
Vol.:(0123456789)1 3

Estuaries and Coasts (2023) 46:1895–1906 
https://doi.org/10.1007/s12237-023-01251-5

Juvenile Brown Shrimp (Farfantepenaeus aztecus) Use of Salt Marsh 
Intertidal Creeks as Nursery Habitat

Kaitlin M. Glover1,2 · Matthew E. Kimball2 · Bruce W. Pfirrmann2 · Mary Margaret Pelton2 · Robert P. Dunn2,3

Received: 19 June 2023 / Revised: 19 June 2023 / Accepted: 24 July 2023 / Published online: 17 August 2023 
© The Author(s), under exclusive licence to Coastal and Estuarine Research Federation 2023

Abstract
Designation of essential fish habitat requires a detailed understanding of how species-specific vital rates vary across habitats 
and biogeographical regions. This is especially true for species like the economically important brown shrimp (Farfantepe-
naeus aztecus) which occurs in multiple habitat types across a wide geographic range (southeastern US Atlantic and Gulf 
of Mexico (GoM) coasts) and exhibits variation in vital rates to small-scale variability in habitat conditions. As juveniles, 
brown shrimp occupy a suite of interconnected habitats within the estuarine mosaic before migrating offshore as adults. In  
the southeastern US, intertidal creeks make up a substantial proportion of available habitat within the estuarine mosaic,  
yet habitat-specific vital rates, including growth, are currently unavailable. We therefore sought to (1) estimate growth rates of 
juvenile brown shrimp in intertidal creek habitat within a high salinity, southeastern US estuary, the North Inlet estuary in South 
Carolina, and (2) compare our estimated rates with those from salt marsh habitats in northern GoM estuaries, the only other 
estuaries where field-derived estimates for juvenile brown shrimp are available. Juvenile brown shrimp collected over a 10-week 
period (May–July 2021) ranged from 25 to 95 mm TL and appeared to emigrate from the intertidal creek to deeper waters begin-
ning at ~ 65 mm TL. Daily growth rates ranged from 0.45 to 2.30 mm  day−1, with the highest rates estimated early in the study 
period. Despite differences in estimation method, salt marsh habitat type, and region, estimated growth rates from the North 
Inlet estuary were nearly identical to those from northern GoM estuaries. Collectively, our results suggest that despite differences 
in habitat geomorphology, spatial extent, and temporal availability, intertidal creeks may provide juvenile brown shrimp with  
similar nursery function to other habitats within the estuarine seascape.

Keywords Penaeid shrimp · Length-frequency · Growth · Cohort analysis · Essential fish habitat

Introduction

Estuaries provide critical ecosystem services to humans, 
including serving as nursery habitat for populations of fishes 
and crustaceans that support important fisheries worldwide 
(Beck et al. 2001; Barbier et al. 2011; Baker et al. 2020). 

The Sustainable Fisheries Act of 1996 defines essential fish 
habitat (EFH) as “waters and substrate necessary to fish for 
spawning, breeding, feeding, and/or growth to maturity,” 
and EFH must be identified for all federally managed stocks 
in the USA (Rosenberg et al. 2000). However, in practice, 
nearly all habitat types that are utilized over the life history 
of an animal are often considered “essential,” such that EFH 
can become overly broad and the designation less meaning-
ful. For example, in the southeastern USA, EFH for penaeid 
shrimp includes all inshore estuaries and offshore spawning 
grounds, amounting to tens of thousands of square kilom-
eters (SAFMC 1998). Levin and Stunz (2005) narrowed the 
definition of EFH to include only habitat with significant 
impact on demographic rates of sensitive life history stages, 
and they demonstrated that restoration of two specific habi-
tat types (salt marsh and seagrass) could reverse a popula-
tion decline for a key sport fish. Many fishery species use 
estuaries during their early life stages, and the availability 
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of multiple habitat types within the estuarine mosaic can 
support high growth and survival rates and, ultimately, 
successful recruitment to adult populations (Minello et al. 
2003). However, vital rates may vary among habitat types; 
thus, habitat-specific vital rates should be quantified to most 
effectively utilize the EFH framework within an ecosystem 
approach to fishery management.

Two species of penaeid shrimp, white shrimp (Lito-
penaeus setiferus) and brown shrimp (Farfantepenaeus 
aztecus), make up the bulk of the commercial shrimp land-
ings along the southeastern US Atlantic coast. Penaeid 
shrimp life history occurs on an annual scale; adults spawn 
offshore and post-larvae are transported by currents into 
estuaries and then grow rapidly as juveniles during their 
period of estuarine residency before emigrating offshore to 
adult habitats. Generally, shrimp populations exhibit high 
interannual variability that is likely driven by their sensitiv-
ity to factors such as habitat availability and access (Webb 
and Kneib 2002; Shervette and Gelwick 2008; Minello et al. 
2012) and environmental conditions, including temperature 
and salinity (Mace and Rozas 2017; Fowler et al. 2018), 
though the preference for specific environmental conditions 
may differ across species (Doerr et al. 2016).

Early life stage penaeid shrimps occur in estuaries across 
a broad range of habitat types and generally have wide tol-
erances to varying environmental conditions such as water 
temperature and salinity (Zein-Eldin and Renaud 1986; Zink 
et al. 2017). However, studies examining brown shrimp 
growth in salt marsh habitats have primarily focused on two 
research avenues: (1) laboratory experiments investigating 
the impacts of water temperature, salinity, or their interaction 
and (2) field studies conducted in microtidal salt marshes 
of varying salinities in northern Gulf of Mexico estuaries. 
Laboratory experiments focusing on the impact of salinity 
have shown that the growth rates of juvenile brown shrimp 
were higher at higher salinities (8 and 12 vs 2 and 4, Saoud 
and Davis 2003; 38 vs 33, Perez-Castaneda et al. 2012) and 
that juvenile brown shrimp preferred higher salinity condi-
tions, between 17 and 35 (Doerr et al. 2016). Similarly, field 
enclosure experiments conducted in salt marshes adjacent 
to the Gulf of Mexico revealed that growth rates of brown 
shrimp were depressed in low salinity (< 2) environments, 
while higher growth rates were documented for enclosed and 
free-ranging shrimp occupying higher salinity salt marshes 
(15–30; St. Amant et al. 1966; Rozas and Minello 2009, 
2011, 2015; Leo et al. 2018). As a result, while shrimp can 
occupy a diverse set of habitat types and survive within a 
range of environmental conditions, key demographic rates, 
such as growth, can vary as a function of physical factors, 
such as salinity, which are highly dynamic both spatially and 
temporally in estuaries.

In addition to environmental conditions within tidal 
creeks, biogeographic patterns in tidal flooding can be an 

important predictor of estuarine nekton nursery utilization 
(Minello 2017). Prior studies examining growth of brown 
shrimp in salt marsh habitats have all been conducted in estu-
aries in the northern Gulf of Mexico, where tide ranges are 
generally < 1 m and flooding durations are irregular (Minello 
et al. 2012). This contrasts with southeastern US Atlantic 
coast estuaries which exhibit regular tidal ranges > 1 m (and 
up to 3 m). These tides lead to predictable flooding frequen-
cies and substantial expanses of intertidal habitat, with the 
greatest extent in South Carolina and Georgia (Dame et al. 
2000; Minello et al. 2012). Because the value of intertidal 
habitats to penaeid shrimps (e.g., for trophic support) is 
largely determined by flooding frequencies and durations, 
which vary greatly across the entire southeastern USA from 
Texas to North Carolina (Minello et al. 2012; Baker et al. 
2013), examination of habitat-specific growth rates through-
out this geographic range is needed.

Along the southeastern US Atlantic coast, post-larval 
brown shrimp generally begin to arrive in estuaries from 
late winter (February) to early spring (April) at sizes rang-
ing from 9 to 12 mm total length (TL; Bearden 1961; Wenner 
and Beatty 1993; DeLancey et al. 1994). The specific timing 
of peak recruitment (as measured by density of post-larvae) 
displays substantial variability both within and among years 
and is likely influenced by factors such as water temperature, 
lunar cycles, bathymetry, and tidal circulation (Bearden 1961; 
Williams 1969; DeLancey et al. 1994). Following settlement 
in the estuary, post-larvae grow into juveniles that can be 
found in tidal creeks and marsh surface habitats from late 
spring (May) through mid-summer (July), generally exhibit-
ing maximum abundance in May and June in shallow inter-
tidal creeks (Hackney and Burbank 1976; Hunter and Feller 
1987; Allen et al. 2007, 2017; Mace et al. 2019; Kimball et al. 
2023). Departure from shallow estuarine habitats generally 
occurs when individuals reach between 65 and 100 mm TL; 
at this sub-adult stage, they begin to emigrate to deeper, open 
water habitats prior to moving into offshore waters when they 
reach 110–140 mm TL (Knudsen et al. 1985; Wicker et al. 
1988; Fry et al. 2003; Kimball et al. 2023).

During their period of estuarine residency, juvenile brown 
shrimp can be observed in multiple habitats within the estua-
rine mosaic, including marsh pools, intertidal creek pools, 
subtidal creeks, intertidal creeks, marsh edges, and flooded 
marsh surfaces (Allen et al. 2007, 2017; Mace et al. 2019; 
Kimball et al. 2023). Examinations of length frequencies and 
diets suggest that intertidal creeks likely serve as important 
nursery habitats supporting juvenile brown shrimp (Hunter and 
Feller 1987; Kimball et al. 2023). However, habitat-specific 
growth estimates are not available for brown shrimp in these 
systems despite observations of higher brown shrimp use of 
shallow salt marsh habitats and intertidal creeks compared 
with other estuarine habitat types (Fry et al. 2003; Allen et al. 
2007). In addition, juvenile penaeid shrimp exhibit limited 
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movement, on the scale of 10s to 100s of meters (Webb and 
Kneib 2004). The lack of information regarding nursery value 
for intertidal creeks could result in underestimating this habitat 
type for supporting production of brown shrimp. Because the 
abundance of the juvenile stage has been suggested as the criti-
cal component in determining year-class strength for brown 
shrimp populations, this potential miscalculation may under-
mine efforts to improve forecasts of adult shrimp populations 
(Haas et al. 2001).

Given their reliance on multiple interconnected estuarine 
habitats across critical early life stages and because they are 
a short-lived, fast-growing species which is heavily influ-
enced by small-scale variability in habitat conditions, we 
examined the growth of juvenile brown shrimp utilizing 
intertidal creeks in a euhaline estuary. We hypothesized that 
population-level brown shrimp growth rates would decrease 
over the course of their estuarine residency period as the 
initial cohort of recruits emigrates from shallow intertidal 
creeks when they reach their maximum size for these habi-
tats. This movement leaves behind a mix of smaller, more 
recent recruits and slower-growing individuals not yet ready 
to emigrate to deeper, open waters. We then compared our 
estimated growth rates with those previously determined 
for juvenile brown shrimp utilizing salt marsh edge, sur-
face, and pond habitats and subtidal creeks in northern Gulf 
of Mexico estuaries (St. Amant et al. 1966; Parrack 1979; 
Rozas and Minello 2009, 2011, 2015; Leo et al. 2018). We 
hypothesized that our growth rate estimates within a tem-
perate estuary would be faster than those from more sub-
tropical locations due to the shorter window during which 
environmental conditions are hospitable for juvenile penaeid 
shrimp. Habitat-specific growth estimates for species uti-
lizing salt marsh intertidal creeks will clarify our under-
standing of the nursery role of these habitats for economi-
cally and ecologically important penaeid shrimp and other 
transient nekton species. In addition, as the distribution of 
penaeid shrimps expands north (e.g., Tuckey et al. 2021), 
understanding juvenile shrimp growth rates across latitudi-
nal gradients will allow for improved assessments of shrimp 
fishery stocks.

Materials and Methods

Study Area

All field collections were conducted in an approximately 
100 m section of intertidal creek within the Oyster Landing 
intertidal creek basin (33° 21′ 01.88 N, 79° 11′ 27.25 W) 
located within the North Inlet estuary in Georgetown County, 
South Carolina, USA (Fig. S1). The North Inlet estuary is a 
well-mixed, high salinity, system in which Spartina alterni-
flora occupies approximately 75% of the total area (Allen 

et al. 2014). Oyster Landing creek, the main intertidal tribu-
tary (~ 1,300 m in length) servicing the focal 5.1-ha marsh 
basin, is located near the forest border, about 3.5 km from the 
inlet, and is subject to periodic influence from rainwater run-
off from a 55-ha, undeveloped, forested watershed (Gardner 
and Bohn 1980; Miller and Gardner 1981).

Field Collections

Juvenile brown shrimp were collected using kick nets (114 cm  
wide × 114 cm high with a 3-mm mesh and 114 cm wide × 114 cm 
high with a 1.5-mm mesh) and cast nets (1.8 m radius with 
6-mm mesh). Collections occurred during low tide twice a 
week for 10 weeks (from mid-May through mid-July, 2021). 
Long-term seine sampling of juvenile nekton in this intertidal 
creek basin indicated that May to June is the period of peak 
juvenile brown shrimp abundance (Kimball et al. 2023). To  
collect all sizes of brown shrimp present in the creek at each 
sampling event, each net was used multiple times and at mul-
tiple locations within the ~ 100 m section of creek, including 
sub-habitats such as along Spartina-lined creek edges, around 
oyster reefs, and in creek pools. Up to 60 individuals were 
collected during each sampling event, and all samples were 
immediately placed in an ice slurry and returned to the labo-
ratory for processing. After sample collection, all individual 
brown shrimp were measured (according to Ditty 2011) for  
total length (TL, in mm).

Environmental conditions in the intertidal creek basin 
were continuously monitored during the study period. Spe-
cifically, water temperature and salinity were recorded every 
15 min with a datasonde (YSI, Inc.) at the nearby Oyster 
Landing monitoring station (~ 300 m downstream from the 
sampling site; 33° 20′ 57.70 N, 79° 11′ 20.11 W) main-
tained by the North Inlet-Winyah Bay National Estuarine 
Research Reserve’s (NI-WB NERR) System-Wide Monitor-
ing Program (Fig.  S1). These data were downloaded from 
the NERRS Centralized Data Management Office (http:// 
cdmo. baruch. sc. edu/).

Length and Size Structure

To evaluate population-level brown shrimp growth rates, 
we first explored patterns in the size structure of organisms 
collected over our 10-week sampling period. We analyzed 
size structure based on TL measured at the weekly scale 
(n = 2 sampling events per week; maximum weekly n = 120 
individual brown shrimp) by constructing length-frequency 
histograms for each week (n = 10 weeks total). Descriptive 
statistics, including the mean, minimum, and maximum 
lengths, as well as the proportion of sampled individuals less 
than 40 mm TL (smaller juveniles) and larger than 70 mm TL 
(large juveniles—sub-adults), were calculated on a weekly 
basis. Next, we examined the change in the size structure 

http://cdmo.baruch.sc.edu/
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of the sampled brown shrimp population over time using 
a generalized additive model (GAM). GAMs are an exten-
sion of generalized linear models (GLM) that allow for the 
use of smooth functions (e.g., thin plate regression splines) 
to model non-linear response variables (Wood 2017), such 
as organismal growth. We fit a GAM using brown shrimp 
TL as the response variable and Day of Year as a continu-
ous smooth predictor, assuming normally distributed error 
and using the identity link. The Day of Year variable was 
standardized so that day 1 was the start of week 1 (May 16, 
2021). To further examine the directionality and magnitude 
of size structure changes, we calculated the first derivative 
of the fitted GAM model using the derivative function in 
the R package gratia, which determines the derivatives of 
fitted smooth functions using finite differences (Simpson 
2021). Predicted values and simultaneous 95% confidence  
intervals were determined for both the fitted GAM and the 
estimated first derivative. GAM fits were conducted in R and 
RStudio using the mgcv package, and predicted values and 
simultaneous 95% confidence intervals were determined for 
the fitted GAM and derivative using gratia (Wood 2017; R 
Core Team 2021, RStudio Team 2021).

Cohort Analysis and Growth Estimation

The presence of multiple cohorts (common for species 
exhibiting pulsed recruitment and relatively fast growth 
rates) can confound growth rate estimation using length-
frequency data. Initial results from both the descriptive and 
analytical analyses of brown shrimp size structure (above) 
indicated the potential for multiple cohorts, specifically, the 
presence of multiple modal lengths in several weeks, and 
a general plateauing of average length. Therefore, prior to 
calculating explicit growth rates, we sought to (1) identify 
the presence of multiple cohorts and (2) restrict our estima-
tion procedures to periods during which a distinct cohort(s) 
increased in length through time.

We tested for multiple cohorts by fitting a series of finite 
mixture models using the R package mixR, which performs 
maximum likelihood estimation of finite mixture models 
using the EM (expectation–maximization) algorithm (Yu 
2022). Finite mixture models are commonly applied tools 
in cohort identification and analysis (e.g., Mace et al. 2015). 
We fit a suite of 5 candidate mixture models to each weekly 
length-frequency distribution (n = 10) and used model selec-
tion procedures to identify the most likely mixture model. 
The candidate models varied in number of modeled cohorts 
(1, 2, or 3) and variance structure among cohorts (equal or 
unequal) (Table S1). All models assumed a Gaussian distri-
bution. We deemed the best fit model to be the finite mixture 
with the lowest BIC (Bayesian Information Criterion).

Based on the output of the above cohort identification pro-
cess and the results of our initial GAM analysis of population 
size structure, we calculated brown shrimp growth rates (mm 
TL  day−1) only for weeks 1 through 4, the sole period during 
which a distinct cohort(s) increased in length through time. 
First, we estimated absolute growth as G

i
=

TL
i
−TL

i-1

7
 , where 

Gi is the daily growth rate estimate for week i,  TLi is the mean 
TL in week i,  TLi-1 is the mean TL of the preceding week, 
and 7 is the number of days in a week (Shoup and Michaletz  
2017). Second, we reapplied the same GAM approach 
described above to estimate apparent growth, or change in 
size structure over time (sensu Colombano et al. 2020). Spe-
cifically, we refit a GAM with the same model structure as 
above, but only used length data from weeks 1 to 4. In addi-
tion, due to the presence of a third, larger cohort in week 1 
(see “Results”), we excluded the largest 7 lengths during that 
week (all TL > 65 mm), which we assumed to represent the 
largest cohort, to avoid biasing our estimates. Weekly growth 
rate estimates were then obtained by taking pointwise esti-
mates of the newly estimated derivative (and upper and lower 
95% confidence interval) at each weekly interval.

Growth Rate Comparisons

Finally, we compared our estimated growth rates from juve-
nile brown shrimp collected in intertidal creek habitat with 
previous data on shrimp growth in salt marsh habitats in 
northern Gulf of Mexico estuaries. We restricted our com-
parison to studies conducted in the field (as opposed to labo-
ratory settings), though we allowed for inclusion of varying 
growth estimation methods (e.g., length-frequency of free-
ranging populations and mark-recapture) and studies in dif-
fering salt marsh habitats (e.g., edge, surface, and pond). We 
focused on studies examining juveniles and small sub-adults 
(~ 20–100 mm TL) and included only those which provided 
daily growth rate estimates. Comparisons were also limited 
to those with similar timing (i.e., May–July).

Results

Environmental Conditions

Average weekly water temperatures at the NI-WB NERR 
Oyster Landing station ranged from 24.5 to 29.4 ºC, and 
both daily and weekly means generally trended upward over 
the 10-week study period, as expected during the late spring 
to early summer period (Table 1, Fig. 1). Salinity generally 
remained high during the study period, with mean weekly 
values exceeding 28, reflecting the ocean-dominated condi-
tion of the North Inlet estuary (Table 1). The lowest recorded 
daily salinities (though still > 20) occurred in June (week 6) 
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following consecutive significant precipitation events, with 
higher values observed in both May and July (Fig. 1).

Length and Size Structure

Juvenile brown shrimp collected in the Oyster Landing 
intertidal creek basin from May to July 2021 ranged in 
size from 25 to 94 mm TL (Table 1, Fig. 2). Between 90 
and 120 individuals were collected every week of the study 
except the week of July 18th, 2021 (week 10), when only 
19 individuals were collected from a single sampling event 

(Table 1); the second sampling event that week did not 
collect any brown shrimp and thus was not included in 
further analyses. The smallest individuals (< 30 mm TL) 
were primarily collected early in the study (weeks 1–3), 
though a small juvenile brown shrimp (29 mm TL) was 
collected as late as week 8 (Table 1, Fig. 3). Maximum 
lengths were smallest in weeks 1 and 2 (74 and 79 mm TL, 
respectively), and then, maximum lengths were larger and 
similar across weeks 3–10 (89–97 mm TL). Likewise, the 
mean TL of brown shrimp increased steadily from a mini-
mum of 43 mm in week 1 to 66 mm in week 5 (Table 1, 

Table 1  For the 10-week study period from May through July 2021 
(date listed for the starting Sunday of each week), the weekly mean 
water temperature and salinity in the Oyster Landing intertidal creek 
basin (mean calculated from continuous observations every 15-min 
for the 7-day period starting on the Sunday of each week; weekly 

n = 672 observations), along with the total number (N) of individuals 
measured, size (mean, minimum, and maximum total length in mm) 
of brown shrimp, and proportion of measured shrimp (out of total 
number) less than (or equal to) 40 mm and greater than (or equal to) 
70 mm total length

Week Date Water quality N shrimp Total length (mm) Proportion of total N

Temp Salinity Mean Min Max  ≤ 40 mm TL  ≥ 70 mm TL

1 May 16 24.5 35.3 120 43 25 74 0.55 0.03
2 May 23 26.5 35.6 120 53 29 79 0.12 0.08
3 May 30 25.0 33.3 117 60 30 94 0.05 0.24
4 Jun 06 27.1 30.3 120 66 39 90 0.01 0.32
5 Jun 13 28.1 33.2 90 66 45 93 0 0.41
6 Jun 20 27.0 28.7 91 59 39 90 0.02 0.21
7 Jun 27 28.8 32.7 120 76 52 97 0 0.79
8 Jul 04 27.8 31.8 99 64 29 96 0.04 0.43
9 Jul 11 29.4 30.7 91 67 35 89 0.01 0.49
10 Jul 18 28.3 32.7 19 67 40 94 0.05 0.42

Fig. 1  Daily mean water 
temperature (black line) and 
salinity (gray line) in the Oyster 
Landing intertidal creek basin 
during the study period. Daily 
means calculated from continu-
ous observations recorded at the 
North Inlet-Winyah Bay NERR 
Oyster Landing System-Wide 
Monitoring Program station 
every 15 min (total daily obser-
vations n = 96). Points indicate 
discrete sampling events (total 
events n = 19). Vertical lines 
(and text labels) indicate weekly 
delineations of the study period 
(total number of weeks n = 10)
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Fig. 2), likely reflecting growth of the initial cohort of 
recruits. Subsequent weeks (weeks 6–10) showed no clear 
directional trend in mean TL, ranging from 59 to 76 mm 
TL, with the greatest week-to-week difference occurring 
between weeks 6 and 7 (nearly 16 mm TL difference in 
weekly means). The proportion of animals considered to be 
small juveniles (< 40 mm TL) was greatest in weeks 1 and 
2 (0.55 and 0.12, respectively), but never reached above 
0.1 in the subsequent weeks (Table 1). In general, the pro-
portion of animals considered to be large juveniles or sub-
adults (> 70 mm TL) reflected the opposite pattern, lowest 
in weeks 1 and 2, and higher (0.2 or greater) in subsequent 
weeks, reaching a maximum in week 7 (0.79; Table 1).

Size structure trends from a fitted GAM showed the same 
general pattern as the raw length data (Fig. 3). Estimated 
mean TL increased fastest early in the study period, from 
mid- to late May, before reaching a plateau of approximately 
70 mm TL in June (week 4), then remained at approximately 

that value throughout the remainder of the sampling period. 
The fitted GAM yielded an effective degrees of freedom of 
3.914, suggesting that the assumption of a non-linear rela-
tionship between brown shrimp TL and Day of Year was 
appropriate (Fig. 3, Table S2). GAM-estimated predictions of 
mean TL generally aligned with the observed values, though 
some deviation was apparent in weeks 6 and 7 (Fig. 3).

Cohort Analysis and Growth Rate Estimation

We were able to conduct finite mixture modeling for 9 of the 
10 weeks (small sample size in week 10 (n = 19 individuals) 
prevented a model-based cohort identification approach). There 
was no evidence of multiple cohorts in 7 of 9 weekly length-
frequency distributions (Table S1). Specifically, in each of these 
cases, model selection procedures suggested that a single cohort 
provided the best fit to the data. However, three cohorts were 
apparent in week 1, ranging in mean length from 37 to 68 mm 

Fig. 2  A Weekly length-frequency (mm; total length; 2  mm length 
bins) and mean length (black dotted line) of juvenile brown shrimp 
collected in the Oyster Landing intertidal creek basin each week of 
the 10-week study period. Each week is identified by the date (yyyy-
mm-dd) of the starting Sunday. B Box and whisker plots of juvenile 
brown shrimp total length (mm) by week. Points represent individual 

shrimp length measurements and are partially transparent to reduce 
over-plotting; darker points indicate multiple overlapping TL meas-
urements. The middle line of each box represents weekly median 
length and the lower and upper lines of the 25th and 75th percentiles. 
Whiskers extend to the most extreme data point no more than 1.5 of 
the interquartile range
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TL (Table 2, Table S3, Fig. S2). The smallest (and likely young-
est) cohort comprised the largest proportion of the total number 
of shrimp measured (0.66; Table S3). Two distinct cohorts were 
also identified in week 9 (Table S3, Fig. S2).

Based on the cohort analysis, we assumed that the sin-
gle cohort in weeks 2, 3, and 4 represented a combination 
of cohorts A and B from week 1. Therefore, we calculated 

separate absolute growth rates for each cohort during the 
week 1–week 2 period, then a single rate for each subsequent 
week. Absolute growth rate measurements during weeks 1 
to 4 ranged from 0.45 to 2.30 mm  day−1 (Table 2). The gen-
eralized additive model (apparent growth) approach yielded 
similar growth rate estimates for the A + B cohort, ranging 
from 0.65 to 1.65 mm  day−1 (Table 2, Fig. 4, Table S4).

Fig. 3  Predicted trends in mean 
total length (A, upper panel) 
and apparent growth (change 
in mean total length, B, lower 
panel) by week for juvenile 
brown shrimp. Total length 
trend estimated from a fitted 
generalized additive model 
(GAM) and apparent growth 
from the first derivate of the 
fitted GAM. Gray bands show 
simultaneous 95% confidence 
intervals. Points in the upper 
panel are the observed weekly 
means, but the GAM was fitted 
to all data points. Effective 
degrees of freedom (e.d.f.) and 
approximate significance of the 
fitted smooth term (p-value) are 
included in the upper panel

Table 2  Results of cohort-based analysis of juvenile brown shrimp 
growth during the first 4 weeks (May 16th–June 12th), including both 
absolute and mean apparent (generalized additive model—derived) 
growth rate estimates (mm/day). Application of finite mixture models 
using the mixR package in R indicated three distinct cohorts in week 

1 of the study, delineated here by their mean (SD) total length in mm, 
as well as the proportion of total shrimp collected. Multiple cohorts 
were not apparent for weeks 2, 3, and 4 and were thus assumed to 
represent a single cohort, a combination of week 1A and week 1B

Week/date Cohort Mean (SD) total length Growth estimates (mm/day)

Absolute Mean (95% CI) GAM

Week 1 A 37.4 (4.2) N/A 1.65 (1.32–1.98)
B 50.2 (4.7)
C 68.5 (3.5)

Week 2 A + B 53.3 (10.8) 2.30 (A to A + B)
0.45 (B–A + B)

1.40 (1.21–1.61)

Week 3 A + B 60.3 (12.6) 1.0 0.90 (0.71–1.09)
Week 4 A + B 65.9 (9.5) 0.8 0.65 (0.33–0.98)



1902 Estuaries and Coasts (2023) 46:1895–1906

1 3

Growth Rate Comparisons

Published estimates fitting our comparison criteria were 
only available for juvenile brown shrimp from estuaries in 
the northern Gulf of Mexico. Previous studies estimated 
growth rates for similar size ranges of juvenile brown shrimp 
using a diverse set of methods, including caging (collective 
size range: 27–64 mm TL; Rozas and Minello 2009, 2011, 
2015), mark-recapture (minimum size at tagging: 32 mm 
TL; Leo et al. 2018), and length-frequency of free-ranging 
shrimp (range of weekly mean sizes for April through May: 
23–91 mm TL; St. Amant et al. 1966). Despite these meth-
odological differences, growth rate estimates from our study 
showed a remarkable similarity to previously published 
estimates, falling well within the existing range of 0.0 to 
2.30 mm TL  day−1 (Fig. 5, Table S5).

Discussion

The important interactions between habitats and individual 
organisms motivated the designation of essential fish habitat 
(EFH), which, in the USA, is broadly defined as the waters 

and substrate necessary for spawning, feeding, or growth to 
maturity (Magnuson-Stevens Act, amended 1996). In trans-
lating that definition into practice, the US National Marine 
Fisheries Service identified habitat-specific growth as one 
of four key criteria to assess EFH (Minello 2017). In our 
study, juvenile brown shrimp extensively utilized an inter-
tidal creek within a warm-temperate, salt marsh-dominated 
estuary over a 10-week period from mid-May through mid-
July. Size structure and daily growth rate estimates from this 
period indicate a combination of growth, emigration, and the 
possible arrival of multiple brown shrimp cohorts into the 
intertidal creek basin. Substantial growth rates of > 0.8 mm 
TL  day−1 and increasing mean (and median) TL beginning 
in mid-May and continuing into early June provide evidence 
that intertidal creeks serve as important nursery habitats by 
supporting rapid growth of juvenile brown shrimp. Further 
evidence that our weekly sampling of free-ranging shrimp 
captured population-level growth of at least the initial cohort 
was provided by the increase in both minimum and maxi-
mum TL during the first several weeks of the study. Despite 
their potential utility for fishery stock assessment and habitat 
evaluation purposes, few studies have reported growth rates 
for juvenile brown shrimp within southeastern US estuaries, 

Fig. 4  Predicted trends in mean 
total length (A, upper panel) 
and apparent growth (change 
in mean total length, B, lower 
panel) by week of a single 
cohort of juvenile brown shrimp 
sampled across the first 4 weeks 
of the study. Total length 
trend estimated from a fitted 
generalized additive model 
(GAM) and apparent growth 
from the first derivate of the 
fitted GAM. Gray bands show 
simultaneous 95% confidence 
intervals. Points in the upper 
panel are the observed weekly 
means, but the GAM was fitted 
to all data points. Effective 
degrees of freedom (e.d.f.) and 
approximate significance of the 
fitted smooth term (p-value) are 
included in the upper panel
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and we are unaware of published growth rate estimates from 
intertidal creek habitats in this region.

The plateau in size (mean TL) and decline in estimated 
growth rates apparent in the latter half of the study (mid-June 
to July) suggests a combination of possible processes occur-
ring within the sampled brown shrimp population, including 
immigration of new cohorts, emigration of larger individuals 
to other estuarine habitat types, density-dependent growth, 
competition with other benthic macrofauna, and variation in 
growth rates across individuals or in response to environmen-
tal conditions. The small minimum sizes in weeks 6, 8, and 
9 (39, 25, and 25 mm TL, respectively) likely indicate the 
movement of recently settled juveniles into the creek, or the 
settlement and subsequent recruitment (to our sampling gear) 
of post-larval brown shrimp in the period after the initial 
cohort arrived. The consistency of maximum TL (~ 90 mm) 
and lack of directional pattern in mean TL in later weeks also 
suggests that brown shrimp begin to depart intertidal creek 
habitat within the North Inlet estuary at approximately this 
size range (65–97 mm TL). Both the timing (mid-June to 
July) and size align with previous estimates of these move-
ment behaviors in the North Inlet estuary as well as other 
estuaries of the southeastern USA (Williams 1955; Hunter 
and Feller 1987; Wenner and Beatty 1993). While these pat-
terns could reflect gear avoidance by larger individuals, we 
believe the small size of the sampled intertidal creek habitat, 
shallow water depth, and multiple capture methods (kick net 
and cast net) mitigate this bias, and thus, the estimated maxi-
mum TL more likely reflects size-specific habitat use and 
movement behavior.

Penaeid shrimp can exhibit reduced condition (mass 
at length), slower growth rates, and smaller size-at-age in 
response to increased congeneric abundance (Pérez-Castañeda 
and Defeo 2005; DeLancey et al. 2008; Blanco-Martinez 
et al. 2020), evidence that density-dependence can negatively 
impact growth of these species. Importantly, environmental 
conditions, particularly salinity, can impact the distribution 
(and thus density) of penaeid shrimp within estuaries; in par-
ticular, rapid fluctuations in salinity are thought to trigger 
movement both among habitats within the estuary and possi-
bly serve as a cue for movement from coastal areas (Zein-Eldin  
and Renaud 1986; Wenner and Beatty 1993; Minello 1999; 
Zink et al. 2017). Thus, the decline in shrimp size and low 
growth rate estimates between weeks 6 and 7 in this study are 
likely partially attributable to redistribution of brown shrimp 
in response to the concurrent drop in salinity (> 30 to < 20). 
A similar reduction in modal size was observed in tagged 
brown shrimp in coastal Louisiana impoundments following 
a rainfall event (Knudsen et al. 1977). Fishery-independent 
surveys demonstrate the negative correlation between mean 
size and annual abundance of white shrimp (DeLancey 
et al. 2008), suggestive of density-dependent growth. How-
ever, experimental evidence regarding the degree to which 

density-dependence impacts growth and mortality rates of 
juvenile penaeid shrimp within southeastern US estuaries 
is lacking. Investigation of species-specific susceptibility to 
density-dependent effects is crucial because even within the 
penaeid shrimps, environmental preferences can vary (Doerr 
et al. 2016), which may drive variation in organism density. 
Related to differences across penaeid shrimp species, white 
shrimp begin to recruit into the same intertidal creeks used by 
brown shrimp during early July (Kimball et al. 2023), poten-
tially competing with late-arriving brown shrimp. Resource 
competition between penaeid shrimp species could serve as 
an additional source of the reduced growth observed during 
the latter half of our study period.

Intertidal creeks may be a particularly important nursery 
ground for brown shrimp because of their relative abun-
dance compared with other suitable habitats within estuaries 
(e.g., marsh pools and intermittently flooded high marsh). 
For example, even within the North Inlet estuary, which is 
dominated by expansive monospecific stands of Spartina 
alterniflora, tidal creeks and flats make up more than 25% of 
the available habitat (Dame et al. 1986). In addition to their 
relative abundance, intertidal creeks are likely key nurser-
ies because juvenile brown shrimp exhibit relatively little 
movement. Webb and Kneib (2004) found that white shrimp 
40–80 mm TL moved an average of 258–373 m and that 
93% of tagged animals were recaptured in the same creek. 
Fry et al. (2003) used a combination of stable isotopes, diet 
analysis, and quantitative sampling to infer that shrimp 
exhibited very restricted movement between marsh ponds 
and marsh channels and that shrimp in optimal areas (shal-
lower, edge habitat) exhibited far less (perhaps even < 10 m) 
movement than shrimp in suboptimal habitat types. As inter-
tidal creeks are often thought of as corridors for nekton 
moving between marsh surface and subtidal habitats during 
periods of tidal inundation (e.g., McIvor and Odum 1988; 
Rozas et al. 1988), their intermediate position may have 
led to growth rate estimates only partially overlapping with 
those observed in other marsh habitats, because shrimp may 
only use these habitats over short temporal scales. However, 
juvenile brown shrimp appeared to stay in intertidal creek 
habitat until reaching near sub-adult sizes (~ 70 mm TL), and  
our observed growth rates were similar to those from other 
salt marsh habitats. Thus, juvenile brown shrimp may have 
an affinity for quality intertidal creek habitat, as has been 
observed for some juvenile transient fish species that exhib-
ited high site fidelity for particular intertidal creeks during 
their periods of estuarine residency (Garwood et al. 2019). 
Considered together, it appears that despite differences in 
habitat geomorphology, temporal availability, and spatial 
extent, intertidal creek habitat may function similarly to other 
habitats in the estuarine seascape for juvenile brown shrimp.

Brown shrimp growth rate estimates from this study are 
similar to those from other estuaries in the northern Gulf of 
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Mexico, the only other region where published estimates 
are available, despite substantial differences in estimation 
method and salt marsh habitat type (Fig. 5). The similarity 
of estimated rates among regions and habitats suggests that, 
at least in terms of growth, the relative habitat value of inter-
tidal creeks is comparable to that of salt marsh edge, surface, 
and pond habitat. The similarity of our rates, derived from 
sampling free-ranging shrimp at high temporal resolution, 
also suggests that, at least for the juvenile and sub-adult 
period, reliable growth rate estimates can be derived for 
intertidal creek habitats while avoiding some of the limita-
tions of other experimental methods (e.g., caging artifacts; 
Baker and Minello 2010). Our limited ability to distinguish 
cohorts, together with a lack of clear increase in total length, 
during the latter half of the study period, is likely due to the 
mixing of late-arriving individuals with individuals from the 
initial cohort, with each group displaying different growth 
rates (Mace and Rozas 2015). This supports the utility of 
focusing on the initial cohort of juvenile brown shrimp when 
using the length-frequency method to estimate growth.

Habitat-specific characterization of demographic rates 
such as growth and mortality, and the relative importance 
of environmental conditions and density-dependence on 
those vital rates, will allow for more effective designations 
of EFH within dynamic estuarine ecosystems (Searcy et al. 
2007). Beyond fishery applications, other coastal manage-
ment decisions could also benefit from improved under-
standing of fine-scale estimates in nekton growth rates. 
For example, quantifying nursery value for habitat manage-
ment (Sheaves et al. 2015), mitigation banking for coastal 
development (Hough and Robertson 2009), ecosystem res-
toration projects (Wainger et al. 2017), and environmental 
impact or injury assessment (e.g., Beyer et al. 2016) could 

each utilize information on the relative values of specific 
habitat types. Changes to salt marsh extent, habitat geo-
morphology, and increased fragmentation due to sea level 
rise can impact nekton composition, abundance, and spe-
cies vital rates including growth (James et al. 2021), under-
scoring the need for detailed information on species- and 
habitat-specific demographic rates.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12237- 023- 01251-5.
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