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ABSTRACT 

 Climate change with concomitant ocean acidification presents a problem to coastal 

ecosystems, including estuaries. It is well-documented that fish growth, development, and 

survival are dependent on environmental factors such as temperature and salinity. Considering 

the economic and recreational importance of red drum (Sciaenops ocellatus), it is important to 

understand both acute and long-term effects of environmental change on juveniles released into 

native waters as part of stock enhancement programs.  Experiments were designed to compare 

survival, growth and body composition of juvenile red drum grown under different salinity and 

pH treatments.  

Research was conducted in a closed recirculating system with juvenile red drum (42±9.9 

mm) randomly stocked at a density of 13 fish/tank and fed daily to satiation (~6% body weight). 

Fish were subjected to salinity treatments of 40 or 30 and a pH of either7.5, 8.1, 8.5, or 9.0 (n = 8 

replicates per treatment).  Each trial was conducted for 14 days.  

Results show that at a salinity of 40, there was a significant difference between survival 

of the juvenile red drum at pH 7.5 and 9.0 (p=0.03).  Survival was not significant between pH 

levels at salinity of 30.  Results indicated pH had no significant effect on specific growth rate 

(SGR, p ≥ 0.05); however, increased salinity significantly decreased growth (p< 0.05), and there 

was a significant interaction between pH and salinity.  There was no significant impact from pH 

or salinity on protein retention (p≥0.05). At 40 the whole body ash increased as pH increased 

(p=0.003). Ash was also significantly different between pH values at salinity 30 (p=0.02). Whole 

body energy was not significantly affected by pH (p ≥ 0.05); but increased salinity caused a 
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significant decrease in energy retention (p < 0.05), and there was no significant interaction 

between pH and salinity affecting energy retention.  

These results indicate that salinity is a more critical factor to consider than pH when 

engaging in stock enhancement efforts, especially at high salinity.  The results of this study will 

help fisheries managers increase the rate of survival of hatchery-reared red drum when released 

into the wild.  The results indicate that research should be conducted to investigate the effects of 

hypersalinity (>40) and pH on juvenile red drum as related to growth rates, and growth hormone 

production.   Future research should also focus on the long term effects of low and high pH 

exposure of juveniles to adult life stages, and should examine otolith development, behavior and 

the effects on reproduction of red drum. 
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Introduction 

  Concerns about worldwide climate change and ocean acidification (Raven et al. 2005; 

Doney et al. 2009) have caused government resource managers and scientists to investigate 

potential environmental impacts.  As part of this process, studies have been conducted to 

evaluate how changes in the quality of seawater affect ecosystems and their biota (Caldeira and 

Wickett 2003; Raven et al. 2005; Fabry et al. 2008; Doney et al. 2009; Blackford 2010; Turley et 

al. 2010; Firth et al. 2011).  Studies of fish have demonstrated that changes in environmental 

factors can be deleterious to fish populations with adverse effects on early life stages of 

development (Ries et al. 2009; Walther et al. 2009; Le Quesne and Pinnegar 2012).   

Climate change has been linked to increasing amounts of carbon dioxide (CO2) in the 

atmosphere which is believed to be the cause of a reduction in oceanic pH, referred to as "ocean 

acidification" (Caldeira and Wickett 2003; Raven et al. 2005; Doney et al. 2009; Firth et al. 

2011).  Ocean acidification (OA) could have significant impacts on marine organisms (Raven et 

al. 2005; Fabry et al.2008; Blackford 2010; Turley et al. 2010; Le Quesne and Pinnegar 2012), 

and is thought to occur as the amount of CO2 increases in the earth’s atmosphere (Doney et al. 

2009).  The world's oceans remove CO2 from the atmosphere but in the process CO2 reacts with 

water to form carbonic acid which lowers ocean pH (Broecker and Peng 1982; Turley et al. 

2010).  The reaction for OA is best represented by the following chemical equation (Doney et al. 

2009):   

   2

33322)(2)(2 2 COHHCOHCOHOHCOCO aqatmos
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Over time, the ability of the ocean to absorb atmospheric CO2 depends on how much 

calcium carbonate (CaCO3) remains in the water column and sediments (Doney et al. 2009).  It is 

predicted that ocean acidification will have far reaching effects on all marine life (Munday et al. 

2009a;2009b;2011; Simpson et al. 2011).  For example, marine organisms that have calcification 

processes (e.g., oysters) have decreased metabolism, growth, and calcification rate in water with 

high CO2 levels (Dineshram et al. 2012).  One hypothesis is that high CO2 levels may suppress 

genes that are responsible for the calcification in oysters during their early life stages (Todgham 

and Hofmann 2009; Dineshram et al. 2012).  Wernberg et al. (2011) hypothesized that ocean 

acidification is likely to reduce growth, increase the likelihood of disease, and reduce ability of 

fish to reproduce.  Most research investigating ocean acidification focuses on species 

vulnerabilities so that the effects of acidification can be better understood, and appropriate 

management plans can be put in place (Denman et al. 2011; Branch et al. 2013; Murray et al. 

2014). 

A more regional interest regarding climate change and OA is the potential impact on 

coastal ecosystems and its estuarine dependent fishes. The pHs of the earth’s oceans are 

estimated to have fallen by 0.1 units, and are estimated to fall by another 0.3 to 0.4 units by 2100 

(Munday et al. 2009b). It is well-documented that fish growth, development, and survival are 

dependent on environmental factors such as temperature and salinity (Tandler et al. 1995; Hart 

and Purser 1995; Boeuf et al. 1999; Boeuf and Payan 2001; Handeland et al. 2008). Bays and 

estuaries are unique environments that support a wide range of marine biota.  As the earth’s 

temperature warms up high pH environments may become more common.  It is predicted that as 
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regional climate changes occur, bays and estuaries will become more susceptible to algal blooms 

that can create harmful conditions for fish (Justic et al. 1996).   

Varying pH conditions found in estuaries represent a physiological challenge for juvenile 

fish both in the wild and in aquaculture because they may lead to hypoxic conditions and 

decrease overall environmental quality which can , which can reduce growth rate and increase 

mortality.  High pH in aquaculture systems increases potential for nitrite toxicity and increases 

solubility of trace metals into solution (Randall and Tsui 2002; Cavalho and Fernandes 2006).  

However, such an occurrence would not be common in the wild, but increased pH conditions can 

lead to hypoxic environments.  Acidic pH conditions can influence a fish’s ability to develop in 

its early life (Doney et al. 2009).  Ocean acidification can cause a wide range of problems in the 

development of juvenile fin fish such as increased otolith size due to increased CaCo3 deposition 

in the otolith, and the reproductive success of adults.  (Munday et al. 2011; Miller et al. 2013). 

Euryhaline fishes such as red drum are considered to be good osmoregulators because 

they are able to maintain near perfect ion concentration in their blood stream in various salinities; 

nonetheless, osmoregulation requires energy, and as salinity changes, the amount of energy 

needed to osmoregulate needs to increase (Neill 1990).  Adult red drum are rarely found at 

salinity 50, but are commonly found in salinities from 20-40 (Neill 1990).   

 Proximate body composition and specific growth rate are good measures for evaluating 

the overall health of fishes (Cook et al. 2000).  Understanding proximate body composition of a 

fish can provide researchers and resource managers with an assessment tool to gauge fishes’ 

general health conditions and to modify culture practices to improve captive fish care (Shearer, 
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1994).  If predicted climate change occurs, fish populations could be affected in marine 

environments by increased algal blooms which could potentially lower pH concentrations of 

oceanic and estuarine waters due to the ocean absorbing more CO2 from the atmosphere.   

 Fishes are dependent on external determining factors that either increase or decrease 

growth rate (Brett 1979; Bœuf et al.1999; Boeuf and Payan 2001).  Osmoregulation is a complex 

process in fishes.  Fish are equipped with prolactin cells, which are sensitive to salinity variation, 

and chemoreceptors that supply information on salinity variation to the central nervous system. 

Several hormones, including growth hormones, are triggered by the process of osmoregulation 

(Grau et al. 1994; Laurent and Dunel-Erb 1984; Fuentes and Eddy 1997; Boeuf and Payan 2001).  

Hormones are known to play a part in both osmoregulation and growth (Duan and Hirano 1992; 

Boeuf, 1993; Duan et al. 1995; Boeuf and Le Bail 1999; Boeuf and Payan 2001).   

A recreationally important species of fish that spends its early life in an estuary is the red 

drum (Sciaenops ocellatus).  This species has a wide distribution, extending from Cape Cod, 

Massachusetts to Tuxpan, Mexico, and can be found along all 400 miles of Texas coast 

(Hildebrand and Schroeder 1927; Pearson 1929; Simmons and Breuer 1962; Holt and Arnold 

1983).  In the wild, red drum spawn from August to November with peak spawning occurring 

between September and October (Peters and McMichael 1987; Murphy and Taylor 1990; Ross et 

al. 1995), and is well-adapted to life in an estuarine environment as a euryhaline species 

(Simmons and Breuer 1962; Tabb 1966).  It is highly sought by recreational anglers with an 

estimated annual economic impact of $350 million dollars for the Texas economy (Vega et al. 

2011).   
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As with all fish species, there is an optimal range of water quality to sustain critical life 

stages of red drum.  Variation in water quality can have adverse impacts on early life stage 

development as environmental stressors make the fish susceptible to predation and diseases. Holt 

et al. (1981) studied the hatching success of red drum eggs and larval survival when exposed to 

variable temperature and salinity combinations.  They used seawater temperature ranges of 15, 

20, 25, and 30
o
C, and salinity levels of 15, 20, 25, and 30.  Poor hatching rates were observed at 

10 ppt, and poor larval survival was observed at high temperature and high salinity.  The best 

hatching rate and larval survival was observed at 30 and 25
o
C.  It was observed that red drum 

eggs floated in water having salinity greater than 25 ppt, and sank when exposed to lower 

salinity conditions.  The results indicated that hatching success and larval survival was greatest 

when the salinity was 30 and 25
o
C.  Red drum eggs and newly hatched larvae apparently require 

salinities above 25(Neill 1990).  In Florida, most larvae are found near the mouth of bays, and 

fingerling size increases further up the bay (Peters and McMichael 1987).  Juvenile red drum can 

be found in the freshest parts of the bays, and experiments suggest that red drum in the size range 

of 1-10 cm in standard length have an optimum salinity for growth at 5-10 ppt (Neill 1990).  It is 

also suggested that as the size of the fish increases the optimum salinity for growth will also 

increase (Neill 1990).  Red drum juveniles seem to prefer water temperature between 22-25°C.   

Stock enhancement of Red Drum has been conducted by the Texas Parks and Wildlife 

Department since the 1980s (Vega et al. 2011).  The Coastal Conservation Association Marine 

Development (MDC) Center in Corpus Christi, Texas was the first of three state coastal 

hatcheries dedicated to supplementing the natural recruitment of popular sportfish by using stock 

enhancement as a fisheries management tool.  This facility was originally designed to culture 
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Red Drum (Sciaenops ocellatus), but now also propagates Spotted Seatrout (Cynoscion 

nebulosus) and southern flounder (Paralichthys lethostigma) fingerlings for purposes of stock 

enhancement.  Understanding the potential of OA is important in the hatchery setting so that 

hatcheries can develop methodologies for mitigating fluctuations in environmental variability.   

Study Rationale 

Fish stock enhancement programs strive to propagate hatchery-reared fishes that are very 

similar to their wild counterparts (Leber 2002; Vega et al. 2011); however, some differences 

between fish reared in hatcheries and those from the wild have been reported, such as hatchery 

reared fish being more susceptible to predation (Woodward and Strange 1987; Stunz and Minello 

2001).  As such, during the past 30 years, fish stocking programs around the world have made 

concerted efforts to take a “responsible approach” to the science of stock enhancement (Leber 

2002).  It is important to be aware of differences between cultured and wild fishes as a way to 

improve stock enhancement science, and a means to lessen any potential negative impacts that 

stocking hatchery-reared fishes into the wild may cause.  In addition, such investigations 

contribute to a better understanding of the natural histories (optimum conditions for growth and 

survival) of targeted species and provide insight about how the changing natural environment 

may affect both hatchery-reared and wild fishes. Levay (2007) suggested that differences 

between hatchery-reared and wild fishes include morphological quality, behavioral, nutritional, 

and physical conditioning.  Others have also noted that regardless of whether hatchery-reared or 

of wild origin, suboptimal water quality conditions can cause early life stages of fishes to 

develop abnormalities in body shape, morphological features, pigmentation, and skeletal 
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deformities (Ellis et al. 1997; Hilomen-Garcia 1997; Carrillo et al 2001; Cahu et al. 2003; Levay 

2007).   

Previous studies have been conducted using hatchery reared fish as a model to assess how 

wild populations will respond to different environmental conditions (e.g. temperature and 

salinity (Tsukamoto et al. 1999; King 2013; Brown 2014; Curtis et al. 2014).  In addition to 

temperature and salinity, other factors studied include photoperiod, pH, and carbon dioxide as 

associated with OA (Sato et al. 1983; Bolla and Holmefjord 1988; Wang and Tsai 2000; Haddy 

and Pankhurst 2000; Levay 2007) in order to improve stock enhancement practices.   

Estuaries are fragile ecosystems, and environmental changes in water quality factors such 

as temperature, pH, and salinity can affect the development of early life stages of resident fishes.  

This problem is of particular interest to fisheries scientists and resource managers because early 

life and juvenile stages of fishes may be more susceptible to changing environmental conditions.  

This study will examine the physiological responses (growth and body composition) of juvenile 

red drum in relation to low and high pH conditions so that resource managers can better 

understand the biological requirements needed to maintain healthy populations along the Texas 

coast for present and future generations.  This information provides some insight into the effects 

of climate change on early life stages of red drum, and this information could potentially be used 

to improve and refine fisheries management, hatchery aquaculture, and stock enhancement 

programs (Blankenship and Leber 1995).   
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Objectives 

This project focused on the effects of seawater salinity, and pH as limiting factors on 

growth and body composition of juvenile red drum.  The objectives of this study were: to 

investigate the growth and body composition of juvenile hatchery-reared red drum subjected to 

variation in seawater salinity and pH.   

Materials and Methods 

Study Site and Source of Fish 

 The research was conducted at the Coastal Conservation Association Marine 

Development Center (MDC) and the Texas A&M AgriLife Research Mariculture Laboratory in 

Flour Bluff, TX. Mature red drum collected from the lower Texas coast were held in broodfish 

tanks, and subjected to a photoperiod/temperature regimen in order to induce spawning 

(McCarty 1990).  Once spawned, eggs were collected, incubated on-site, and resultant larvae 

were reared in outdoor culture ponds following established protocols (Colura et al. 1990) for a 

period of 30 days.  At the end of that grow-out period, ponds were harvested and 30-day old 

fingerlings (henceforth referred to as juveniles) were transported to indoor experimental tanks 

and utilized in research trials.   

Experimental Tanks and Stocking Procedure 

 A total of 500 juvenile red drum ranging from 35-51 mm (42 ± 9.9) were randomly 

selected during routine pond harvests and used in two experimental trials (Trial 1 had a salinity 

of 40 and Trial 2 had a salinity of 30) to determine the effect of salinity and pH on growth and 
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body composition.  The fish were placed in indoor experimental tanks (68 L) at a density of 5.4 

g/L in Trial 1 (13 fish/tank) and 17.6 g/L in Trial 2 (13 fish/tank).  The mean wet weight of fish 

in each trial was .36 g in Trial 1 and 1.35 g in Trial 2.   

Experimental Design 

A total of four treatment combinations with eight replicates (2x4x8; N= 64)) were tested 

during the trials (Table 1) in combinations as follows: salinities (30 and 40), and pH (7.5, 8.1, 

8.5, and 9.0 pH units).  Seawater temperatures were maintained between 23-27°C among all 

treatments. 

TABLE 1.  Experimental design showing tank salinity and pH treatment combinations used to 

evaluate juvenile red drum growth and survival rates. 

Trial 1 

Salinity 40 

pH 7.5 

Trial 1 

Salinity 40 

pH 8.1 

Trial 1 

Salinity 40 

pH 8.5 

Trial 1 

Salinity 40 

pH 9.0 

Trial 2 

Salinity 30 

pH 7.5 

Trial 2 

Salinity 30 

pH 8.1 

Trial 2 

Salinity 30 

pH 8.5 

Trial 2 

Salinity 30 

pH 9.0 

 

Experimental System and Management 

Experimental trials were conducted in a recirculating system (662 L total volume), 

containing sumps, media filters, and water quality parameter controls (Fig. 1).  Four individual 
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sumps (150 L) equipped with 200 µm mechanical filters were kept at four independent pH levels 

(7.5, 8.1, 8.5, 8.9). Each sump was operated at a depth of 12 inches (31 cm).  The flow rate of 

seawater into each system was 227 liters per day (7,923% exchange).  Each sump contained an 

individual pH sensor that recorded and relayed water pH to a pH pinpoint controller (American 

Marine Inc., Ridgefield, CT; Fig. 2).  The pH controller regulated a two-way solenoid valve 

(ASCO Red Hat ¼” normally closed two-way solenoid valve).  If the pH in an individual sump 

increased above the desired set point, the solenoid valve opened and CO2 gas was injected into 

that sump via a distribution manifold.  If the pH dropped below a set point the pH controller 

turned on a submersible pump in a bucket of 1 M solution of NaOH. Sodium bicarbonate was 

used to maintain adequate alkalinity in the sumps to reduce potential of large pH fluctuations.   

 

 

 

 

  

 

 

 

FIGURE 1. Recirculating aquaculture system for juvenile red drum experiments. 
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FIGURE 2. pH control set up for juvenile S. ocellatus experiments. 

 

Seawater temperature was controlled with a room air conditioner and was maintained 

between 23°C and 27°C.  Tank salinity was adjusted before the start of each trial and monitored 

daily.  Salinity concentrations were reduced by adding treated dechlorinated freshwater to 

experimental tanks.  Temperature, dissolved oxygen, salinity, and pH were monitored daily using 

the pH display on the pinpoint controller.  Prior to beginning each trial, a subset of 13 red drum 

were sampled, and their average lengths and weights were used as the initial length and weight 

values for each trial.   

Fish were reared under a controlled photoperiod (246 lux), 12 hours light/12 hours dark.  

Initial lengths and weights of individual randomly-selected fish were recorded at stocking.  

Tanks were inspected each day after stocking and dead fish were removed, feeding rates were 

not adjusted after dead fish were removed as the tank biomass was increasing.  Upon termination 

of the trial run, final lengths and weights of individual fish were recorded and grouped by 

treatment replicate.   

Regulator 
Solenoid pH 

controller 
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Nutrient Analysis 

Upon completion of both trials, fish were euthanized in an ice bath, fish were wet-

weighed, total length (TL) measured and fish were stored in a -80°C freezer. Frozen whole-body 

fish were dried via lyophilization for 48 hours in a Labconco Freezone 2.5L Freeze Dryer 

(Labconco, Kansas City, MO) and subsequently homogenized with a blender for storage until 

analysis.  Gross energy of whole fish was determined using a PARR 6200 Isoperibol Calorimeter 

and 1109 oxygen bomb (Parr Instrument Company, Moline, IL., USA).  Approximately 150 mg 

of lyophilized whole body sample of each fish was analyzed for protein at the Aquaculture 

Research and Teaching Facility (Texas A&M University-College Station, TX) using a FP-528 

Nitrogen Analyser (St. Joseph, MI).  Protein was calculated as N × 6.25. Total ash (%) was 

determined at the Texas Agrilife research and Mariculture Laboratory (Flour Bluff, TX) using a 

muffle furnace at 550°C.  In all cases, dry weight was determined by drying at 100°C for one 

hour.   

Statistical Analysis 

Two-way ANOVA was used to evaluate the interactive effect of independent variables 

(e.g., salinity, and pH) on dependent variables.  In cases where analysis did not show significant 

interactions, a one-way ANOVA was used to evaluate response of fish for each factor separately. 

When differences in the means were significant (P< 0.05), they were tested with a posteriori 

Tukey’s test (HSD).  All analyses were performed using the R statistical software version 3.11. 

Individual packages used include Car (Fox and Weisberg 2011), MGCV (Wood 2000), and 

Lattice (Sarker 2008).   
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Results 

Water Quality 

 Seawater tank temperatures ranged from 25.46 -27.2°C with a mean of 26.5°C in Trial 1, 

and from 24.6-25.6°C with a mean of 24.8°C in Trial 2.  Dissolved oxygen was similar between 

tanks in both trials and ranged from 4.8- 5.10 mg/l in Trial 1, and 5.2 - 5.6 mg/l in Trial 2. 

Salinity of Trial 1 was maintained at salinities of 40, and 30 for Trial 2. The true pH value was 

calculated using the pH averaging tool from WGR Southwest, Inc (http://wgr-sw.com/pH/).  The 

pH was comparable among the pH treatments in each trial.  It is not statically appropriate to 

calculate the arithmetic average because pH is the negative logarithm of hydrogen ions. For 

example, the pH 7.5 treatment had a true average of 7.54 in the morning, and 7.54 in the evening 

in Trial 1  The 7.5 treatment in Trial 2 had a true pH average of 7.59 in the morning, and 7.48 in 

the evening.  The true pH averages for the other treatments (8.1, 8.5, and 9.0) in the morning and 

evening were 8.15 and 8.16 for Trial 1 (8.1), 8.07 and 8.08 for Trial 2 (8.1), 8.47 and 8.46 for 

Trial 1 (8.5), and 8.54 and 8.55 for Trial 2 (8.5), and 8.94 and 8.92 in Trial 1 (9.0), and 8.97 in 

both the morning and evening for Trial 2 (9.0). 

Survival 

The average survival for both trials was 83±6% (74-94%) with Trial 1 having an average 

survival of 86±7% (77 – 94%) and Trial 2 had  an average survival of 80±4% (74– 84 %) 

survival. The lowest survival rate in Trial 1 occurred at a pH of 9.0 (77%), and the highest 

survival in Trial 1 occurred at a pH of 7.5 (94%).  The lowest survival in Trial 2 occurred at a pH 

of 9.0 (74%), and the highest survival in Trial 2 occurred at a pH of 7.5 (84%). Fish that were in 

http://wgr-sw.com/pH/
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a salinity of 40 showed a significant difference between survival at pHs 7.5 and 9.0 (p=0.03).  

Survival was not significant between pH levels with a salinity level of30.  

Specific Growth Rate 

Both trials combined had a mean SGR of 0.69 ± 0.25 g/day (range of 0.09 - 1.50 g/day) 

(Fig. 3c).  Trial 1 had a mean SGR of 0.52 ± 0.18 g/day (range of 0.09 - 0.80 g/day) (Figure 3a) 

and Trial 2 had a mean SGR of 0.87 ± 0.21 g/day (0.44 - 1.50 g/day range) (Fig. 3b).  At a 

salinity of 40, the fish maintained at pH 9 had the lowest SGR, and fish in pH 8.1 had the highest 

SGR (Fig. 3d).  The lowest SGR occurred at salinity 30/pH 8.5, and the highest SGR was 

recorded at pH 9.0.  Overall, pH was not a significant factor effecting SGR (p≥0.05); however, 

the effect of salinity was highly significant (p<0.0001), and there was a significant interaction 

between pH and salinity (p≤0.05). The pH treatments had a significant effect on SGR in Trial 1 

(p<0.0004).  SGR at pH 9 was significantly slower than 7.5 (p=0.006), 8.1 (p=0.0002), and 8.5 

(p=0.02).  No differences were detected among pH treatments in Trial 2 (p≥0.05).  A Welch 2 

sample T-test was performed to test for significance between pHs separately.  There was a 

significant difference in SGR between salinities of 30 and 40. (p≤0.05).  This was done in order 

to look for a significant difference between pH across salinity 

Whole Body Ash 

 Mean whole body ash for fish in both trials was 16.60 ± 1.83% (range of 11.4 - 21.2%)  

(Figure 4c).  Fish at 40 had a mean whole body ash of 16.3 ± 1.98% (range of 12.2-21.2%)  

(Figure 4a), and fish at 30 had a whole body ash content of 16.60 ± 1.83% (range of 11.4-20.7%)  

(Figure 4b).  The highest whole body ash content was seen in fish at pH 9 and 40, whereas,  
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lowest whole body ash was recorded at pH 8.5 and 30.  At 40 the whole body ash content  

increased as pH increased.  Salinity did not appear to affect whole-body ash content (p≥0.1)  

(Fig. 4d);  however, a significant interaction between pH and salinity (p≤0.05) was observed.   

 

 

 

 

FIGURE 3a.  Mean SGR of juvenile red drum in Trial 1 (Salinity 40).  Means with different 

letters indicate significance (p ≤ 0.05).  
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FIGURE 3b. Mean SGR of juvenile red drum in Trial 2 (Salinity 30).  Means with different 

letters indicate significance (p≤0.05). 
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FIGURE 3c. Mean SGR of juvenile red drum across pH in both trials.  Means with different 

letters indicate significance (p≤0.05). 
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FIGURE 3d. Mean SGR of juvenile red drum across salinity.  Means with different letters 

indicate significance (p≤0.05). 
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Whole Body Protein 

  Mean whole-body protein content at both salinities was 57.1 ± 6.1% (range of 42.0 - 

72.1%) (Fig. 5c).  Mean whole body protein of fish at a salinity of 40 for all pH treatments was 

56.80 ± 5.94% (ranging from 44.4 - 72.1%) (Figure 5a).  At a salinity of 30, mean whole body 

protein was 57.5 ± 6.57% (ranging from 42.0 - 63.5%) (Figure 5b).  Whole body protein was not 

significantly affected by pH (p= 0.8160) or salinity (p= 0.6935) (Fig. 5d), and there was no 

significant interaction (p= 0.8063).  

Whole Body Energy 

The mean whole body energy for both trials was 5.05 ± 0.20 kcal/g (overall range of 4.56 

- 5.73 kcal/g) (Fig. 6c).  Upon harvest, fish at 40 had a mean whole body energy of 5.15 ± 0.23 

kcal/g (range of 4.56 - 5.73 kcal/g) (Fig. 6a), whereas those at salinity 30 had 4.95 ± 0.12 kcal/g 

(4.64 - 5.2 kcal/g) (Fig. 6b), there was a significant difference in whole body energy between 

salinities.  A Two-way ANOVA showed that fish in salinity 40 had significantly higher energy 

retention than fish that were in salinity 30.  Between the two trials pH showed significantly more 

energy retention at a pH of 7.5 and 8.5 as opposed to the fish in those pH treatments at salinity 

30. 
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FIGURE 4a. Mean % whole body ash of juvenile red drum in Trial 1 (Salinity 40).  Means with 

different letters indicate significance (p≤0.05). 
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FIGURE 4b. Mean % whole body ash of juvenile of juvenile red drum across pH in Trial 2 

(Salinity 30).  Means with different letters indicate significance (p≤0.05). 
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FIGURE 4c.  Mean % whole body ash of juvenile red drum across pH in both trials.  Means with 

different letters indicate significance (p≤0.05). 
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FIGURE 4d.  Mean % whole body ash of juvenile red drum across salinity.  Means with different 

letters indicate significance (p≤0.05). 
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FIGURE 5a.  Mean % whole body protein of juvenile red drum across pH in Trial 1 (Salinity 

40).  Means with different letters indicate significance (p≤0.05). 
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FIGURE 5b. Mean % whole body protein of juvenile red drum across pH in Trial 2 (Salinity 30). 

Means with different letters indicate significance (p≤0.05). 
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FIGURE 5c.  Mean % whole body protein of juvenile red drum across pH in both trials. Means 

with different letters indicate significance (p≤0.05). 
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FIGURE 5d. Mean % whole body protein of juvenile red drum across salinity.  Means with 

different letters indicate significance (p≤0.05). 
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FIGURE 6a. Mean whole body energy (kcal/g) of juvenile red drum across pH in Trial 1 

(Salinity 40).  Means with different letters indicate significance (p≤0.05). 
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FIGURE 6b. Mean whole body energy (kcal/g) of juvenile red drum across pH in Trial 2 

(Salinity 30). Means with different letters indicate significance (p≤0.05).  
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FIGURE 6c. Mean whole body energy (kcal/g) of juvenile red drum across both trials.  Means 

with different letters indicate significance (p≤0.05). 
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FIGURE 6d. Mean whole body energy (kcal/g) of juvenile red drum across salinity. Means with 

different letters indicate significance (p≤0.05). 
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Discussion 

The present study examined juvenile red drum exposed to various combinations of pH 

and salinities treatments in an effort to simulate the effects of climate change on their growth and 

survival.  

Effect of pH 

 In the present study, low pH (e.g., 7.5) showed no significant effect on growth rate or 

proximate body composition of juvenile red drum.  It was observed that SGR decreased 

significantly and had a significant decrease in relation to the other pH values in Trial 1, possibly 

because it requires more energy to osmoregulate, and the fish are allocating more energy towards 

osmoregulation, and less towards growth.  Ash content is commonly used to monitor the 

condition and health of fishes (Ahmed et al. 2015).  In the present study, whole body ash was 

positively correlated with high pH and high salinity which could be attributed to the increased 

amount of minerals that were deposited for various functions (scale formation, bone formation, 

muscles and brain formation)(Ahmed et al. 2015), as the fish continued to uptake minerals from 

the environment. Fish that were held at higher pH levels at salinity 40 had significantly higher 

ash content, and were much more lethargic than fish held at lower pH levels at salinity 40.  

Results from salinity 30 showed the whole body ash in fish did not trend up, and the fish were 

not lethargic regardless of pH.  In aquaculture ponds, juveniles are susceptible to high pH 

because they are less able to “enviroregulate”, and can result in higher ash content (Tucker and 

Abramo 2008).  Overall, pH (7.5-9.0) had no significant effect on SGR, but when combined with 

high salinity, a significant reduction in growth rate and a high ash content occurred.  One option 
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to compensate for the effects of high pH is for hatcheries to flush fish tanks with lower salinity 

seawaters when conducting weekly standard operating husbandry procedures.  

Effect of Salinity 

 The present study showed that juvenile red drum maintained in Salinity 40 had slower 

growth and higher energy retention than fish that were placed in Salinity 30.  These results agree 

with Neill (1990) when he indicated that salinities of 5-10 are more optimum salinity for growth 

of juvenile red drum up to 100 mm.  Salinity is considered a loading factor (adds metabolic work 

and lessens energy available for growth) which can alter the metabolism of fishes should they 

encounter salinities outside of their optimum range (Neill et al. 2004).  Salinity was a significant 

factor affecting SGR and energy in juvenile red drum in the present study.  These results may 

indicate that the general health condition of fish in production ponds that are subjected to high 

salinity concentrations may have reduced growth rates.  These findings may be helpful in 

identifying appropriate stocking locations for the released of hatchery-reared fishes into the wild, 

and help better understand growth rates of red drum being reared in culture ponds.  

Specific Growth Rate and Body Composition 

 Fish placed in salinity 40 had the higher energy retention values compared with fish that 

were placed in salinity 30.  Changes in salinity increase the energetic cost related to 

osmoregulation as noted by Giacomini and Shuter (2013). They determined that fish tend to 

retain more energy for storage during “non-growing seasons” (i.e., winter months).  One 

hypothesis (Giacomini and Shuter, 2013) is that the goal of energy storage is to reserve enough 

energy to meet the biological maintenance requirements of a particular size of fish. This rationale 
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seems to align with the present study in that the juvenile red drum were allocating more energy 

towards maintenance and less energy towards growth.  To avoid predation, energy allocation 

strategies that favor growth over energy storage would seem to be more beneficial to the fish. 

However, the fish need to retain enough energy in their reserves to survive periods of decreased 

food (Sogard 1997; Wuenschel et al. 2006).  SGR results from this study indicate that 

survivability is possible for juvenile red drum in high salinity environments, but slower growth 

rates are likely to occur.  These results support the premise that ocean acidification in the short 

term should not pose a major threat for juvenile red drum in coastal waters.  However, if ocean 

temperatures continue to rise as related to climate change, this could cause more frequent algal 

blooms to occur which could deteriorate coastal water quality conditions, and change the natural 

range of red drum.  Additional research should be conducted to investigate the effects of 

hypersalinity (>40) and pH on juvenile red drum as related to growth rates.  Studies focusing on 

the long term effects of low and high pH exposure of juveniles to adult life stages should 

examine otolith development, behavior and the effects on reproduction of red drum. 

 In aquaculture, SGR and proximate body composition are good metrics to use as 

indicators to assess fish health because of the simplicity of collecting weight and length 

measurements.  Protein retention in tissue is not significantly affected by the environment, and 

values were in agreement with other studies (Daniels and Robinson 1986), and ash is only 

significantly affected by pH at high salinity.  Energy retention is also a good metric to use to 

examine fish health.  However, bomb calorimetry is a tedious process and may not always be 

practical if there are a lot of samples to analyze, or if the calorimeter has not been in operation 

for a while.  The most practical way for hatcheries to measure the health of fish in a pond is to 



    
 

 

35 
 
 

subsample and develop length–weight relationships of fish growth at various intervals during the 

grow-out period.   

Conclusions 

 Results from this study indicate that pH (7.5-9.0) did not significantly affect fish growth 

at the 30 treatment.  However, pH levels at the high salinity (40) treatment did reduce juvenile 

red drum growth rates.  This may be an indicator that juvenile red drum may be able to endure 

elevated levels of OA.   

 These findings demonstrate that juvenile red drum can be cultured in hypersaline 

conditions.  However, depending on environmental conditions during culture, it will take a 

longer period of time for the red drum to grow as these conditions are stressful to the fish’s 

metabolic processes.  In regards to red drum stock enhancement protocols, I suggest that 

hatchery-reared red drum should be released into locations that have salinity concentrations <30 

to ensure an appropriate amount of dietary energy is to be partitioned towards growth functions, 

which would allow more energy to be available for growth and subsequent survival. This is 

important as it could help fisheries managers better understand optimal conditions needed to rear 

and release hatchery reared fishes into the wild, thus potentially increasing the rate hatchery-

reared fishes survive and reach maturity in the wild.   
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Appendix A: Data 

 

 TABLE A-1. Data from both trials. 

pH Salinity SGR(g/day) Moisture(%) Ash (oven 

dried)(%) 

Protein 

(%) 

Energy(kcal/g) 

7.5 30 0.810355297 1.59 17.92294807 59.032 5.089967 

7.5 30 0.903673317 1.28 18.67024849 59.297 5.1214798 

7.5 30 0.821837626 38.32 15.78947368 44.103 5.0668085 

7.5 30 0.697768119 -0.07 16.72862454 60.729 4.873776 

7.5 30 0.964215828 -0.08 16.36363636 60.833 4.9003186 

7.5 30 0.884051336 0.07 16.28232006 60.844 4.916654 

7.5 30 1.115691139 0 16.91419142 64.171 4.6452091 

7.5 30 0.858923147 -0.07 16.2601626 59.449 4.9518806 

7.5 40 0.696710245 3.74 16.48063033 55.443 5.2820895 

7.5 40 0.622960122 6.36 14.89547038 57.054 5.0880864 

7.5 40 0.180159152 4.51 14.05835544 58.455 5.3623969 

7.5 40 0.534912319 2.08 12.29668185 56.981 5.237251 

7.5 40 0.608382533 7.76 17.73231032 55.378 5.2510441 

7.5 40 0.656594613 0.41 14.27604871 58.41 4.7733494 

7.5 40 0.786687513 0.51 14.25843412 59.687 5.3583133 

7.5 40 0.500467988 5.42 15.47788873 56.09 5.1231763 

8.1 30 0.945147861 0 16.62870159 62.711 4.8966474 

8.1 30 0.85386061 0.87 16.5741475 59.319 5.1401686 

8.1 30 1.028982331 16.41 16.41104294 51.164 5.1022015 

8.1 30 1.01859283 0.69 20.74652778 63.515 5.202891 

8.1 30 0.890699225 46.92 15.82938389 42.064 5.1386878 

8.1 30 0.969882971 0.22 18.06876372 61.585 4.855813 

8.1 30 0.924631563 0.65 19.6341 61.154 5.0207305 

8.1 30 0.52965969 0.6 17.08051166 64.27 4.9932223 

8.1 40 0.74009169 0.74 17.03554661 68.174 5.7317222 

8.1 40 0.564134079 26.54 13.9329806 46.076 5.2324831 

8.1 40 0.486747812 7.99 15.0147929 55.818 4.6679003 

8.1 40 0.653042142 2.06 16.77631579 52.698 5.1361622 

8.1 40 0.809108665 2.24 17.07882535 61.569 5.1018031 

8.1 40 0.665390515 16.2 13.78977821 53.519 5.2042324 

8.1 40 0.637794787 2.13 14.88095238 56.008 5.3504708 

8.1 40 0.718779176 26.35 14.20863309 49.005 5.385993 

8.5 30 0.929091089 4.01 17.40176423 58.318 4.9136021 

8.5 30 0.441953371 2.13 11.40544518 63.248 5.0673722 

8.5 30 0.844281508 23.77 16.63837012 52.486 4.7931131 

8.5 30 0.767568617 9.39 15.71146245 56.49 4.9533982 
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8.5 30 0.953672086 0.63 15.830721 60.161 5.0191163 

8.5 30 0.930188471 24.82 16.45907473 49.488 4.8385962 

8.5 30 0.849609484 39.89 15.26717557 43.597 4.9333056 

8.5 30 0.69986385 2.48 15.06189821 59.508 4.8941807 

8.5 40 0.431462412 27.81 15.67759079 49.348 5.098136 

8.5 40 0.466769543 2.85 20.08765522 72.112 5.4943571 

8.5 40 0.543277943 2.28 17.87634409 62.071 5.2934072 

8.5 40 0.409291232 4.1 19.01081917 59.644 5.0921415 

8.5 40 0.59252067 2.09 16.34328358 55.972 5.2050088 

8.5 40 0.546625453 9.59 16.16481775 52.985 5.2069877 

8.5 40 0.491781841 33.36 15.90073529 44.482 5.0493099 

8.5 40 0.802971208 0.14 16.37681159 57.736 5.0414444 

9 30 1.508133456 3.39 19.39953811 61.903 4.7199494 

9 30 0.769497039 45.33 16.64791901 42.634 4.9764312 

9 30 0.917237718 0.58 16.27906977 61.652 4.9939612 

9 30 0.716819 5.01 19.19575114 59.828 4.8719328 
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Appendix B: Problems 

 FIGURE B-1. Adverse mortality event letter. 

 

 


