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ABSTRACT

The upper San Marcos River, a pristine and thermally stable headwater river in central Texas, provided a unique opportunity to study the ecology
and life history of the amphidromous Macrobrachium carcinus (Linnaeus, 1758). The goals were to further the understanding of seasonal shifts in
population structure related to reproductive strategy, and to assess length-weight relationships and growth. M. carcinus were collected by divers
from the uppermost 2.2 km of the San Marcos River, approximately 400 river km inland, using hand-nets from February 2017 through March
2018. Of the 162 individuals captured and tagged, 83 were identified as male, 57 as female, and 22 were unidentified. Recapturing 38 tagged
individuals provided growth measurements and movement patterns. Males and females exhibited allometric length-weight growth curves but
differed with males reaching larger sizes than females. Thirteen ovigerous females were captured between June and November, three of which
were recaptured later, having released their eggs. Sex-ratios showed no difference between reproductive months and non-productive months
suggesting females are not moving downstream for egg release. This study provides a better understanding of the population structure and repro-
ductive strategy of an intermittently present population of M. carcinus in a headwaters system and highlights the need for additional research on
coastal connectivity and barriers to movement.

KEY WORDS: amphidromous species, big-claw river shrimp, conservation, Crustacea, Floy streamer tags, length-weight relationship, growth,
prawns, shrimps, sex-ratio

INTRODUCTION either the females release larvae that drift downstream to the
marine environments, or migrate downstream to release larvae
directly into the marine environment (Bauer, 2013; Fukuda et
al., 2017). This downstream migration or release of eggs often
coincides with higher flows from the rainy season (Bauer, 2013).
After larval development, juveniles migrate upstream to the
freshwater adult habitats during the dry season, with movement
distances ranging from a few kilometers to several hundred kilo-
meters inland (Bauer & Delahoussaye, 2008).

Macrobrachium (Spence Bate, 1868) is one of the larger gen-
era of carideans, with 293 currently described species worldwide
(WoRMS, 2025), seven of which occur within the contiguous
United States (Woodley et al., 2002; Anger, 2013). Distrib-
uted along the Atlantic coast and Gulf of Mexico, from North
Carolina through Texas and as far inland as Illinois, all seven

Aquatic animals sometimes have life cycles that are divided
between freshwater and marine environments, exhibiting anad-
romy, catadromy, or amphidromy (McDowall, 2007). Within
amphidromy are freshwater caridean shrimp species that spend
their adult life and reproduce in freshwater but have a larval
stage that require saltwater for development (de Mazancourt &
Ravaux, 2024). Some freshwater carideans within Atyidae and
Palaemonidae have developed life cycles completely adapted to
freshwater environments with abbreviated larval development
(Brown et al., 2009). Most freshwater carideans however, still
require the saline water for early life stage development, with
some species needing to reach saline waters before developing to
the second life stage (Jalihal et al.,, 1993; Bauer & Delahoussaye,
2008). In such species, adults live in freshwater ecosystems and
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species are known to complete full larval development within
saline environments (Bowles et al., 2000). Among these, Mac-
robrachium acanthurus (Wiegmann, 1836), M. carcinus (Lin-
naeus, 1758), and M. ohione (Smith, 1874) are recognized as
native to the United States, whereas M. faustinum (de Saussure,
1857), M. heterochirus (Wiegmann, 1836), M. rosenbergii (De
Man, 1879), and M. olfersii (Wiegmann, 1836) are introduced
(Bowles et al., 2000). Due to their complex life cycles involving
migration between freshwater and marine environments, Macro-
brachium species can be difficult to study, and their populations
are prone to human disturbances (Bauer, 2013). The construc-
tion of mainstream dams alter flow regimes and create physical
barriers that shrimps must surpass for the downstream larval
drift and the upstream migration of juveniles (Horne & Beisser,
1977; Bauer & Delahoussaye, 2008). Most Macrobrachium lar-
vae can survive only a few days in freshwater before they must
reach the higher salinity of a marine environment (Novak et al.,
2016; Fukuda et al., 2017), so increased water retention times
associated with reservoirs may increase mortality (Bowles et al.,
2000). Commercial harvest, other river modifications, habitat
degradation, and chemical pollution can also lead to local and
regional Macrobrachium population declines (Magalhaes et al.,
2016; de Mazancourt & Ravaux, 2024).

Macrobrachium carcinus, the big claw river shrimp, is the larg-
est of the genus within the continental United States (Bowles et
al., 2000). Macrobrachium carcinus falls into a category of Mac-
robrachium requiring a developmental period greater than ten
larval stages in saline coastal waters (Jalihal et al., 1993). The
species has experienced population declines throughout its
range associated with dam construction (Bowles et al., 2000).
Individuals of M. carcinus are unable to traverse relatively large
dams associated with bottom-release reservoirs, but are capa-
ble of surpassing smaller low-head dams (e.g. top-release reser-
voirs) due to their larger body size (Horne & Beisser, 1977). In
Texas, historical populations of M. carcinus were noted for the
Nueces, Colorado, Guadalupe, Rio Grande, Brazos, and San
Jacinto river drainages, and are reported as extirpated from the
Devil’s River (Val Verde County) following the construction of
two large embankment dams, Falcon Dam in 1953 and Amistad
Dam in 1968 (Hedgpeth, 1949; Bowles et al., 2000). Although
true historical ranges for Macrobrachium spp. in Texas are diffi-
cult to estimate, all species have experienced reductions of those
historical ranges, primarily due to migratory barriers from dam
construction (Solis, 2023).

Horne & Beisser (1977) estimated that M. carcinus juveniles
collected in the upper San Marcos River (Hays County, Texas)
were two years old, meaning individuals must travel upstream
~0.5 km™® from the marine environment, but there is still
limited understanding of upstream movement for this species.
Choudhury (1971) showed that M. carcinus larvae could not
survive more than six days without reaching saline waters to
molt, where they grow to reach juvenile stage before migrating
upstream. The reproductive season for M. carcinus has not been
widely studied in natural environments, but Lewis et al. (1966)
showed it to range approximately from May-October for a pop-
ulation in Barbados, West Indies. The reproductive strategy (e.g.
upstream larval release versus downstream migration) and any
potential regional variations also remain unknown for M. carci-

nus. Females of M. ohione, another species found in the contig-
uous United States, have been observed migrating downstream
during the reproductive season in the Mississippi River basin
(Bauer & Delahoussaye, 2008), but it is unknown if M. carcinus
employs this strategy.

Previous studies of M. carcinus in Texas primarily focused on
identifying taxonomic relationships and geographic distribution
(Horne & Beisser, 1977; Bowles et al., 2000), trophic position
(Pound et al., 2011), and their densities and role in ecosystem
functioning (Scott et al., 2012), but there is a lack of quantitative
information regarding M. carcinus life history within Texas river
ecosystems. A better understanding of M. carcinus ecology and
biology is thus warranted to manage against additional popula-
tion declines and range reductions in the Texas region.

We aimed to assess M. carcinus population dynamics and
aspects of the life history in the upper San Marcos River, a trib-
utary of the Guadalupe River located in central Texas. The San
Marcos River is a spring-dominated system with high water
clarity and year-round thermally stable conditions (~22°C)
(Groeger et al., 1997). The San Marcos Springs, the neighboring
Comal Springs, and the Edwards Aquifer groundwater source
ecosystems are home to seven federally threatened or endan-
gered aquatic organisms. Their protected status is mainly due
to potential loss of habitat from reduced spring flows (USFWS,
1995). The Edwards Aquifer Habitat Conservation Plan
(EAHCP) was put in place in 2012 to manage, protect, and con-
serve the groundwater supply, spring flows, and habitat supplied
by the Edwards Aquifer (EARIP, 2012). The San Marcos River
is a highly protected and studied ecosystem showing susceptibil-
ity to habitat loss, recreational impacts, reduced flows, degraded
water quality, and invasive species (Bowles & Arsuffi, 1993;
Bowles & Bowles, 2015; Poole et al, 2022).

The upper San Marcos River provided a unique opportunity
to capture M. carcinus using scuba divers instead of traditional
trapping methods (e.g. cylindrical wire or “matapis” traps)
(Lima et al, 2014). To determine reproductive strategy, we
assessed seasonal patterns in population dynamics and move-
ment of the species using mark-recapture methods and anal-
ysis of size composition and monthly sex-ratios. If M. carcinus
females do employ a downstream movement for egg release,
given the distance to the marine environment (~400 river km),
we would predict to see a higher portion of males during the
reproductive season as ovigerous females moved downstream.
To further our understanding of the general ecology and biology
for the M. carcinus population in central Texas, we also assessed
length frequency distributions, length-weight relationships, and
calculated growth rates.

METHODS
Study area

The headwaters of the San Marcos River originate from ground-
water discharge from the Edwards Aquifer in the city of San
Marcos (Hays County, Texas) and flows approximately 7.5 km
before merging with the Blanco River, where it continues an
additional 123.3 km to the Guadalupe River near Gonzales,
Texas (Gonzales County). The Guadalupe River flows another
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Figure 1. Study area for Macrobrachium carcinus in the upper San Marcos River, central Texas, USA (B). Each reach was sampled monthly
(approximately one reach per week) from February 2017 to May 2018 (A). The upper limit was Spring Lake Dam (29°53"24.1' N,
97°56’04.1’'W) and the lower limit was the IH-3S overpass (29°52/30.4'N 97°5555.0'W). Six additional dam structures along the San Marcos

River but outside of the study area are highlighted in red (C).

269 km before reaching a saltwater barrier control structure near
Victoria, Texas, after which the river becomes saline and con-
nects to Matagorda Bay in the Gulf of Mexico. Seven low-head
dams occur on the San Marcos River between the headwaters
of Spring Lake and its confluence with Guadalupe River, with
one additional dam on the Guadalupe River before reaching the
saltwater barrier.

The study area was confined to the upper 2.2 km of the
San Marcos River, a highly recreated and modified section
within San Marcos city limits. The study reach started below
Spring Lake Dam (29°53724.1" N, 97°56'04.1'W) and ended
at Interstate Highway 35 (IH-35) overpass (29°52'30.4'N,
97°55’55.0'W) and was divided into four reaches to assess
movement patterns (Fig. 1A). Reach 1 was located just below
Spring Lake Dam and continued downstream 0.7 km to a small
foot bridge. Reach 2 started at the end of Reach 1 and contin-
ued 0.84 km downstream to the upper structure of Rio Vista
Falls, a set of recreational canoe chutes. Reach 3 started at the
top of Rio Vista Falls and continued 0.12 km to Cheatham St.
bridge. Reach 4 started at Cheatham St. and continued 0.56
km to the IH-35 overpass. This study area encompasses two of
the seven low-head dams on the San Marcos River, one being
Spring Lake Dam as the upper limit of the study area, and Rio
Vista Falls approximately half-way downstream. Rio Vista Falls

is designed as a recreational feature with large chutes, causing
little restriction on upstream migration as shrimp and freshwa-
ter eel (Anguilla rostrata Lesueur, 1817) are observed above the
structure. All other dams, municipal outflows, and consistent
effluent sources were located downstream outside of the study
area (Fig. 1C).

Field collections

Individuals of M. carcinus were captured weekly, with each
reach being sampled approximately once a month by scuba div-
ers from February 2017 through March 2018. Individuals were
captured live using a modified hand net and rod technique
similar to one of the collection methods used by Robison et
al. (2016). Standard 18 cm long x 25.5 cm wide aquatic dip
nets had the depth of the nets increased from 5.5 cm to 50 cm
to hold the length of adult M. carcinus and allow for the clo-
sure of the opening during capture. A fiberglass rod (6.5 mm
X 75 cm) was used to gently coerce an individual into a loca-
tion where it could be securely netted while minimizing harm
to individuals. Divers often worked in teams, with one direct-
ing the shrimp out of cover and another diver capturing the
shrimp. Once captured, a marker was placed at the initial loca-
tion where each captured specimen was first observed, and the
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shrimp was transferred into a numbered water-filled bucket
near the river’s edge. Collections were conducted both during
daytime and nighttime with the use of dive lights as needed.
As the study progressed, all collections were conducted during
daytime because shrimp were easier to observe and capture.
Although all reaches were sampled once monthly, the specific
timing varied due to weather conditions and seasonal recre-
ational activities. Dissolved oxygen (mg ™), water temperature
(°C), conductivity (uS cm™), pH, and turbidity (NTU) mea-
surements were collected at a central reach location for each
collection event (see Supplementary material Table S1) using
a Bureka Manta+30 Multiparameter Sonde (Eureka Water
Probes, Austin, TX, USA).

A standard set of measurements and observations were
collected from all (re)captured individuals in the field. Car-
apace length (CL) was defined as the posterior margin of the
ocular orbit to posterior end of carapace and measured to the
nearest 0.01 mm with digital calipers (VINCA DCLA-0605,
Clockwise Tools, Valencia, CA, USA). Total wet weight
(TW) was recorded to the nearest gram (Ohaus CS5000,
Ohaus, Parsippany, NJ, USA) although 13 captures had TW
omitted due to equipment failure during the first two sam-
pling events. Sex of adult individuals was determined using
the morphology of the first pleopod and presence of appendix
masculina as described by Nagamine & Knight (1980); any
additional distinct morphological characteristics were noted
(e.g. chelae loss, external damage, soft or firm exoskeleton).
Sexual identification data is absent for some individuals cap-
tured in February 2017 because positive identification for the
morphological characteristics used to distinguish sex was not
mastered until early March 2017. Those with no distinguished
sex (i.e. captures early in the study or were too young at the
time of capture) were categorized as “unidentified.” All live
specimens were separated and morphometric data collected.
Each specimen was tagged with a streamer tag (FTSL-73,
Floy' Tag Co, Seattle, WA, USA) bearing unique identification
numbers and a different color designating the capture reach.
Tags were inserted into the dorsal musculature between the
carapace and first abdominal segment (Geraldi et al., 2009)
and reference pictures were taken for each tagged individual.
Tagged individuals were returned to their original capture
location, which was recorded using Trimble GeoExplorer
units (GeoExplorer 2008 Trimble, Westminster, CO, USA)
and uploaded into ArcGIS Desktop (version 10.5.1, esri, Red-
lands, CA, USA). All data for the capture location, morpho-
metrics, and tag number were aligned with the bucket number
until release. All newly captured M. carcinus individuals were
tagged and released; however, captured individuals were only
measured and released without tagging during the final month
of the study.

Statistical analysis

To assess the potential reproductive strategy of M. carcinus in the
upper San Marcos River, a second order polynomial beta regres-
sion model was used to test the hypothesis that the proportion
of captured shrimp that were female would decrease during the
reproductive season as they moved downstream to release eggs

and then would increase again as those individuals returned or
new females moved into the study reach.

We parameterized this model as:

y=ax’ +bx+c

Where y is the proportion (range 0-1) of females in the sample,
x is time, a the coeflicient of the squared term, b the coeflicient of
the linear term, and c the constant term. We used the betareg func-
tion from the betareg package to account for the response variable
being bound between 0 and 1 (Cribari-Neto & Zeileis, 2010).

Length frequency distributions were plotted with S mm
classes for CL for males, females, and those with unidentified sex.
Differences in length frequency distributions between females
and males, omitting unidentified sex, were assessed using Kolm-
ogorov-Smirnov goodness of fit test (ks.test function). Data was
only included for individuals at the time of their first capture,
omitting all recapture data from analysis.

For length-weight comparisons, total wet weight (TW depen-
dent variable) and carapace length (CL independent variable)
were natural log transformed to account for non-linearity and
modeled with an interactive categorical effect of sex (i.e. female
or male) in a linear model to assess the effect of sex on the rela-
tionship between length and weight (Im function, stats version
4.4.1). This analysis only included initial capture data and non-
ovigerous females.

To facilitate comparison with other Macrobrachium studies,
the length-weight growth curves were determined using the
equation:

TW =a x CL"

Where a is the intersection with the ordinate axis (i.e. intercept)
and b the regression coefficient (Aminisarteshnizi, 2021; Vargas-
Ceballos et al., 2024). Allometric growth rates (b value) were
determined for each sex using nonlinear least squares models
(nls function; Bates & Watts, 1988) because the linear regres-
sion model on transformed data revealed differences between
the sexes (see below).

Daily growth rates for recaptured individuals were described
using the specific growth rate (G):

G = 100 (InTWt — InTWo) /t

with TW_ being initial weight, TW, weight at recapture, and t
time in days between capture and recapture (RaAnan et al.,
1991). The relationship between G and InTW, was further
assessed using regression analysis to test for a reduction in
growth as total weight increased. For this analysis, only complete
specimens (e.g. no claw loss) and females without eggs during
both capture events (i.e. to address weight changes caused by
spawning) were included.

All statistical analysis was performed in R version 4.3.1 (R Core
Team 2020), significance was inferred at a < 0.0S.

RESULTS

In total, 162 individuals of M. carcinus were captured (i.e.
unique captures) in the upper San Marcos River from
February 2017 to May 2018 (Table 1). For initial captures
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Table 1. Number of initial captures (N), mean carapace length (CL) and range, mean total weight (TW) and range for Macrobrachium carcinus
captured in the upper San Marcos River (February 2017-May 2018). Ovigerous females were categorized separately and were also excluded
from length-weight analysis. Thirteen individuals had TW omitted for erroneous equipment readings during the first sampling event. SD,

standard deviation.

Sex N Mean CL (SD) CL range N Mean TW (SD) TW range
Males 83 65.51 (16.48) 34.79-90.80 81 211.06 (131.70) 23-494
Females 44 50.23 (8.93) 32.00-67.46 41 86.20 (39.04) 25-163
Females (ovigerous) 13 59.47 (4.61) 52.77-65.82 13 160.69 (28.16) 123-210
Unidentified 22 43.67 (13.66) 18.57-74.37 14 72.21 (70.79) 5-234
Female
]
10- !
|
s EE== I
0- }
Male
> 1
2 I
g 10-
5 5 1
o -
: T -
I g- ==
Unidentified
1
10- '
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Figure 2. Frequency of occurrence among carapace length classes (mm) for initial captures of Macrobrachium carcincus (N = 162) in the upper
San Marcos River (February 2017-May 2018). The dotted line indicates the mean carapace length for each sex.

(N = 162), carapace length ranged 18.57-90.80 mm (mean
(£SD) 57.91 + 16.10 mm). Males (N = 83) carapace lengths
34.79-90.80 mm (mean 65.51 * 16.48 mm) and females
(N = 57) carapace lengths 32.00-67.46 mm (mean 52.34 +
9.00 mm). For initial capture observations only (N = 149),
total wet weight ranged 5-494 ¢ (mean 159.26 + 118.14 g.
Males (N = 81) total wet weight ranged 23-494 ¢ (mean
211.06 £ 131.70 g), non-ovigerous females (N = 41) total wet
weight ranged 25-163 g (mean 86.20 + 39.04 ¢), and ovig-
erous females (N = 13) total wet weight ranged 123-210¢
(mean 160.69 + 28.16¢g). Length frequency distributions
differed between sexes (Kolmogorov-Smirnov test, D = 0.58,
P < 0.001) with lower variation in female body size and a
greater proportion of females falling in the 50-55 mm range,
whereas males were more broadly distributed and slightly
bimodal, with the highest occurrence of individuals within
the 80-85 mm size range (Fig. 2). For all identified initial cap-
tures (N = 123 excluding ovigerous females and individuals of
unidentified sex), total wet weight increased but differed as a
function of carapace length between sexes (b = 2.77; F, o=
2393, P = < 0.001, R? = 0.98). The sex-specific growth curve
coefficients for females (a = 0.0019, b = 2.7251, R? = 0.91)
and males (a = 0.0005, b = 3.0575, R? = 0.95) indicated males
obtained greater lengths, and had a higher rate of wet weight
increase relative to increase in length (Fig. 3).

Among the 140 mature individuals captured, the total num-
ber of individuals identified as males (N = 83) was greater than
identified females (N = 57), with an overall sex ratio of ~1.5:1
across the entire study period (Table 2). Monthly sex ratios in
the upper San Marcos River varied from 0.5:1 (February 2018)
to 3.2:1 (March 2017). The second order polynomial beta
regression model indicated that the proportion of females that
were captured did not change over time (a = 0.094, P = 0.48; b
=-0.004, P = 0.63). Thirteen ovigerous females were captured
from mid-June through late November.

Of the 162 individuals captured, 31 were recaptured once
during the study period, with an additional six being recaptured
more than once, resultingin 38 total recaptures, when countingall
untagged individuals as first-time captures and assuming no tag
loss occurred between collection events. Recaptures consisted
of 19 males (recaptured 1 or 2 times), 17 females (recaptured
1-3 times), and 2 individuals of unidentified sex (recaptured
1 time each). For the recaptures, 84% occurred within 25 m of
their original capture location, averaging 117 d between cap-
tures (range = 7-300 d between captures). The mean distance
between collection points for recaptured individuals was 14.8 m
(means males = 22.3 m, females = 7.8 m), with a maximum dis-
tance for one male was 145 m in an upstream direction within a
five-month period. Among recaptured females, three were ovig-
erous on first capture, one in September and two in October, and
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Figure 3. Carapace length-total weight growth curves (TW = a x CL") for male and non-ovigerous female initial captures of Macrobrachium
carcinus (N = 123) in the upper San Marcos River (February 2017-May 2018).

Table 2. Monthly captures of sex identified individuals of Macrobrachium carcinus, percent of ovigerous females to non-ovigerous females, and
sex-ratios. The potential reproductive season is outlined where ovigerous females were present.

2017-2018 No. of males collected No. of females collected % ovigerous Sex ratio
February 3 0 1:1
March 16 S 0 3.2:1
April 3 0 2.7:1
May 7 4 0 1.8:1
June 6 7 14 0.9:1
July 6 6 17 1:1
August N 60 1.4:1
September 10 6 83 1.7:1
October 5 7 43 0.7:1
November 1 1 100 1:1
December 2 1 0 2:1
January 7 3 0 2.3:1
February 2 4 0 0.5:1
March 3 2 0 1.5:1

lacked eggs on recapture, 33, 88, and 265 d later, occurring in
November, January, and May, respectively.

Instantaneous growth rate (G) of M. carcinus was 0.51 (£ 0.3,
N = 17), male only was G = 0.44 (£0.2, N = 11), and female
only was G = 0.70 (£ 0.3, N = 5). Instantaneous growth rate (G)
had no significant correlation to InW (G = 1.3-0.17LnW, F.,=
3.018, P=0.07, R? = 0.29; Fig. 4).

DISCUSSION

Our study provides substantial new insight into the biology
of M. carcinus through in-depth investigation of a population
in the upper San Marcos River. Results revealed that males
reached larger body sizes and gained body mass at a higher rate,
but that females had a faster rate of instantaneous growth. It
also showed that reproductively active females were present,

and the ratio of males and females remained consistent across
seasons.

Monthly sex-ratios ranged 0.5:1-3.2:1 and were gener-
ally more male biased across the 14-month study period. A
marked reduction in the number of females captured during
the reproductive season was not observed, suggesting a lack
of downstream migration by females in this population during
the reproductive season. This contrasts with M. ohione whose
females migrated downstream in the Atchafalaya River (Louisi-
ana) to release larvae closer to the marine environment (Olivier
& Bauer, 2011). Our results were more consistent with Novak et
al. (2016), who found reproductive females and drifting larvae
of M. spinipes in the Daly River (Australia) as far inland as 405
river km from the marine environment, suggesting that larval
drift was the dominant reproductive strategy, though it is likely
the more inland females were not contributing to recruitment.
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Figure 4. Relationship between instantaneous growth rate (G) and Ln total weight (LnW) for recaptured Macrobrachium carcinus (N = 17)
within the upper San Marcos River (February 2017-May 2018), showing a reduction in instantaneous growth as weight increases, representing

an asymptotic growth curve.

We also found that three females were ovigerous upon initial
capture but were later recaptured without eggs, with one recap-
tured 33 d later. This suggests that M. carcinus egg release is
occurring in the uppermost reach of the San Marcos River and
that larval drift is the dominant mechanism for downstream dis-
persal to marine coastal environments. It is unknown if these
larvae could drift to the coast before reaching the mortality
threshold. This M. carcinus population may be a localized sink
that does not contribute to recruitment in the Guadalupe River
drainage. Our study area was within an urbanized environment
with significant seasonal recreational use (Lopez et al., 2023),
a disturbance that should be evaluated for its effects on shrimp
behavior and reproductive activity, but was not addressed in the
study.

Macrobrachium carcinus demonstrated sexual dimorphism,
with males obtaining greater body sizes and weights than
females. This pattern is consistent with multiple species of Mac-
robrachium (Mantelatto & Barbosa, 200S; Lalrinsanga et al.,
2012). Similar sexual dimorphism is noted for M. rosenbergii,
where males obtain greater carapace lengths and lengths of the
second (chelate) leg when housed with females (Alkhamis et al.,
2023). Males showed a bimodal length frequency distribution
that might suggest two separate cohorts within this population,
but this was not present in the females. Despite males obtain-
ing larger sizes than females, the relationship between carapace
length and total wet weight was highly predictable, though sig-
nificantly different between sexes. Valenti et al. (1994) found
the same strong relationship between carapace length and body
weight for an M. carcinus population in southern Brazil.

Instantaneous growth rates for recaptured individuals dis-
played rapid growth rates among smaller individuals that steadily

decreased among larger individuals as they approached asymp-
totic growth. The species of Macrobrachium often exhibit allome-
tric growth as they become deeper-bodied relative to increasing
length (Aminisarteshnizi, 2021). This is also influenced by the
unilinear growth patterns of appendages, especially the second
pereiopods when reaching adult stages, which is even more exag-
gerated in males (Lewis & Ward, 1965).

Upstream migration of M. carcinus from the saline coastal
environments is estimated to take approximately two years
to reach the upper extent of the San Marcos River (Horne &
Beisser, 1977). The smallest individual captured during our
study had an 18 mm carapace length (S g), or 72.7 mm total
length (rostrum to telson), smaller than previously recorded at
123 mm total length (26.4 g) by Horne & Beisser (1977). Total
length was recorded for this individual due to its unusually small
size when compared to all other prior captures within this study.
Using a length growth curve (L=a(L_(1-¢*))) determined by
Valenti et al. (1994), this individual is estimated to be about 10
mo old and would have had to migrate about 1.5 km™ to reach
the capture location, a much faster upstream movement rate
than previously proposed (0.5 km™; Horne & Beisser, 1977).
This upstream movement rate is within the range proposed
for other Macrobrachium species. For example, Bauer & Dela-
houssaye (2008) estimated M. ohione could potentially migrate
upstream 8 km™ in the Atchafalaya River, LA, if only traveling
at night. Using the InWeight-InLength relationship of Valenti et
al (1994) to convert mean capture weight of individuals in our
study (159.26 g) to total length of 19.9 cm and then applying
their length-growth curve, the estimated mean age of individuals
in our study was approximately six years old. There have been
tew in situ studies on the growth of M. carcinus, especially in
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the upper limits of a thermally stable groundwater system, but
further investigation would help to discern the age structure of
this population. In addition, rates of downstream dispersal of M.
carcinus have not been extensively examined in Texas rivers. It
has been estimated that M. carcinus larvae kept solely in fresh-
water die within six days without molting (Choudhury, 1971).
Thus either M. carcinus migrate upstream at a more accelerated
rate than previously estimated or there is potentially a location
between San Marcos and the coast that provides adequate salin-
ity for successful development.

Our study provided a unique opportunity to test the use of
Floy streamer tags to identify recaptures for M. carcinus, even
through multiple molts. This was highlighted by an individual
that was tagged in September 2017 being recaptured follow-
ing the conclusion of this study in April 2019. The shrimp still
retained its tag even when showing signs of multiple molt events
with carapace length doubling in size (43.5 mm to 89.2 mm). A
few tags were noted to have stretched, potentially due to the cara-
pace getting caught on the tag during molting, but no other form
of damage was noted. Due to the streamer tag being the only
identifying mark, we were not able to tell if or when a tag was lost
so it was assumed that all 162 untagged individuals were first-
time captures. Our results thus suggest Floy streamer tags are a
low-cost and effective method to track movement and growth
patterns for M. carcinus and potentially other Macrobrachium
species, at least for a period of approximately 18 months.

The upper San Marcos River has experienced catchment
urbanization for decades, with concrete walls and limestone
blocks added for bank stabilization and recreational access
(Kollaus et al., 2015). Throughout our study, high site fidelity
was observed, especially during the reproductive season, with
the dominant form of cover being provided by an abundance of
failing concrete infrastructure. Observations and capture suc-
cess increased when collections events occurred during daytime
as shrimp stayed closer to the concrete structures and cover as
opposed to being more active and within the large dense stands
of aquatic vegetation that was present throughout the study
reach. Although understanding local habitat use is relevant, the
distribution of some Macrobrachium species can be determined
more by their longitudinal position in a watershed than by local
stream-channel factors (Iwata et al., 2003). Such may be the case
for M. carcinus in the upper San Marcos River since they are at
the uppermost limit for this system. Unbiased absence-presence
surveys did not occur during our study but could provide more
insight into available habitat relationships to localized abun-
dance, especially with the ability to detect the shrimp due to the
high level of water clarity in this environment.

The number of M. carcinus observed in the upper San Marcos
River declined substantially in the five years following the field
portion of this study, with the last reported observation occur-
ring in early 2020. The field crews responsible for capturing M.
carcinus have remained active in similar field studies and conser-
vation activities within the upper San Marcos River since 2018.
While no targeted M. carcinus surveys occurred, the same habi-
tat, crevices, and cover areas were surveyed for movement and
habitat use for invasive armored catfish Hypostomus sp. (Hay et
al., 2022), thus it is likely that field crews would have observed
M. carcinus in the river during this period. This lack of observa-
tions is likely due to a decline in the M. carcinus population in the

upper San Marcos River. Similarly, Scott et al. (2012) observed
5-12 individuals of M. carcinus per nightly survey event in 2009
followed by an apparent absence of the species in subsequent
years (WHN, unpublished data). It thus appears that popula-
tions of M. carcinus in the upper San Marcos River over the last
decade fluctuate substantially, but the drivers of this variation
remain unknown.

Prior to our study, multiple flow pulses occurred in the upper
San Marcos River between 2015 and 2017, with the largest at
67.68 m’s! (September 2016), well above the 5.3 m3s! base-
flows (station 08170500; USGS, 2025). High flows may provide
opportunity for M. carcinus to disperse to the upper San Marcos
River. Barko & Hrabik (2004) proposed that a flood event in
1993 in the upper Mississippi River resulted in increased pop-
ulations of M. ohione several years after higher flows subsided.
Extended periods of low flow and lack of large seasonal storm
pulses may restrict upstream movement of migratory shrimps
like Macrobrachium (Covich et al., 2006) or may not provide
necessary flow cues to trigger upstream migration (Hughes &
Richard, 1973). The annual mean discharge for the San Mar-
cos River for the study period and the year prior was 6.2 m’’
and 8.3 m’™, respectively, both above the 5.3 m’™ 30-year
mean. The study period also showed a 30-day minimum and
30-maximum of 4.5 m’™" and 9.9 m’, respectively, which
shows that though spring-fed headwater ecosystems are thought
to be stable, they can also be subject to seasonal flow variation.
Since the conclusion of our field work, flows have continued to
decline, reaching a 30-day minimum of 2.0 m*s™" in August 202.3.
Declining base flows in this region are likely a consequence of
increased demand of the Edwards Aquifer groundwater supply
due to record population growth and land-use changes (Lieb-
erknecht et al,, 2019) and an increasing hydrologic drought
prone climate (Nielsen-Gammon et al., 2020). Edwards Aquifer
groundwater availability and spring flows, however, often do not
temporally align with measured meteorological drought sever-
ity, highlighting the need for more robust spring flow monitoring
and regulatory policies to maintain these ecosystems (Uddameri
et al, 2019) and their fauna. An assessment of M. carcinus dis-
tributions related to flows may thus highlight how populations
are impacted by human water demand, physical modifications to
rivers that impact flows (dams and other barriers), and climate
change, especially for groundwater-dependent rivers.

Conservation implications

Recent studies support the need for conservation efforts for M.
carcinus in Texas. Texas Parks and Wildlife Department listed
M. carcinus as a species of concern in 2005; however, the species
has not been categorized as a species of greatest conservation
need (TPWD, 2005, 2023). The geographic range of M. carcinus
is large and described as including the Florida Atlantic Coast,
states bordering the Gulf of Mexico, West Indies, and Central
America to Brazil, but some populations within this range
have experienced declines or complete extirpations (Horne
& Beisser, 1977; Bowles et al., 2000). A recent phylogenetic
study, including samples from our study, revealed that popu-
lations from Texas, Puerto Rico, and Central/South America
form genetically distinct clades (Pineda, 2022). The presence of
regional clades might warrant more independent prioritization
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of conservation need and a better understanding of the distinct
impacts and biology of each clade.

Solis (2023) examined historical ranges of Macrobrachium
and found that there has been significant habitat loss and frag-
mentation in Texas coastal drainages. This observation sug-
gests that a better understanding of how dispersal barriers (e.g.
dams) may act in concert with receding flows related to climate
change and deterioration of water quality will further restrict
passage and habitat use in Macrobrachium species in Texas. Our
study area excluded relatively large low-head or hydropower
dam structures (e.g. Cummings’ Dam or the Gonzales Hydro
Station Dam, located approximately 6 and 130 km downstream
from the study area, respectively) as well as point sources that
have water quality impacts on the San Marcos River (e.g. the
A.E. Wood state fish hatchery outfall and the San Marcos
wastewater treatment plant outflow ~4 km downstream from
the study area). Although the A.E. Woods hatchery effluent
affects water quality, its effects on macroinvertebrate commu-
nities is minimal (Fries & Bowles, 2002); however, the effects
of these point sources on M. carcinus habitat use and migration
remain unknown. It is clear that further research on larger-scale
longitudinal patterns in population size and structure, the role
of barriers on movement and connectivity, and the influence
of human water quality impacts are needed to ensure the per-
sistence of M. carcinus in the lower Guadalupe River drainage
in Texas.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of Crustacean
Biology online.
S1 Table. Water quality parameters from capture locations.
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