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Processes regulating juvenile growth and mortality of white shrimp Litopenaeus setiferus in coastal nurs-
eries may be particularly important in regulating offshore adult population size and sustainability. To
advance the integration of these processes into fishery stock assessments, and to provide a better under-
standing of the functional role of coastal nurseries for fishery species, we explored the potential effects of
variable juvenile growth and survival on white shrimp population growth rate. We developed a popula-

;f]?;“;veorrdS: tion model that incorporates available information on vital rates (growth, mortality, fecundity) for each
Salt m:rsh shrimp life stage. We used the model to explore the potential impacts of variability in juvenile growth and
Stock assessment mortality rates on the overall population growth rate. Modest changes in juvenile growth and mortality
Life table rates were projected to have a greater impact on stock size than the full range in fishing mortality over

the past few decades. These results suggest that variability in juvenile survival may be a strong driver of
adult stock size and that the processes that regulate juvenile growth and mortality need to be properly
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understood for the effective management of coastal nurseries and shrimp stocks.
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1. Introduction

Salt marshes and other shallow estuarine habitats are consid-
ered as critically important nurseries for many fishery species
(Boesch and Turner, 1984; Beck et al., 2001). Like many species that
use estuaries as nurseries, white shrimp Litopenaeus setiferus have
a life cycle where the adults live and spawn in offshore waters, lar-
vae move into coastal lagoons and estuaries where they settle for
the juvenile phase, and sub-adults migrate back offshore to join
adult stocks (Lindner and Cook, 1970). The early life stages of many
nekton can suffer high levels of mortality (McGurk, 1986; Sogard,
1997), and small changes in juvenile survival can have a profound
influence on ultimate cohort strength (Meyers and Cardigan, 1993;
Levin and Stunz, 2005). The nursery paradigm thus implies that
factors regulating juvenile growth and survival in coastal nurseries
should have significant impacts on offshore adult stock size and
population sustainability (Minello et al., 2003; Levin and Stunz,
2005; Sheaves et al., 2006).
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Salt marsh habitats of the Gulf and Atlantic Coasts of the USA
are believed to play important roles in regulating juvenile shrimp
growth and mortality (Kneib, 1997; Zimmerman et al., 2000; Baker
et al., 2013). The precise mechanisms are difficult to resolve, but
the seasonally warm and highly productive waters of the salt
marsh serve as nurseries for a great diversity of species, provid-
ing favorable conditions for growth and survival (Deegan et al.,
2000). Comparisons of density estimates of organisms among par-
ticular habitats can provide a basic index of relative habitat quality
(e.g.Rozas et al., 2007), and high densities of juvenile white shrimp
within vegetated marsh habitats suggests marshes may be partic-
ularly important in the support of the fishery (Minello et al., 2008).
However, to gain a true understanding of the relative importance
of various habitats and processes to the persistence of populations,
itis essential to place the value of individual habitats in the context
of the entire life cycle (Beck et al., 2001), and to examine the pro-
cesses regulating habitat value and functioning (Nagelkerken et al.,
2013).

There are relatively few measures of white shrimp mortality
in estuaries (Minello et al., 2003), largely due to the challenges in
estimating mortality rates (Baker and Minello, 2010), and habitat-
specific information on mortality is especially difficult to measure.
The factors regulating juvenile shrimp growth, however, are bet-
ter understood. White shrimp growth varies among habitat types
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(Shervette and Gelwick, 2008; Rozas and Minello, 2009), along
salinity and temperature gradients (Zein-Eldin and Griffith, 1969;
Rozas and Minello, 2011), and with landscape structure (Kneib,
2003; Webb and Kneib, 2004). Among marine organisms in gen-
eral, growth and mortality rates are also intimately linked (Houde,
1997). While these relationships can be complex (Cowan et al,,
1997), larger prey often experience lower rates of mortality,
because they encounter fewer predators large enough to consume
them (Peterson and Wroblewski, 1984; Minello et al., 1989; Sogard,
1997). Hence, faster growth allows individuals to pass through vul-
nerable early life stages more quickly, resulting in greater cohort
survival (Yanez-Arancibia et al., 1994; Houde, 1997; Deegan et al.,
2000; but see Anderson, 1988). Juvenile cohort survival, as a func-
tion of growth and mortality, may show substantial geographic and
temporal variability (Rozas, 1995; Rountree and Able, 2007). For
example, if direct access to the marsh surface provides any growth
or survival advantage for white shrimp (Zimmerman et al., 2000),
then significant temporal and geographic variability in marsh sur-
face flooding and accessibility (Minello et al., 2012a) will translate
into variable juvenile growth and survival (Kneib, 2003; Baker et al.,
2013).

Traditional fishery management focuses on regulating inputs
and outputs of the fishery, and mortality during early life history
stages is often considered to be fixed. However, variations in nurs-
ery production may be a key driver of variable adult stock size
(Barrett and Gillespie, 1973; Levin and Stunz, 2005). The gener-
ally poor spawner stock-recruitment relationship seen for white
shrimp implies that processes regulating juvenile survival decouple
parent stock size from subsequent recruitment of sub-adults back
into the reproductive population (Belcher and Jennings, 2004;
Nance, 2007). The importance of juvenile habitat has been recog-
nized and incorporated in forecasting stock size for brown shrimp
in Louisiana (Perret et al., 1993); however, the relative significance
of survival in each life stage to overall population sustainability for
white shrimp has not been evaluated.

The aim of this paper was to explore the potential effects of
variable juvenile growth and survival on white shrimp stock size
in order to advance the integration of processes regulating juvenile
life stages into the fishery stock assessment, and to provide a better
understanding of the functional role of coastal nurseries for fishery
species. To address this aim we developed a population model that
incorporates available information on vital rates (growth, mortal-
ity, fecundity) of each life stage, and allows us to model scenarios
examining the potential impacts of variability in juvenile growth
and mortality rates on the overall population growth rate. More
specifically, we used the population model to examine the effects
of known variability in juvenile growth rate on juvenile stage sur-
vival and population growth rate, based on the premise that faster
growth allows juveniles to pass through vulnerable early life stages
more quickly, hence enhancing survival rates. Further, we used
estimates of the relative refuge value of marsh vegetation and inter-
annual variations in marsh surface flooding to explore the impacts
of variations in juvenile mortality driven by access to protective
marsh vegetation. To place these model outputs in the context of
fisheries management, we compared the projected effects of juve-
nile survival on population growth rate with those of variable adult
mortality driven by natural fluctuations and by variations in fishing
pressure.

2. Methods
2.1. Life table

We compiled existing data on vital rates (growth, mortality,
fecundity) for white shrimp from published literature (Table 1).

White shrimp complete their life cycle in 1 year, and based on the
available data and understanding of habitat transitions during this
year, we divided the life cycle into five stages; egg/larvae, early
juveniles, late juveniles, bay sub-adult, and offshore adult (Fig. 1).
The young shrimp occupying the shallow estuarine waters and the
coastal marsh complex were divided into two stages, early juveniles
(6-27 mm TL) and late juveniles (>27-70 mm), because previous
work indicated that smaller juveniles suffer higher mortality than
larger ones (Baker and Minello, 2010). Hereafter, we refer to early
and late juveniles collectively as ‘juveniles’. The sub-adult bay stage
was defined as shrimp from 70 to 100 mm migrating through bays
from marshes to offshore habitats (Lindner and Anderson, 1956),
while adults were larger shrimp (>100 mm TL) in offshore waters.
Because the timing and size of individuals at migration are variable
(Lindner and Anderson, 1956; Pullen and Trent, 1969), the bound-
aries of these life stages, although useful as a means for modeling,
should be considered approximate. The graphical depiction of pop-
ulation size during the white shrimp migratory life cycle in Fig. 1 is
based on the vital rates in Table 1.

2.2. Baseline population model

The annual population growth rate R, between yeary and y +1
is given as:

Ry = S5051525354f4 (1)

where S; is the survivorship of stage i over the duration of time
spent in that stage and f4 is the annual per-capita fecundity. Stage
survivorship was derived from the vital rate estimates summarized
in the life table by taking the exponential of the product of the daily
instantaneous mortality rate (Z) and stage duration (in days). The
survivorship gives the proportion of individuals surviving that life
stage. Per-capita fecundity is the total number of eggs produced
per female divided by 2, assuming the sex ratio of 1:1 (Lindner and
Cook, 1970; Caddy, 1996).

For the baseline model, we refined the available estimates for
juvenile shrimp by combining data from previously published stud-
ies. We combined data from the growth experiments of Rozas
and Minello (2009, 2011) and Baker and Minello (2010) to esti-
mate the mean growth rate for juvenile white shrimp. Growth rate
estimates were needed to convert size-frequency distributions to
age-frequency for the catch-curve analysis we used to refine avail-
able mortality estimates. The variability in juvenile growth among
treatments in the growth experiments allowed us to explore the
impact of variable juvenile growth on juvenile survivorship, which
ultimately affects the population growth rate.

We refined juvenile mortality estimates by performing catch-
curve analysis (Ricker, 1975) on the combined data sets from Rozas
et al. (2007) and Baker and Minello (2010). The assumptions of
catch-curve analysis are well known (Ricker, 1975), and interpre-
tation of the models used here has been discussed at length (Baker
and Minello, 2010). We combined the size frequencies by translat-
ing density estimates to numbers per hectare in the marsh complex
based on the models of Rozas et al. (2007) and Minello et al. (2008).
Although different sampling techniques were used to obtain the
two data sets (drop sampling vs benthic sled), the two techniques
give equivalent estimates of white shrimp density and size struc-
ture (Baker and Minello, 2011). We included only samples between
July and September because this is the peak period of marsh occu-
pation by all size-classes of juvenile white shrimp. This approach
should minimize violations of the assumptions of catch-curve anal-
ysis caused by high abundances of new recruits and an absence of
larger juvenile shrimp early in the season, and similarly, significant
emigration of juveniles from the marsh following the cessation of
new recruitment later in the season. The combined growth and
catch-curve analysis together provided estimates of growth and
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Table 1
Summary of white shrimp, Litopenaeus setiferus life stages and vital rates in the southeastern USA.
Stage Habitat TL(mm) Duration (days) Growth rate (mm/d) Daily instantaneous mortality (Z)  Survivorship  Fecundity
Egg/larvae Pelagic, offshore—~marsh <6 16*P - 0.373° 0.0026 (so) 0
Early juvenile  Salt marsh 6-27 264 0.6-1.2 (0.815)4 0.080-0.126 (0.0821)4k 0.1183 (s1) 0
Late juvenile  Salt marsh >27-70 53¢ 0.3-1.2 (0.815)defeh 0.014-0.091 (0.0312)*dek 0.1914 (s2) 0
Subadult Coastal bays >70-100 33P 0.4-1.5(0.91)" 0.023-0.048 (0.0275)' 0.4035 (s3) 0
Adult Offshore >100 237" 0.4-1.019 0.004-0.034 (0.0104)"mn.0 0.0850 (s4) 500,000 (f4)?
Ry: 1

Stage and size (total length) divisions are justified in the text. The growth rate and daily instantaneous mortality values shown in parenthesis, and the corresponding stage
durations shown, are the values used to calculate survivorship for the baseline population model. The baseline model parameters are survivorship (s;) and fecundity (fy).
Baseline annual population growth rate (Ry) was derived from the population time series in Fig. 2.
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Dall et al. (1990).

Lindner and Cook (1970).

Zein-Eldin and Griffith (1969).

Baker and Minello (2010).

Rozas and Minello (2009).

Rozas and Minello (2011).

Knudsen et al. (1996).

Webb and Kneib (2004).

Klima (1974).

Baxter and Holloway (1981).

Minello et al. (2008).

Hart (2012).

™M Nichols (1984).

Rothschild and Brunenmeister (1984).

Pauly et al. (1984).

Lindner and Anderson (1956).

Klima (1964).

Adult stage duration = remainder of 365 days.
Estimated from baseline population model as explained in Section 2.
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mortality rates for juvenile shrimp based on larger sample sizes
than the previously published values. For both early and late juve-
nile stages, the daily Z values used in the baseline model were
derived from the catch-curve analysis of the pooled data sets, and
are close to the lower range in available estimates (Table 1). This
corresponds well to the distribution of available estimates, with
most close to the minimum value and a few higher estimates (Baker
and Minello, 2010).

We estimated the survivorship of eggs and larvae from the esti-
mates of all other vital rates and observed mean annual population

152 Juveniles (27mmTL) -

Day 42 Y '
29 Subadults
Day 95
12 Adults
Day 128

growthrate (Ry), because no estimates are available for wild shrimp
populations. By rearranging equation (1), the estimate of egg/larval
survival (Sp):

Ry

Sp=—2 (2)
51525354f4

where S, and f; are the estimated mean values.
We used three time series of indices of white shrimp stock
size in the northern Gulf of Mexico (GoM) (Fig. 2) to estimate the

1288 Postlarvae

Day 16
.
/ g 500,000 Eggs
9 Day 1
1 Adult
Reproduces

Fig. 1. Graphical depiction of the white shrimp life cycle in the northern Gulf of Mexico based on the vital rates in Table 1. The width of the line showing the migratory path

corresponds to the population size indicated at each stage transition.
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Fig. 2. Trends in white shrimp Litopenaeus setiferus stock size in the northern Gulf of Mexico between 1985 and 2007, based on three data sources; TPWD: Texas Parks and
Wildlife Department gulf trawl surveys (described by Martinez-Andrade et al., 2005), NOAA stock assessments (Hart, 2012), and SEAMAP gulf trawl surveys (Nichols, 2004).
Ry values in the legend are calculated mean population growth rates for each time series. These indicate that despite large interannual variations in stock size, the population

was approximately stable during the period 1985-2007 (mean Ry =1).

mean annual population growth rate. The time series were derived
from NOAA stock assessments (Hart, 2012), SEAMAP fishery-
independent stock surveys (Nichols, 2004), and the Texas Parks
and Wildlife Department (TPWD) gulf trawl surveys (Martinez-
Andrade et al., 2005), which overlapped for the period from 1985
to 2007. For each time series an instantaneous population growth
rate was estimated by taking the mean of In(n,.q/ny) where
ny is the index of abundance in year y. The exponential of the
mean provides Ry, such that R,=1 indicates a constant popu-
lation size, while Ry>1 indicates an increasing population and
Ry <1 a declining population. The three time series provided Ry
estimates ranging from 0.99 (SEAMAP) to 1.03 (TPWD), with a
mean close to 1. Hence, Ry=1 was used in the baseline popula-
tion model, indicating a stable population over the period from
1985 to 2007, albeit with some large inter-annual fluctuations
(Fig. 2).

2.3. Model scenarios

2.3.1. Variable juvenile growth rate

Based on the premise that individuals make the transition
from one stage to the next at a particular size, faster growth
allows shrimp to grow through vulnerable early life stages more
quickly, thereby increasing stage survivorship. Accordingly, we
explored the relationship between juvenile shrimp growth rate
and Ry. Variability in juvenile growth rates was derived from
the field caging experiments of Rozas and Minello (2009, 2011)
and Baker and Minello (2010). Variability among treatments in
these experiments provides an estimate of the variability in mean
juvenile growth associated with different environmental condi-
tions, such as salinity, season, and habitat. For this scenario, we
assumed constant and fixed juvenile mortality. We also assumed
a constant growth rate in relation to juvenile size, because the
growth experiments showed no consistent pattern of change in
growth with size among juvenile shrimp. As such, varying the
growth rate affected only a change in stage duration, thereby
altering stage survival in the model. For this analysis, adult
stage duration was allowed to vary such that the total lifes-
pan remained 365 days, while all other parameters were held
constant.

2.3.2. Access to protective vegetated marsh habitat

We partitioned the combined early and late juvenile mortality
rates into habitat-specific rates so that we could model the poten-
tial effects of variability in access to protective marsh vegetation
on juvenile survival and the overall population growth rate. The
combined mortality rate Z;,,, was derived as:

S1 XS
wheres; is the stage survivorship and d; stage duration from Table 1;
thus Z;,, =0.048.

Our mortality estimates were derived from studies in Galveston
Bay, TX, USA where 58.7% of the white shrimp population within
the marsh complex is in the vegetation when it is flooded (Minello
et al., 2008) and the marsh is flooded approximately 80% of the
time (Minello and Webb, 1997; Minello et al., 2012a). This corre-
sponds to 46.9% of juvenile mortality being experienced in marsh
vegetation and 53.1% in open water. Mortality of juvenile brown
shrimp in Galveston Bay has been attributed mainly to predation,
and based on laboratory and field experiments, shrimp within pro-
tective marsh vegetation suffer about half the mortality rate as in
adjacent open water (Minello et al., 1989; Zimmerman et al., 2000;
Roth et al., 2008). Experimental data of this type on juvenile white
shrimp is limited, but this species exhibits a similar distribution
pattern as brown shrimp in relation to the marsh edge (Minello
et al., 2008), and we assumed a similar refuge value of marsh veg-
etation for white shrimp, such that:

Zo = 2Zm (4)

where Z, is juvenile instantaneous mortality rate in open water and
Zm is the mortality rate in marsh vegetation. Therefore:

0.469 x Zp + 0.531 x Z = Zjy, (5)

By substituting equations (3) and (4) into equation (5), we derive
habitat-specific mortality rates such that mortality in marsh veg-
etation (Z; =0.031) is half that in open water (Z, =0.063). Using
information on variability in marsh flooding within Galveston Bay
(Minello et al., 2012a), we could then calculate mortality rates for
the juvenile stages under different durations of marsh flooding.
The baseline values used in this analysis were specific to Galve-
ston Bay. However, salt marshes across the northern GoM show
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substantial inter-annual variability in flooding patterns (Minello
et al., 2012a), so while the details of the model outputs are spe-
cific to the Galveston Bay baseline conditions (marsh configuration,
shrimp distribution, and flooding durations), the shape and mag-
nitude of the response of population growth rate to variability in
marsh flooding should be broadly relevant.

2.3.3. Variable adult mortality

We compared the effects of variability in juvenile growth and
survival on population growth rate with the effects of variability in
adult mortality. For this comparison, we used estimates of variation
inadult natural (M) and fishing (F) mortality rates from NOAA white
shrimp stock assessments (Nichols, 1984; Hart, 2012).

2.3.4. Comparison among life stages

We investigated how sensitive Ry is to proportional changes in
vital rates by varying each stage daily Z or adult fecundity by 10%
while holding all other rates constant. In the absence of detailed
data on variability in each vital rate for each life stage, this approach
provides a simple way to examine the relative significance of vari-
ability in vital rates. To further clarify the relative effects of vital
rates in different life stages on Ry, we also directly compared model
scenarios. This analysis focused on marsh juveniles and offshore
adults because these are the life stages that suffer perhaps the
most direct threats (habitat loss, fishing) and are most amenable to
management actions. We used combinations of adult natural (M)
and fishing mortality (F) to calculate the range in Ry resulting from
changes in adult survival, and then calculated the corresponding
ranges in juvenile growth rates and durations of marsh flooding
required to produce equivalent population growth rates.

3. Results
3.1. Effect of variable juvenile growth rate

Juvenile white shrimp growth rates were measured from
487 individual shrimp between 24 and 74mm TL (mean
+1SE=47.1+0.87) during three caging experiments. The overall
mean (+ 1SE) growth rate was 0.815+0.02mmd~!, with indi-
vidual growth ranging from 0 to 2.4mmd~1. Baker and Minello
(2010) reported that mean growth varied from 0.77 t0 0.91 mmd~!
between summer and autumn, respectively, Rozas and Minello
(2009) found mean growth rates ranged from 0.4 to 1.2mmd~!
among marsh habitats, and Rozas and Minello (2011) measured
mean growth rates from 0.4 to 1.1 mmd~! along a salinity gradient
from intermediate to saline marsh sites. With all other vital rates
held constant, the mean annual population growth rate shows a
sigmoidal response to variations in juvenile growth (Fig. 3a). The
seasonal differences in mean juvenile growth reported by Baker
and Minello (2010) translate into Ry values ranging from 0.84 to
1.36. Similarly, the variation in mean growth along the salinity
gradient and among marsh habitats corresponds to Ry from 0.05
to 2.14 and 2.57, respectively. A mean juvenile growth rate of
0.25mmd~! would lead Ry close to 0, because so few individuals
would survive the juvenile stages that almost none would survive to
reproduce. Similarly, if the entire juvenile cohort grew at the max-
imum rate recorded for any individual in our growth experiments
(24mmd-1), the modeled population increased almost 7-fold in a
year (R, =6.99) (Fig. 3a).

3.2. Variations in marsh access
The population growth rate shows an exponential increase with

increasing duration of marsh flooding (Fig. 3b). If the marsh vege-
tation was not accessible at all, and all juvenile shrimp experienced

the open-water mortality rate for the entire duration of the juve-
nile phase, the model projects an Ry value of 0.31, or an almost 70%
reduction in the shrimp population from one year to the next. For
the scenario of a constantly flooded marsh, the model projects Ry
of 1.34. The more modest effect of a constantly flooded marsh com-
pared to no flooding reflects the baseline model conditions where
the marsh is flooded for 80% of the time and 59% of shrimp occupy
itwhen flooded. Minello et al. (2012a) estimated that annual marsh
edge flooding durations in Galveston Bay ranged from 78% to 86%
over the three years from 2006 to 2008. The model projects that the
effects on juvenile survival of this range in flooding duration trans-
lates to a range in Ry from 0.97 to 1.09. At marshes throughout the
southeast USA, mean annual flooding durations range from 54% in
central Louisiana to 91.5% in central Texas (Minello et al., 2012a),
which corresponds to Ry from 0.69 to 1.18.

3.3. Effects of natural and fishing adult mortality

Increasing adult daily instantaneous mortality rate produces
an exponential decline in Ry in the population model (Fig. 3c).
Removing all fishing mortality (F), leaving just the mean natu-
ral mortality rate (M) from Nichols (1984) as used in NOAA stock
assessments (M =0.009) results in an Ry of 1.39, or a projected pop-
ulation increase of about 40% per year (Table 2). The M estimates
from Nichols (1984) range from 0.004 to 0.014, which correspond
to Ry of 4.56 to 0.43. Fishing mortality (F) for the period 1985 to
2007 ranged from about 0.25 to 0.75 per year (Hart, 2012), or daily
F of 0.0007 to 0.0021. Adding this range in F to mean M results in
Ry ranging from 1.18 to 0.85 (Table 2).

3.4. Comparison among life stages

Ry was most sensitive to changes in egg/larval mortality rates,
with a 10% increase or decrease in egg/larval daily Z producing Ry
ranging from 0.55 to 1.82 (Fig. 3d). Ry was least sensitive to changes
in sub-adult daily Z and adult fecundity, while early juvenile, late
juvenile, and adult daily Z changes had intermediate effects on Ry.
In comparing model scenarios, the effect on Ry, of the full range in
fishing mortality over the years 1985-2007 (i.e. mean M+ min or
max F) is equivalent to the modeled effects of only modest ranges
in either juvenile growth or duration of marsh flooding (Table 2).
For example, a scenario where adults experience mean M and min-
imum F(Z=0.0097) produces Ry of 1.18, while the scenario of mean
M plus maximum Fresults in an Ry of 0.85. The corresponding range
in juvenile growth rates required to produce the same range in Ry is
0.77 to 0.86 mmd~!. Hence, our model projects that the full range
in fishing mortality rates reported by Hart (2012) for the years
1985 to 2007 could have a smaller effect on the overall popula-
tion growth rate than would the seasonal range in juvenile growth
rates reported by Baker and Minello (2010) (0.77-0.91 mmd~' =R,
of 0.85-1.36). Similarly, the effect of this range in fishing mortality
is equivalent to the effect of access to protective marsh vegetation
for juvenile shrimp ranging from 68 to 91% of the time (Table 2).
Our model results indicate that variations in marsh flooding dura-
tion are unable to produce the same Ry, values as the more extreme
fishing or juvenile growth scenarios, where the duration of marsh
flooding required is >100 or <0%.

4. Discussion
4.1. Population model outputs

Our population model indicates that the white shrimp pop-
ulation in the northern GoM is most sensitive to the survival

rates of early life stages, in particular the egg/larval stage. This
is typical for many marine organisms (Sogard, 1997, Levin and
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Fig. 3. White shrimp Litopenaeus setiferus population model outputs projecting the relationship between mean annual population growth rate (Ry) and; (a) juvenile growth
rate (includes both early and late juveniles as defined in Table 1); (b) duration of flooding of the vegetated marsh surface assumed to provide refuge for juvenile shrimp; (c)
adult mortality rates resulting from variable combinations of natural and fishing mortality; and (d) +10% variations in each life stage daily instantaneous mortality rate (Z)
or adult fecundity. Dotted lines indicate baseline model conditions; Ry =1, juvenile growth rate =0.815 mmd-', marsh flooding duration =80%, and adult Z=0.0104.

Stunz, 2005), especially among short-lived species like shrimp (e.g.
Ramirez-Rodriguez and Arreguin-Sanchez, 2003). However, esti-
mating vital rates for larval stages is challenging (Caddy, 1996;
Ramirez-Rodriguez and Arreguin-Sanchez, 2003), and there are
few options for any meaningful management efforts targeting this
developmental stage (Gallaway, 2005). Traditional fishery man-
agement focuses on managing direct impacts on the fished stocks
(Nance, 2007), while our model results indicate that the processes
regulating juvenile survival in marsh habitats may be equally or
more significant in regulating stock size and population sustaina-
bility. Together the marsh juvenile and offshore adult stages face
perhaps the greatest direct threats, from habitat loss and fishing,
and are most amenable to management actions aimed at sustaining
the population into the future (Hart, 2012, Minello et al., 2012b).
The variation in annual population growth rate (Ry) projected
from the full range in fishing mortality over the past few decades
(Hart,2012)isless than that projected from the seasonal differences
in juvenile growth rates recorded by Baker and Minello (2010).

This implies that if the mean growth rate of the entire juvenile
cohort showed inter-annual variations equivalent to those mea-
sured among seasons within a year, then variable juvenile growth
alone could be more influential on stock size than fishing pressure.
Although the projected effects of variations in marsh flooding are
more modest than those of juvenile growth rate, in reality, vari-
able marsh flooding would affect growth rate as well as mortality
because of differences in growth among habitats (Webb and Kneib,
2004; Shervette and Gelwick, 2008; Rozas and Minello, 2009).
The model scenarios are necessary simplifications of population
dynamics (Vetter, 1988); however, the outputs serve to highlight
the relative significance of processes regulating survival in early life
stages (Meyers and Cardigan, 1993; Levin and Stunz, 2005).

In order to interpret the drivers of variation in the overall annual
population growth rate, it is important to consider how realisti-
cally the modeled variability reflects real temporal variation in the
vital rates experienced by entire life stages among years. In our
annual stage-based population model, each parameter represents

Table 2
Comparing the relative effects of adult mortality rates with equivalent range in juvenile growth and access to protective marsh vegetation on white shrimp population growth
rate Ry.

Fishing scenarios Adult daily Z Ry Corresponds to

Juvenile mmd-! % Marsh flooded

Min M 0.0004 4.56 1.68 184

Mean M 0.0090 1.39 0.92 103

Mean M +min F 0.0097 1.18 0.86 91

Mean M +mean F (baseline) 0.0104 1 0.815 80

Mean M +max F 0.0111 0.85 0.77 68

Max M+max F 0.0161 0.26 0.56 -12

Adult daily Z represents the combination of natural (M) and fishing (F) mortality scenarios indicated in the first column.
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the mean value for an entire annual cohort passing through each
life stage. However, the estimates of variation in vital rates were
not all derived from comparisons of mean rates among years at the
population level. For instance, while the estimates of annual adult
natural and fishing mortality were derived at the stock-level, i.e.
the adult population of the entire northern GoM (Nichols, 1984;
Hart, 2012), the juvenile growth and mortality values were derived
from site-, season-, or habitat-specific studies (e.g. Webb and Kneib,
2004; Shervette and Gelwick, 2008; Baker and Minello, 2010). If the
mean growth rate of entire juvenile cohorts shows similar varia-
tion among years as the modest variations in juvenile growth rates
measured among habitats and seasons, then variations in juvenile
growth could match the modeled impact of variations in adult fish-
ing mortality on population size. The physical drivers of variation
in juvenile growth and mortality, such as salinity and tempera-
ture (Zein-Eldin and Griffith, 1969; Rosas et al., 1999) coupled with
biological interactions including prey availability, competition, and
predation (Beseres and Feller, 2007), quite likely show such varia-
tion at the scale of the entire juvenile cohort, driven by large-scale
processes such as inter-annual variations in rainfall and climatic
conditions (Rozas, 1995). Hence, despite the estimates of variation
in vital rates being derived from studies at various spatial and tem-
poral scales, we believe the model outputs are reflective of realistic
variations in vital rates at the population level.

Density-dependent processes could modify the projected effects
of variable vital rates (Rose et al., 2001), and this could be par-
ticularly important for variability in early life stages since there
is a greater time period until reproduction in which such pro-
cesses can act (Diop et al., 2007). For example, years of particularly
high survival of juvenile shrimp in the marsh may be dampened
by increased predation pressure on sub-adults migrating through
estuarine passes and recruiting to offshore populations (Baker and
Sheaves, 2009). Given the limited data on variability in vital rates for
white shrimp, we were not able to incorporate density-dependent
effects into our population model. So although our findings indicate
juvenile growth and mortality may have similar or greater effects
on population size as fishing pressure on the adult stocks, density-
dependent effects on the intervening life stages until reproduction
may serve to dampen or modify this effect (Rose et al., 2001).

In our analyses, white shrimp population growth rate was most
sensitive to egg/larval survival. Although survival of this stage had
to be estimated from the model since no vital rates are available
for wild white shrimp, high larval mortality is typical for marine
species (McGurk, 1986; Caddy, 1996), and our estimated values are
similar to those for other penaeid shrimp (Dall et al., 1990; Ramirez-
Rodriguez and Arreguin-Sanchez, 2003). Unless actual egg/larval
mortality rates were substantially different from those estimated
in our model, then the relative sensitivity of Ry to egg/larval survival
would be similar. Despite some uncertainty in the other vital rates
inTable 1, most come from multiple sources that are in broad agree-
ment. For example, the estimated growth rates of juvenile white
shrimp are similar from caging studies employing various cage
designs in the central and western GoM (Rozas and Minello, 2009,
2011; Baker and Minello, 2010; Rozas et al., 2014) and measure-
ments from free-ranging tagged shrimp in the marshes of Georgia
(Webb and Kneib, 2004). Our white shrimp mortality rates are also
similar to those estimated for pink shrimp Farfantepenaeus duo-
rarum by Ramirez-Rodriguez and Arreguin-Sanchez (2003) using
the gnomonic approach of Caddy (1996) (Fig. 4). A variety of mod-
els have been developed relating natural mortality with individual
biomass of fishes and invertebrates. We compared the mortality
rates for shrimp with rate estimates from the models of Peterson
and Wroblewski (1984) for marine organisms in general, Lorenzen
(1996) and McGurk (1986, 1987) for fish, and McGurk (1987) for
planktonic marine crustaceans. Our mortality rates are similar to
those predicted by several of these models (Fig. 4). Hence our

mortality rate estimates seem reasonable, and the model outputs
should be robust.

In our model we assumed that stage transition is a function
of size and not age or season, i.e. that the movement of juvenile
shrimp from marsh to bay, and bay to offshore habitats occurs at
a particular size rather than age or time, and therefore that faster
growth translates directly into shorter durations for that life stage.
While most descriptions of the white shrimp life cycle imply that
stage transitions are size-related (Lindner and Cook, 1970), there
is evidence that specific events such as the passage of cold fronts
or rapid changes in salinity may trigger migrations of shrimp from
the estuarine nursery to deeper bay or offshore habitats (Pullen and
Trent, 1969; Zein-Eldin and Renaud, 1986). Juvenile white shrimp
occupy salt marshes along the Gulf and Atlantic coasts of the USA
from early summer until early winter. The size of shrimp emigrat-
ing from coastal waters may decline with the onset of winter, and
the coincidence of these migration events with the passage of cold
fronts implies that shrimp spawned later in the season may migrate
out of juvenile nursery habitats at smaller sizes due to unfavorable
physical conditions within the nursery (Pullen and Trent, 1969).
While a severe cold front may trigger the migration of all remaining
shrimp out of the salt marsh at the onset of winter, these shrimp
may represent only a small proportion of the juvenile shrimp popu-
lation to have occupied the marsh during that year. So despite some
uncertainty and variability in the timing, size, and age at transition
from one life stage to the next, the overall finding that stock size is
sensitive to changes in juvenile survival should be robust.

4.2. Implications for fisheries management

The findings of the current study highlight the significance
of processes regulating juvenile survival to population size and
sustainability. However, there remain considerable challenges for
integrating these processes into stock assessment and fishery man-
agement. To predict harvestable stock size, some state agencies
use indices of the abundance of earlier life stages along with
data on environmental variables such as salinity and tempera-
ture due to their effects on shrimp production, but these indices
are primarily derived from late-stage sub-adults and the physical
environment from which they are sampled (Belcher and Jennings,
2004). Our modeling results suggest that although such approaches
may provide reasonable predictions of stock size, they fail to
account for the processes regulating the critical early juvenile sur-
vival. Although the complexity of processes regulating juvenile
survival makes their incorporation into stock assessment challeng-
ing (Diop et al.,2007), it may be possible where the areas of juvenile
habitat most important for supporting adult stocks can be defined.
For example, brown shrimp catches in Louisiana correlate with the
amount of flooded marsh habitat above 10 ppt salinity (Perret et al.,
1993). Much fishing effort in Louisiana is focused on sub-adults
within coastal waters (Perret et al., 1993), and the link between
juvenile habitat and subsequent stock size suggests an important
role of flooded saline marshes for juvenile brown shrimp survival.

Our model suggests that indices of suitable juvenile habitat
availability may aid in predicting white shrimp population size.
Such indices would need to be developed at the stock scale (e.g.,
entire northern GoM), and this presents its own set of challenges.
Habitat availability, in terms of access to flooded marsh and suitable
salinity and temperature conditions (Perret et al., 1993), shows high
geographic and temporal variability in the southeast USA (Rozas,
1995; Minello et al., 2012a). Models of habitat availability therefore
need to incorporate the substantial spatial variation in processes
regulating juvenile shrimp growth and survival (Baker et al.,
2013). Landscape structure is also important in regulating juve-
nile shrimp populations and production, with the amount of marsh
edge habitat being more important than the total area of marsh
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Fig.4. A comparison of white shrimp mortality estimates from Table 1 with rates published for pink shrimp Farfantepenaeus duorarum by Ramirez-Rodriguez and Arreguin-
Sanchez (2003) and various modeled rates for marine organisms. Biomass of individual shrimp at different life stages indicated on the x-axis are approximate.

(Browder et al., 1989; Minello and Rozas, 2002). As such, metrics of
available habitat that integrate landscape structure with the area of
flooded marsh under suitable physical conditions may prove par-
ticularly useful in refining stock assessments for white shrimp in
the northern GoM (Nance, 2007; Hart, 2012).

5. Conclusions

Our model results support the conclusion that variability in
juvenile survival is potentially more important in regulating white
shrimp population size than the full spectrum of fishing pressure.
Despite the long-held beliefs about the roles of salt marsh habitats
inregulating the growth and mortality of a great diversity of nekton
species (Boesch and Turner, 1984; Zimmerman et al., 2000; Deegan
et al., 2000), direct empirical evidence of the processes and mecha-
nisms that underpin the functional value of these habitats remains
elusive (Minello et al., 2003; Rountree and Able, 2007; Baker et al.,
2013). Directly measuring growth and mortality rates of mobile
aquatic organisms in intertidal and complex habitats is challeng-
ing (Webb and Kneib, 2004; Shervette and Gelwick, 2008; Mace
and Rozas, in press), but further work to clarify spatial and tempo-
ral variability in the functional roles of salt marsh and other coastal
nursery habitats is essential if we are to maintain the nursery func-
tion of these systems into the future, and sustainably manage the
fisheries that rely on these nurseries.
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