital Orthophoto
Quadrangle (DOQC). The gray represents water, and the black

represents vegetated marshes. The fcur mars represent snapgshets in a
simplified zontinuum of marsh disintegration: a) Map LE HV - el
edge and high amount cf vegetatiocn, b) Mar HE HV - high edge a
amount of vegetaticn, <) Map HE LV - high edge znd low amount =
vegetation, and d) Map LE LV - less edge and low amcunt of vege

e

1

further classified the wvegetaticn and water categcories so zhan

[
QO

ould identify edge habitat. Waterl represented the edge 5f the
water body. Cells that were in the waterl categery included any water
cells that shared a border or diagonal corner winn 3z vegerated cell.
Water? represented water that shared a border cr diagonal corner with

a waterl cell. Hence, waterl cells were approximately 2 meters from

vegetation. Water3 cells represented water adjacent to water2 and
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were approximately 3 meters

water cells not included in

were greater than 3 m from v

classified so that vegl repr
pborder or diagonal correr wi
vegetation that was approxim
Tegernarion apgroximately 3 om

a~ the edges oI the habitars
mag a <continuous unit that w
side to side.

For clarity, I used =h

vegeration and
“he vegetation
“vejetated e=dge”

vegetation-wat

were

zons

vegetation.

from vegetation. Water>3 represented all
waterl, waterZ, or water3. Water>3 cells

egetation. Vegetated cells were

esented vegetated cells =that

th a water cell; veg2

€3

£

ately 2m from water;

The

Tion

vegerta

v

snscares.

tats wizn

Haol

(HYV; marshsca

marshscages.

implified continuum

-
<

nigh vegetation,

€q

i

vegetatlion, and low =dge and _cw

3.2.1.2 Introduction of shrimp to estuarine marshes

Simulated shrimp enter

strength was derived from 28

Coh

I

ed the model in weekly cohorts.

crt
years (1970-1997) of weekly postlarval
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density data
in four tidal passes in Barataria Bay,
densities were calculated from the field data.

Table 3.1.
map. Macs presented habitats with low edge
vegetation:water ratiocs (LV), and high
Waterl represented water that was within 1
representead water 2m from vegetation;
from vegetation; and water>3 represented water
Vegl represeuﬁed vegetation within 1 m of

vegertation 2m from water; vegl represented
and veg>3 represents interior marsh vegetation

re

(number of postlarval shrimp per m’)

Percentage of vegetation and edge cells in each
(LE),
vegetation:water
m of
water3 represented water

water;
vnceuat

collected by the LDWF

LA. Mean weekly postlarval

nign edge(
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£ vegetation;
from
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> 3m fr
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from the IZie.d data as

weekly mean densities.

¥

31

(3

ach mulated weexly cchort was calculated

pus

cstl

r
s

cified total

n

e number o] rval shrimp

rel
rela

-
o

by the ative weekly cohort strength. e

I

pcstlarval shrimp in the baseline simulations

postlarvae per year, so that si

cr

natural field densities

w
w

The

Totas

Wwas set at

ulated shrimp de

fis
o]
€.

weekly mean

number of

100,000

(see Corroboration section).
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PL density

assizned an nizizi length from 3 normal distributicn wizh mean = 3.0
mm, standard deviation = 2.3, Minimum and Taximum values wers
specifilied ‘minimum = 5.0 , and maximum = 25.0) t:z eliminats
unrealistizally shert or long lengths.
3.2.1.3 Movenment

I usad existing fleld data and cbservaticns ©o derive a ser o7
movement rules that seemed to mimic Shrimrc movemen:t Catierns cver
tidal cycles and <n meter space scalas. 3Simulated shrimp mcvement
depended cn tidal stage, habitat type, local densizy of shrimp, and

shrimp iength. igure 3.5 summarizes the mcvement rules. Because

shrimp rarely penetrate further than 3 m into the vegetation ({Peterson
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and Turrer 1994}, I limited shrimp movement to vegetated cells that
were within 3 meters of the water (i.e., vegl, vegZ, veg3 cells).
Simulated shrimp couid mcve Zarther as they grew longer and when

they were in ncn-vegetated waner. Motilizy (m) was used as an index

cf zhe poftential distance & shrimp could move in cne tidali stage. As
=~ N N —~ - N . - -~ = ’ — - N
shrimp grew .ongjer, tnelr motility increased (m = L Ior < 30 mm

meve o Zellis in any direction, including t—he alagecnil direczicns., £
shrimp wers in vegetation (vegl, vejz, vegl), in water wizhnin 3 o of
vegeraticn lwaterl, waterl, waterl), or moving ¢ intericr vegetatlon

vege, we3ll, =he neijhbcrhced 2I zells azvallable Z:or movement =23ual=ad
“helr meTillTy o = m, . Zecause SNILNE Zan COLenTii ..y meve I[aster .n
WatTar Than ln o véegetatlion, LI shrimp were Ln Spen water (water>3' and
TCwing witnin The water ‘waterl, wanterl, wanerl, water>l) or Tz the
vegzetated 2age (vegl,, the nelghbcrhood =xpanded Zrom 0 = m o o =
o3,

-~ v Nyv g s -] -~ - . ~emre o~ .- - -
om the =dge. 3Suring a falling cide, shrimp cculld mcve =2

-

vegetated Zells avallable during a falling tide wers determined oy zhe

shrimp’s mctility. IZ m = I, shrimp could move o water cr vegl
cells; ifim = 2, shrimp could mcve tc water, vegl, or vegld zells; and
iim = 3 shrimp could move to water, vegi, veg2, or veg3 cells.

During & low tide, shrimp could only move to water cells. If shrimp

ol

did not move to a water cell during low tide, they were considered

stranded in the vegetation.
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For each shrimp

If alive and < 70 rm|g l | If dead or > 70 mm

| v

Determine motility rating based on size:
m = 1 when shrimp < 30 mm

m =2 when 30 nm < shrinmp < 45 mm

m 3 when shrimp > 45 mm

v

Determine size of neighborhood:

n = number of cells to check in each direction

If shrimp is in water4 § moving to wat&r or
vegl, n = 3*m; Else n=m

v

]

Identify candidate cells within neighborhood:

If lov tide, candidates = water cell

If rising or high tide, candidates = water § vegl-3 cells

If falling tide, candidates = vater ¢ veg v/in m meters of edge

v

Determine candidate cell with highest expected grouth rate.
If there is a tie, randomly chose from cells in tie.

Move if...

Expected grouwth rate > current growth rate, or if

Lov tide & the shrimp is currently in vegetation, or if
Falling tide & the shrimp is in veg > m meters from the edge

I

End movement. K
Figure 3.5. Fflow Chart for mcvement subroutine.
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Simulated shrimp selected for vegetated habitat. I constructed
the movement rules so that simulated shrimp would mimic habitat-
specific density patterns that are reported in field studies.
Juvenile brown shrimp are found at higher densities in vegetated edges
than in open water or in interior vegetation (Minello 1999, Reczas anc
Zimmerman 2C00). The movement rules assumed that shrimp tend to move
toward habitat than can support a higher growth rate (based on
vegetation and local shrimp density). At each tidal stage, simulated
shrimp moved to the neighboring cell which provided the kest expected
growth rate. Because growth was habitat and density-dependent (see
Growth section), habitat and density also affected movement. II there
was a tie for the best expected growth rate amongst the neighboring
candidate cells, one cell was randomly chosen from the tied
candidates. If none of the expected growth rates in the neignhboring
cells were higher than the current cell, the shrimp did not move.

In order to provide enough habitat for shrimp located near the
sides of the habitat maps, shrimp were allowed to wrap around the
sides of the habitat maps. When simulated shrimp reached the edge of
the map, they continued around to the opposite edge of the map.
Hence, a shrimp that reached the far right side of a map could
potentially move to the far left of the map, and a shrimp in the
uppermost right corner of the habitat map could potentially move to
any other corner of the map.
3.2.1.4 Mortality

Two sources of mortality were simulated: stranding and
predation. Stranding mortality affected shrimp that were stranded in
a vegetated cell at lcw tide. Because stranded shrimp have an
increased risk of physiological stresses resulting from possible

salinity or temperature extremes and increased risk of predation on

57
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the marsh surface, a 50: chance of death was impcsed (see movement
section) on stranded shrimp. The second source cf mortality,

predation mortality, was calculated (after movement and pefore growth)

Predation mortality was influenced by shrimp size, mcvement, and
nablirat. A paseline instantanecus mortality rate (BZMORT, of (.00%

cer 6-hour tida: stage was derived from averaged size-specifiic

- - = - = . = o m fnd ] ~a ~n ' st o e .
instantanecus mcrtality rate [(RIMORT, Egn. 3] was calzulated Dy
mul-iglying the zaseline mortality rate by & size-tased mcdiiler

o - N - —_r I ‘ e - ~ e mermem e mm N emm s &5 -
‘M 2, a nhablzat-tased nmediller (M H), and a mcvament-tased modiilsr

rat smaller shrimg nhad higher mortality rates
Trhe habitaz-tased modifler (M H! was assigned 2.7 when shrimp were in
water zells and 1.7 when shrimp were in vegetated cells. Because

meving shrimp may be more vulinerable 7o predaticn, =he mcvement-based

3
&)

wodifier (M M) increased with the number of zells moved in each tida

-l

i

stage (NMOVED, Zgn. 5, Figure 2.eb). The probacilicy of dying [FROBD)
during a single tidal stage (€ nours! was calculated “rom the realized
instantanecus mortality rate (Egn. 6).

RZMORT = BZMORT ~ M SZ ~* MH * M M Eqn. 3

-
n
8]
L]

%
L)
.

(&)

92 * shrimp_ length - Zan

.
g

M M = (nmoved~.(5)+.95 Zan. =
PROBD = 1.0 -EXEB ZR0rt Zgn. §
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Figure 3.6. Mcrtality and jrowth and mcdifiers
morzallity mcdiflers. ©.) Movement-dependent mc
Temperature-degendent Jrowth modifiers. d.; 2 y
modifiers, Solid lines represent baseline condizicns |
adjustment wvariable = 3], Dotted lines represent ma 1S L
of shrimp =o =ccoclogical process (wnere the adjustment variabla
= -0.7%,. Dashed lines rerresent minimum sensitivity <¢f shrimc =c
2colcgical prcocess (where the adjustment variatle = T.2 for
cemgerature znd size Ifunctions and 0.75 Zor the movement and density
Zuncticns;) .

according tc habitat, leccal density, and shrimp size, most cf the
variaticn in growth is related tc temperature. Ffcor this simulation,
the average baseline growth rare (BGROW) was set to 1 mm / day. Each

simulated shrimp was randomly assigned a baseline growth rate from a
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normal distripbution with mean

0.25+BGROW.

0.25, an

owth

v
L

3

~hrougho

d maximum

ates.

ut

~he simul

2.2%)

maintained

ation.

variaed throughout the simulation
based modifier (G 7!, a
tased modifier (G_D'.
RGROW = BGROW * G T ~ G_H -
The growth modifiers (G T,

“he

Minimum and maximum values were specified

tc eliminate unrealistically slow

ir basel

laboratory estimates ¢ trown shrimp grcwth., 3Shrimp 3
ALTN TemperaTure 2nTil maximum JICWonh rates are achlew
temperaturss. for snrimp cetween 0 and 53C mm, 3Jrcwhth
e.g., C.2% - 2.d€ mm f day, 2t 18°C and nigher [e.3.,
/oday) at 32°7 (Zein-Zldin and Aldrich 139%). The tem
modlifier Sor Jrowth was created from an eguaticn used
cemgeratire-decendent zonsumption £or animals ln warm
and . 8, Figure :.6c;. 3rcwn shrimg R
gom o= fKeg XV LT
Where
o= T M - P/ AT M- T C

T M = maximum cemperature = 40°C

T G = cctimel temgerature = 32°C

TEM? = simulated water temperature (°7;

o= Wt L =L - 3y Vo /4Ce

W o= LN(THETA)*{T M - 7 O]

¥ IN{THETA, ~{(T_ M - 7 0 ~ 2}

THETA approximates a Q.- Zunction
rates {J0.77 mm/day;, when in non -vegetated haritats wi
densities; intermediate growth rates [0.95 mmsday and
when in 30% Spartina with high shrimp densitises or non
habitats with lcw shrimp densitiss, and fastest growth

mm/day)

wnen in 50%*

Spartina with

low shrimp densities
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Zimmerman 1991). from these =stimates, the habitat mcdiflier was
assigned 2.0 for shrimp in vegetated cells and 1.0 Zor shrimp in water

zells, T
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was pased cn sex-sgeciifiic welight-lengzh relaticnships Zcr crown shrime
{Parrack 13279). Blcmass Jensity =ach zell was zalzulztsd oy

diffsrent Iompetitive sressurs sxerted oy 2 1S mm shrimp versss 3z 70

- - _ - -
B =] 3. 2
=~ - el = N AN I v o H - - 4 =~ e
shrimp mass = 1.00C203 7 shrimc lengtn Z3n. L0
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rates as the numper c¢f shrimpg that survive

Q0
t

tc reach 75 mm. When
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moving through deeper channels and bays and into

they eventually become available to the fishery (RBa

Fry et al. In Prep). Hence,

stage. Unless ctherwise sgpeci

[ ]]

survi

M

]

[ie]

1y,

N~ -
ram s=28 on the

a

o

3ata

3.2.2 Effects of marshscape patterns

represent

L

bl et

By evaluating e patterns o

&

predicted survival

offshore

the simulated estuarine surviwval
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habitat maps, hypotheses can be formed regarding the effe

Q
ct
O
(2]}
3
[\
2}
n
oy

disintegration or restcration on juvenile brcown shrim

e
[V
£
LA
<
-
<
)
s

3.2.3 Sensitivity analyses
3.2.3.1 Replicate simulations
I examined the wvariation produced py zhe stochastic elements in

1

the simulation. 1In each annual simulanicn, there were several

= c < - - ~ o = Pttt AR P it IR =~ e
five different random number seeds Tesiay —emey T23222, 21, alll

353Z) to creatne {ive regllicanes of =ach
habizzT mag. I Then zeompared means and Zzefllzisnt I ovvariatico of
~he survival stTatistics.
3.2.3.2 Movement simulations
The fcrmulation <I movement in the model was lixaly impcorzant
and highly uncertzain, I =herefcre performed thres addizizcnal
imulations in which [ mcdified the meovement rules in order = 2ssess

1
r

thelr 21

4

ect on =he patterns cf estuarine shrimg survival across =<he

fcur habitat mags. In the Iirst simulation, the movemenst rilas were

evaluated by shrimp < 30 mm and decreased the distance sevaluated by

snrimp > 45 mm. In the second simulation, the movement rulies were

mcdified by doubling zhe siz

™
{4

2f =Zhe neilghborhood (n = Z*n} of
candidate cells availaple for mcocvement. In the third simulation, zhe

movement rules were modified by selecting 2z destinaticn cell rancomly

rather than based on the best expected growth rate. I compared the
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predicted survival across the four habitat maps for each of
movement alternatives.

3.2.3.3 Monte Carlo simulations

ALl
(a)

(a8}

In order to examine the effect o

input parameters on
shrimp survival, I performed two Monte Carlo analyses. The
Carlo sensitivity analysis varied input parameters slightly

their mean, and the Monte Carlc uncertainty analysis varied

parameters over a realistic range. Borth Monte Carlc analys
simultaneously varied input parameters in 100 repeated simu

ised Latin hypercupe sampling, a stratified randcm sampiing

e

modifier, the mocvement-nased mcrtalitzy medifier, <he -emperat:

gjrowth modifier, and the density-based growth mcdiflier

i
[a}

az“e modifiers were reset according to the value of <he

Carlc adiustment variables [Egns. 11 - 14). When zhe adjus

variable equaled zerc, it had no effect on its raspec:

modifier. As tne value of the adlustment variabi

=
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<
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In both Monte Carlo analyses, 9 model inputs that affected
mortality and growth rates were varied systematically. [ varied the
paseline mortality and growth rates (BZMORT, BGROW), the habitat-bDased
rate modifiers (M W, G V), the Monte Carloc adjustment Variables (MC_3,
MC M, MC_T, MC_2j, and the optimal temperature Ior shrimp Jrowth (T _OQ,
Egn. 8). Within each annual simulation, the standard deviaticn 2f the
baseline gyrowth rates (BGROW) was sez to J,2S+3GRCW

ne extent of variation in input parameters was d

Zarameters ¢ I, and I sgecliled the agprcogriate snandar? 2€vViLI3Tion
- 5 = = R = ) M ol ¥ H 3 v Ve .y = a
for 2azh variacle (32 = Z7 * mean / 130). Minimum and maximum vialues

rhe model tc¢ each input parameter. The greater the ccrrelsztion

petween the param

(]
ot
o
a

and percent recrultment, the mcre influence tne

parameter had in

Q

cntrolling the model behavior. Because I sceciflied

the inputs parameters to vary siightly around their mean, =he results

1)

frocm the Monte Tarlc sensitivity analysis showed the sensitivity

the model to input parameters regardless of the uncertainty about =che
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accuracy of the input parameter estimates. In the Monte Carlo
uncertainty arnalysis, the input parameters varied according to the

uncertainty in the estimates. Therefore, in the uncer

1

ainty analysis,
the correlations berween the parameters and percent recrultment
suggested which porticons of the model were mcst influenced by

uncertainty in parameter estimates. The input paramatars that were

Ui

most closely correlated with survival should be more clesely relined

witn addirtiocnal infocrmation in subseguent studlies.

cle 3.2. Cescription of parameter variation in the Mcnte Caric

Sensitivity Analysis. Input parameters varied slighzly around zhelr
mean.

Mcnte Carlc Parameters
Jariable name mean St Zev
Baseline morcalizy rate BZMCORT 2.503 >.50%2¢
Mcr-ality mocdifler for water MW 2,330 2..2%00
Strength of size-mcrtality functicn -1 M S 1.3C38 0.3E3CT
Szrength cf mcvement-mortallity functisn i MM 1.3303 2.303330%
Baseline growth rate 3GROW 1.C23 2.35CCS
Growth modifier for vegetation G v 2.3C0 $..CCC3
Strength of densizy-growth function -1 G D 1.306 J.OERT0
Strength of temperature-growth functicn -1 G T 1.0C8G G.C0SGCT
Oczimal -emperature T C 32.000 1.803506
Taple 3.3. Cescripticon of parameter wvariaticn Iin the Mcntze Tarlc
Uncertainty Anailysis. Input rarameters varied cver a range that was
determined cy confidence in the accuracy of the =2stimates.

Monte Car:c
farameter
Variablie mean min max
3aseline morzality rate 3ZMCRT 2.30%  0.30%  3.0607
Mortality modifier for water MW 2.060 1.300  3.30C
Strength cof size-mcrtaiity IZunction M3 S.CC8 -2.73C 0.:=GC
Strength of movement-mortality function MM 0.000 -2.730  0.7:20
Basaline growth rate BGROW 1.0€0 0.8G0 1.200
Growth modifler fcr vegetation GV 2.600 1.000 3.CC0
0.23¢ 0.500 1.300

Strength of density-growth functicn
Strength of temperature-growth £
Optimal temperature

(2}
- O

-1 G)
(@]

w o
rD .

~J

w
[+1)
Q
O w
o

-0.750
28.000
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o
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3.3 Results

3.3.1 Corroboration

Published density estimates for estuarine brown shrimp

n

3
[C361

w
'O

3

ro

(9]
(&8

o

adge

(B!

vegl

a

are generally

1

mp densities

{€rl

d

O<

Simuiated

summer ‘mean

Ve

mapi-
napit

and higher in edge than inter:ior

ng May,

mp/m- verses vegs

show wicde

higher in early summer,

can be as nigh as

d less than

an

were exgected

-

2T

)

shrimp

density

ats ‘annual mean density

- v ! H
= L.0. sSOrim

3.3.2 Characteristics of survivors

.

urvsi

7egetaticn,

shrimg that

were defined

shrimp that

ng shrimp grew
and experienced

died during the

[te

as shrimp > 70

died during the

rn

aster, moved Less, sSgpent more <ime

slightly higher shrimp densities than
simulation (Table 3.4).
mm. Non-surviving shrimp were defined as
simulation. Summary statistics were based
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igure 3.8. Average brown shrimp density in water czells at each =id

ry day of the simulation. In general, heavier lines
represent snrimp densitlies closer to the vegetation-water interface.
Thick, so.rid lines represent shrimp densities in waterl cells; <thin,
solid lines represent shrimp densities in waterZ cells; thin, dashed
lines represent shrimp densities in water3 cells; and thin, dotted
lines represent shrimp densities in water>3 cells. These sample
densities were obtained by running the model on the HE-HV map. Ncte
change in 7 axis in the Low tide figure.
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cn a simulation that was overlaid on the high edge and high vegetatior

map (HE-HV).

Table 3.4. Characteristics of surviving and nen-surviving simulated
prown shrimp. Statistics represents the results of a
simulation overlaid on the high edge, high vegetatisn hab

Survivcrs Non-Survivors
Percent of tcrtal 2C.z22 69.78
Realized growth rate {mm / day! 1,32 3.71
Cells moved (per zide) 3.16 T.21
Time spent in vegetaticon (%) 73,21 46.323
Local density (shrimp / cell; 11,29 20.13

3.3.3 Marshscape patterns

Maps with more adge habitat supgorted nhigher shrimp survival t©2

73 mm (Tablie 3.3}, Estuarine shrimp survival was higher 1o nacizas
maps with more =2dge hatlzat [roughly 30: surviwval in high-=dge
. 3 3 3 3

O
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negligiply more surwvival {1 ¢ Z- more; than did haclitats with Ll2ss
vejenaticn., The hijh-edge nabitat macs produced surviveors thal Jrew
siightiy Zaster, mcved .&sSs, sSpent mcre time in the vegetatisn, and

In most cases, high density conditions did nact change <he
gatterns of survival or patterns of survival characteristizs
documented in the four habitat maps under baseline densities (Taktle

3.5). Regardless cf

ot

ne rnic

"
[\1]
st
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ot
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u
pot
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M
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poi-
ot
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macs groduced higher estuarine survival and shrimp that moved less and

!

spent more time in vegetation. The baseline trend cf high-edge maps

¢

producing higher realized growth rates and less dense assemblages of
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shrimp became slightly dilured under the highest density conditions.
Increasing density decreased survival, decreased growth rates, and
slightly decreased time spent in vegetation. There was no clear trend

ncreasing density and the amount of shrimp movement.

b

petween

Table 3.5. Summary statistics for simulations that explcred the
effects of marshscape patterns and stochastic variabllity on brown
shrimp survival in habirtats representing & continuum of marsh
detericration. Maps represent habitats with low edge (LEj), high

sdge (HE), low vegetation:water ratios (LV), and high wvegetation:water
ratios !(HV). Varlapcility within each map recresents stachastic
grocessas in the model. The mean and covariance (shown in
carenthesis) were produced by runrning the simulaticn S times wi=zh
identical input parameters but with five different randcm number
seeds. The statistics from the high density simulations were cgroduced
from single run. T 1 £ gostl Z
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simu ad
wnoT o
BLS".
Hapitat Maps

LS LE-HVY HE=-HV HE=-LY LE-LV
Survival L 23,852 4.3) 31.04 {4.¢; 23,32 4.9 22.57 4.3
fvo of nonal 3 18.37 29.2% 27 . na PRI

¢ 15.31 23.29 21.c6 L2203
Jrowth rate N .33 0.8 L.3T 2010 .34 Lt PR
om/day) 3 .24 2. 30 1.22 DD~

6 2.37 .08 1.G0 .30
Mcvemenn i $.23 {3.1) 3.4 (5.1 3.27 6.9 $.6C 5.2
cells/=ide! 3 6.0653 3.56 3.35¢ €.38

€ .34 3.91 3.21 .12
Time | in it £3.J4 (3.3} 76.06 .5.0) T1.20 4.2 66.34 (5.1
vegertaticn 3 65..2 Tg.4s 74,82 o7 .46

6 20,94 72.62 €3.34 18.42
Zensity e 19.37 4.1, L1.40 (3.2 12.77 e.Z) 7.3 TLR
{shrimp/cell) 3 51.30 33.37 3¢.63 +3.02

G 59.4C 29.86 s0.¢e7 55.032

3.3.4 Sensitivity analyses
3.3.4.1 Replicate simulations

The stochastic processes in the model produced sligh:t variztion

in the output variables (Tapble 3.3). The stochastic variation

rn

(croduced oy different random numpber seeds! was generally les

1]
ot
¥
[\
o

variation produced by different habitat maps. The coefficient

¢
O
rh

1 cutpu:t was always less than 10G. The most variable

p-t

variaction of a
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prediction was the mean number of cells moved per tide (CV = 9.1 or

LE-HV map), and the least variable prediction was the mean

growth rate.

3.3.4.2 Movement simulations

Rlthcugh alrtering the movement rules affected the magnizude of
predicted survival, the pattern of the increased survival with
increased amount of edge habitat was insensitive —o changes in the
movement rules (Tabie 3.86). Adjiusting the movemen: rules sc that
movament was lndependent oI size m = Z for all shrimp, did not cthange
the trends in surwival, pbut did disrupt zhe trend <fI nigh-edge macs
producing survivcers That spent more time in vegetaticn., Ccubling Tns

decreased tTne survival, put ail. trends that wers Zdescrized in zhe
Dase.lne 3lenalll onstantc., Jel2ITLlNT 13 el
!&.".dc!"“.',’ I3Tner TLan Cased I Tne Cest 2xrecTed JIlwin rate

high-edge nhabitats. DlNeverzheless, the high-edge mars invariably

crcduced nigner survival, with snrimg that moved

_ less and nad sligh<oly
nigher growth razes.
3.3.4.3 Monte Carlo simulations
Sctn the Monte Tarlo sensitlvity analysis and the Monte Carlc

LNCerTainty analysis showed that the mcdel was most sensitive =c

(BZMORT). The consistency of the model results across the habitat

maps suggests that the model was sensitive to the same parameters
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regardless of habitat. The mean percent survival for the sensitivicy

and uncervainty analysis, for all combinations of input parameters

was higher on high-edge habitat maps.

Table 3.6. Summary statistics for simulations

of movement rules on the patterns of estuarine
T
n

nabitats representing a continuum of marsh de
simulation, mcvement rules were modified so t©

remain constant regjardless of shrimp size (m = Z). In the seccnd
simulation, zhe movement rules were modified by douciing (n = Z'n) the
size of the neighbcorhocd of cells available for movement. Ir the
third simulaticn, the mcvement rules were modified by selecting a
destination cell randomly rather than rased on ths pest axpected
growth rate. Macs regrese i ich i LE), nign

) T ( L

Hablt s
LE-HYV  HE-HV L LE-LV
£stuarine survivzal rate mo= 2 24.7% 29.087 14 22.2°
(< of rctal) n = nve 21.09 7.4 3T 2l.72
random .43 15..9 37 9,53
Realized growtn rate mo= 2 1.3¢ P l.3e I.34
‘mm/day! no= 2 1.37 PR I LT
ranacm 1.3 L.l .09 .00
Mcovement m = 2 £.39 .04 3023 .38
(cells/cide; o= n*2 3.19 .29 5.7¢ =.l3
random 8.C9 4.5 .70 TL3€
Time in vegetaticn m =2 75,27 Te.31 7Z2..8 69.32
e no=n"2 74.24 T6.25 76.62 TCL43
random 132.06 32.00 22.33 .32
Loca: densizy m = Z 2S.89% 12,77 13,48 29.73
{shrimp/cell] n=n*2 21.e2Z 3.53 izt 7.2
randcm 0.43 6.4 4.39 .40
Tre ccrrelations between ingut parameters and recruitment did

nct change dramatically between the sensizivity analysis and the

uncer<tainty analysis. This suggests that cur uncertainty in garzmeter

estimates was nct driving the mcdel results. When

uncertalinty acout ca
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there were only slight departures sensitivity analysis: a
small increase in the variation attributed tc changes in the strength

of the temperature-dependent grcwth modifier

on attributed to changes in the cptimal growth rate (Table
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the wvariat
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Table 3.7. Pearson’s correlation coefficients between the percent
survival and input parameters and output variables from the Monte
Carlo simulations in both the Sensitivity Analysis (S) and Uncertainty
Analysis (U). Maps represent habitats with low edge (LE), high

edge (HE), low vegetation:water ratios (LV), and high wvegetation:water
ratios (HV). Coefficients with absolute values greater than 0.50 are

shown in bold. See Tables 3.2 and 3.3 Zor an explanation of the
abbreviatrions used with the input parameters. The units for the
output infcrmation are as follows: realized growth rate (mm/dayj,
time in vegetation (%), local density (shrimp/cell), and movement
(cells/tide).
Habitat Maps
LE-HV HE-HV HE-LV LE-LY
S U S u S J S U

< Survival-Mean 23.51 21.62 30.26 26.76 28.71 25.60 22.70 2l.3€
< Survival-SD 4.87 12.72 5.13 14.13 3.le 13.92 5.0z L1Z.3Z
3ZMORT -0.31 -0.35 -0.35 -0.35 =-3.33 -0.37 =0.3%5 =-2.33
MW -0.20 -0.31 -0.18 =0.28 =-C.22 -C.31 =0.19 =-3.3%2
M S -9.01 -0.12 -0.07 -Q0.l1 -C.2% -2.08 -0.33 -0.l4
M M 0.07 0.i6 0.06 0.07 Q.06 0.35 J.13 T.l4
2GROW .20 0.17 Q.22 43.: g.21 3.1 3.20 g.i2
GV 0.11 ©C.18 Q.16 Q.ie C.O03 0.1z 2.3 I..7
G D 0.13 0.05 0,309 0.5 C.39 5.35 3.07 3.l
ST c.28 0.52 3.3Z2 0.55 (.37 0.54 5.3 0.52
GO -0.85 -0.54 -0.81 -0.54 -0.81 -0.54 -0.81 -0.54
Growth rate ¢.83 0.539 0.58 0.63 3.%6 G.eC 3.36 2.39
Time in wagezaticn 0.16 G.z1 =-0.98 -0.0% .82 0.30 3.29 I.3L
Locai densizy 0.39 0.44 0.36 0.73 0°.35 3.74 .37 <C.e2
Mcvement 0.42 3.75% Q.44 0.76 C.2Z5 0.77 3.22 3.7L
3.4 Discussion
3.4.1 Shrimp movement

Although movement rules were based cn the results of field
studies, they probably represent the most speculative asgec:t si zhe
model. The general pattern of migration over a shrimp’s entire life
cycle is well-documented, tut very little is xncwn abcut how

individual shrimp move con fine spatial and tempcral scales

(V]
r

that is difficult to track small, aquatic organisms that molt ({and
lose identification tags). There are tagging studies that examine

shrimp movement {e.g., Sheridan et al. 1989, Clark et al. 1974}, but
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2]
)
1]
A

these generally tracx movement on a weekly or monthly basis and o
little insight into daily-scale movement patterns.

The magnitude of movement that resulted from these movement
rules was consistent with the conclusions reached in a recent study

v

that used size and density estimates along with an analiysis c¢cf stable

[

isotcpes to explore brown shrimp movement and residency (Fry et al.

iy

Prep). Fry et al. sampled shrimp 10 mm wo 129 mm tczal _ength frcem a

geographically-close but ecologically-diiferent habizats. This
suggests that Zor Zuvenile brecwn shrimp within the estuary, there is
only 3 smal: amount 5I movemsnt pbetween habitats. 3Shrimg i marsh
conds and shallow thannels were largely residen:z. Averaje residencs
“ime in 3mai. Mmarsh ponds was =stimated at approximately TZi.  Fry oen

al., speculate <hat small Juvenile shrimp move meore in supc-cprimal

nacitats !deer channels and bays), CuT move less when they reash

with the sgeculations reached in Fry et al. [In Prec, apcut the
movement cf shrimp in Louilsiana marshes. Simulated shrimp scent zhe

majority oI tne time moving small distances near sctima. =2dge

nacitats. When simulated shrimp encount2red 2oLen water =nvircnments,
they moved more guickly until they again reached vegetated =2dge

y

ablita

ct

3.4.2 Edge habitat and predicted survival

The

s}

attern of increasing shrimp survival with increasing =dge
habitat remained consistent through all simulations. High-edge
habitats produced higher simulated survival under baseline conditicns,
under high {3x) and extremely high (6x) initial number ¢f shrimg, when
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movement was not related to size, when potential movement distance was
doubled, and when movement was random. High-edge habitats also
produced higher mean simularted survival in the uncerrtainly analysis,

where input parameters were simultaneously varied acrcss a range ¢

"ty

likely values.

The simulated estuarine survival in this mocdel was most highly

correlated with temperature-related Jrowth. Future studie

]
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atTempt to preadiat the magnitude of recruiltment sheuld

pout the re

aticnships between jrowth 3and
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Temperature. A more precise descriprniocn c¢f growth and Temgerature wWas

not required in this study because I was interssted in zrends in
recruliment gatterns acress different nacitats, rather than in the
sheer magnitude oI reacruitment. Even under extreme simulated
ccnditicns when 3Jrowinh was very 3ensitive T8 Tamgeraturs (5.7 = 2.7%)
and when thne cctimal temperature Icr growth was iow T O = 28°7,

vy

surwvival was still higher in maps wizh more edge habizan.

-~

The gattern oI increased shrimp survival wizth increased edge

fine-scale density cgatterns to simulate the effect of adding creeks to

solid wvegetation, and they predicted that increasing the number of

creeks would increase shrimp densities {until a maximum was reached).
The characteristics of surviving shrimp cffer evidence of what

may cause the patterns of shrimp survival documented in descriptive
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and correlative studies. Field studies have suggested that shrimp are
generally concentrated in edge habitat, but how this trend translated
into higher survival rares was speculative. The model analysis snowed
that simulated shrimp which survived until 70 mm had higher growth
rates, sgent more time in vegetation, and moved less than snrimp that
did nct survive tc 7) mm. The simulated survivcrs in nigh-edge
nabitats, as compared to low-edge nabitats, moved iess, spent more
time in vegetation, and wer:z in :ess dense ccnfiguraticns. 7This

suggests that high-edge nabitat increases surviva: by croviding shrime

Severs mcrtality rates in the early life stages cf nign_y-fecund
crzanisms (imit the range oI gercent surviwval that zan fe trizgered oy

ervlronmenta. Icndliticons. For examp.e, LI the proloagilal rates for
simulazed shrimg in =his model were set at the cctima. conditicns
exgerienced in vegetaticn (nigh growth and low meroallity rates) f:or
230 oI the time, simulated shrimg survival increased <o apcroximately
50+, I the tiolcgical rates were set =0 oren water cgndizicns [low
jrowth and high mortallity rates! for 100: of the simulated

intc significant changes In recrulitment =c¢ the fishery. The spatial
extent of zhis simulation was small (19,0C0 m~), but if allcwed =c
regcresent average marsh conditions, very rough predictiicns can be made

about changes in survivai over larger spatial scales. For exampie,

under baseline ccnditions, approximately 5,000 mcre shrimp survived in
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nigh-edge habitats than in low-edge habitats. If this increase in
survival is translated onto the scale of an estuary or bay system

(200,000 ha) rather tharn a habitat patch (1 ha), the difference in

'
t

survival between high-edge habitats and low-edge habitats may increase

= - RPN = v H ToORA = S - -~ - v~ .-
marsh disintegranticn [Browder =2t al. 138%) sugges=s <he groductive
nigh==dge nabitazs will occur during intermadizts l=2vels cf marsh

pridge petween the vegetation and open water, yet in the ncrthern

of Mexico, the interface between vegetation and water oftan acts as a

-

nan cridge. For examgie, natu
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citen {ragmented by dredged canals or gipelin
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1985). Elevated spoil banks, which are impenetrable by strictl:
aquatic organisms, often line these canals. Though a2 few studies

=3
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(e.g., Rozas and Reed 1994) have investigated relaticnships between
estuarine organisms and landscapes impacted by artificial canals, the
quality of habitat produced by different edge environments rneeds to be

further explored.
The resuits of this study offer a rationale to preserve habitats

with natural edge. Simulated brown shrimp survival was nigher in

habitats with high-edge than in habitats with low-edge. Preserving
habitats with natural edge may benefirt other fisheries because shrimp
represent an 2stuarine-dependent life-nistory strategy that is commen

Vi lzz 2% al. 1%93). The
mMarsnscace £atIiarns That lnrfluenced simuiated shrimp survival may
thersicre a.sc influence the surviwval CI other estuarine-degendent
sgecles.

3.5 References

3atz, 0.M, Raxccinski, C., Fleeger, J.W. 1393, Microhabizat use oy
na sh-a2dge Iishes in a : n ry. EZnv. Bicl. Fish. 36:

0o9-12¢.

Barrett, 3.8., and Gillespie, M.C. 1373, Primary facticrs which
influence commercial shrimp croducticn in coastal Lculisiana.
Za. Wiidi. Fish. Comm. Tech. Bull. No. 3.

Barrett, B.E., and Raliph, E.J. 19277. 1977 envirconmenta. conditicns
relative to shrimp production in czcastal Louisiana along wizh
shrimp ca::h data for the Guif of Mexico. La. Dept. Wild:i.
rish. Tech. Bull. 2e.

Baxter, K.N., and Reniro, W.C. 1967. Seasonal occurrence and sicze
distriburion of postlarval brown shrimg near Gaiveston, Texas,
with nctes on species identification. U.S. Fish and Wildl.
Serv., Fish. Bull. 66: 149-137.

Baxter, K.N., Furr, C.H. Jr., and Scott, E. 19888. The commer
bait shrimp fishery in Galveston Bay, Texas, 1959-387 J
National Mar. Fish. Serv. Mar. Fish. Rev. 59: 20-28.

Britsch, L.D. and Dunbar, JB. 1993. Land loss rates: Louisiana
coastal plain. Journal of Coastal Research 9: 324-338.

q

Cl
S

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Brcwder, J.A., Barrley, H.A., and Davis, K.S. 1985. A probabilistic
model cf the relationship between marshland-water interface and
marsh disintegration. Eco. Model. 29: 245-260.

Browder, J.A., May, L.N., Jr., Rosenthal, A.
Baumann, R.H. 1989. Modeling futurs
brown shrimp production in Louisiana usi
imagery. Remote Sens. Environ., 28: 45-56,

el

Caillouet, C.W., PFatella, F.J5., an
toward decreasing si
white shrimp, Penae

: S

and Louisiana. Fi

Clark, S.H., Emiliani, D.A., and Neal, R.A. and reccvery
data from brown and white shrimp mark- tiure studies in zhe
northern GCGulf of Mexicze, May 1307-N tIna, UL S,
Oepartment 2I CZommerce, NMES O E %2 .

Zrowder, L.8.,
Zmplrical
angd recro
mcdess a
_.J. 3rcss.
~Nz =z
LI
Faller, ®.H.
sorimeg o
fry, 2., 2altz, 2., Benilelid, M., Fleeger, ’J., Zace, A., Haas, H., and
Quincrnes, 2. In Prec. Icr Ccnservation Biclsgy. Chemica.
indicatsr cf movement and residency Zor brcwn shrimp
Farfancerena2us acrecus! in Icastal Lculsiana marshscarpes.
Gardrner, R.E., Rolder, 3. and Bergstrcm, 5. 1983, FRISM: 3
systematic methcd Ior determining the =ffect oI carametar
uncertalinties on modeil gredictions, Tech. Rep., Sudsvik
Enerjiztexnix AB report/ NW-3:/:5S3, NykOrcing, Swsden.
Haas B L., Lamon, E.C. . A haw, #.f. In Fress.
’ ’ 14 ’

tistical technigues to rec

, and Johnson, B... 1987
Mcdel of Fish Growth for Mic
Wisconsin 3ea Grant Technical Repo

Lcuisisana Department of Wildlife and Fisheries. 1992. A fisher
management pian for Louisiana's Penaeid shrimp fishery. Off
of Fisheries, Batcn Rcouge, LA.

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Minello, T.J. 1999. ©Nekton densities in shallow estuarine habitats
of Texas and Louisiana and the identification of Essential Fish
Habitat. American Fisheries Society Symposium 22: 43-75.

Minello, T.J., and Rozas, L.P. In Press. WNekton populations in Gulf
Coast werlands: fine-scale distributions, landscape patrterns,
and restcration implications. Ecological Applications.

Minello, T.J., and Zimmerman, R.J. 1%391. The
habitats in regulating growth and surviva
shrimp. Iz Deloach, P., et al., eds., fr

research, p. 1-16. Elsevier Scientific Pub., Amsterdam.

, T.J., 2immerman, R.J., and Czapla, T.C. 1389%a. Habitat-
relared differences in diets of small fishes in Lavaca Bay,
Texas, 1I935-1986. NOAA Technical Memorandum, SEFC-MNMFS-236, pr.
Le.

Minello, T.J ., Zimmermar, S., & or:
0f younG Drown shrimp Pendeus 3Zrecus in 2Studrineé nurseries,
Trans. Am. Tish. 3Scc. 118: 693-708.

Parrack, M.L. 1979, Asgects cf brown shrimg, P=anzeus 3iztecus, Jrowth
in the northern Gulf of Mexico. Fish., Bull. 76: 327-3833,
Peterscn, G.W, and Turner, R.E, 1994. The wvalue ¢f sait marsh =dge
V5. lnTerlsr a3 a habitat fcr Ilsh and decapod ZIrustaceans In o<
Lcuisiana tidal marsh. Estuaries 17: Z3Z-I42.
o - e = o - - . e s
Rcse, K.A., Smith, £.?., Gardner, R.H., Brenkert, A.L.,
S.M. 1331, Parameter sensitivities, Mcnte Carlc
model forecasting under uncertainty. J. of o
T I

, J. 19923, Nexntcon use cf marsh-suriace
nabitats in Lculisiana (UJSA) deltaic salt marshes undergcing
submergence. Mar. Eccl. Prog. 3Ser. 36: L47-137.

Rozas, L.F., and Reed, D.J. 1934. Comparing nekzon assempblages :cZ
suctidai habitats in pipeline canals traversing brackish and
sallne marshes i1n ccastal Loulsiana. Wetlands 14: 262-27%.

Rozas, L.?., and Zimmerman, R.J. 2000. Smali-scale gatterns of
nexIon use among marsh and adjacent shallcw nconvegetated areas
of the Galvestcn Bay Estuary, Texas (USA). Mar. =Zccl. Preg.
Ser. 193: 217-239.

Sheridan, £.7., Castro, M.R.G.; Patella, ..., Jr., and Zamora, G.,
Jr. 1989. <Factors influencing recapture pat-erns of tagged
peraeid shrimp in the western Gulf of Mexico. FISH. BULL. 87:
295-311.

W., Coquat, M., anc Cordes, C.L. 198%.
cn wetlands. Final environmental assessment.
82. Minerals Ma"aqemen; Service, New Orlearns,

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Turner, R.E. 1977. Intertidal vegetation and commercial yields of
penaeid shrimp. Trans. Am. Fish. Soc 106: 41i1-416.

Whaley, S.D. 1997. The effects of marsh edge and surface elevatio
on the distribution of salt marsh infauna and prey availabili
for nekton predators. Masters Thesis, Texas A&M University,
College Station, Texas. pp. 103.

Zein-£idin, Z.P., and Aldrich, S.V. 1965. Grcowth and surwvival of
postlarval Penaeus acztecus under zontrolled conditions of
temperature and salinity. Bio.l1 Bull., 129: 139-216.

Zimmerman, R.J, Mineilse, T.J., Klima, E.F., and MNance, J.M. 1961,
Effacts of accelerated sea-level rise on coastal seccndary
groduction. In Coastal wetlands. £Edicted by #.5. Boliton,
American 3oclety of Civil Engineers, New TYcrk, NY. p. 110-12

Zimmerman, R.J., Minello, T.J., and Zamora, G. Jr. 1384. 3elecn-io
of wvegetated habltat by brown shrimp, 2 T in a
Galvestcn Bay sSait marsh. Fish., Bull. 3

Zimmerman, R.J., Mineile, T.J., Castigiione, M.C., 3nd Smi=zn, D2.L.
1990a. 7Utilization of marsh and associated nacizats alsng a
salinizy 3jradient in Galweston Bay. NCAA Tach. Memc. NMFS-3E
25C.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. SUMMARY AND CONCLUSIONS

This dissertation used statistical and simulation modeling ro
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examine brown shrimp population dynamics
Mexico. Brown shrimp were chosen as a study organism because they
represent 3 life history strategy that is common to many ecclogicaily-
here is

impertant and ccmmercially-exploited species and cecause t

extensive data avallable. Two analyzical apprcaches were used =0

Mm
"
Y}
3
o
o
[N
e

rown shrimp population dynamics. Chapter 2 used three

Statistical technligues ©o examine ccorelative relaticnsnips petwesn

, vegetaticn:water ratlos ana amcunt oI =d3e

averaging, and Jeneraliiced zdditive mcdels T0 examine rslatlonsnhics
between annuai orown shrimp abundance and environmenzal Zactsrs. o

analyczed 2 dJatas=t that Included 23 yesars (1970-1937 =I stage-
specliic brown shrimp abundance estimates [pcstiarvae, =2arly

juveniles, late Juveniles, and adults) and a suiz=s o°

variables (water temgerature, salinizy, water clarizy, river Zlcw,

weather conditions).

Bayesian model averaging and stepwise multigie regression
resulted in models with similar explanatory power, tut Bayesian mcdel
averaging suggested fewer linear predictors. Generalized additive
models did not suggest non-linear relationships amcng stage-specific
abundance estimates. Interannual variation in postlarval abundance

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



was not well described by predictor variables in arny of the
statistical analyses. Variation in juvenile abundance was partially
described by environmental variables such as temperature, water
clarity, and water level. Annual wvariation in adult acundance was

described by early juvenile abundance, salinity, and temperacture.

[

wel

Environmental variables indicative of estuarine conditicons were

apbundance during all but the postlarval stage. DJecreased water Levals

were associated winh high juveni
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condltions ar= >ritlcal in determining the year--lass strength of
brown shrimp. The Ifirst cpbservaticon was =the strcng sorrslation
between Juvenii=2s and adults. YVariation in the ear.y juvenile index
explained mcre than half of the variaticn in adult abundance. The

seccnd surepcrting observartlion was the lack cI correlaticn betwesen

23rly 1ifs stages (l.e., postlarval and juvenils stages' and crevicus
iife-stage arundances. The third suprorting okbservation was the

abundance. These results combine o suggest that, during the last 30

years, adult shrimp abundance was greatly influenced by estuarine
conditions.
The results c¢f Chapter 2 suggest that identifying mechanisms

that regulate juvenile producticn within estuaries will bte a critical

=

step in the ongoing effort to effectively manage Louisiana’s shrimp
rescurce. Juvenile shrimp groducticn may be the critical component in

determining the year-class strength of brown shrimp in Louisiana, and
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estuarine conditions are likely to affect annual fishery recruitment.
Alrhough some estuarine conditions can not be managed (e.g.,
remperature, rainfall), there are several anthropcgenic impacts that

zan pbe mitigated. Those estuarine prccesses that can be managed

M
0
h
~
1]
]
z

ater diversions, restoration of

3

atural hydrelogy,
wetland lcss and fragmentaticn] should pe further investigated.

The results of Chapter 2 also suggest that sgatial componencs

substantiar wetiand 1085 and Iragmentatlon over ~he gast S0 years,

impllizaticns. £first, they suggest That sustalinatl=s management
gractices can not be sclely limited =c regulating zatih. At current

STOoCKk ievels, annuali producticn appears o De mere regulated oy

arrival to the estuary. Second, they suggest fccusing future
investigations cn processes that affect Juvenile growth and surviwval
in estuaries. A more thorough understanding of the Iinteractior
between estuarine dynamics and shrimp survival will nct only help

effectively manage the shrimp fishery, tut may yield insights into th

species.
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Chapter 2 was designed to examine in greater detail the juvenile
life stage and the spatial components of habitat that were recommended
for further study based on the statistical analysis of Chapter 2.

Specifically, Chapter 3 used a

individual-based simulation mode: to examine the =Ifects of wvegetaticn

and edge habitat on juvenile brown shrimp surviwval. The model was

¥

cvarlaid on four habitat mags which representad snacshcts o a

The model deve.oged in Chapter I simuliazed ‘uvenilse shrimp wnile
they were asscciated wWwi=h =he marsh. Fostlarval shrimg approximanaly
12 mm zctal length) entered the simulaticn in wessly Zoherts. Zacon

Individual shrimp were <racked from —ne <ime =hney =ntered =“he marsh is
' - - o - ~
ccstlarvae until they either died or reached 70Omm. The simulaticon

ccntained koth physical and biologizal zcmpenents. The chysizal
components included water Temperature, -idal stage, and hatizas

- - -~ < RSN - - = N ~' e ' -a-" -
patterns. The Diglcigzica: ccmponents Iincluded mor=alisty, 3rowth, and

movement.

Simulated shrimp survival was compared across the Zcur hacizact

2 I L L I O s g~ ‘i~ 3 typesd een = mege 2T~
maps. LAILVICGUaL Iharacierlstils (suln 35 surviva. sStatus, rea.lzed
JIOWIn rates, and gcercentigce <L Time ln vegeatlicon Wwere reccrgaed Icr

under baseline and high shrimp densities for each habitat map.

The model was corrobeorated by comparing the simulated shrimp
density patterns with fine-scale density patterns observed in
estuaries of the northern Gulf of Mexico. Variation produced by
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stochastic elements in the model was examined by comparing replicate
simulations with different random number seeds. The sensitivity of
the model to shrimp movement was examined by changing the movement
ruies and comparing simulated survival. 1In order zo examine =zhe
effect of input parameters on simulated shrimp survival, I performed

two Mcnte Carlc analyses. The Monte Carl
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Secause the simulated estuarine surviwval Lo Tnis mcdel was mces:o

- —ait

attenmpt e predict the magnitude of shrimp recrui=ment shou

Jrocwth and temperature. A mcre precise description ¢f gJrowth and

trends In recrultment patterns across different habitats, rather zhan
n the sneer magnitude of recruitment. EIZven under extreme simulated

cenditicns when growth was very sensitive to temperature and when <he

«

a]

optimal temperature for growth was low, survival was still higher in
maps with more edge habitact.
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The characteristics of surviving shrimp offer mechanisms which
may help explain the general pattern of increasing shrimp survival
with increasing edge habitat that is documented in descriptive and
correlative studies. Simulated shrimp that survived until 70 mm had
higher growth rates, spent more time in vegetatiocn, and mcved less
than shrimp that did not survive to 70 mm. The simulated survivors in

high-edge habitats, as ccmpared to low-edge habitats, moved lass,

spent more time in wegetation, and were in less dense ccrnfiguraticns.
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n Tat, the manag N n shrimp shzould pe 2xzended Irom <he
current apprcach o protecting the sgawning stcck through zazch
regulations =c alsc prctecting =he astuarine 1ife stazes -—hrcush
habtitat conservaticn and restoratisn. Productive nizn-edge hakbizazs

edge habitats. The results of tnis study suggest such a shifs weould
ce accompanied by a decrease In the astuarine production <f shrimp.
The growing interest in defining essential fish habitat shculd be

accompanied bty continued analysis of spatially-expliciz crocesses.

¢

Given the rotential importance of edge hakitat =o

18}

2 survival

]

¢t brown shrimp, Zurther investigations are recommended To examine =he

relationships tetween eszuarine-dependent corganisms and the quantity
as well as guality of sdge. In the simulation mcdel, edge habitat

acted as a bridge between the vegetation and open water, yet in the
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northern Gulf of Mexico, the interface between vegetation and water
often acts as a barrier rather than bridge. For example, natural
marshscapes are often fragmented by dredged canals or pipelines.
Elevated spcil banrks, which are impenetrable by strictly aquatic

organisms, cften line these canals. The quality of habitat produced

bty these different edge environments needs to be further expliored.
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as well as a2 new combination ¢f juantitzative =scls Icor ana

3

o

<
]
)
o]

\Q
ot
)
40

populazion dynamics cof estuarine-dependent orgzanisms. Ch
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cresented tne statistical analysis ¢ the relaticnships among Life-
stage apundances and environmenzal variables. These znalyses
identified the important role oI estuarine condizions and ‘uvenile

fishery. <Chagter 2 presented the results cf the individual-tased

-

mcdeling cf shrimp survival Zcr the fcur habitat maps. These analyses
guantified rthe relationship between the spatial arrangement of marsh
nabitat and juvenilie brown shrimp growth and survival. These resulcs
highlight the important role of marsh habitat in determining the
recruitment of an estuarine-dependent srpecies.
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