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Abstract
Estuaries in coastal South Texas feature naturally extreme salinity fluctuations that are increasing in magnitude due to anthro-
pogenic activities, with salinities exceeding 70 parts per thousand (ppt) in some areas during periods of recurrent drought. 
Red drum (Sciaenops ocellatus) are a recreationally valuable estuarine dependent fish species that rely on these increasingly 
saline estuaries to complete development. Though juvenile and adult life stages of red drum are known to be euryhaline, 
current evidence suggests this species is relatively stenohaline during early development. Therefore, the goal of this study 
was to evaluate the impacts of salinity stress on hatch and survival of early life stage (ELS) red drum. Hatch success at 24-h 
post fertilization (hpf) was reduced by 29% relative to controls when embryos were exposed to salinities elevated by as little 
as 2 parts per thousand (ppt) relative to spawning conditions. Larval attrition continued over the course of the 72-h study in 
all hypersaline treatments, with a ≥ 40% reduction in survival of yolk sac larvae relative to controls observed by test termi-
nation. Median lethal time (LT50) studies were also conducted to evaluate the relative sensitivities of embryonic and larval 
stages to osmotic shock. Results indicate that embryonic stages are more tolerant of extremely hypersaline conditions (68.7 
ppt) relative to yolk sac larvae; however, both stages are considered stenohaline. As our experimental salinity concentrations 
incorporate the range of current summertime conditions in Texas estuaries, these findings have very real implications for 
ELS red drum populations in the Gulf of Mexico.
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Introduction

Estuaries act as receiving waters for terrestrially influenced 
freshwater inflows and organic matter and facilitate mixing 
with water from the open ocean (Canuel and Hardison 2016). 
This combination of factors drives many biologically impor-
tant processes that are reliant on upwelling and the availabil-
ity of nutrients and oxygen (Barbier et al. 2011; Canuel and 
Hardison 2016; Pesce et al. 2018; Wilson and Dunton 2018). 

Combined, these dynamics support high productivity and gen-
erate salinity gradients that are required by many estuarine-
dependent species to complete key life history/developmental 
processes (Barbier et al. 2011; Buskey et al. 2012; Montagna 
and Kalke 1992). This includes many species of early life stage 
(ELS) marine fish and invertebrates that utilize these heteroge-
neous habitats as nurseries and feeding grounds (Barbier et al. 
2011; Lewis et al. 2020).

The majority of commercially and recreationally valuable  
fisheries in the USA are comprised of estuarine-dependent  
species (Lellis-Dibble et al. 2008; Lewis et al. 2020; TPWD  
2010). In fact, nearly 85% of native estuarine dependent fish 
species found in the Gulf of Mexico (GoM) are valued as a 
commercial or recreational fishery species (TPWD n.d. - a, 
b). Recreational fishing alone contributes over $125 billion 
USD to the national economy each year, with Texas ranked 
first in terms of single state contributions (DOI 2008; Lellis-
Dibble et al. 2008; Lewis et al. 2020). Nearly two-thirds of  
Texas’ $3.2 billion USD recreational fishing industry is gener-
ated by only two estuarine-dependent Sciaenids, the spotted  

Communicated by Henrique Cabral

 *	 Kristin M. Nielsen 
	 kristin.nielsen@austin.utexas.edu

	 Kerri Lynn Ackerly 
	 klackerly@utexas.edu

	 Kathleen J. Roark 
	 kathleen.roark@utexas.edu

1	 The University of Texas at Austin Marine Science Institute, 
750 Channel View Drive, Port Aransas, TX 78373, USA

http://orcid.org/0000-0002-5453-9808
http://crossmark.crossref.org/dialog/?doi=10.1007/s12237-022-01124-3&domain=pdf


542	 Estuaries and Coasts (2023) 46:541–550

1 3

seatrout (Cynoscion nebulosus) and the red drum (Sciaenops 
ocellatus) (Buskey et al. 2012; Pulich et al. 2001; Puritz 
et al. 2014; Vega et al. 2012). The Texas Parks and Wild-
life’s Coastal Fisheries Division estimates that recreational 
anglers catch approximately 225,000 red drum annually, 
making it the most valuable recreational fishery in Texas 
(TPWD n.d. - b).

In the often-arid months of late summer and fall, Texas 
red drum broadcast spawn in nearshore waters, following 
which the rapidly developing offspring are passively trans-
ported through tidal inlets to shallow estuarine nursery habi-
tats (Brown et al. 2004; Davis 1990; Holt 2008). Though red 
drum can be found throughout Texas’ seven major estuaries, 
their abundance is highly variable between systems, with the 
Southernmost estuaries accounting for some of nation’s most 
robust populations.

These estuaries, including the Mission-Aransas Estu-
ary, the Nueces Estuary, and the Upper Laguna Madre, are 
located primarily within a geographic region known as the 
Texas Coastal Bend (TCB). Estuaries in the TCB remain 
among some of the most well-preserved and productive 
estuarine habitats in the USA; however, a combination of 
industrialization, watershed urbanization, increasingly 
arid conditions, and other anthropogenic impacts is stress-
ing freshwater inflows to TCB estuaries (Quammen and 
Onuf 1993; Engle et al. 2000; Buskey et al. 2012; Bugica 
et al. 2020; Lewis et al. 2020). Consequently, rates of evap-
oration often exceed recharge in these estuaries, leading 
to rising average salinities and recurrent bouts of extreme 
hypersalinity (Montagna et al. 2018; CBBEP 2020). This  
is particularly true for the Nueces Estuary, where increasing 
pressures on inflow and a changing climate have resulted in 
hypersaline conditions as high as 39 parts per thousand (ppt) 
for over 37% of the last two decades (Buskey et al. 2012;  
CBBEP 2020; Pulich et al. 2001; Wilson and Dunton 2018). 
Thus, it is reasonable to suggest that the hypersaline conditions  
in the Laguna Madre (which has no major riverine influences 
and commonly reaches salinities of 70 ppt or more; TPWD, 
n.d. - c) represent future extreme salinities that ELS red drum 
may encounter if current trends in the TCB continue.

Although juvenile and adult stage of estuarine-dependent 
fishes is often tolerant to a wide range of salinities and/or 
can move to more favorable conditions, this is often not true 
for ELS fish, which are typically more sensitive to physical 
and chemical environmental stressors (Alloy et al. 2017; 
Crocker et al. 1983; Damare et al. 2018; Khursigara et al. 
2017; Magnuson et al. 2018; Nielsen et al. 2022; Nielsen 
et al. 2018). The tolerance of ELS fish to hypersaline condi-
tions can further vary between species and developmental 
stage. For example, embryos are often less affected by vari-
ations in salinity than larvae, as there is often less overall 
exchange occurring across the chorion (Lein et al. 1997). 

Generally, salinities that are too far outside of a species’ 
tolerated upper or lower range result in increased larval 
mortality, with effects demonstrating dependence on num-
ber of days post hatch (Lein et al. 1997; Estudillo et al. 
2000; Dhaneesh et al. 2012; Garrido et al. 2015; Martin 
and Esbaugh 2021).

Those that initially survive may still experience adverse 
effects that lead to latent mortality or reduced fitness (e.g., 
increased metabolic rates, reduced neural tissue mass, 
smaller eye size/poor visual acuity, smaller size), as the 
energetic burden of osmoregulation under extreme condi-
tions can meaningfully reduce the overall energy budget 
available to complete development (Garrido et al. 2015; 
Gong et al. 2018; Moran et al. 2015; McKenzie et al. 2007; 
Passow et al. 2015; Banks et al. 1991). Therefore, the goal 
of the present study was to investigate the survival and 
growth implications of anthropogenic driven salinity stress 
for ELS red drum that are dependent upon South Texas’ 
estuarine habitats, across multiple stages of development.

We exposed ELS red drum to a range of environmen-
tally relevant and predicted future extreme salinities, while 
manipulating the timing of exposure to represent different 
tide- and wind-driven exposure scenarios.

Methods

All experimental protocols were approved by the Institutional 
Animal Care and Use Committee (IACUC) at The University 
of Texas at Austin (AUP-2021–00,068 & AUP-2021–00,078).

Embryo Collection

Embryos were collected from wild-caught spawning brood-
stock red drum maintained by Texas Parks and Wildlife 
Department (TPWD) – CCA Marine Development Center 
(Corpus Christi, Texas, USA) or the University of Texas 
Marine Science Institute (UTMSI; Port Aransas, Texas, 
USA) 3- to 6-h post fertilization (hpf). Embryos obtained 
from TPW were transported to UTMSI in water sourced 
from spawning tanks that were continuously aerated and 
held at a constant temperature during transport. All embryos 
were disinfected in 1-ppt formalin for 1 h, rinsed with steri-
lized isotonic (to transport water) seawater and checked for 
buoyancy/viability. All tests were terminated prior to first 
exogenous feeding of red drum, which occurs at approxi-
mately 96-hpf. Hatching success, survival parameters, and 
morphological changes were evaluated to assess the poten-
tial future impacts of hypersalinity on red drum populations, 
via reduced recruitment to the breeding population.
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Median Lethal Salinity Studies

Control salinity for each exposure was adjusted to reflect 
that of spawning tanks. To assess the impacts of salinity 
on hatching success and early development, an initial set 
of embryos was exposed to the following salinities: 31-ppt 
(control), 35-ppt, 40-ppt, 45-ppt, 50-ppt, 60-ppt, and 68.7-
ppt (20 embryos/replicate; n = 5 replicates/salinity), allow-
ing us to identify a preliminary median lethal concentration 
(LC50) at nominal test hours 24, 48, and 72. At the conclu-
sion of preliminary testing, morphological changes associ-
ated with salinity stress in survivors were identified. The 
highest salinity, 68.7-ppt, was chosen to reflect potential 
future anthropogenic-driven salinities that may be encoun-
tered by ELS red drum in the TCB.

To refine our LC50 value from the first test, a second set 
of embryos was exposed to a narrower range of salinities, 
which included a 35-ppt control (to match spawning tanks) 
and five hypersaline treatments that incrementally increased 
by 2-ppt intervals (i.e., 37-ppt, 39-ppt, 41-ppt, 43-ppt, and 
45-ppt). To further reduce potential uncertainty associated 
with LC50 derivation, replication was also increased for the 
second study (20 eggs/replicate; n = 10/salinity). The low-
est observed effect concentrations (LOEC) and no observed 
effect concentrations (NOEC) were derived for mortality 
at each of the previously identified nominal timepoints. A 
median effect concentration (EC50) was also calculated for 
morphological changes in survivors at nominal test hour 72.

All exposure solutions were prepared by thoroughly mix-
ing Instant Ocean® salts into 18-Ω ultrapure water (ELGA 
LabWater®, Woodridge, IL) to target salinities. A transfer 
pipette was used to gently load viable red drum embryos into 
pre-filled glass test chambers (250-mL) containing 200-mL 
aerated exposure solutions (> 7.67 mg/L, pH: 8.03–8.32). 
Test chambers were maintained in an environmentally con-
trolled room (28 °C, 14-h light:10-h dark photoperiod) to 
ensure environmental parameters did not fluctuate. Water 
quality parameters (dissolved oxygen, salinity, temperature, 
pH) were measured in all stocks and test chambers daily. All 
water quality parameters remained within acceptable ranges, 
as previously described, for the entirety of the 72-h study.

Survival was assessed daily (i.e., every 24 h following 
initial exposure) in every replicate, at which time dead larvae 
were removed from exposure vessels. As red drum typically 
hatch between 24 and 30-hpf (Holt et al. 1981; Davis 1990; 
TPWD 2010), percent survival at the 24-h time point (i.e., 
number of larvae alive relative to the number of eggs at test  
start) was also representative of a successful hatch. Follow-
ing the final survival assessment at test hour 72, larvae were  
humanely euthanized in buffered MS-222, placed in a methyl 
cellulose solution, and then imaged using a Nikon SMZ800N 
microscope (Nikon Metrology, Inc., Brighton, MI) fitted 
with a camera and accompanying software. To estimate  

differences in growth among treatments, body area, length, 
and eye size were quantified in surviving individuals from 
all replicates, using ImageJ (National Institutes of Health, 
version 1.8.0_172).

Median Lethal Time Studies

Depending on the spawning location and wind and tidal 
influences, ELS red drum may drift from nearshore spawn-
ing sites with typical seawater salinities into extremely 
hypersaline estuaries as embryos, or as yolk sac larvae. 
Therefore, the first median lethal time (LT50) study was 
designed to investigate the relative sensitivities of both 
embryonic and yolk sac larvae from the same spawn.

At test initiation, 20 embryos were transferred into rep-
licate dishes (n = 8 replicates/salinity) containing either 
28-ppt (control) or 68.7-ppt reconstituted seawater and sur-
vival was monitored hourly until hatch. Shortly after hatch, 
larvae from control dishes were equally divided into two 
cohorts for the larval component of the study. One larval 
cohort was transferred from control test chambers to a sepa-
rate set of chambers containing control salinity seawater 
(to determine baseline survival), while the second cohort 
of newly hatched larvae was transferred to dishes contain-
ing 68.7-ppt seawater. Survival of larvae was continuously 
monitored until all individuals in the hypersaline treatment 
died. From these data, embryonic and larval LT50 values 
were calculated.

Due to the considerably higher relative sensitivity of yolk 
sac larvae observed during the initial round of LT50 testing, 
follow up testing did not include an embryonic component. 
Rather, the larval component of the study was repeated using 
a second set of embryos from TCB wild-caught broodstock 
that were maintained in spawning tanks with a higher rela-
tive salinity (35-ppt). This study design allowed us to inves-
tigate the importance of spawning conditions on the salinity 
tolerance of newly hatched red drum.

Statistical Analyses 

Statistical tests were performed using JMP Pro (Version 
15), using an α of 0.05. A Shapiro–Wilk test was used to 
test normality at all time points. If data were non-normally 
distributed, non-parametric tests were used.

At nominal test hour 24, percent successful hatch was 
calculated by dividing the number of living newly hatched 
larvae by the number of viable embryos loaded at test start 
(n = 20 embryos/test chamber). Larval survival (48 h and 
72 h) was assessed, with percent survival calculated as the 
number of remaining (living) larvae relative to the number 
of embryos at study initiation. For the first set of embryos 
(i.e., those exposed to a wide range of salinities), survival 
and growth parameters, including body length, body area, 
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and relative eye size, were determined to be non-normally 
distributed. Therefore, a Kruskal–Wallis one-way analysis 
of variance (ANOVA), followed by a Steel with control (28-
ppt) post hoc test, was used to evaluate treatment effects at 
each assessment time point. LC50 values were estimated by 
fitting survival data from the appropriate time point with 
a logistic curve bounded between 0 and 1, followed by an 
inverse prediction of 50% survival.

For the second set of embryos (i.e., those exposed to a 
narrower range of salinities), survival data collected at test 
hours 24 and 72 were determined to be normally distributed, 
while survival data collected at test hour 48 was found to be 
non-normally distributed. LC50 and LT50 measures were esti-
mated as described previously. The 48-h NOEC and LOEC 
values were calculated using a Wilcoxon non-parametric test 
followed by a Steel with control (35-ppt) post hoc test. NOEC 
and LOEC values collected at 72 h were assessed with a one-
way ANOVA followed by a Dunnett’s post hoc test. Growth 
parameters were determined to be non-normally distributed 
and were analyzed using a Wilcoxon non-parametric test fol-
lowed by a Steel with control (35-ppt) post hoc. LT50 values 
for embryos and larvae exposed to extreme hypersalinity 
(68.7-ppt) were calculated by fitting survival data over time 
with a logistic curve bounded between 0 and 1. An inverse 
prediction was used to predict the time to 50% survival.

Results

Embryonic Exposures and Survival

In the first set of embryos (i.e., those exposed to salinities rang-
ing from 28 to 68.7-ppt), 24-h survival was 91.5% in the control 
group. Significant treatment effects on successful hatch/survival 
were apparent at this timepoint, with salinities > 50-ppt demon-
strating significantly lower hatch success relative to those in less 
saline treatments (p < 0.001, F = 159.7, DF = 6). A complete fail-
ure to hatch was observed in the highest salinity treatment, with 
only one moribund hatched fish present in a 60-ppt replicate at 
the 24-h assessment (Fig. 1a).

Mean control survival at 48 h was 89.8%, with a sub-
sequent decrease to 78.8% by test termination at 72 h 
(Fig. 1b, c; Table S1). Though significant effects on hatch 
were observed in the 50-ppt treatment at the first assess-
ment timepoint, survival had fallen below 50% by 48 h 
(Fig. 1b; Table S1). By 72 h, survival in all but the low-
est hypersaline treatments (35- and 40-ppt) had been sig-
nificantly reduced relative to controls (p < 0.001, F = 83.2, 
DF = 76; Figs. 2 and 3; Table S1). Based on these data, a 
72-h LC50 of 41.8-ppt was calculated for red drum larvae. 
Among this set of embryos, treatment effects on the size of 
larval morphological parameters were evaluated only for 
salinities ≤ 45-ppt, due to low survival at higher salinities. 

While a downward trend in larval length was observed, 
it was not statistically significant (Fig. 2a). However, the 
average body size of red drum larvae from the 45-ppt treat-
ment was significantly (p < 0.001, F = 6.45, DF = 3) smaller 
when evaluated as mean lateral surface area (− 27% relative 
to controls; Fig. 2b). The normalized eye size of larval red 
drum was also significantly (p < 0.0001; F = 9.9; DF = 3) 
smaller in larvae from the 45-ppt treatment (− 29% relative 
to controls; Fig. 2c).

The LC50, NOEC, and LOEC values derived for the sec-
ond set of embryos (i.e., those exposed to salinities ranging 

Fig. 1   Impacts of salinity on red drum hatch success at 24 h (A) and 
larval survival at 48 h (B) and 72 h (C). All data shown are means ± 1 
standard deviation. Significant differences (p < 0.05) are indicated by 
an asterisk (*)
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Fig. 2   Impacts of salinity on 
larval morphology. Bars represent 
the percent change in mean length 
(A), body size (B), and normal-
ized eye size (C) of red drum lar-
vae, relative to control parameters. 
Error bars encompass ± 1 standard 
error around the mean and sig-
nificant differences (p < 0.05) are 
indicated by an asterisk (*)
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from 35 to 45-ppt) were relatively consistent with those from 
the first round of testing. However, significant adverse effects 
on survival were present in all hypersaline treatments, yield-
ing a NOEC value of 35-ppt, which was equivalent to the 
control salinity (Table 1). Moreover, using a narrower range 
of salinities allowed us to calculate a refined 72-h LC50 value 
(37.7-ppt) with a high degree of certainty (Table 1). Survival 
data across salinities at each time point are shown in Fig. 3 
and Table S1. Among these salinities, the lateral surface area 
of larvae was quantified to assess growth, with results indi-
cating significant (p < 0.001; F = 4.9; DF = 5) negative effects 

on the mean body size of larvae from the 45-ppt treatment 
(− 20% relative to controls; Fig. 4).

Larval Exposure and Survival

Hatch success for the first round of LT50 testing was 97% at 
the 24-h assessment point and no mortality was observed 
among control animals during either round of larval LT50 
testing. The LT50 values derived for embryonic and larval 
red drum from the 28-ppt spawning tanks indicate that yolk 
sac larvae are considerably more sensitive to osmotic stress, 
as it took over 8 times longer for embryos to reach 50% mor-
tality (Table 2). A direct comparison between larval LT50 
values for the two rounds of testing indicates that larvae 
spawned at 35-ppt survived approximately 17 min longer at 
68.7-ppt, relative to their counterparts spawned at 28-ppt. 
These results indicate that spawning salinity appears to play 
a role in determining outcomes for newly hatched larvae 
experiencing osmotic stress; however, at extreme salini-
ties, the difference is unlikely to be biologically meaningful 
(Table 2).

Discussion

Cumulatively, Texas has been in a state of drought for over 12 
of the last 20 years (i.e., 60% of the time; CBBEP 2020), though 
this statewide average is very likely biased low for South Texas, 
which has a lower relative availability of freshwater and a more 
arid climate (CBBEP 2020). Moreover, according to the US 
Census Bureau (2018), Texas has one of the highest population 
growth rates in the USA, which is disproportionately repre-
sented in its coastal counties (Texas Comptroller 2018), further 
straining limited freshwater supplies and reducing inflow to 
estuaries. Consequently, an upward trend in estuarine salini-
ties in the TCB has been identified using long-term monitor-
ing data, which has been attributed to anthropogenic impacts  
such as climate change, coastal development, and urbanization 
of watersheds (Bugica et al. 2020; Buskey et al. 2012).

Current summertime drought conditions are known to result 
in extreme estuarine salinities (i.e., 95th percentile) in the 
Nueces Estuary as high as 39-ppt, with salinities of over 70-ppt 
in the Upper Laguna Madre (Bugica et al. 2020; CBBEP 2020; 
TPWD, n.d. - c). The survival data reported herein indicate 
that the current upper range of salinities in the TCB region 
is already near the salinity tolerance threshold of native red 
drum larvae. We also found significant decreases in body size 
among surviving individuals at higher salinities, indicating  
that even fairly minimal elevations in salinity (i.e., those cur-
rently experienced by larvae during summer drought condi-
tions) may lead to significant adverse effects on the survival, 
growth, and/or energy homeostasis of larval red drum popula-
tions in the TCB (Garrido et al. 2015; Moran et al. 2015).

Fig. 3   Impacts of salinity on mean hatch success at 24 h (A), and lar-
val survival at 48 h (B) and 72 h (C). Error bars encompass ± 1 stand-
ard deviation around the mean and significant differences (p < 0.05) 
are indicated by an asterisk (*)
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As red drum hatch < 30-hpf (Holt et al. 1981; Davis 1990; 
Matlock 1990; TPWD 2010), the effects of salinity changes 
during this short developmental window can significantly 
impact both hatching success and development. Our data sug-
gest that exposure to environmentally relevant hypersalinities 
(both current and predicted) during early development can  
significantly reduce survival and growth, even if initial spawn-
ing conditions are not stressful. Half of the larvae that drift  
into hypersaline estuaries approximately 24-h post hatch 
(i.e., 48-hpf) are expected to experience acute lethality at 
salinities of 44.8-ppt. When hypersaline conditions persist  
in estuarine nursery grounds for a period of only 2 days, 50%  
mortality is expected for red drum larvae at salinities as low 
as 37.7-ppt. Our data further suggest that significant acute 
effects on the survival of newly hatched larval red drum 
will occur when salinities in TCB estuaries exceed 35 ppt  
for two days, even if the animals are spawned at 35-ppt. It is 
important to note that these values do not include estimates 
of latent mortality, which is very often an important factor 
in ELS toxicity studies.

These findings align with studies examining the salinity 
tolerance of 3-dph spotted sea trout larvae sharing estuarine 

habitats in the TCB (Banks et al. 1991). Within the spot-
ted sea trout, the authors suggest this decreased salinity 
tolerance was associated with first feeding and the lack of 
osmoregulatory organs (e.g., kidneys, gills) present in 3-dph 
spotted sea trout (Banks et al. 1991).

The relatively stenohaline nature of yolk sac red drum 
demonstrated here is likely due to the high metabolic costs of 
osmoregulation under extreme salinity conditions, as red drum 
larvae rely on passive diffusion at the skin prior to the develop-
ment of osmoregulatory (Alderdice et al. 1988). For example, 
in milkfish (Chanos chanos), Swanson et al. (1998) found that 
individuals exposed to higher salinities as embryos and lar-
vae utilized significantly more yolk, meaning larvae at lower 
salinities had larger yolk reserves at hatch for sustenance prior 
to first exogenous feeding. Differences in yolk reserves at hatch 
may also significantly impact red drum survival and salinity 
tolerance over time, as red drum do not begin exogenous feed-
ing until 96-hpf (Davis 1990; Matlock 1990; TPWD 2010).

Results of our median lethal time studies further reveal 
that yolk sac larvae are considerably more sensitive than 
red drum embryos when exposed to extreme salinity stress. 
Moreover, the median lethal time for larvae in the highest 

Table 1   Estimated critical 
salinity thresholds in larval red 
drum at each experimental time 
point

The data shown represent the control survival and the median lethal concentration (LC50), the lowest 
observed effect concentration (LOEC), and the no observed effect concentration (NOEC) estimates for 
48-h and 72-h experimental time points. Statistical outputs and 95% confidence interval (CI) are indicated 
for each value

Parameter 24 h 48 h 72 h
Control survival 96% 93% 82%

LC50 44.8 ppt (95% CI: 42.4, 47.3) 37.7 ppt (95% CI: 36.1, 39.3)
NOEC 35 ppt (p < 0.01, DF 6; X2 = 34.4) 35 ppt (p < 0.01; DF = 6; F = 17.5
LOEC 37 ppt (p < 0.01, DF 6; X2 = 34.4) 37 ppt (p < 0.01; DF = 6; F = 17.5

Fig. 4   Impacts of salinity on 
larval morphology. Bars repre-
sent the percent change in mean 
body size (as lateral surface 
area) of red drum larvae. Error 
bars encompass ± 1 standard 
error around the mean and 
significant differences (p < 0.05) 
are indicated by an asterisk (*)
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salinity tested was nearly 27% shorter for larvae spawned at 
28-ppt, relative to those spawned at 35-ppt (i.e., 47.7-m from 
65-m). As has been confirmed in other species (Hill 2004; 
Bourdreau et al. 2005), we predict that the chorion may par-
tially mitigate the rate of water loss experienced by embryos 
exposed to hypersaline conditions, while newly hatched lar-
vae are reliant on passive diffusion at the skin (Davis 1990; 
Matlock 1990; Torres et al. 1996). However, it is important 
to note that salinity tolerance is expected to increase with 
age as individuals develop osmoregulatory organs, con-
sistent with other species (Estudillo et al. 2000; Faulk and 
Holt 2006).

Although red drum are known to be particularly salin-
ity tolerant as juveniles and are able to quickly acclimate to 
hypersalinity both behaviorally and physiologically (Martin 
and Esbaugh 2021), it is clear that this tolerance is not con-
served among early life stages in this species. We found that 
individuals exposed to salinities > 43-ppt were significantly 
smaller than individuals exposed to lower salinities, sug-
gesting that growth among surviving fish was significantly 
reduced at higher salinities. Again, these data suggest a trade-
off due to the high metabolic cost of osmoregulation under 
extreme salinity stress.

In general, fish living in highly stressful environments 
are known to express phenotypes that favor more efficient 
energy use and/or lower energy demands, including reduced 
body size, and metabolic suppression (Moran et al. 2015; 
Passow et al. 2015). Moreover, fish living in nutrient- and 
energy-limited environments have been found with reduced, 
or even completely absent eyes that correspond with reduced 
neural tissue mass (Moran et al. 2015). This phenotype is 
thought to reduce the overall energy requirements of devel-
opment (as neural tissues, including visual sensory tissues, 
are energetically costly), thus allowing for normal overall 
growth rates in ELS fish (Moran et al. 2015; Passow et al. 
2015).

Consistent with these findings, surviving red drum larvae 
had significantly reduced eye area relative to controls. This 
is especially significant for larval fishes, as vision is a criti-
cally important aspect of prey detection (especially as larvae 
transition to exogenous feeding), which is yet another factor 
underpinning larval growth rates and success in the wild (e.g., 
Higgs and Fuiman 1996; reviewed by Rønnestad et al. 2013).

While the smaller size of the larvae reared at higher 
salinities might be a consequence of higher osmoregulatory 
metabolic demands, it could also have significant implica-
tions for the longer-term survival of these larvae. Mortality 
among larval fish is known to be generally high and driven 
by phenotype (see review by Johnson et al. 2014), and a 
link between size at hatch and early survival has been noted 
among fishes. For example, Garrido et al. (2015) found that 
larger European sardine (Sardina pilchardus) larvae have 
better odds of survival. Interestingly, survival in this species 
was not correlated with egg size, but with an individual’s 
size at hatch (Garrido et al. 2015). Size has also been shown 
to significantly influence survival among common damself-
ish (Neopomacentrus filamentosus), such that larger indi-
viduals that grew faster were the fish most likely to survive 
months after hatching (Vigliola and Meekan 2002).

Together with the findings of previous studies, our data 
suggest that even transient increases in salinity may signifi-
cantly affect the long-term survival of ELS red drum in the 
TCB. Multiple studies have highlighted the complexity of 
selective mortality on fish larvae, and how it can ultimately 
impact population dynamics over time (Johnson et al. 2014; 
Garrido et al. 2015). Thus, additional studies on the salinity 
tolerance of estuarine-dependent fishes are needed to inform 
management and conservation decisions in the face of inten-
sifying anthropogenic climate change.
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Table 2   Estimated median lethal time to death following exposure (LT50) to the indicated salinities. The 95% confidence interval (CI) are indi-
cated for each value

Life stage Salinity (ppt) Time point LT50

Embryonic 68.7 3–6 hpf (pre-hatch) 6 h 36 m (95% CI: 6.4, 6.9)
Larval 28 → 68.7 Transferred at hatching 47.7 m (95% CI: 34.7, 60.7)
Larval 35 → 68.7 Transferred at hatching 65.0 m (95% CI: 60.5, 69.5)
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