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a  b  s  t  r  a  c  t

Brown  shrimp  (Farfantepenaeus  aztecus)  support  a  commercially  important  fishery  in the northern  Gulf
of Mexico,  and  juveniles  use  coastal  estuaries  as nurseries.  Production  of  young  shrimp  from  any  given
bay  system,  and  hence  commercial  harvest  of sub-adults  and adults  from  the Gulf,  is  highly  variable  from
year  to year.  We  describe  development  of  a  spatially-explicit,  individual-based  model  representing  the
cumulative  effects  of  temperature,  salinity,  and  access  to emergent  marsh  vegetation  on the  growth  and
survival of young  brown  shrimp,  and  we  use  the  model  to simulate  shrimp  production  from  Galveston
Bay,  Texas,  U.S.A.  under  environmental  conditions  representative  of  those  observed  from  1983  to  2012.
Simulated  mean  annual  (January  through  August)  production  ranged  from  27.5  kg ha−1 to  43.5  kg  ha−1

with  an  overall  mean  of  34.3 kg  ha−1 (±0.70 kg  ha−1 SE).  Sensitivity  analyses  included  changing  values  of
key  model  parameters  by ±10%  relative  to baseline.  Increasing  growth  rates  10%  caused  a  16%  increase  in
production,  whereas  a 10%  decrease  resulted  in  an 18%  decrease  in  production.  A 10%  increase  in  mortal-
ity  probabilities  resulted  in  a production  decrease  of 15%  while  a 10%  decrease  resulted  in  an  18%  increase
in  production.  We  also  changed  values  of environmental  input  data  by ±10%.  Mean  production  estimates
increased  11%  in  response  to  increasing  tide  heights  (and  thus,  marsh  habitat  access)  and  decreased  19%
with a  decrease  in  tide  height  (and  marsh  access).  The  thirty  year  mean  production  was  affected  nega-
tively  by  both  the  10%  increase  and  decrease  in air  temperature  (−2%  and  −14%, respectively).  Simulations
in  which  bay  water  salinities  were  entirely  low  (0–10  PSU),  intermediate  (10–20  PSU),  or  high (>20  PSU)
resulted  in  mean  baseline  production  rates  being  reduced  by  55, 7, and  0%, respectively.  Uncertainty  in
model  estimates  of  shrimp  production  were  related  to  the magnitude  and  the timing  of  postlarval  shrimp
recruitment  to  the  bay  system.  Simulations  indicated  that  mean  production  decreased  when  recruitment
occurred  earlier  in the  year  under  all environmental  conditions.  Mean  production  varied  with  environ-
mental  conditions,  however,  when  recruitment  was  delayed.  The  model  reproduced  biomass  and  size
distribution  patterns  observed  in field  data. Although  annual  variability  of  modeled  shrimp  produc-

2
tion  did  not  correlate  well  (R = 0.005)  with  fisheries  independent  trawl  data  from  Galveston  Bay,  there
was  a significant  correlation  with  similar  trawl  data  collected  in the  northern  Gulf of  Mexico  (R2 = 0.40;
p =  0.0005).  Identifying  and  representing  spatially  variable  factors  such  as  predator  distribution  and  abun-
dance among  bays,  therefore,  may  be  the  key  to  understanding  bay-specific  contributions  to  the adult
stock.
. Introduction
Brown shrimp (Farfantepenaeus aztecus) is a commercially
mportant fishery species of the northern Gulf of Mexico, and land-
ngs generated over $245 million (US dollars) in 2013 (National
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Marine Fishery Service, Fishery Statistics Division, 2015). The life
history and population dynamics of brown shrimp have been stud-
ied extensively, and processes occurring during the juvenile phase
in coastal estuaries appear to be important in determining popu-
lation size (Zimmerman et al., 2000). Brown shrimp usually spawn
and are harvested within one year (Cook and Lindner, 1970). Adults
spawn offshore with peak activity from October to December and

March to May  (Christmas and Etzold, 1977; Renfro and Brusher,
1982). Eggs hatch within 14–18 h and pass through several larval
stages (Cook and Lindner, 1970; Cook and Murphy, 1971) before
moving into estuaries as postlarvae and settling as juveniles in
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ig. 1. Map  indicating the location of the Gulf of Mexico and Galveston Bay, Texas, U.S
arsh  edge (NVME, yellow), shallow open water (SOW, light blue), and deeper (≥1

nshore bays (Fry, 2008). Juveniles grow rapidly to sub-adult size
nd then migrate offshore to complete their growth to matu-
ity (Trent, 1967). Young brown shrimp in the northern Gulf of
exico utilize shallow estuarine habitats and grow from postlarvae

10–15 mm TL) to subadults (55–80 mm TL) within a few months
Cook and Lindner, 1970). While brown shrimp juveniles occur in
everal habitat types including oyster reef (Stunz et al., 2010) and
hallow open water (Fry, 2008; Minello, 1999), highest densities
re found in seagrass and salt marsh (Minello et al., 2003; Stokes,
974). Relatively little seagrass habitat exists in Galveston Bay or in
any estuaries of the northwestern Gulf of Mexico (Handley et al.,

007), and the majority of brown shrimp are found associated with
mergent marsh vegetation (Minello and Rozas, 2002; Zimmerman
t al., 1984). Indeed, brown shrimp commercial yield has been cor-
elated on a large scale with the presence of intertidal vegetation
Boesch and Turner, 1984; Turner, 1977).
The Galveston Bay system is the largest estuary in State of
exas, U.S.A. (Fig. 1) and the salt marshes and shallow water sur-
ounding the bay are particularly important habitats for young
hrimp (Minello et al., 2008). Spartina alterniflora is the dominant
ithin Galveston Bay, approximate locations of areas of marsh (green), non-vegetated
p) water (dark blue) also are indicated.

shoreline vegetation (Minello and Webb, 1997), and this inter-
tidal habitat supports high densities of young brown shrimp when
flooded (Zimmerman and Minello, 1984). Some mechanisms link-
ing salt marsh habitats with brown shrimp production have been
identified (Zimmerman et al., 2000). Growth of juvenile shrimp
is mainly a function of temperature and food availability (Zein-
Eldin and Aldrich, 1965), with growth rates commonly reaching
1 mm  day−1 (Knudsen et al., 1977). Young brown shrimp feed on
benthic invertebrates such as amphipods and polychaete worms
(McTigue and Zimmerman, 1991, 1998), which often are most
abundant within marsh vegetation (Whaley and Minello, 2002).
These studies support the conclusion that growth rates should be
highest when the vegetated marsh surface is available for foraging
(Minello and Zimmerman, 1991). Shrimp access to the vegetated
marsh surface is dependent upon tide height and marsh surface ele-
vation (Childers et al., 1990; Minello et al., 2012). In the northern

Gulf of Mexico, tides are microtidal (<1 m),  predominantly semi-
diurnal, and strongly wind driven, resulting in water levels that
regularly deviate from predicted tides (Minello et al., 2012; Rozas,
1995). The increased growth rates associated with access to the
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Fig. 2. Schematic representation of the spatial relationships and dynamic processes included in the model. The top panel shows the relative abundance (fixed) of three
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abitats modeled in the bay. The second panel shows the distribution of salinities w
ossible directions of shrimp movement is indicated below this. The graphs in the b
he  shrimp.

egetated marsh surface also may  reduce the total time shrimp are
vailable to predators (Rozas and Zimmerman, 2000), since mor-
ality rates due to predation appear to decrease as shrimp grow
Minello et al., 1989). Fish predation appears to be the primary
ource of mortality of young brown shrimp (Minello et al., 1989;
inello and Zimmerman, 1983), and vegetative structure also pro-

ides protection from such predation, likely resulting in greater
urvival when on the marsh surface (Kneib, 1995; Orth et al., 1984;
inello et al., 2003). Salinity effects on shrimp survival and growth

re less clear. Laboratory experiments have shown little correlation
etween shrimp growth and salinity (Zein-Eldin, 1963; Zein-Eldin
nd Aldrich, 1965), but caging experiments along a salinity gra-
ient in Barataria Bay, Louisiana suggest that low salinities result

n slower growth rates in estuarine habitats (Rozas and Minello,
011).

Brown shrimp production from the Galveston Bay system, or
ny given bay system in the northern Gulf of Mexico, is highly
ariable from year to year. Hence it is difficult to predict annual
ommercial harvests from the Gulf or to assess the current status of
rown shrimp stocks. The recent Habitat Assessment Improvement
lan (HAIP) of the NMFS calls for adjustments to the current stock

ssessment methodology, and the improvement of fisheries man-
gement through the integration of habitat science (Yoklavich et al.,
010). Since recruitment of juveniles to the fishery appears depend-
nt upon processes that take place during the estuarine phase of
hese habitats; this distribution changes monthly. Location of daily recruitment and
 panel depict the range of potential rates of growth and mortality encountered by

the shrimp life cycle, the incorporation of juvenile habitat effects
on production should support a more complete stock assessment
methodology.

Several recent models using a variety of approaches have
focused on the production of juvenile brown shrimp. These have
ranged in complexity from a relatively simple spatial density model
estimating brown shrimp production from Galveston Bay marshes
using an equilibrium yield approach (Minello et al., 2008), to a
bioenergetics model examining the potential impacts of fresh-
water diversions of the Mississippi River on the production of
juvenile brown shrimp (Adamack et al., 2012), to spatially-explicit
individual-based models (IBMs) investigating the effects of habi-
tat fragmentation and inundation on brown shrimp production
(Haas et al., 2004; Roth et al., 2008). These IBMs simulate individual
shrimp movements at a high spatial resolution (1 m2 cell size) over
relatively small areas (1–25 ha), and require long simulation times
on relatively sophisticated computers.

In this paper, we  present a spatially-explicit, individual-based
model which simulates the cumulative effects of temperature,
salinity, and access to emergent marsh vegetation on the growth
and survival of young brown shrimp. We  developed our model to

estimate annual shrimp production from bay systems in the north-
ern Gulf of Mexico and parameterized the model using 30 years
of environmental data for Galveston Bay. We  first describe model
structure and function (Section 2), model calibration (Section 3),
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ig. 3. Schematic summary of the quantitative representations of the movement, g
etails.

aseline simulations (Section 4), and sensitivity analyses (Section
). We  then use the model to explore the uncertainty in estimations
f shrimp production resulting from uncertainty in the timing of
hrimp recruitment to the bay system (Section 6). Model produc-
ion also was compared with abundance (CPUE) estimates from
alveston Bay and coastal Gulf waters as one means of assessing
odel performance (Section 7).

. Model description

The model, which is spatially-explicit and individually-based,
imulates the biomass production of brown shrimp in salt marsh
abitats of the northern Gulf of Mexico and currently is param-
terized to represent the environmental conditions and habitat
haracteristics of Galveston Bay. Three habitat types utilized by
hrimp are included in the model: (1) marsh – regularly flooded
ntertidal salt marsh vegetation; (2) non-vegetated marsh edge
NVME) – water near (<150 m from) the marsh vegetation; and
3) shallow open water (SOW) – relatively shallow (<1 m deep)
on-vegetated water farther (>150 m)  from the marsh edge (Fig. 1).
hese three habitat types comprise 17%, 28%, and 55%, respectively
f the 63,500 ha of Galveston Bay shrimp habitat represented in
he model. The 100 habitat cells (635 ha each) in the model also are
dentified by low (0–10 PSU), intermediate (10–20 PSU), and high
>20 PSU) salinities, that change on a monthly basis (Fig. 2). Salin-
ty patterns in the bay were determined by the TxBLEND model
Guthrie et al., 2014). Postlarval shrimp (10 mm TL) are recruited

nto non-vegetated marsh edge and shallow open water on a daily
asis; their distribution is based on relative densities observed

n salinity-habitat combinations (Minello, 1999). No shrimp are
ecruited directly into marsh habitat. A percentage of shrimp move
, mortality, and emigration of individual shrimp included in the model. See text for

into marsh habitat from the non-vegetated marsh edge when the
marsh vegetation is flooded, and all shrimp move out of the marsh
into the non-vegetated marsh edge when the marsh is no longer
flooded. Shrimp in the shallow open water (>150 m from marsh
vegetation) do not leave that area. Shrimp growth, emigration, and
mortality occur in all cells, with growth rates and mortality proba-
bilities differing among cells (and also depending on temperature
and salinity, see Fig. 3).

Shrimp in the model recruit into the bay as postlarvae (10 mm
TL), and they emigrate from nursery habitats to the open bay when
they attain a length of 70 mm.  The quantitative representations of
movement, growth, mortality, and emigration of individual shrimp
included in the model are summarized schematically in Fig. 3. Rules
representing the movement of individuals, described in the pre-
ceding paragraph, are probabilistic. Each hour when the marsh is
flooded, each individual located in either the marsh or the non-
vegetated marsh edge has a 69% probability of moving to a cell
with the same salinity in the marsh vegetation and a 31% probabil-
ity of moving to a cell with the same salinity in the non-vegetated
marsh edge. If there is no cell with the same salinity, the individual
moves into a cell with the salinity closest to the salinity of the cell
from which it moved. Thus any given individual may move back
and forth between these two areas during periods of marsh flood-
ing, but is likely to spend slightly more than twice as much of this
time in the marsh vegetation. These values were based on relative
densities in these habitats at flood tide reported by Minello et al.
(2008).
Growth is a function of the water temperature, salinity, and
habitat type (i.e., marsh, non-vegetated marsh edge, shallow open
water) to which an individual is exposed (Fig. 3). A probabilistic
base growth rate (0.0416 ± 0.0104 mm h−1) is multiplied by two
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Fig. 4. The interaction between temperature and salinity on growth in the model.
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ndexes representing (1) a water temperature-salinity effect and
2) a habitat effect. The water temperature-salinity effect is rep-
esented as a polynomial function of water temperature, which
s different for each of the three salinity zones (Fig. 4). Hourly

ater temperatures are calculated based on relationships between
he median air temperature and measured water temperatures in

arsh and non-vegetated marsh edge (see Appendix 1). The habi-
at effect is represented as a constant, which is different for each
f the three habitats (1.28, 1.14, and 1.0 for marsh, non-vegetated
arsh edge, and shallow open water, respectively). These values

re based on based on experimental growth rates from field stud-
es and infaunal prey distributions (Minello and Zimmerman, 1991;
ozas and Minello, 2011; Whaley and Minello, 2002)

Mortality (probability of dying) is a function of a base instanta-
eous rate (0.00083 h−1) multiplied by two indexes representing

1) a shrimp size effect and (2) a habitat effect (Fig. 3). Mortal-
ty is reduced as shrimp grow, and the size effect is calculated
s 53.092 * (total length in mm)−1.1163. The habitat effect is

Multiplier adjusts base growth rate of 1 mm d−1 (TL).

ig. 5. Examples of input data required by the model, including (a) current (for the year be
ir  temperatures and relationship with water temperatures, (d) proportion of habitats in 

hrough August, in Galveston Bay, Texas, U.S.A.
ing simulated) elevation of the marsh edge, (b) hourly tide heights, (c) daily median
each salinity zone, and (e) daily shrimp recruitment. Data presented are for January
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epresented as a constant, which is different for marsh vegetation
0.69) versus the two areas of non-vegetated water (1.38).

Input data required by the model for each calendar year being
imulated include: (1) current elevation of the marsh edge, (2)
ourly tide heights, (3) daily median air temperatures, and (4)
onthly distribution of salinity zones among habitat types for the

alendar year being simulated. The number of individual postlarval
hrimp recruiting into the bay system each day during the sim-
lation period is fixed. Graphs of input data for January through
ugust, 2012 are presented in Fig. 5. Elevation of the marsh edge

s a function of the elevation measured in the baseline year of
013 (1.477 m,  NOAA tide gauge 8771450, Galveston Pier 21, http://
o-ops.nos.noaa.gov/) and relative sea level rise over the years
imulated (Fig. 5a, see Appendix 1 for details). The time series
f environmental data representing hourly tide heights (Fig. 5b),
aily median air temperatures (Fig. 5c), and monthly salinities
Fig. 5d) are based on data from NOAA Tides and Currents (https://
idesandcurrents.noaa.gov/waterlevels.html?id=8771450), NOAA
ational Center for Environmental Information, (http://www.ncdc.
oaa.gov/cdo-web/search), and the Texas Water Development
oard’s TxBLEND model (Guthrie et al., 2014), respectively (see
ppendix 1). The relative numbers of individual shrimp entering
alveston Bay (Fig. 5e) are based on data from collections of postlar-
ae in a Galveston Bay tidal pass (Matthews, 2008) and abundance
atterns observed in marsh habitat (Rozas et al., 2007).

A detailed model description following the ODD (Overview,
esign concepts, Details) protocol for describing individual-based
odels as outlined by Grimm et al. (2006) and Railsback and Grimm

2012) is presented in Appendix 1. In addition to the equations
nd logical rules that constitute the model, which are summarized
bove, Appendix 1 describes the rationale behind the model, model
esign concepts, key assumptions, intermediate calculations link-

ng information sources to the representation of that information
n the model, and the sequence of events and processes involved in
he execution of the model.

. Model calibration

We  calibrated the model such that (1) simulated annual brown
hrimp production was scaled to reasonable values, and (2) simu-
ations could be run in a reasonable amount of time on available
omputing facilities. We  accomplished (1) by assuming each sim-
lated shrimp was a “super-individual” (Scheffer et al., 1995)
epresenting 1 million “real” shrimp. This calibration resulted in
imulated monthly and annual mean abundances and biomasses
imilar to those estimated based on field data from a polyhaline
arsh complex in Galveston Bay spanning 11 years (Rozas et al.,

007). We  then accomplished (2) by multiplying the input data
epresenting daily shrimp recruitment (Fig. 5e) by 0.5. This kept
he number of individuals being simulated during any given (sim-
lated) hour under 2000 and resulted in simulation times under
0 min  on standard desktop computers. Since simulated shrimp
ehave independently of each other (i.e., there are no density-
ependent relationships in the model), neither of these calibrations
ffect the interpretation of simulation results with regard to the
elative influence of environmental factors on shrimp production
Fig. 6).

. Baseline simulations

We  used a baseline version of the model, parameterized and

alibrated as described above, to simulate annual brown shrimp
roduction from Galveston Bay under environmental conditions
epresentative of those observed from 1983 to 2012. We  ran 10
eplicate stochastic (Monte Carlo) simulations representing each
Fig. 7. Mean (±SE, n = 10) production (kg ha−1) of brown shrimp (Farfantepenaeus
aztecus) from January through August in Galveston Bay, Texas, U.S.A., simulated
under environmental conditions representing the indicated calendar years.

of these 30 years (i.e., using the tide, temperature, and salinity
input data corresponding to each year). Mean annual (January
through August) production ranged from 27.5 kg ha−1 in 1997 to
43.5 kg ha−1 in 2012, with an overall mean of 34.8 (±0.70 SE) kg
ha−1 (Fig. 7, see Fig. A2.1, Appendix 2, for results of individual
simulations).

5. Sensitivity analyses

We examined the sensitivity of model estimates of annual
brown shrimp production to changes of ±10% relative to base-
line in values of key model parameters (growth rate, probability
of mortality, and probability of moving into marsh vegetation of
individual shrimp) and values of environmental input data (tide
heights, median air temperatures). We also performed simula-
tions in which the salinity of the entire bay was  designated low
(0–10 PSU), intermediate (10–20 PSU), or high (>20 PSU). For all
analyses we  ran 10 replicate stochastic simulations of each scenario
for each year from 1983 through 2012 and compared the mean pro-
duction of the treatment to the corresponding year’s mean baseline
value (Table 1). Increasing growth rates by 10% caused an overall

16% increase (annual range 13–20%) in production, whereas a 10%
decrease resulted in an overall 18% decrease (annual range 16–21%)
in production. A 10% increase in mortality probabilities resulted in
an overall production decrease of 15% (annual range 11–16%) while

http://co-ops.nos.noaa.gov/
http://co-ops.nos.noaa.gov/
http://co-ops.nos.noaa.gov/
http://co-ops.nos.noaa.gov/
http://co-ops.nos.noaa.gov/
http://co-ops.nos.noaa.gov/
http://co-ops.nos.noaa.gov/
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8771450
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8771450
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8771450
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8771450
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8771450
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8771450
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
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Table  1
Results of sensitivity analysis showing the mean increase or decrease in shrimp production (kg ha−1) associated with a 10% increase or decrease in each parameter. The
salinity zone patterns differed among the 30 simulated years and so the delta value was variable by year as well.

Parameter � 30 year mean % change from baseline 30 year range

Growth
+10% +16% +13 to +20%
−10% −18% −16 to −21%

Mortality
+10%  −15% −11 to −16%
−10%  +18% +14 to +21%

Movement
+10%  +5% +3 to +8%
−10% −5% −1 to −8%

Tide  height
+10% +11% +5 to +21%
−10%  −19% −14 to −24%

Temperature
+10%  −2% −12 to +8%
−10%  −14% −7 to −19%

Salinity
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 10% decrease resulted in an 18% increase (annual range 14–21%)
n production. When we increased the shrimp’s probability of mov-
ng into the marsh by 10%, overall production increased 5% (annual
ange 3–8%) and conversely, decreased 5% (annual range 1–8%) with
ecreased probability of movement.

We  also conducted simulations by changing values of environ-
ental input data by ±10%. Mean overall production estimates

ncreased 11% (annual range 5–21%) in response to increasing
ide heights (and thus, marsh habitat access) and decreased 19%
annual range 14–24%) with a decrease in tide height (and marsh
ccess). The thirty year mean production was affected negatively
y both decreasing and increasing air temperature. A 10% decrease

n air temperature resulted in an overall 14% decrease (annual
ange 7–19%) in annual production. Increasing temperature 10%
ecreased production by a mean of 2%, with annual values ranging
rom a decrease of 12% to an increase of 8%. Although the overall

ean change was negative, nine years of the 30 simulated saw an
ncrease in production with an increase in temperature (Table 1,
ee Figs. A2.2 and 2.3, Appendix 2, for results of example year,
012). Simulations in which bay water salinities were entirely low
0–10 PSU), intermediate (10–20 PSU), or high (>20 PSU) resulted
n overall mean production rates decreasing 55 (annual range
9–59%), 7 (annual range −12 to +9%), and 0% (annual range −4
o +16), respectively, from the baseline mean.

. Simulation of effects of timing of recruitment on brown
hrimp production

To explore the uncertainty in estimations of shrimp produc-
ion resulting from uncertainty in the timing of postlarval shrimp
ecruitment to the bay system, we ran simulations in which we
hifted the time series of input data representing recruitment such
hat recruitment occurred 14, 21, and 28 days earlier than base-
ine, and 14, 21, 28, 35, and 42 days later than baseline. We  did
ot change the relative shape of the recruitment curve (Fig. 5e),
ut rather we shifted the entire curve earlier or later in the year.
or each of these 9 scenarios (these 8 shifts plus a baseline sce-
ario), we ran 10 replicate stochastic (Monte Carlo) simulations
nder environmental conditions representing each of the 30 years
rom 1983 to 2012 (i.e., using the tide, temperature, and salinity
nput data corresponding to each year) (a total of 9 × 10 × 30 = 2700
imulations). Mean production estimates decreased monotonically

s recruitment occurred earlier than baseline under all environ-
ental conditions simulated (Fig. 8, see Fig. A2.4, Appendix 2, for

esults of individual simulations). When recruitment occurred up to
1 days later than baseline, mean production estimates tended to
−55% −49 to −59%
−7% −12 to +9%
±0% −4 to +16%

increase or remain essentially unchanged under all environmen-
tal conditions. However, recruitment delays of 28 or more days
affected mean production estimates differently under different
environmental conditions, with estimates sometimes continuing
to increase noticeably, sometimes decreasing noticeably, and often
remaining relatively unchanged relative to shorter delays (e.g.,
under environmental conditions representative of 1987, 2012, and
1984, respectively).

7. Model evaluation

Patterns that emerged from our model included: seasonal trends
in relative population size and structure, annual production vari-
ability, and inter-annual production variability. Seasonal trends in
relative population size and structure were verified against field
data collected in Galveston Bay at Galveston Island State Park (GISP)
from 1982–1992 (Rozas et al., 2007). We compared field data to
our model output of the monthly mean size of shrimp, the size fre-
quency distribution, the population size, and the standing biomass.
Since the GISP data were used to derive some of our growth and
mortality parameters (Minello et al., 1989; Minello et al., 2008;
Roth et al., 2008; Rozas et al., 2007), we used the comparisons as
a method of verifying that the model processes were reproducing
patterns that characterize the systems internal organization. The
modeled monthly means for shrimp size, and standing biomass
followed patterns similar to the GISP data set (Figs. 9 and 10). Size
distributions also were similar over time.

Minello et al. (2008) estimated a mean standing crop of 19,382
shrimp ha −1 in the polyhaline marsh complex over the period of
April through November. Our model estimates a mean of 22,848
shrimp ha−1 in the polyhaline marsh (Zone 3) over the period of
April through August for the years 1893 through 2012. We  esti-
mated that secondary production lost to predation (shrimp that die
in the model) was a mean of 28% of the total production (kg ha−1).
This is less than the estimate from Roth et al. (2008) of 37%.

Several data sets estimating brown shrimp abundance were
used to evaluate our model output. The Texas Parks and Wildlife
Department collects shrimp using trawls at random locations in
Galveston Bay every month (Brown et al., 2013; Martinez-Andrade
et al., 2005), and monthly catch per unit effort (CPUE) data from
1982 through 2011 were available for model comparisons. South-

east Area Monitoring and Assessment Program (SEAMAP) summer
trawl surveys provided another fishery independent source of
abundance data (CPUE) available for most years of our simula-
tions (1987–2012). We  looked for general trends in inter-annual
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Fig. 8. Sensitivity of model estimates of brown shrimp (Farfantepenaeus aztecus)
production (kg ha−1) to changes relative to baseline in the timing of shrimp recruit-
ment. Mean (±SE, n = 10) production from January through August in Galveston
Bay, Texas, U.S.A., is presented for simulations run under environmental conditions
representing the indicated calendar year with the indicated change in the timing of
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Fig. 9. Comparison of shrimp mean size (mm TL) from model output and data from
Galveston Island State Park (GISP).

0

2

4

6

8

10

12

14

Jan Feb Mar Apr May Jun Jul Aug

kg
/h

a 

Model GISP
Fig. 10. Comparison of shrimp standing biomass from model output and field data
from  Galveston Island State Park (GISP).

variability to facilitate comparison of our modeled production esti-
mates (kg ha−1) against catch data.

From 1982 through 2011, the mean size of shrimp caught by the
TPWD trawls was  87.4 mm TL (Brown et al., 2013), and we  assumed
that their samples represented shrimp that had recently left the
marsh complex and moved into open bay habitats. We  compared
TPWD CPUE from March through September with the modeled
monthly production in kg ha−1 (Fig. 11), and there are similarities
in the seasonal pattern. Months of peak production in the model
generally coincided with months of peak CPUE. Our estimates of
annual production only include production through August, since
TPWD data show that there are very few brown shrimp caught
in the bay after this time. Annual variability in modeled produc-
tion was lower than expected when compared to TPWD data, and
there was  a poor relationship between our annual model output
and TPWD mean CPUE for each year. A linear regression was not
significant with an R2 value of only 0.005.

SEAMAP trawl surveys follow a stratified random sampling
method and sample across the northwestern GoM from near shore
out to the border of the United States Exclusive Economic Zone
(EEZ). Linear regression analysis of SEAMAP summer survey CPUE
with our model’s annual output was significant (p = 0.0005) and
had an R2 of 0.40 (Fig. 12). Since the SEAMAP summer survey is con-

ducted in June and July, we  also examined the relationship with our
model output up until May  of each year from 1987 through 2012.
We expect shrimp that emigrated from the marsh complex in May

recruitment. Minus 14, −21, and −28 represent recruitment occurring 14, 21, and
28 days earlier than baseline, whereas 14, 21, 28, 35, and 42 represent recruitment
occurring 14, 21, 28, 35, and 42 days later than baseline. The relative shape of the
recruitment curve (Fig. 5e) was not changed, the entire curve was shifted earlier or
later in the year.
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Fig. 11. Seasonal pattern of production (March through August) from the model (kg ha−1) and CPUE (number/per ha) from Texas Parks and Wildlife Department trawl
sampling. Vertical bars represent ±1 standard deviation. Cutout shows detail.
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to shallow water habitats in response to cold frontal passages via
rawl-hour−1) for years 1987 through 2012.

ould be available to the SEAMAP survey in June and July. The May
odel output has a mean production of 9.2 kg ha−1, is more vari-

ble than the August production estimates, and ranges from 3.5
o 18.8 kg ha−1. Regression analysis of the model’s May  production
ith the SEAMAP summer CPUE was significant (p = 0.002) and had

n R2 value of 0.45 (Fig. 12).

. Discussion

Model estimates of annual brown shrimp production from
alveston Bay differed noticeably under different environmental
onditions affecting the growth, mortality, and access to marsh

egetation of juvenile brown shrimp. The lowest production esti-
ate generated under temperatures, salinities, and tides (marsh

ooding events) representative of the years from 1983 to 2012 was
pproximately 63% of the highest estimate. By comparison, model
sensitivity to the uncertainty associated with a 10% change in val-
ues of key parameters caused less than a 25% change in baseline
production estimates under any given set of environmental con-
ditions. Galveston Bay is typical of most bay estuarine systems of
the northern Gulf of Mexico, and this variation in simulated pro-
duction estimates is consistent with the year-to-year variability in
estimates of brown shrimp catch per unit of effort (CPUE) in the
northern Gulf of Mexico (Pollack and Ingram, 2012).

The importance of interaction between environmental con-
ditions within and outside the bay system in generating this
year-to-year variability in brown shrimp production was empha-
sized by simulations in which we  shifted the seasonality of
recruitment. Over the range of seasonal shifts simulated (from 28
days earlier to 42 days later in the year), the lowest production
estimate was  approximately 70% of the highest estimate. These
simulations suggest that shifts in seasonality of recruitment caused
by environmental conditions outside the bay may  cause differ-
ences in production in any given year equal to those resulting from
differences in environmental conditions within the bay. Further-
more, although earlier recruitment generally results in relatively
lower production and later recruitment in relatively higher pro-
duction (undoubtedly temperature-related), recruitment delayed
beyond some threshold, which depends on conditions within the
bay, may  result in relatively lower production. In our simulations,
this threshold ranged from a delay of 28–42 days (e.g., under bay
conditions representative of the calendar years 2012 and 2007,
respectively).

Various mechanisms that may  cause variability in the tim-
ing of postlarval recruitment have been proposed. During winter
and early spring, Arctic frontal passages are common and drive
currents offshore, delaying postlarval emigration from Gulf waters
(Benfield and Downer, 2001; Wenner et al., 1998). Additionally,
brown shrimp may  actively delay their emigration from the Gulf
vertical migration (Rogers et al., 1993). Hughes (1969) suggested
that pink shrimp Farfantepenaeus duorarum sense changes in salin-
ity and tide state as cues to enter estuaries, and Blanton et al. (1999)
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ound evidence that white shrimp Litopenaeus setiferous likely uti-
ize a set of cues that include tidal phase, water temperature, and

ind. It also has been suggested that timing of recruitment may
e affected by endogenous rhythms that control the swimming
ctivity of postlarval penaeids (Ogburn et al., 2013).

Superimposed on effects of timing of recruitment on shrimp
roduction are effects of differences in magnitude of recruitment,
hich we held constant in all our simulations. This simplifying

ssumption facilitated identification of the relative effects on pro-
uction of environmental conditions within the bay, in which we
ere most interested. This assumption could be relaxed in future
ork with the model. Data from 22 years of sampling postlar-

ae entering Galveston Bay (Matthews, 2008) suggest that annual
eak abundances may  be as much as 80 times the mean annual
bundance, and peak annual population estimates of small shrimp
12–20 mm total length) based on data collected at the Galveston
sland State Park over an 11-year sampling period differed by as

uch as five times (Rozas et al., 2007). Our model calibration exer-
ises suggested a linear relationship between model estimates of
hrimp production and total number of shrimp recruited during a
imulation. However, this linear relationship results from our rep-
esentation of the growth, mortality, and movements of individual
hrimp as being independent of shrimp population density. These
lso are simplifying assumptions that could be relaxed in future
ork with the model, perhaps drawing on some of the studies
entioned below.
Brown shrimp appear to feed mainly on benthic infauna

McTigue and Zimmerman, 1991) Laboratory and field caging stud-
es have demonstrated that foraging by both brown shrimp and

hite shrimp Litopenaeus setiferous can reduce populations of ben-
hic infauna (Beseres and Feller, 2007; Zimmerman et al., 2000).
ield caging experiments have shown some evidence of food limi-
ation of growth (Rozas and Minello, 2009; Rozas et al., 2014), and
s shrimp population density increases, per capita availability of
ood will become limiting at some point. Documenting a density-
ependent effect on shrimp growth, however, is difficult because
rown shrimp may  move to avoid areas of low prey density and
ay  consume alternate food items such as benthic algae and phyto-

lankton during periods of low infaunal abundance (Gleason, 1986;
leason and Wellington, 1988; Gleason and Zimmerman, 1984).

Brown shrimp mortality appears to result mainly from pre-
ation, and laboratory experiments do not suggest a strong
elationship between brown shrimp density and mortality (Minello
t al., 1989). While the functional response of fish predators
ay  be affected by shrimp density (Holling, 1959), it is likely

hat such a relationship is size-related, since smaller shrimp are
ound in higher densities than larger shrimp; our model includes

 size-related mortality function. However, seasonal and annual
hanges in fish predator abundance (Minello and Zimmerman,
983; Overstreet and Heard, 1978; Rooker et al., 1998) likely change
redation rates. The abundance and composition of brown shrimp
redators also differs spatially within Galveston Bay, as well as
mong other bays of the northern Gulf of Mexico (Nelson, 1992).

Primary assumptions in our model are that brown shrimp abun-
ance and growth are higher in salt marsh vegetation than in
hallow open water. High densities of brown shrimp on the marsh
urface and particularly at the marsh edge have been consistently
ound in Galveston Bay and other Texas estuaries (Minello et al.,
008; Zimmerman et al., 1984), but this pattern may not occur in
ll estuarine systems and may  be related to tidal flooding character-
stics (Minello et al., 2012; Rozas and Minello, 2015). Information
n habitat-related shrimp growth is limited, but there is some

vidence from caging experiments that brown shrimp growth is
ncreased in marsh vegetation (Minello and Zimmerman, 1991;
ozas and Minello, 2009). Populations of benthic infaunal prey
lso are higher in marsh vegetation than adjacent open water and
lling 330 (2016) 24–40 33

generally highest at the marsh edge (Whaley and Minello, 2002).
This edge effect has not been incorporated into our model, and the
model could perhaps be improved by separating marsh edge habi-
tat from the rest of the marsh. Delineation of the area of marsh
edge habitat, as opposed to the area of marsh vegetation inundated
at high tides, as currently represented in our model, would require
finer-scale spatial resolution of habitat distribution in the bay. Such
an approach would allow us to simulate the effect of changes in
marsh edge on shrimp production, but the explicit inclusion of such
fine spatial resolution also would result in longer simulation run
times.

Future work with the model will be directed at potential incor-
poration of modeled environmental effects into the Gulf of Mexico
brown shrimp stock assessment model (SS-3, Hart, 2012). We
expect to explore the relative benefits of relaxing some current
model assumptions and also re-parameterize the model to repre-
sent conditions in Barataria Bay, Louisiana. Linking living marine
resources and their habitat is essential to fisheries stock man-
agement (Yoklavich et al., 2010). Ultimately, we hope our model
will provide a useful tool, both conceptually and quantitatively,
for exploring the linkages between environmental conditions in
estuarine nursery habitats in the northern Gulf of Mexico and the
production of shrimp species utilizing these habitats (Beck et al.,
2001; Boesch and Turner, 1984).
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Appendix 1.

This appendix contains a description of the model following
the ODD (Overview, Design concepts, Details) protocol for describ-
ing individual-based models as outlined by Grimm et al. (2006)
and Railsback and Grimm (2012). The model is programmed in
NetLogo® (Wilensky, 1999), which is freely downloadable and runs
on most operating platforms. Note that some material included
in this appendix, particularly related to the description of sub-
models <!–(Section 3.3), also is described in the text. This material
is repeated here for sake of completeness with regard to the ODD
protocol.

1. Overview

1.1. Purpose
The purpose of this model is to simulate the recruitment,
growth, mortality, and biomass production of brown shrimp in
salt marsh habitats of the northern Gulf of Mexico as a function
of temperature, salinity, and access to the tidally inundated, vege-
tated marsh surface. The model currently is parameterized based
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n available literature describing relationships between brown
hrimp and the environmental characteristics of Galveston Bay,
exas. However, the model could be re-parameterized to repre-
ent the environmental conditions in other northern Gulf of Mexico
alt marshes, such as those found in Barataria Bay, Louisiana, and
odel production estimates could be used as input to the brown

hrimp stock assessment model of the U.S. National Marine Fish-
ries Service (SS-3).

.2. Entities, state variables, and scales
State variables include (1) 100 habitat cells and (2) a variable

umber of individual shrimp. Attributes of habitat cells include (1)
ocation (x and y coordinates), (2) habitat type, (3) salinity zone
low, 0–10 PSU; medium, 11–20 PSU; high, >20 PSU), (3) current
alinity (PSU), and (4) water temperature (◦C). Attributes of individ-
al shrimp include (1) state (alive, dead, emigrated), (2) age (hours),
3) recruitment-day (day-of-year), (4) death-day (day-of-year), (5)
migration-day (day-of-year), (6) size (total length in mm), (7) in-
arsh? (yes or no), (8) in-habitat (current habitat type), (9) in-zone

current salinity zone), (10) prob-mort (current daily probability
f dying), (11) growth/h (current hourly growth rate), and (12)
rowth/day (current daily growth rate). Each simulated individual
hrimp is a “super-individual” (Scheffer et al., 1995) representing

 million “real” shrimp.
The global environment is defined by (1) the 100 habitat cells,

ach representing a 635-ha area of the 63,500 ha Galveston Bay
ystem, including habitats of intermittently flooded marsh vegeta-
ion (Marsh, 17 cells), non-vegetated marsh edge (NVME, 28 cells),
nd shallow non-vegetated water (SOW, 55 cells), (2) height of the
arsh edge, and (3) time series of input data representing (a) tide

eights, (b) median air temperatures, (c) the distribution of salin-
ty zones among habitat types, and (d) number of newly-recruited
hrimp. Each simulated time step represents one “real” hour, and
imulations are run for 5832 h, which represents the period from
anuary 1 through August 31st. This time span should be sufficient
o represent environmental influences affecting the annual pro-
uction of brown shrimp, since few shrimp appear in the open bay
fter the end of August (Brown et al., 2013; Martinez-Andrade et al.,
005), and most shrimp are spawned and harvested within a year.

.3. Process overview and scheduling
An overview of the sequence of events and processes involved

n the execution of the model is provided in Fig. A1.1. After val-
es of model parameters are set, spatial structure of the model is
efined, and output files are initialized, time series of values of input
ata for the year being simulated are read into the model. Then
ub-models are executed iteratively until the end of the 243-day
January through August) simulation. Sub-models calculating (1)
ater temperatures in vegetated and non-vegetated habitats, (2)

ide height and marsh flooding, (3) shrimp movements, (4) shrimp
ortality, (5) shrimp emigration, and (6) shrimp growth, as well

s sub-models (7) summarizing attributes of the shrimp popula-
ion and (8) writing simulation results to output files, are executed
ach hour. Sub-models updating (1) shrimp recruitment, and (2)
edian air temperature are executed at the beginning of each day.

ub-models updating the distribution of salinity zones are executed
t the beginning of each month.

. Design concepts

.1. Basic principles
Juvenile brown shrimp are present in several habitat and bot-
om types as well as shallow open water (Fry, 2008; Minello,
999; Stunz et al., 2010), but they are found in highest densi-
ies associated with emergent vegetation along the edge of salt

arsh habitats (Minello et al., 2003; Minello and Rozas, 2002;
Fig. A1.1. Overview of the sequence of events and processes involved in the execu-
tion of the model.

Zimmerman and Minello, 1984). Understanding the relative value
of juvenile habitats, potential nurseries, and essential fish habitat
(EFH) is critical to the management of adult populations (Adams
et al., 2006; Beck et al., 2001). In our model, we are examin-
ing the basic principles associated with the nursery role concept,
specifically, how differences in habitat and environmental quali-
ties affect the successful recruitment of sub-adult shrimp to the
fishery. Linkages between environmental variables (e.g., salinity,
temperature, access to emergent marsh vegetation) and brown
shrimp vital rates have been identified (Barrett and Gillespie, 1973;
Boesch and Turner, 1984; Turner, 1992; Zein-Eldin and Aldrich,
1965; Zimmerman et al., 2000; many others). Salt marshes provide
refuge from predators (Minello, 1993; Minello et al., 1989; Minello
and Zimmerman, 1983) and abundant food to support rapid growth
(McTigue and Zimmerman, 1991, 1998; Whaley and Minello, 2002).
Here, we  model the cumulative effects of these linkages.

2.2. Emergence
Population size, standing biomass, and size structure emerge
from the model processes controlling growth, mortality, and move-
ment of individuals. Production from the marsh is driven by the
effects of temperature, salinity, and tide height on the processes of
growth, mortality, and movement.
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.3. Adaptation
Shrimp that recruit to the marsh complex have the ability to

ove between vegetated and non-vegetated habitats. During each
ime step in which the marsh surface is flooded, each shrimp has

 0.69 probability of staying in or moving into marsh vegetation.
his recreates in the model, abundance patterns that have been
bserved in the field (Minello et al., 2008; Minello and Rozas, 2002),
nd is indirectly objective-seeking.

.4. Sensing
Shrimp in the marsh complex (marsh vegetation plus marsh

ater) can sense when the vegetated marsh is flooded and is acces-
ible. When a shrimp moves from one patch to another, it also can
ense the salinity of other patches, which allows movement to a
atch with the same salinity of the one it is leaving.

.5. Stochasticity
During initialization, and subsequently when the number of

ells representing each type of salinity zone changes, salinity zones
re assigned to cells stochastically. During simulations, each hour,
he order in which individual shrimp are chosen to execute their
ctivities is randomized. Mortality of individuals is represented as

 daily probability of dying, and movement of individuals between
he vegetated marsh surface and the non-vegetated marsh is rep-
esented probabilistically.

.6. Observation
The most important model output is an estimation of annual

rown shrimp production from the shallow estuarine habitats of
he bay. The total population of shrimp in the bay, the shrimp den-
ity within each habitat type and salinity zone, and the standing
iomass can be observed from the model. The production of shrimp
er hectare of marsh complex and per hectare of shallow water also
an be observed, as can the number of shrimp recruited to the open
ay population.

. Details

.1. Initialization (Fig. A1.1)
First, values are assigned the parameters representing (1)

levation (m)  of the marsh edge for the year being simulated
=1.477 + ((calendar-year − 2013) * 0.0053)), (2) probability of an
ndividual moving into (staying in) marsh vegetation (=0.69), (3)
ize (total length in mm)  of shrimp at recruitment (=10), and (4)
ize of shrimp at emigration (=70). The estimate of the average ele-
ation of the marsh edge in 2013 was based on tide gauge station
ata from measurements at 12 marshes in 2013 (http://co-ops.nos.
oaa.gov/). This elevation is adjusted for the year being simulated
ased on estimated changes due to relative sea level rise (Fig. 5a)
see Section 3.3.5).

Next, habitat types (which do not change during the simulation)
nd salinity zone types (which do change during the simulation)
re assigned to cells. Moving from left to right along a 25 × 4 cell
attice, 17 cells are defined as marsh, 28 cells are defined as non-
egetated marsh edge (NVME), and 55 cells are defined as shallow
pen water (SOW). The relationship of this spatial arrangement
f habitat types to the geography of Galveston Bay is shown in
igs. 1 and 2. The 100 habitat cells, each representing 1% of the total
odeled area in Galveston Bay, were identified based on a GIS anal-

sis of 2006 USFWS National Wetland Inventory (NWI) data and a
athymetry analysis for the bay. Habitat types from this analysis
ere classified as either marsh vegetation, or shallow water. Pre-
ious analyses in Galveston Bay estimated that the water (ponds
nd creeks) included within the marsh complex was 1.63 times
he amount of vegetated area (Minello et al., 2008). We used this

ultiplier to estimate the total amount of water associated with
lling 330 (2016) 24–40 35

the marsh vegetation identified in the NWI  for the bay. The marsh
complex, therefore, consisted of 45 patches (17 patches of marsh
and 28 patches of NVME), with the remaining 55 patches of SOW.

The appropriate number of cells in each habitat type is assigned
to a particular salinity zone based on a GIS analysis of the
TxBLEND model output for the month (see section on input data
below).

3.2. Input data (Fig. A1.1)
Hourly tide heights, daily median air temperatures, monthly

distribution of salinity zones among habitat types, and daily recruit-
ment numbers are read from external files. We  developed these
input data for Galveston Bay based on analyses of data col-
lected over the 30-year period from 1983 to 2012. Hourly tide
heights (Fig. 5b) were based on tide data from the Pier 21 NOAA
tide gauge (NOAA Tides and Currents https://tidesandcurrents.
noaa.gov/waterlevels.html?id=8771450). Daily median air temper-
atures (Fig. 5c) were obtained from the NOAA National Center
for Environmental Information, (http://www.ncdc.noaa.gov/cdo-
web/search). Monthly salinity values for each of the three salinity
zones (Fig. 5d), as well as the numbers of cells representing each
salinity zone, were based on TxBLEND modeling of the Galveston
Bay system (Guthrie et al., 2014). Salinity zones were categorized
as low (0–10 PSU), medium (10–20 PSU), or high (>20 PSU) and
salinities within these zones, as well as distribution cells repre-
senting these zones, were estimated monthly based on TxBLEND
output. We  assumed that daily salinities did not vary within
months.

Daily recruitment numbers (Fig. 5e) were based on several stud-
ies of the magnitude and timing of postlarval recruitment, as well as
our unpublished data, which indicated that shrimp begin to move
through the passes into the bays in mid-March with peak recruit-
ment numbers occurring in April (Baxter and Renfro, 1967; Berry
and Baxter, 1969; Matthews, 2008). Abundance patterns from drop
sampler data recorded monthly and bi-monthly over 11 years in the
marsh complex within Galveston Island State Park indicated that
abundance of settlers appears to peak two  weeks after the average
peak of postlarvae entering the bay (Rozas et al., 2007). We  used
the temporal pattern of recruitment from the passes with a delay of
two weeks as a recruitment pattern for shrimp to the marsh. Since
shrimp density in Galveston Bay differs depending on habitat type
and salinity (Minello, 1999; Minello et al., 2008), we distributed the
recruited shrimp among habitat cells based on the current spatial
distribution of habitat types and salinity zones using a standardized
relative density matrix (described in Table A1.1).

3.3. Submodels (Fig. A1.1)
3.3.1. Update salinity zones (low, medium, high). The number of cells
in each salinity zone in each habitat type is updated monthly based
on input data, with each cell assigned a salinity zone probabilisti-
cally based on its habitat type and a salinity corresponding to its
salinity zone (see data input section).

3.3.2. Update shrimp recruitment. Shrimp recruitment (number of
shrimp entering the system) is updated daily (shrimp are recruited
into the system in a single cohort at midnight) based on input data
(Fig. 5e, see data input section).

3.3.3. Update median air temperature. Median air temperature is
updated daily based on input data (Fig. 5c, see data input section).

3.3.4. Calculate temperatures in vegetated and non-vegetated habi-

tats. Hourly temperatures in marsh cells and the non-vegetated
habitats (NVME and SOW) are based on daily median air temper-
ature (Fig. 5c) and hourly bottom water temperatures measured
from March 16, 2006 through May  31, 2007 in a Galveston Bay

http://co-ops.nos.noaa.gov/
http://co-ops.nos.noaa.gov/
http://co-ops.nos.noaa.gov/
http://co-ops.nos.noaa.gov/
http://co-ops.nos.noaa.gov/
http://co-ops.nos.noaa.gov/
http://co-ops.nos.noaa.gov/
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8771450
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8771450
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8771450
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8771450
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8771450
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8771450
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
http://www.ncdc.noaa.gov/cdo-web/search
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Table  A1.1
Description of process flow for recruit distribution using the relative density matrix.
The  following steps are included in the model programming as a method of distribut-
ing the daily recruits to the system.

Relative densities observed in the field

Salinity Marsh complex Shallow water

0–10 PSU 14 5
10–20 PSU 18 6
>20 PSU 43 14

The model calculates how many cells are in each habitat type/salinity zone
combination and multiplies that number by its relative density value
Example: number of cells in each habitat type and salinity for March of
2007

Salinity Marsh complex Shallow water

0–10 PSU 2 10
10–20 PSU 10 24
>20 PSU 32 22

Product of the number of cells and the relative density value

Salinity Marsh complex Shallow water

0–10 PSU 28 50
10–20 PSU 180 144
>20 PSU 1376 308

Total 2086

Distribution of the sum of the recruits that enter the system on this day

Salinity Marsh complex Shallow water
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0–10 PSU 1.4% 2.4%
10–20 PSU 8.6% 6.9%
>20 PSU 66.0% 14.8%

arsh complex, both within the vegetation (5 m from the edge) and
n shallow water (ranged between 0.5 and 1.5 m deep depending
n tide) outside of the vegetation (unpublished data). We  first cal-
ulated mean hourly deviations of field data from mean daily water
emperatures by month. Next we developed monthly regressions
etween the non-vegetated water temperature and the median
aily air temperature. We  then estimated hourly non-vegetated
ater temperatures functions by month and hour. Finally, we  esti-
ated hourly vegetated water temperatures based on an empirical

elationship between the vegetated water temperature data and
on-vegetated water temperature data.

.3.5. Update tide height and calculate marsh flooding. Hourly tide
eight (Fig. 5b) is based on hourly tide station data (NOAA gauge
771450, Galveston Pier 21) and is used to determine if the marsh
urface is flooded. In 2013, we measured flooding rates in twelve
alt marshes of Galveston Bay, and related average water level at
he marsh edge to an elevation of 1.477 m on the Pier 21 gauge
station datum). If the station datum was 10 cm higher than this

arsh edge height in 2013, we considered the marsh to be flooded
nd accessible to brown shrimp. For other years, we adjusted this
evel on the Pier 21 gauge to account for relative sea level rise over
he period of our model runs (Fig. 5a). The bay experienced rel-
tively high levels of subsidence over this period due to oil and
roundwater extraction (Feagin et al., 2005). We  plotted mean sea
evel on the Pier 21 gauge from 1970–2014 and determined that
elative sea level on the station datum increased 5.4 mm/year over
hat period. We  therefore adjusted the elevation of the marsh edge
n relation to the gauge by this amount each year. This adjustment
ssumes that the gauge and the marshes are sinking relative to sea

evel at the same rate, and that the vertical location of the marsh
dge is mainly determined by an inability of S. alterniflora to with-
tand further tidal inundation (McKee and Patrick, 1988; Minello
t al., 2012; Tiner, 1993).
lling 330 (2016) 24–40

3.3.6. Calculate shrimp movements. Shrimp move between the
NVME and marsh when the latter is flooded. Shrimp in the marsh
move to the NVME when the former no longer is flooded. Shrimp
in the SOW do not leave that area. Shrimp growth, emigration, and
mortality occur in all areas, with growth rates and mortality proba-
bilities differing among areas (and also depending on temperature
and salinity, see Fig. 3).

The quantitative representations of movement, growth, mor-
tality, and emigration of individual shrimp included in the model
are summarized schematically in Fig. 3. Rules representing the
movement of individuals, described in the preceding paragraph,
are probabilistic. If the marsh is flooded, each hour each individ-
ual located in either the marsh or the NVME has a 69% probability
of moving to a cell with the same salinity in the marsh and a 31%
probability of moving to a cell with the same salinity in the NVME.
If there is no cell with the same salinity, the individual moves
into a cell with the salinity closest to the salinity of the cell from
which it moved. Thus any given individual may  move back and forth
between these two  areas during periods of marsh flooding, but is
likely to spend slightly more than twice as much of this time in the
marsh.

3.3.7. Calculate shrimp mortality. Mortality (probability of dying) is
a function of a base rate (0.00083 h−1) multiplied by two indexes
representing (1) a size (of the individual) effect and (2) a habitat
effect (Fig. 3). The size effect is based on total length (53.092 * (total
length in mm)−1.1163). Thus mortality decreases exponentially as
total length increases, following the pattern described by Roth et al.
(2008) and supported by field data from Minello et al. (1989). The
habitat effect is represented as a constant, which is different for
marsh vegetation (0.69) versus the two areas of non-vegetated
water (1.38). The presence of marsh vegetation reduces brown
shrimp mortality (Minello, 1993; Minello et al., 1989). There also
is some experimental evidence of temperature related mortal-
ity. Zein-Eldin and Aldrich (1965) reported increased mortality
at temperature extremes, especially for brown shrimp in low-
salinity water (as high as 80% mortality in 11 ◦C water that had
less than 15 PSU). However, there is limited data on the behav-
ior of shrimp under these conditions in the field, and potentially,
they can avoid extreme temperatures through movement to deeper
water or by burrowing in the substrate (Aldrich et al., 1968).
Thus, we  chose not to include temperature-related mortality in the
model.

3.3.8. Calculate shrimp emigration. Individuals emigrate when they
attain a length of 70 mm (they are recruited at a length of 10 mm)
(Cook and Lindner, 1970).

3.3.9. Calculate shrimp growth. Growth is a function of the water
temperature, salinity, and habitat conditions (marsh, NVME, SOW)
to which an individual is exposed (Fig. 3). A probabilistic base
growth rate (0.0416 ± 0.0104 mm h−1) is multiplied by two indexes
representing (1) a water temperature-salinity effect and (2) a habi-
tat effect. The water temperature-salinity effect is represented as a
polynomial function of water temperature, which is different for
each of the three salinity zones (Fig. 4). Hourly water temper-
atures for NVME and SOW are calculated based on the median
air temperature, and hourly water temperatures for the marsh
is calculated based on a relationship between the water temper-
ature in open water and that in the marsh. The habitat effect
is represented as a constant, which is different for each of the
three habitats (1.28, 1.14, and 1.0 for marsh, NVME, and SOW,

respectively).

Brown shrimp grow ≈1 mm per day in total length (Knudsen
et al., 1977), and experience fastest growth at ≈30 ◦C, assuming
access to plentiful food (Zein-Eldin and Aldrich, 1965). Salinity
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Fig. A2.1. Production (kg ha−1) of brown shrimp (Farfantepenaeus aztecus) from
January through August in Galveston Bay, Texas, U.S.A., simulated under environ-
m
o

a
c
i
2
W
i
m
t
r
a
n
t
f
d
a
S

3
h
t
m
p
(
s

Growth rate

Probability of mortality

Probability of movement

0

10

20

30

40

50

90% x B Baseline (B) 110% x B

Pr
od

uc
tio

n 
(k

g/
ha

)

Scenarios

0

10

20

30

40

50

90% x B Baseline (B) 110% x B

Pr
od

uc
tio

n 
(k

g/
ha

)
Scenarios

0

10

20

30

40

50

90% x B Baseline (B) 110% x B

Pr
od

uc
tio

n 
(k

g/
ha

)

Scenarios

Fig. A2.2. Sensitivity of model estimates of brown shrimp (Farfantepenaeus aztecus)
production (kg ha−1) to changes of ±10% relative to baseline in parameter values
representing individual growth rate, probability of mortality, and probability of
moving into (staying in) the area of intermittently flooded marsh vegetation. Pro-
duction from January through August in Galveston Bay, Texas, U.S.A., is presented for
each of 10 replicate stochastic (Monte Carlo) simulations run under environmen-
tal conditions representing the calendar year 2012 and the indicated parameter
ental conditions representing the indicated calendar years. Each bar represents
ne of 10 replicate stochastic (Monte Carlo) simulations.

ppears to affect growth both directly through osmoregulatory
osts and indirectly by controlling the abundance of benthic
nfaunal prey (Adamack et al., 2012; Rozas and Minello, 2011,
015), with growth being lowest at salinities between 0–10 PSU.
hile it has been difficult to directly measure the effect of

ntertidal vegetation on shrimp growth due to potential experi-
ental artifacts (Kellison et al., 2003; Peterson and Black, 1994),

here is some experimental evidence suggesting that growth
ates of brown shrimp are increased in marsh habitat (Minello
nd Zimmerman, 1991; Rozas and Minello, 2009). Benthic infau-
al food for shrimp also is found in higher abundance on
he vegetated marsh surface, especially within the first meter
rom the edge (Whaley and Minello, 2002). Based on these
ata, we represented growth rate as being fastest when shrimp
re in the marsh, and slowest when they are located in the
OW.

.3.10. Summarize attributes of shrimp population. After each
our of simulated time, (1) standing biomass (kg ha−1) of
he shrimp population (calculated as (0.000006 * (mean-size-
m3.071) * number of simulated shrimp * number of real shrimp
er simulated shrimp)/63,500) and (2) shrimp biomass production
kg ha−1) (calculated as 0.000006 * (703.071) * number of emigrated
hrimp) are calculated.
changes.

3.3.11. Write to output files. After each hour of simulated time,
in addition to the current values of the attributes of the shrimp
population described in the previous section, the current values
of environmental conditions (tide height, median air temperature,
water temperatures in vegetated and non-vegetated habitats, salin-
ities in low, medium, and high salinity zones) and descriptors of
current habitat conditions (number of cells in salinity zone in each
habitat type and whether or not the marsh is flooded) are written
to Excel text files.

Appendix 2.

This appendix contains results of each of the replicate stochas-

tic (Monte Carlo) simulations run under baseline conditions and
as part of the various sensitivity analyses presented in the text.
These include sensitivity of model estimates of brown shrimp (Far-
fantepenaeus aztecus) production (kg ha−1) (1) to changes in the
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Fig. A2.5. Sensitivity of model estimates of brown shrimp (Farfantepenaeus aztecus)
production (kg ha−1) to changes relative to baseline in the timing of shrimp recruit-
ment. Production from January through August in Galveston Bay, Texas, U.S.A., is
presented for each of 10 replicate stochastic (Monte Carlo) simulations run under
environmental conditions representing the indicated calendar year with the indi-
cated change in the timing of recruitment. Minus 14, −21, and −28 represent
recruitment occurring 14, 21, and 28 days earlier than baseline, whereas 14, 21,
28, 35, and 42 represent recruitment occurring 14, 21, 28, 35, and 42 days later than
baseline. The relative shape of the recruitment curve (Fig. 5e) was not changed, the
entire curve was shifted earlier or later in the year.
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