Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

5-3-2019

Developing Commercial-Scale Low-Salinity Culture Protocols for
Gulf Killifish, Fundulus Grandis
Brittany Morgan Chesser

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Chesser, Brittany Morgan, "Developing Commercial-Scale Low-Salinity Culture Protocols for Gulf Killifish,
Fundulus Grandis" (2019). Theses and Dissertations. 1374.
https://scholarsjunction.msstate.edu/td/1374

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template B v3.0 (beta): Created by J. Nail 06/2015

Developing commercial-scale low-salinity culture protocols for
Gulf Killifish, Fundulus grandis

By
TITLE PAGE
Brittany Morgan Chesser

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Wildlife, Fisheries, and Aquaculture
in the Department of Wildlife, Fisheries, and Aquaculture
Mississippi State, Mississippi
May 2019

Copyright by
COPYRIGHT PAGE
Brittany Morgan Chesser
2019

Developing commercial-scale low-salinity culture protocols for
Gulf Killifish, Fundulus grandis
By
APPROVAL PAGE
Brittany Morgan Chesser
Approved:
____________________________________
Peter J. Allen
(Major Professor)
____________________________________
Michael E. Colvin
(Committee Member)
____________________________________
Christopher C. Green
(Committee Member)
____________________________________
Benedict C. Posadas
(Committee Member)
____________________________________
Kevin M. Hunt
(Graduate Coordinator)
____________________________________
George M. Hopper
Dean
College of Forest Resources

Name: Brittany Morgan Chesser
ABSTRACT
Date of Degree: May 3, 2019
Institution: Mississippi State University
Major Field: Wildlife, Fisheries, and Aquaculture
Major Professor: Peter J. Allen
Title of Study: Developing commercial-scale low-salinity culture protocols for Gulf
Killifish, Fundulus grandis
Pages in Study 107
Candidate for Degree of Master of Science
Gulf Killifish Fundulus grandis is an estuarine species used as a live bait for
marine sport fishes, native from Veracruz, Mexico, along the Northern Gulf of Mexico
coast, to the eastern coast of Florida. Culture protocols are established, but Gulf Killifish
have not been fully adopted as a commercially produced species by producers, possibly
due to economic efficiency and needs for advances related to inland production.
Therefore, production methods from spawning in recirculating aquaculture systems
(RAS) to grow-out to market size in earthen ponds were examined. Increasing broodstock
density or spawning substrate surface area did not increase egg production in RAS. In
freshwater, juvenile Gulf Killifish exhibited broad pH and hardness tolerances, and
multiple cohorts were stocked and grown to market size in one season in earthen ponds,
with rapid growth rates at 50,000 fish/ha. After low-salinity rearing, osmotic stress
differed between cohorts, but overall salinity tolerance was not affected.
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CHAPTER I
INTRODUCTION
Background
The Gulf Killifish, Fundulus grandis (also called mud minnow, bull minnow, and
cocahoe minnow) is native to estuaries from Veracruz, Mexico, along the Northern Gulf
of Mexico coast, to the eastern coast of Florida (Relyea 1983; Waas et al. 1983;
Anderson et al. 2012). Interest in culturing Gulf Killifish has been growing since the mid1970s, due to their use as a baitfish and salinity tolerance; inherent characteristics
beneficial to commercial production (Tatum and Helton 1977; Waas et al. 1983). Gulf
Killifish are used as live bait by recreational anglers, for various marine sport fishes,
primarily the Red Drum Sciaenops ocellatus, Southern Flounder Paralichthys
lethostigma, and Spotted Seatrout Cynoscion nebulosus (Tatum et al. 1978, Green et al.
2010). Commercial baitfish suppliers and recreational anglers depend on wild stocks
caught seasonally along the Gulf of Mexico, which are captured by seines or minnow
traps (Tatum and Helton 1977, Phelps 2010). Suppliers are unable to meet year-round
demands for market-size (i.e., 6 cm total length) Gulf Killifish relying strictly on wild
caught stocks (Tatum and Helton 1977, Waas et al. 1983, Green et al. 2010). The culture
of this species shows economic potential if producers can provide a constant supply at
market size, but there are still challenges to commercial-scale production (Green et al.
2010).
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Although culture protocols are established (Tatum et al. 1978; Perschbacher et al.
1990; Perschbacher et al. 1995; Green et al. 2010; Ofori-Mensah et al. 2013; Ramee et al.
2016; Burger et al. 2018), Gulf Killifish have not been fully adopted as a commercially
produced species by producers (Green et al. 2010), possibly due to economic efficiency
and needs for advances related to inland production. Following the most recent studies
examining the culture of this species (Green et al. 2010; Ramee et al. 2016; Burger et al.
2018), there has been a need for information, specifically on production methods to
increase efficiency, from spawning to grow out to market size in recirculating
aquaculture systems (RAS) and earthen ponds. Overall, culture practices for Gulf
Killifish, from stocking broodstock to harvesting, handling, and hauling to bait shops,
still need to be defined for producers. Producers will not be able to fully adopt this
species for culture if protocols are not evaluated in more depth.
Biology
Fishes in the Fundulus genus have been a target for experimental studies for
decades due to the diversity of environments inhabited, ranging from inland to coastal
systems in North America (Griffith 1974; Whitehead 2010). Many species are known
from estuaries, transition zones between freshwater and saltwater environments, which
have continuous variability in temperature, oxygen, and salinity (Elliott and McLusky
2002; Elliott and Quintino 2007). Typically, estuaries contain several salinity gradients
caused by precipitation, evaporation, and flow rates (Nordlie 2006), that range from
freshwater to full strength sea water, requiring physiological plasticity (Elliot and
McLusky 2002). In Fundulus, interspecific diversity in environmental occupancy has
resulted in variation in osmotic tolerances; species from this genus have some of the
2

widest known salinity tolerance limits (Griffith 1974; Nordlie 2006). In natural
environments, Gulf Killifish have been found in salinities up to 76.1 ppt (Simpson and
Gunter 1956; Griffith 1974). Most populations are found in environments with salinities
of 5-39 ppt (Nordlie 2006), but Gulf Killifish populations have been found in freshwater
(Hillis et al. 1980).
Gulf Killifish are iteroparous, intertidal spawners that begin depositing eggs on
marsh grasses in estuaries during high tides once water temperature reaches 20°C (Tatum
1982). The highest egg production occurs from April to May when temperatures are
approximately 24°C to 28°C (Tatum et al. 1982; Green et al. 2010). Gulf Killifish
embryos exhibit diapause during low tides and incubate terrestrially (Perschbacher et al.
1995). This life strategy reduces predation and increases survival by hatching eggs within
a shorter duration of time and with more uniform sizes compared to water incubation
(Perschbacher et al. 1990, Perschbacher et al. 1995). High tides are highest during new
and full moon phases, which correlates with peaks in egg production (Greely and
MacGregor 1983); a correlation which is also present in captive fish (Green et al. 2010).
The male will roll on his side several times to initiate the female to roll on her side and
release the unfertilized eggs; the eggs are fertilized by the male quickly after this
exchange, and one female will go on to mate with multiple males (Tatum and Helton
1977). As adults, sex of Gulf Killifish can be easily determined. Males are darker and
have iridescent patterns on the caudal fin, which are more evident during spawning;
whereas, females remain dull throughout the body (Tatum and Helton 1977). Fundulus
have relatively low fecundity compared to other common commercially produced
freshwater baitfish, such as the Golden Shiner (Notemigonus crysoleucas) (Anderson et
3

al. 2012). Comparable to another saltwater baitfish, the Mummichog, Fundulus
heteroclitus, an individual Gulf Killifish female releases an average of 100-250 eggs
every 5 days, potentially limiting production (Anderson et al. 2012).
After hatching and absorption of the yolk sac, Gulf Killifish initiate exogenous
feeding. Gulf Killifish are opportunistic feeders, feeding off available crustaceans,
insects, and worms in the wild and commercial feeds in captive fish (Wallace and Waters
2004). Gulf Killifish reach sexual maturity after approximately one year at a length of 4050 mm (Wallace and Waters 2004). The lifespan of Gulf Killifish does not typically
exceed 4 years, with adults reaching a maximum of 140 mm (Wallace and Waters 2004).
Gulf Killifish are considered marketable when they reach approximately 5.6 cm;
however, the desirable size of the bait fish may change depending on target species
(Tatum and Helton 1977).
Culture techniques
Shortages of Gulf Killifish as baitfish were first acknowledged by commercial
suppliers, who initiated interest in culturing this species (Tatum and Helton 1977).
Currently, this species is produced using either a two or three phase system (Wallace and
Waters 2004). The two phase system involves two separate units (tank or pond), one for
broodstock and the other for larval stages and grow-out. The three phase system involves
three separate units (tank or pond), one for broodstock, one for larval stages, and one for
grow-out (Anderson et al. 2012). In both production systems, for broodstock, spawning
mats are utilized to collect eggs. Spawning mats are made of coconut fibers covered in
latex creating small crevices for depositing eggs, similar to crevices found between
4

natural spawning vegetation (Wallace and Waters 2004; Green et al. 2010). Following the
broodstock phase, each production strategy has advantages and disadvantages and is
determined by the producer depending on available space and labor. The three phase
system requires more labor, but producers can better estimate production and minimize
the potential of cannibalism (Wallace and Waters 2004).
In a three phase system, the third phase is used for grow-out to market sizes and
may utilize mesocosms or pond culture systems (Anderson et al. 2012). Fish are
transferred from phase two to phase three rapidly, after reaching a weight of 0.3-0.5 g
(Tatum et al. 1982). Juvenile fish used for grow-out are more tolerant of less stable
environments, compared to fry, with lower water quality and low salinity requirements
(Tucker and D’Abramo 2008). However, even if pH and hardness are within safe ranges,
abrupt changes could result in death (Mischke & Wise 2008; Tucker & D’Abramo 2008)
regardless of size. Notably, water quality in a pond can be extremely variable throughout
24 hours, with parameters such as oxygen and pH increasing in the day and decreasing
during the night due to photosynthesis and respiration (Burger et al. 2018). To promote
high survival, fish must reach a size where they are more tolerant of less stable water
quality conditions. Previous studies have shown fish to perform best in salinities of 7-8
ppt (Brown et al. 2012; Coulon et al. 2012), making culture in inland areas difficult due
to the need for saline water or supplementation using synthetic sea salts. However,
Ramee et al. (2016) found Gulf Killifish freshwater grow-out is possible as early as 7
weeks of age, making Gulf Killifish candidates for freshwater grow out in mesocosms
and ponds.

5

Objectives
Studies across several Gulf Coast states have identified the need for producing
this species on a commercial scale (Tatum et al. 1982; Wallace and Waters 2004;
Anderson et al. 2012). Using RAS may alleviate problems for inland producers by
allowing more control over culture systems, and RAS are typically used in the first or
early phases of production (Ofori-Mensah et al. 2013). Currently, inland producers have
little guidance for using RAS for broodstock. Low reproductive output raises the
question whether broodstock density and spawning substrate surface area can be
manipulated to maximize egg output. A study examining stocking density and spawning
substrate surface area in RAS for Gulf Killifish has yet to be conducted. Stocking density
and spawning substrate area, regarding reproductive outputs, need to be examined in
RAS to evaluate the usefulness of this methodology for commercial culture.
As mentioned previously, Ramee et al. (2016) found Gulf Killifish freshwater
grow-out is possible as early as 7 weeks of age, making Gulf Killifish candidates for
freshwater grow out in mesocosms and ponds. This allows producers to place 7-week fry
in freshwater for growing out, which can reduce production cost. To increase profits and
meet market demands, inland producers may need to stock ponds multiple times over a
growing season and at high stocking densities (Wallace and Waters 2004). Comparison
of survival and growth rates of multiple cohorts stocked at different times would be
important to establish whether consistent production can be achieved. Growth and
survival of Gulf Killifish to market size in freshwater have been evaluated at low
densities (20,450-26,500 fish/ha; Burger et al. 2018) but further studies, specifically on
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stocking time and stocking density, need to be conducted to determine what conditions
promote higher survival and growth rates in freshwater earthen ponds.
Freshwater environments and culture ponds frequently exhibit fluctuations in pH
and hardness (Boyd & Lichtkoppler, 1979; Boyd, 1998). These shifts can occur daily or
seasonally with acidic runoff, photosynthesis, and respiration, changing ionic
concentrations. Fluctuations can lead to low survival of fishes due to either high pH, low
hardness, or a combination of both. For species or populations adapted to more stable
environments, this could limit available habitats and influence distribution of estuarine
species, such as the Gulf Killifish. Previous studies have examined hardness effects on
osmoregulation (Potts & Fleming 1971) and determined incipient lethal pH (Gonzalez et
al. 1989) in closely related species, but currently, no studies examine the tolerance level
of Gulf Killifish to pH and hardness.
Although Gulf Killifish can be reared in freshwater after 7 weeks of age,
eliminating salt and associated costs, it is unknown whether this species can be rapidly
reintroduced to higher salinities as a baitfish after grow out in freshwater. Fish may need
to be acclimated to moderate salinities (e.g., 8 ppt) before acclimation to seawater, such
as would occur during transfer to suppliers for subsequent use in seawater.
The purpose of this study is to increase the potential for Gulf Killifish (Fundulus
grandis) to become a commercially produced species by eliminating current setbacks and
refining existing culture methods. Therefore, the following objectives were addressed
through this research:

7

1.

Compare broodstock densities (45 and 90 fish/m3) and the effects of spawning
substrate surface area (4,500, 9,000, and 13,500 cm2) on reproductive output of
Gulf Killifish in commercial-scale recirculating aquaculture systems.

2. Compare stocking time (June and July) and densities (25,000 and 50,000 fish/ha)
of juvenile Gulf Killifish for grow-out in low salinity
3. Determine freshwater survival of Gulf Killifish when subjected to pH levels of
2.9-11.5 or hardness levels of 13-406 mg/L.
4. Determine physiological responses (whole body moisture, hematocrit, plasma
osmolality, and plasma proteins) and survival of Gulf Killifish following gradual
or abrupt transfer to salt water (33 ppt) after sustained low salinity (≤ 0.5 ppt)
occupancy.

8
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CHAPTER II
COMPARISON OF BROODSTOCK DENSITY AND EFFECT OF SPAWNING
SUBSTRATE SURFACE AREA ON REPRODUCTIVE OUTPUT OF GULF
KILLIFISH IN COMMERCIAL-SCALE RECIRCULATING
AQUACULTURE SYSTEMS
Abstract
Gulf Killifish, Fundulus grandis, is a popular baitfish for recreational fisheries
and candidates for commercial-scale culture; however, relatively low fecundity compared
to other popular baitfish presents a production challenge. A comparison of broodstock
densities and surface area of spawning mats were evaluated for egg output in
commercial-scale recirculating aquaculture systems to maximize egg output. In
Experiment 1, broodstock (mean weight= 16.15 g) were stocked at two densities (45
fish/m³, 90 fish/m³) with eggs collected three times each week for 8 weeks. Broodstock
held at 45 fish/m³ had greater reproductive output (3.93 eggs/female/d) than broodstock
held at 90 fish/m³ (2.22 eggs/female/d). However, there was no difference between eggs
per collection (1,005; 1,107 eggs/3,600-L tank) or total egg production (23,202; 25,802
eggs/3,600-L tank), leading to the conclusion that reproductive output may be limited by
another factor, such as available spawning substrate. Therefore, in Experiment 2
broodstock (mean weight=14.68 g) were stocked at a density of 100 fish/m³ in all tanks
with 4,500 cm2 (1 tier), 9,000 cm2 (2 tier), or 13,500 cm2 (3 tier) surface area of spawning
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mats (Spawntex) for 8 weeks. Reproductive output was 2.12 (1 tier), 2.27 (2 tier), and
2.30 (3 tier) eggs/ female/d, with no differences between treatments. There were also no
differences in eggs collected per collection (1,724; 1,858; 1,794 eggs/tank), or total eggs
collected (27,587; 29,728; 28,704 eggs/tank) among the treatments, leading to the
conclusion that increasing surface area of spawning material does not increase egg
production. Interestingly, there were differences in mean eggs/tier/collection within the 2
tier and 3 tier treatments, with the first tier levels having the highest mean number of
eggs (334.95 ± 14.96; 231.06 ± 14.36 eggs/collection) and the lowest tier levels having
the lowest mean number of eggs (283.13 ± 15.01; 162.53 ± 10.50 eggs/collection),
respectively. Therefore, increasing broodstock density or the surface area of spawning
substrate does not increase reproductive output in Gulf Killifish broodstock in
recirculating aquaculture systems (RAS) under the conditions measured.
Recommendations are for a stocking density of 45 fish/m³ and a spawning mat surface
area of 4,500 cm2 in commercial-scale RAS broodstock tanks, due to similar egg
production compared to higher stocking density and spawning mat surface area.
Introduction
The Gulf Killifish, Fundulus grandis, is a euryhaline species native to estuaries
from Veracruz, Mexico, along the Northern Gulf of Mexico coast, to the eastern coast of
Florida (Relyea 1983; Waas et al. 1983). Gulf Killifish is a popular live bait used by
recreational anglers for marine sport fishes, including Red Drum Sciaenops ocellatus,
Southern Flounder Paralichthys lethostigma, and Spotted Seatrout, Cynoscion nebulosus
(Tatum et al. 1978; Green et al. 2010). Baitfish suppliers and recreational anglers depend
on wild stocks caught seasonally, which are captured by seines or minnow traps (Tatum
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and Helton 1977; Phelps 2010). Relying strictly on wild caught seasonal stocks leaves
suppliers with inconsistent baitfish sizes and supply (Tatum and Helton 1977; Waas et al.
1983; Green et al. 2010). The culture of this species shows economic potential if
producers can provide a constant supply at market size, but there are still challenges to
large-scale production, including improving egg production methods (Green et al. 2010).
Gulf Killifish, like most Fundulus species, are known for their tolerance to a wide
range of water quality parameters, which allows them to survive in bait buckets (Wallace
and Waters 2004). This resiliency combined with a prolonged spawning season
consisting of several spawning events makes them a candidate for commercial culture
(Gothreaux and Green 2012). However, Fundulus have low fecundity relative to other
common commercially produced freshwater baitfish, like the Golden Shiner
(Notemigonus crysoleucas), who release an average of 200-500 eggs per female multiple
times during a spawning season (Lochmann et al. 2007; Anderson et al. 2012).
Comparable to another saltwater baitfish, the Mummichog, Fundulus heteroclitus, an
individual Gulf Killifish female releases an average of 100-250 eggs every 5 days,
potentially limiting production (Oesterling et al. 2004; Anderson et al. 2012). Low
reproductive output raises the question whether broodstock density and spawning
substrate surface area can be manipulated to maximize egg output.
In the wild, Gulf Killifish begin depositing eggs on marsh grasses in estuaries
during high tides once water temperature reaches 20°C (Tatum 1982). High tides peak
during new and full moon phases, which correlates with peaks in egg production; a
condition also present in captive fish (Green et al. 2010). Spawntex spawning mats, made
of coconut fibers covered in latex with a polyester net backing, are frequently used in the
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culture of this species due to their effectiveness and similarity to natural spawning
vegetation (Wallace and Waters 2004; Green et al. 2010). Gulf Killifish can be cultured
using either a two or three-phase system. The two-phase system involves two separate
units (tank or pond), one for broodstock and the other for larval stages and grow-out. The
three-phase system involves three separate units (tank or pond), one for broodstock, one
for larval stages, and one for grow-out (Anderson et al. 2012).
Although culture protocols are established, many producers are not likely to adopt
methods, primarily due to feasibility, economic efficiency and needs for advances related
to inland production (Green et al. 2010; Anderson et al. 2012). Culturing in inland areas
can be difficult due to limited brackish water sources and requirements for expensive
synthetic sea salts. Alternatively, low salinity culture may be feasible, particularly if
breeding and early-rearing occur in optimal salinities (Ramee et al. 2016; Ramee and
Allen 2016). Recirculating aquaculture systems (RAS) may be a solution to provide
optimal salinity environments for early-rearing, before grow-out to market size at low
salinities (Ramee et al. 2016). RAS are potentially one of the best options for inland
producers to hold broodstock in brackish salinities during spawning by allowing close
control over culture systems and may alleviate other potential problems like external
predators (Burger et al. 2018).
Stocking density has been studied in Gulf Killifish held in mesocosms and saline
ponds (Tatum 1982; Green et al. 2010); however, mesocosms limit commercial-scale
production and saline ponds are generally not an option in inland areas. Inland producers
have little guidance for using RAS for broodstock reproduction on a commercial-scale.
Joseph et al. (2017) observed that a broodstock density of 10 fish/m³ resulted in the
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highest egg production per female compared to densities of 20 and 30 fish/m³ for
Fundulus seminolis in RAS. In a study evaluating two egg collector designs, Fundulus
heteroclitus were stocked at a higher density of 140 fish/m3 in RAS; however, this density
was not compared to other densities and female to male ratio was unknown (Janiak and
McIntosh 2014). A study examining stocking density in RAS and surface area of
spawning substrate for Gulf Killifish has yet to be conducted, and it was hypothesized
that both factors have a positive correlation with egg production. Broodstock health
(weight, total length, and condition factor) has also not been examined in RAS. Several
publications across several Gulf Coast states have identified the need for producing Gulf
Killifish on a commercial scale (Tatum et al. 1982; Wallace and Waters 2004; Anderson
et al. 2012). Stocking density, reproductive outputs, and broodstock health indices need
to be evaluated in commercial-scale RAS to assess the feasibility for commercial culture.
Therefore, objectives of this study were to (1) compare egg production and overall health
of broodstock at two stocking densities in commercial-scale RAS; and (2) determine the
effect of spawning substrate surface area on egg production in commercial-scale RAS.
Methods
Gulf Killifish broodstock were obtained from 0.04 hectare ponds at the South
Farm Aquaculture Facility (Mississippi State University, Starkville, MS) by seine.
Broodstock collected were spawned during previous experiments in brackish water RAS
and moved to freshwater ponds for grow-out. All fish were within a few generations of
the original fish, which were obtained from a commercial supplier (Gail’s Bait Shop,
Golden Meadow, LA). Once collected, fish were moved and acclimated to indoor RAS
over 1 month. During the acclimation period, salinity was increased by 2 ppt/d to 8 ppt
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and temperature was increased by 1°C/d to 25°C for increased egg fertilization (Brown et
al. 2012). Tanks (3,600 L: 2.3 m diameter) used in each experiment ran on separate
RAS, a total volume of 4,000 L, containing a 120-watt UV sterilizer (Smart High Output
Sterilizer, Pentair Aquatic Eco-systems, Apopka, FL, USA) and a bead filter (Polygeyser
bead filter, Aquaculture Systems Technologies, New Orleans, LA, USA).
All experiments and procedures were approved by the Mississippi State
University Institutional Animal Care and Use Committee (protocol #: 17-010).
Experiment 1: Broodstock density
For Experiment 1, fish were collected on 1/31/2017 when the pond water
temperature was 8°C. After salinity and temperature acclimation, treatments consisting of
two densities 45 and 90 fish/m³ (162 fish/tank and 324 fish/tank, respectively), were
assigned randomly to 6 indoor RAS tanks with 3 replicates for each density. Once
stocked, each tank contained a 2:1 (female: male) sex ratio (Anderson et al. 2012; Janiak
and McIntosh 2014). Males were distinguished from females by distinct color differences
(i.e., males were darker and had iridescent patterns on the caudal fin (Tatum and Helton
1977)). Health indicators were measured (i.e., weight, total length, condition factor (K),
and mortality) during initial placement into treatment tanks and at the end of each
experiment to monitor broodstock health in RAS. A random sample of 45 fish per tank
were anesthetized using 150 mg/L tricaine methane sulfonate and 400 mg/L NaHCO3 and
individually weighed, measured for total length (TL), and K was calculated following
Moyle and Cech (2004):
K=

(W∗100)
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L3

(2.1)

where W= wet weight (g), and L= total length (cm).
The remaining fish in each tank were weighed in bulk, in groups of 20. Bulk weights
were used to determine initial and final fish size for each tank, which was later used to
calculate mean growth of a population of individuals.
Mean individual growth = (

final bulk weight
final # of fish

)−(

initial bulk weight
initial # of fish

)

(2.2)

The experiment concluded after 8 weeks, and fish in each tank were counted to determine
survival.
Experiment 2: Spawning substrate surface area
For Experiment 2, Gulf Killifish broodstock were a random selection of brood
stock used in Experiment 1 and progeny collected from freshwater ponds on 9/18/2017
and 10/15/2017 from the 2017 spring spawning season. Based on previous observations
during a pilot study, placing more than 3 horizontal spawntex spawning mats (51x30x3
cm each) in one tank resulted in behavioral changes such as cessation of feeding and
remaining close to the bottom. Thus, surface area of spawning mats needed to be
increased without decreasing access to the water’s surface. Egg collectors were modified
from Anderson et al. (2012) to increase surface area by stacking the mats horizontally,
allowing enough vertical distance for fish to swim in between the tiers and spawn. A
second pilot study was executed to ensure the new design did not compromise behavior
and that all mats in the collector were used regardless of position. Treatments for
Experiment 2 consisted of three collectors with different surface areas of spawning
substrate. Various levels of surface area were achieved for each collector by stacking
spawning mats (51x30 cm each) horizontally into tiers with 10 cm in between each tier.
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Individual size of each mat was chosen based on similar sizes used in past experiments
and pilot studies (Green et al. 2010); distance between stacked mats was determined by
replicating the distance from surface water to surface of first mat. Total surface area of
spawning mat treatments was 1,500 cm2, 3,000 cm2, and 4,500 cm2 for 1 tier, 2 tier, and 3
tier treatments, respectively. Levels were determined to double and triple surface area of
individual mats. Three collectors of the same treatment were assigned per tank totaling in
4,500 cm2 (1 tier), 9,000 cm2 (2 tier), or 13,500 cm2 (3 tier), depending on treatment.
Treatments were assigned randomly to 9 indoor tanks with 3 replicate tanks for each
treatment. Each tank contained a broodstock density of 360 fish/tank, held at a 2:1
(female: male) sex ratio (Anderson et al. 2012; Janiak and McIntosh 2014). Similar to
Experiment 1, a random sample of 45 fish per tank were netted and anesthetized using
150 mg/L tricaine methane sulfonate (MS-222) and 400 mg/L NaHCO3, for individual
weight and TL measurements. Remaining fish for each tank were weighed in bulk
weights, in groups of 20-30 fish. This experiment concluded after 8 weeks, and fish in
each tank were counted to determine survival, and condition factor and mean individual
growth were calculated using Equations 2.1 and 2.2.
Maintenance and feeding
Throughout both experiments, dissolved oxygen, temperature, salinity, and pH
were monitored daily using a using a dissolved oxygen meter (YSI 85, YSI Inc., Yellow
Springs, OH, USA) and a pH probe (pH10A, YSI Inc.). Alkalinity, total ammonia
nitrogen (TAN) and nitrite levels were assessed once weekly using a colorimeter
(DR/850, Hach Company, Loveland, CO, USA). Using TAN, pH, and temperature
readings, un-ionized ammonia (NH3) was calculated. Photoperiod was adjusted every
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week to match local conditions, which were ideal spring (April-May) spawning
conditions (12.5 L: 11.5 D - 14 L:10 D) (Trimble et al. 1981, Tatum et al. 1982).
Temperature (25 ± 1°C) for each tank was maintained with a 1,700-Watt heater
(S1ABT1.7118A, Process Technology, Mentor, Ohio, USA) and dissolved oxygen (> 6
mg/L) was maintained by pressurized aeration. Salinity was maintained at 8 ppt using
synthetic marine sea salt (Instant Ocean, Blacksburg, VA, USA). Fish were fed a
commercial floating formulated diet (Rangen Inc., Buhl, ID, USA; 44.0% crude protein)
to satiation once daily. Tanks were scrubbed and siphoned biweekly, and biofilters were
backwashed weekly.
Egg collection
During Experiments 1 and 2, after the 1-month acclimation period following a
transfer from ponds, broodstock were given 7 days after stocking into treatment tanks
before the experiment and egg collection began. Spawning mats (Spawntex, Blocksom &
Co., Michigan City, IN, USA) were suspended 20 cm below the water’s surface by
attaching the mats to a wire frame (51 cm X 30 cm) with two sealed 51 cm pieces of PVC
as floats. Eggs were collected following the protocol outlined in Anderson et al. (2012).
Eggs were collected three times weekly for Experiment 1, totaling in 24 collections. For
Experiment 2 eggs were collected twice weekly, based on similar reproductive output and
results of a pilot study; totaling in 16 collections. In Experiment 1, eggs were combined
from all mats within each tank and measured volumetrically in a graduated cylinder and
recorded. In Experiment 2, eggs were measured volumetrically for each tier in each
collector and recorded, then measurements from each tier were combined to get the
overall volume of eggs per collector and per tank. Number of eggs per milliliter was
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determined biweekly by averaging triplicate counts of 1-ml samples taken randomly
between all tanks and treatments (Green et al. 2010).
Statistical analysis
All water quality variables for Experiments 1 and 2 are described using means (±
standard error) for temperature, dissolved oxygen, pH, TAN, NH3, nitrite, and alkalinity.
In Experiments 1 and 2, total egg production, initial and final measurements (wet weight,
TL, K), individual growth, change in condition factor, and mortality were compared
between the two density treatments using Student’s t-tests or among the three surface
area treatments using a one-way analysis of variance (ANOVA). Egg output per
collection and egg output per female were analyzed by a two-way ANOVA with factors
of time (week) and stocking density or spawning substrate surface area. In Experiment 2,
mean eggs per tier per collection were analyzed using a two-way ANOVA with factors of
tier and time (week). One tank replicate in the 3 tier surface area spawning mat treatment
had high mortality (62.5%) for unknown reasons and was determined to be an outlier
with 99% confidence using Dixon’s Q-test (Dean and Dixon 1951). This replicate was
removed from all analyses.
Before all analyses, normality of residuals was tested using Shapiro-Wilk
normality tests, and homogeneity of variance was tested using Levene’s tests to meet
assumptions. If assumptions were not met, data were transformed (e.g., cubic, log10)
before running each ANOVA. If data could not be transformed to meet assumptions, nonparametric Kruskal-Wallis rank sum tests were used to compare differences between
treatments. Tukey’s HSD post-hoc tests were used in conjunction with each ANOVA to
determine treatment level differences. All mortality (percentage) data was logit
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transformed before all analyses. All statistical analyses were performed with SAS®
version 9.4 (SAS Institute Inc., Cary, North Carolina) and significance was determined at
α= 0.05. All data are reported as mean ± standard error (SE) unless noted otherwise.
Results
Water quality
In Experiments 1 and 2, the mean daily and weekly water quality parameters were
within acceptable ranges for spawning and growth for Gulf Killifish in a RAS (Tatum et
al. 1982). Temperature, dissolved oxygen, salinity, pH, TAN, NH3, nitrite (NO2) and
alkalinity were comparable among treatments (Tables 2.1; 2.2).
Broodstock growth
In Experiment 1, initial weight (Kruskal-Wallis: H1=3.0861; P=0.0790), TL
(Kruskal-Wallis: H1=2.3415; P=0.1260), and K (T-test: t266=1.74; P=0.0829) did not
differ between treatment groups (Table 2.3). By the conclusion of the experiment, slight
increases in broodstock weight and TL occurred in both densities; however, final K (Ttest: t269= 4.34; P=0.001) was the only variable to differ between treatments and was
higher in the 90 fish/m³ treatment group. Final weight (Kruskal-Wallis: H1=2.1847;
P=0.1394), final TL (Kruskal-Wallis: H1=0.4312; P=0.5114), mean individual growth
(T-test: t4= -0.20; P=0.8481) and change in K (T-test: t4=1.67; P=0.1694) were not
different between the two treatments (Table 2.3).
In Experiment 2, initial weight (Kruskal-Wallis: H2=17.6018; P=0.0002) and TL
(Kruskal-Wallis: H2=15.9400; P=0.0003) were higher in the 2 tier and 3 tier treatment
groups than the 1 tier treatment group (Table 2.4). The 2 tier treatment group had a
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significantly higher K (ANOVA: F2,799=13.29; P<0.0001) compared to the other
treatment groups. By the conclusion of the experiment, small increases in broodstock
weight, TL and K occurred in all treatment groups. Final weight (Kruskal-Wallis:
H2=0.5375; P=0.7643) and final TL (Kruskal-Wallis: H2=0.0169; P=0.9916) did not
significantly differ between treatments; however, the 1 tier treatment group had a
significantly lower K (Kruskal-Wallis: H2=9.1679; P=0.0102), than the other two
treatments. Overall, mean individual growth (ANOVA: F2=0.14 P=0.8729) and change in
K (ANOVA: F2=0.81; P=0.4944) were not different among treatments (Table 2.4).
Mortality
In Experiment 1, mean mortality per tank per density treatment in the 45 m³
treatment group did not differ (T-test: t4= -0.84; P=0.2207) from the 90 m³ treatment
group (Table 2.3). In Experiment 2, mean mortality per tank per treatment did not differ
(ANOVA: F2=0.45 P= 0.9011) between treatments (Table 2.4).
Egg production
In Experiment 1, there were 3 spawning mats/tank, and mats from each tank were
removed, and eggs were collected a total of 24 times per tank over the eight-week
experiment (3 times per week for 8 weeks). Collectively across all tanks in each
treatment, females (n=108 /tank) produced a total of 69,606 eggs in the 45 fish/m3
treatment group, and females (n=216/tank) produced a total of 77,406 in the 90 fish/m3
treatment group, over 8 weeks. There were no significant differences in mean total egg
production per tank (T-test: t4=0.49; P=0.6984) or mean egg production per collection
(T-test: t142=1.17; P=0.2451) among treatment densities (Table 2.5). The lower stocking
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density (45 fish/m3) treatment group did have significantly higher mean number of eggs
produced per female per day (T-test: t142= -7.08; P<0.0001). There was no effect on eggs
per female per day and time (week) (ANOVA: F7,128=4.43; P=0.0663) or the interaction
between treatment and time (week) (ANOVA: F7,128=0.07; P=0.9923).
In Experiment 2, there were 3 collectors/tank and collectors from each tank were
removed and eggs were collected a total of 16 times per tank over the eight-week
experiment (2 times per week for 8 weeks). Among all tanks in each treatment, females
(n=240/tank) produced a total of 82,761 (1 tier), 89,184 (2 tier), and 86,112 (3 tier) eggs,
throughout the study. There were no significant differences in eggs per female per day
(ANOVA: F2=0.29; P=0.7512), eggs per collection (ANOVA: F2=0.35 P=0.7049), or
total eggs produced per tank (ANOVA: F2=0.04 P=0.9572) among spawning substrate
surface area treatments (Table 2.6). There was a significant effect of time (week) on eggs
per collection (ANOVA: F7,104=2.82; P=0.0100) and eggs per female (ANOVA:
F7,104=3.38; P=0.0027). Egg production per collection was significantly higher in week 5
than week 3 and egg production per female was higher in weeks 4 and 5 than in weeks 3
and 8 (Figure 2.1). There was no interaction between week and treatment for eggs per
female (ANOVA: F14,104=0.35; P=0.9857) or eggs per collection (ANOVA: F14,104=0.32;
P=0.9901). There was a difference in eggs per collection between tiers for the 2 tier
treatment (T-test: t286=2.45; P=0.0102; Table 2.7) and the 3 tier treatment (ANOVA:
F2=3.96; P=0.0009; Table 2.7). There was a significant effect of time (week) on numbers
of eggs per collection on each tier for the 2 tier treatment (ANOVA: F7,272=4.65;
P<0.0001), with week 5 having a significantly higher number of eggs than weeks 2, 3,
and 8. There was also a significant effect of time (week) on the number of eggs per
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collection for the 3 tier treatment (ANOVA: F7,264=3.96; P=0.0004), with week 7 having
significantly higher number of eggs than week 8. There was a significant interaction for
number of eggs per collection between week and tier level for the 2 tier treatment
(ANOVA: F7,272=2.15; P=0.0387) but not the 3 tier treatment (ANOVA: F14,264=0.83;
P=0.6351). Tier 1 on week 5 had a significantly higher amount of eggs than tier 1 on
weeks 2 and 3 and tier 2 on weeks 1,2,3, and 8.
Discussion
This is the first study to evaluate Gulf Killifish broodstock stocking density,
growth, and egg production in a RAS. Low natural fecundity compared to other bait fish
species is a challenge to commercial-scale production of Gulf Killifish. This study was
conducted to determine whether female egg output could be increased by manipulating
broodstock density or spawning substrate surface area and to observe growth and survival
of broodstock held in RAS. A commercial-scale RAS was used to provide realistic scale
and ideal growth and spawning conditions, such as would be utilized by a producer in
either inland or potentially coastal regions. Although it was hypothesized that increasing
either broodstock density or spawning substrate surface area would increase egg
production, it was found that egg production was not affected, suggesting behavior (e.g.,
spawning or territoriality) may limit egg output.
Regarding fish health in RAS, broodstock weight, TL, and K were recorded at the
start and conclusion of each experiment, along with mortality, to determine whether
health was affected by stocking density or substrate density. During both experiments,
Gulf Killifish broodstock increased in weight and TL. Broodstock tanks held at 90
fish/m3 in year 1 and all broodstock held at 100 fish/m3 in year 2, had significantly higher
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K values at the end of each experiment with low mortality (~2%), suggesting the
following possibilities: stocking density was not maximized, broodstock were
cannibalizing eggs, or broodstock were not releasing as many eggs compared to lower
densities (Green et al. 2010; Joseph et al. 2017). Presumably, if stocking density was
maximized water quality would deteriorate, increasing stress on fish, ultimately resulting
in increased mortality (Green et al. 2010; Joseph et al. 2017). In both experiments, small
differences in initial weight and TL among treatments were not considered biologically
important due to broodstock being within the recommended weight for maximized
reproductive output (Patterson et al. 2013). Overall, measurements of initial and final
weight, TL, K, and mortality indicated broodstock were healthy in RAS at stocking
densities of 45, 90, or 100 fish/m3.
Individual daily female egg production decreased with increased broodstock
density, with more eggs/female collected from the lower stocking density of 45 fish/m³
than the higher stocking density of 90 fish/m3. In static, outdoor systems, Green et al.
(2010) found that a stocking density of 45 fish/m3 maximized egg output compared to
lower densities of 15 and 30 fish/m3, with 30 fish/m3 balancing high egg production with
lower mortality. In this study, a stocking density of 45 fish/m3 was chosen based on the
ability to maintain high water quality with much greater densities of fish in a RAS, and
the potential for commercial-scale use of RAS. It is not clear why fish did not increase
egg production, considering the favorable water conditions. One explanation may be that
the lower individual reproductive output with higher density (90 fish/m3) indicates egg
production was already maximized at 45 fish/m3. It is possible a third treatment with a
lower stocking density may have had a higher egg output per female, similar to Green et
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al. (2010) or an even higher density than the maximum used in this study would have had
a lower relative egg output. However, eggs per female per day are still relatively low
compared to previous production manuals on the species (Oesterling et al. 2004;
Anderson et al. 2012), stating that an individual female Gulf Killifish releases an average
of 100-250 eggs every 5 days. During this study, an individual female on average was
producing approximately 20 eggs and 11 eggs, respectively for each treatment over a 5
day period. This discrepancy could be due to all females not producing eggs at one time,
or because fish used were generally larger than sizes known to produce maximum egg
output (i.e., 13 g; Patterson et al. 2013). This study was evaluated for 8 weeks, yet Gulf
Killifish spawn throughout the spring, summer and fall seasons with egg production
ebbing and flowing during those months (Anderson et al. 2012). This study was executed
during early spring months, with conditions mimicking late spring, and it is possible that
not all females may have been ready to spawn. An alternative explanation for this
negative association between stocking density and egg production is an increase in
cannibalism of eggs due to increased fish densities. Adults have been observed in
previous studies eating eggs off the surface of the spawning mats (Phelps et al. 2010). All
tanks were fed to satiation daily, which presumably would decrease the potential for egg
consumption, although cannibalism was still possible.
Experiment 2 was conducted based on the hypothesis that there was a positive
correlation with spawning substrate surface area and egg production. However, there was
no difference in egg output per female per day, eggs collected per collection, or total eggs
collected among the spawning surface area treatments (4,500 cm2, 9,000 cm2, and
13,500cm2). This is the first study where spawning substrate surface area has been
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evaluated for a Fundulus species. Ratio of substrate area to males and egg production in
single layer and multilayer substrate has been evaluated for Fathead Minnows,
Pimephales promelas (Horne et al. 2010; Weldon et al. 2012). Egg production did not
differ between the lowest and highest ratio of substrate area to Fathead Minnow males
and the study concluded that only one-third of males were spawning at any given time,
making the lowest substrate area ratio of 85 cm2 per male adequate (Weldon et al. 2012).
Egg production was found to be significantly higher, with double the number of eggs on
the single layer substrate compared to the combined total of eggs on the multilayer
substrate for Fathead Minnows (Horne et al. 2010). In this study, there were also
differences in the number of eggs deposited on each tier, with the first tier level having a
higher amount of eggs than the second or third tier levels; therefore, Gulf Killifish were
not laying equal amounts of eggs on each tier. This could be due to the design of the
mats, where an increase in tier level also results in an increase of depth within the tank.
This behavior of spawning in a shallower depth may be attributed to how Gulf Killifish
spawn in their natural habitat by depositing eggs in shallow marsh grasses that are
exposed during low tide (Tatum et al. 1982). Future studies could evaluate the number of
eggs deposited when spawning mats are placed at similar depths used in this study to
determine if depth is cofounded with tiers. Even though broodstock did not lay equal
amounts of eggs on each tier, all tiers were used, and a large number of eggs were still
collected from each tier level. The number of eggs deposited on each tier did change over
the experiment, but there was no clear pattern. Similar to Fathead minnow studies (Horne
et al. 2010; Weldon et al. 2012), these results led to the overall conclusion that increasing
surface area of spawning material does not increase egg production in a RAS held at a 2:1
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female:male sex ratio. This finding may infer that female Gulf Killifish reach a maximum
threshold in producing eggs. When considering the lack of differences between each
treatment for egg output, mortality, growth, and change in condition factor, there is no
optimum amount of surface area for the spawning substrate between the three treatments
observed in this experiment (1 tier-4,500 cm2, 2 tier-9,000 cm2, and 3 tier-13,500 cm2).
However, regarding feasibility and efficiency, the 1 tier treatment group would be the
best option for producers due to similar egg outputs and simpler egg collection.
Peaks in egg production were observed during full and new moon phases in this
study, with fish held indoors with a natural photoperiod during both experiments. These
peaks in production correlate with previous findings that reproductive output peaks
during full and new moon phases, even in captivity (Greeley and MacGregor 1983; Green
et al. 2010) and under constant laboratory conditions (Hsiao and Meier 1989). This
further supports conclusions made by Hsiao and Meier (1989), that Gulf Killifish have
endogenous cycles with tidal cycles, coinciding with new and full moon phases.
When the findings of Experiments 1 (broodstock density) and 2 (spawning
substrate area) are considered together, it would appear that a behavioral factor, possibly
territoriality may limit reproductive output. Green et al. (2010) and Joseph et al. (2017)
findings support this possibility by observing higher egg production in lower broodstock
densities of 30 fish/m³ and 10 fish/m³, respectively. Although not quantified, observations
were made during both experiments of certain males and females hovering over spawning
area substrate for extended periods. Certain males seemed to display dominance by
chasing other males away from spawning substrate. Gulf Killifish have been described in
previous observations as territorial during spawning (Drewry 1962). Specifically, larger
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males were seen dominating territories that were selected by the majority of females and
when there was a surplus of ripe females, females became territorial. If both males and
females were territorial concerning spawning substrate, egg output could be greatly
limited over 8 weeks.
In this study, a large number of eggs were collected using techniques outlined by
Anderson et al. (2012), but some eggs were inaccessible within the spawning mat fibers.
It is unclear whether these eggs would eventually lose adhesion and be collected during
the next collection. In this experiment, eggs were collected and recorded for each tank
every few days for both experiments, but the method in which eggs were collected could
not account for eggs deposited elsewhere in the tank, eggs consumed by broodstock, and
eggs that remained lodged in the spawning substrate. Future studies may benefit from
investigation of whether a solution can be used to remove the adhesive layer of eggs,
allowing more eggs to be released from the spawntex or testing a new design for the
collector.
When developing this study, it was taken into consideration that water quality
conditions are typically better in indoor RAS compared to outdoor static tanks and this
increase in quality would influence higher survival rates. During a previous study (Green
et al. 2010), greater mortalities were found with increasing stocking density; however,
predation from birds could not be excluded as a factor in mortality rates. In this study,
predation from all other species could be excluded due to an indoor RAS culture system
and mortality did not increase with higher densities. In both experiments and across all
treatments, survival did not differ between treatments and was higher than the survival
rates evaluated in other production systems for Gulf Killifish. Previous studies have
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evaluated stocking densities for juveniles in brackish water earthen ponds resulting in
82% survival and broodstock in outdoor static tanks resulting in 62% survival (Tatum et
al.1978; Green et al. 2010). Other studies have reported even lower broodstock survival
(43%) while evaluating the effects of shading in outdoor tanks (Gothreaux and Green
2012). This increase in survival in RAS compared to other culture systems such as ponds
and outdoor static tanks was expected due to higher levels of control for water quality
parameters and predation.
This study demonstrated that egg production in Gulf Killifish broodstock does not
increase with increasing fish density or surface area spawning mat density in RAS under
conditions measured. A stocking level of 45 fish/m³ and a spawning mat surface area of
4,500 cm2 is recommended in commercial-scale RAS broodstock tanks due to similar
growth and egg production compared to higher stocking densities and higher spawning
substrate surface area.
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Tables
Table 2.1

Experiment 1 mean ± SE water quality parameters in tanks stocked at two
Gulf Killifish, Fundulus grandis, broodstock densities.
Stocking Density (m³)

Parameters

45

90

Water temperature (°C)

23.7 ± 0.2

23.6 ± 0.1

Dissolved oxygen (mg/L)

7.71 ± 0.04

7.70 ± 0.04

8.0 ± 0.0

7.9 ± 0.0

7.87 ± 0.02

7.71 ± 0.02

TANa (mg/L)

0.051 ± 0.016

0.045 ± 0.011

NH3 (mg/L)

0.003 ± 0.001

0.001 ± 0.000

NO2 (mg/L)

0.168 ± 0.077

0.185 ± 0.078

107 ± 2

88 ± 3

Salinity (ppt)
pH

Alkalinity (mg/L)
a

TAN refers to total ammonia nitrogen.
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Table 2.2

Experiment 2 mean ± SE water quality parameters in Gulf Killifish,
Fundulus grandis, tanks stocked at three spawning substrate surface areas.
Spawning Substrate Surface Area

Parameters
Water temperature (°C)

1 tier
(4,500 cm2)
24.9 ± 0.1

2 tier
(9,000 cm2)
24.5 ± 0.2

3 tier
(13,500 cm2)
25.3 ± 0.1

Dissolved oxygen (mg/L)

7.41 ± 0.02

7.35 ± 0.02

7.43 ± 0.02

Salinity (ppt)

8.3 ± 0.04

8.1 ± 0.03

8.3 ± 0.05

pH

7.72 ± 0.01

7.76 ± 0.01

7.68 ± 0.18

TANa (mg/L)

0.095 ± 0.012

0.129 ± 0.022

0.089 ± 0.026

NH3 (mg/L)

0.003 ± 0.000

0.004 ± 0.001

0.003 ± 0.001

NO2 (mg/L)

0.035 ± 0.008

0.019 ± 0.004

0.039 ± 0.010

76 ± 4

83 ± 4

73 ± 4

Alkalinity (mg/L)
a

TAN refers to total ammonia nitrogen.

Table 2.3

Experiment 1 mean ± SE mean stocking and harvesting variables at two
Gulf Killifish, Fundulus grandis, stocking densities.

Stocking density (fish/m³)
45
90
Initial
Weight (g)
15.05 ± 0.79
17.22 ± 0.89
Total length (cm)
10.08 ± 0.16
10.42 ± 0.16
Condition factor
1.32 ± 0.01
1.36 ± 0.02
Final
Weight (g)
16.74 ± 0.88
19.53 ± 1.06
Total length (cm)
10.52 ± 0.15
10.73 ± 0.17
Condition factor
1.29 ± 0.01 z
1.38 ± 0.02 y
a
Individual growth (g)
2.87 ± 1.08
2.62 ± 0.51
Δ Condition factor
-0.03 ± 0.02
0.02 ± 0.02
Mortality (%)
1.84 ± 0.70
0.30 ± 0.30
a
Individual growth over a 12 week period. Within each row, different letters represent
significant differences among treatments during each week (P≤ 0.05, n=3
tanks/treatment).
Variable
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Table 2.4

Experiment 2 mean ± SE initial and final Gulf Killifish, Fundulus grandis,
variables for three spawning substrate surface area treatments.

Spawning Substrate Surface Area
Variable
1 tier
2 tier
3 tier
(4,500 cm2)
(9,000 cm2)
(13,500 cm2)
N
3
3
2
Initial Weight (g)
12.39 ± 0.41 z
14.98 ± 0.55 y
15.57 ± 0.77 y
Total length (cm)
9.36 ± 0.08 z
9.75 ± 0.09 y
9.96 ± 0.12 y
Condition factor
1.39 ± 0.01 z
1.48 ± 0.01 y
1.41 ± 0.02 z
Final Weight (g)
15.71 ± 0.89
16.49 ± 0.97
16.19 ± 0.97
Total length (cm)
9.81 ± 0.13
9.79 ± 0.15
9.81 ± 0.16
Condition factor
1.53 ± 0.02 z
1.60 ± 0.03 y
1.60 ± 0.02 y
a
Individual growth (g)
2.74 ± 0.24
2.61± 0.12
2.73 ± 0.21
Δ Condition factor
0.14 ± 0.03
0.12 ± 0.04
0.20 ± 0.05
Mortality (%)
2.13 ± 0.98
1.39 ± 0.74
0.97 ± 0.97
a
Individual growth over 12 weeks. Within each row, different letters represent significant
differences among treatments during each week (P≤ 0.05).

Table 2.5

Experiment 1 mean ± SE Gulf Killifish, Fundulus grandis, eggs collected
per female per day and total mean production of eggs ± SE at each stocking
density.
Variable
Eggs/female/d
Eggs/collectiona

Stocking Density (m³)
45
90
3.93 ± 0.19 y

2.22 ± 0.15 z

1,005 ± 49

1,107 ± 71

Total egg
23,202 ± 3,141 25,802 ± 4,288
production/tankb
a
Eggs were collected three times per week over 8 weeks.
b
Total eggs produced over 8 weeks per 4,000 L tank. Within each row, different letters
represent significant differences among treatments (P≤ 0.05, n=3 tanks/treatment).
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Table 2.6

Experiment 2 mean ± SE Gulf Killifish, Fundulus grandis, eggs collected
per female per day and total mean production of eggs for each spawning
substrate surface area.
Spawning Substrate Surface Area

Variable
N

1 tier
(4,500 cm2)
3

2 tier
(9,000 cm2)
3

3 tier
(13,500 cm2)
2

Eggs/female/d

2.12 ± 0.17

2.27 ± 0.14

2.21 ± 0.15

Eggs/collectiona

1,724 ± 130

1,858 ± 110

1,794 ± 118

Total
27,587 ± 6,344 29,728 ± 4,223 28,704 ± 4,706
b
production/tank
a
Eggs were collected twice weekly over 8 weeks.
b
Total eggs produced over 8 weeks per 4,000 L tank. Within each row, there were no
significant differences among treatments (P≤0.05).

Table 2.7

Experiment 2 mean ± SE Gulf Killifish, Fundulus grandis, average eggs
collected per tier level per collection for each spawning substrate surface
area.

Spawning
Substrate Surface
Area
1 tier (4,500 cm2)

Tier Level

N

Eggs/collectiona

1

9

574.70 ± 30.05

2 tier (9,000 cm2)

1

9

334.95 ± 14.96 y

2

9

283.13 ± 15.01 z

1

6

231.06 ± 14.36 y

2

6

204.34 ± 14.45 yz

3

6

162.53 ± 10.50 z

3 tier (13,500 cm2)

a

Eggs were collected twice weekly over 8 weeks.
Within each spawning substrate surface area treatment, different letters represent
significant differences between eggs collected per tier level (P≤ 0.05).
b
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Figures

Figure 2.1

Experiment 2: mean ± SE weekly number of eggs/female/day (A) and
mean ± SE weekly eggs/collection/tank (B) collected from treatment tanks
stocked with Gulf Killifish, Fundulus grandis, at a density of 100 fish/m³.
Lower case letters represent significant (P≤0.05) differences among weeks.
Lunar phases are indicated as new moon (closed circles) and full moon
(open circles).
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CHAPTER III
FRESHWATER PH AND HARDNESS TOLERANCE OF A EURYHALINE
ESTUARINE FISH, THE GULF KILLIFISH
Abstract
The Gulf Killifish Fundulus grandis Baird & Girard 1853 is a euryhaline fish
species, principally occupying coastal estuaries, but capable of moving between fresh and
saltwater. Natural populations have become established in freshwater, and because of
popularity as a marine baitfish, culture studies have demonstrated juveniles can be
stocked into freshwater at early ages (i.e., 7 weeks after hatch) with high survival.
Freshwater environmental conditions can be subject to large fluctuations in pH and
hardness, which may be particularly problematic for species adapted to saline conditions.
Therefore, this study evaluated pH and hardness tolerance based on survival of juvenile
Gulf Killifish in freshwater, information beneficial for understanding potential limitations
for their inland distribution and for guiding culture practices. Juvenile Gulf Killifish (7-9
weeks post-hatch) were challenged through 3 experiments, each lasting for 5 days (120
hrs) with pH levels of 2.9-11.5, or hardness levels of 13-406 mg/L in freshwater with 10
replicates/treatment for each experiment. Survival after 5 days decreased at low pH (2.9)
and high pH (9.9-11.5) but was not affected by hardness. These results indicate juvenile
Gulf Killifish have broad pH and hardness tolerances in freshwater, with highest survival
occurring between pH levels of 4.7 and 8.6.
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Introduction
The Gulf Killifish, Fundulus grandis, is a euryhaline species, found in estuaries
from Veracruz, Mexico, along the Northern Gulf of Mexico coast, to the Eastern coast of
Florida (Relyea 1983; Tatum et al. 1978; Green et al. 2010). Estuaries are changing
environments with fluctuations in a wide range of environmental conditions including
temperature, dissolved oxygen, salinity, pH and hardness (Elliott and McLusky 2002).
Estuaries are transitional zones; therefore, environmental instabilities are caused by
fluctuations in the surrounding river or oceanic systems. Within the estuary there are
typically gradients of these environmental conditions, making some of these shifts
avoidable if needed (Elliott and McLusky 2002). Living in this varying environment
requires physiological plasticity to retain homeostasis during environmental fluctuations.
Most Gulf Killifish populations can be found in temperatures of 4-36°C and salinities of
5-39, but populations have been found from freshwater to a maximum salinity of 76.1
(Griffith 1974; Nordlie 2006). These broad physiological tolerances to temperature and
salinity allow Gulf Killifish to thrive in estuaries, but it is unclear whether physiological
plasticity is comparatively limited in freshwater due to less environmental stability in pH
and hardness.
Culture of Gulf Killifish has been of interest since the mid-1970s due to their use
as a live baitfish for marine sport fishes, high level of tolerance to a range of
environmental conditions, and inherent characteristics beneficial for commercial culture
(Tatum and Helton 1978; Waas et al. 1983). Although culture protocols are established
for brackish water (Phelps et al. 2010), coastal production costs have necessitated
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advances related to inland production (Anderson et al. 2012; Green et al. 2010) where
sources of brackish water are limited.
In natural environments, Gulf Killifish have been known to establish freshwater
populations (Hillis et al. 1980) but are more sensitive to freshwater conditions during
early life stages, particularly during fertilization and as embryos, which may limit the
overall occupancy for inland freshwater environments (Ramee and Allen 2016). Stages
following embryo incubation (e.g., hatching and post-hatch) have exhibited relatively
high (i.e., >70%) survival in freshwater, which leads to the conclusion that freshwater
occupancy increases with development (Ramee and Allen 2016). Similarly, Ramee et al.
(2016) found high survival in juvenile Gulf Killifish transferred to freshwater at 7 weeks
of age, making them candidates for freshwater culture.
Increasing tolerance for low salinity environments with development can be
applied to an aquaculture setting, by splitting production into multiple phases with
different salinities. Methods for Gulf Killifish production have been established using
either a two phase or three phase system. The two phase system involves two separate
units (tank or pond), one for broodstock and the other for grow-out of larval stages to
market sizes. The three phase system involves three separate units (tank or pond), one for
broodstock, one for larval stages, and one for grow-out (Anderson et al. 2012). When
using the three phase system, the second phase, involving hatching of eggs and larval
stages, typically utilizes a system with optimal and stable salinities (i.e., 7-12) and
temperatures (i.e., 23-29°C). The third phase, used for grow-out to market sizes, may
utilize a less stable environment with lower water quality and low salinity, specifically
when using a pond culture system. Water quality in a pond can be extremely variable
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throughout 24 hours, with parameters such as oxygen and pH increasing in the day and
decreasing during the night due to photosynthesis and respiration (Burger et al. 2018).
Fish are transferred from phase two to phase three rapidly, after reaching a weight of 0.30.5 g (Tatum et al. 1982). Even if pH and hardness are within safe ranges, abrupt changes
could result in death (Mischke and Wise 2008; Tucker and D’Abramo 2008). Typically
during pond stocking, temperature differences are checked and accounted for; with pH
and hardness differences being overlooked (Mischke and Wise 2008), and acclimation to
these parameters may not be feasible (Wurts and Stickney 1989).
Indicating whether water is acidic, neutral, or basic, pH measures the number of
hydrogen ions in water. In aquaculture, high pH problems in ponds are due to fertilization
methods that produce rapid phytoplankton blooms, which depletes carbon dioxide (CO2),
increasing water pH (Boyd and Lichtkoppler 1979; Boyd 1998). The desired water pH
range for fish is between 6.5 to 9 (Wurts and Durborow 1992), which is important
because water and blood are in close proximity in the gills for oxygen exchange and
osmoregulation, allowing fish to regulate blood pH typically near 7.4 (Boyd and
Lichtkoppler 1979; Wurts and Durborow 1992). Biological responses to change in pH
can affect enzymatic activity and membrane ion permeability and ion transport, altering a
fish’s ability to regulate amino acids, ammonia, hydrogen sulfide, chlorine, dissolved
metals, and salt (Fromm 1980; Tucker and D’Abramo 2008). Behavioral responses to
change in pH can include erratic swimming with increased pectoral fin movements,
increased surface breathing, disruption of buoyancy, and death (Fromm 1980). Compared
to adults, juveniles are more vulnerable to high pH and are less likely to seek out areas
with a more neutral pH (Tucker and D’Abramo 2008).
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Fluctuations in pH, in natural and culture environments, are an outcome from
fluctuations in other water quality parameters. Freshwater in natural environments and
culture ponds has a higher daily fluctuation of pH compared to brackish water or ocean
water, with typical range from 6 to 9, 8 to 9, or 7.8 to 8.2, respectively (Fromm 1980;
Boyd 1998; Tucker and D’Abramo 2008). In freshwater ponds with high phytoplankton
blooms, pH may increase to 10 or higher during the day; particularly ponds with high
alkalinity and low hardness where pH may reach 11 or higher (Boyd and Lichtkoppler
1979). Extensive nutrient loading from industrial areas into coastal ecosystems can cause
CO2, H2SO4, and HNO3 fluxes, resulting in ocean acidification (Fromm 1980; Wallace et
al. 2014). Since estuaries are transitional zones between river systems and oceanic
systems, pH in these habitats can change rapidly and even affect inland freshwater
habitats. Fish in culture conditions can also experience rapid pH swings during transfer
from hatcheries, where the pH is typically 7.5, to freshwater ponds, where pH may be
above 9 (Mischke and Wise 2008). These rapid pH changes can lead to shock and death,
particularly during early life stages (Mischke and Wise 2008; Wallace et al. 2014).
Hardness is a measurement of divalent ions in water, typically with calcium and
magnesium as the most common ions in fresh water systems (Boyd 1998; Townsend et
al. 2003). Calcium is one of the most important ions to fishes in freshwater systems
because calcium aids in maintenance of internal sodium and potassium levels (Potts and
Fleming 1971; Wurts and Durborow 1992) by changing membrane permeability to NaCl
(Pickford et al. 1966; Hulet et al. 1967; Potts and Fleming 1971; Carrier and Evans
1976), and correspondingly enables occupancy of hypo-osmotic environments (Hulet et
al. 1967; Carrier and Evans 1976) and increases survival (Wurts and Stickney 1989).
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Magnesium also plays an important role by aiding in protein synthesis and cell
metabolism (Bijvelds et al. 1998). Hardness also aids biological processes, specifically
bone and scale formation (Wurts and Durborow 1992), which is critical for normal
development and growth. In natural freshwater systems, water hardness varies across
regions; the majority of southern US states along the Gulf of Mexico coast are considered
to have soft water ranging from 0-60 mg/L (Briggs and Ficke 1977). In freshwater
aquaculture ponds, water supply is often via a well which may have low hardness levels,
leading to increases in photosynthesis, increasing water pH (Boyd 1998). For fish health,
recommendations for water hardness in freshwater are to maintain levels above 20 mg/L
(Boyd and Lichtkoppler 1979; Boyd 1998; Townsend et al. 2003); desired ranges for
hardness are much higher at 100 to 250 mg/L, or approximately the same as the total
alkalinity (Boyd and Lichtkoppler 1979; Wurts and Durborow 1992).
Freshwater environments and culture ponds frequently exhibit fluctuations in pH
and hardness (Boyd and Lichtkoppler 1979; Boyd 1998). These shifts can occur daily or
seasonally with acidic runoff, photosynthesis, and respiration, changing ionic
concentrations. Fluctuations can lead to low survival of fishes due to either high pH, low
hardness, or a combination of both. For species or populations adapted to more stable
environments, this could limit available habitats and influence distribution of estuarine
species, such as the Gulf Killifish. Previous studies have examined hardness effects on
osmoregulation (Potts and Fleming 1971) and determined incipient lethal pH (Gonzalez
et al. 1989) in closely related species, but currently, there are no studies examining the
tolerance level of Gulf Killifish to pH and hardness. It is hypothesized that survival
would be lowest in treatment groups subjected to extreme pH environments and would
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decrease with decreasing hardness. This knowledge would be beneficial for
understanding limitations to survival in natural and culture environments. Therefore, the
objectives of this study were to determine the tolerance of juvenile Gulf Killifish to a
range of (1) water pH in freshwater and (2) water hardness in freshwater.
Materials and methods
Gulf Killifish used in experiments were offspring of broodstock spawned in
indoor recirculating aquaculture system (RAS) tanks on commercial spawning mats
(Spawntex, Blocksom & Co., Michigan City, IN, USA) and air-incubated (Perschbacher
et al. 1995) at the South Farm Aquaculture Facility (Mississippi State University,
Starkville, MS). Broodstock were progeny (within a few generations) of wild-caught,
commercially-supplied (Gail’s Bait Shop, Golden Meadow, LA) fish. Broodstock were
maintained at a temperature of 25 ± 1°C, dissolved oxygen of 7.0 ± 0.5 mg/L, pH of 7.5 ±
0.5, and salinity of 8.2 ± 0.1, which is considered ideal water quality parameters for this
species (Anderson et al. 2012). Salinity was maintained using synthetic marine sea salt
(Instant Ocean, Blacksburg, VA, USA). Fish were held in 9 tanks (4,000 L: 2.3 m
diameter), with 360 fish/tank. All broodstock tanks ran on separate RAS, each containing
a 120-watt UV sterilizer (Smart High Output Sterilizer, Pentair Aquatic Eco-systems,
Apopka, FL, USA) and a bead filter (Polygeyser bead filter, Aquaculture Systems
Technologies, New Orleans, LA, USA). After incubation of fertilized eggs, fish were
hatched and reared in a salinity of 8 ppt at 27°C in 430-L RAS tanks. Photoperiod was
adjusted every week to match natural photoperiod (12.5 L:11.5 D- 14 L: 10 D) for the
time of year during rearing (April-June). Well water was used to fill rearing tanks and
overall mean hardness during rearing was 200 mg/L. One week before experiments, fish
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were acclimated to fresh well water (salinity: 0.5 ppt), with a hardness of 25 mg/L.
Rearing and acclimation procedures were designed to mimic procedures likely to be used
in a culture protocol, before stocking juveniles into freshwater earthen ponds. For each
experiment all fish ranged from 7-9 weeks old. Fish were weighed (g), measured for total
length (TL; mm) and randomly placed into experimental containers (4.7-L static
containers [Economy Pail, Freund Container, Lisle, IL], held at a 3-L water level). All
containers were aerated with separate airstones and maintained at a constant temperature
of 27⁰C by a common water bath made up of 10, 430-L tanks on one RAS (9,000 L).
Temperature was maintained in the RAS by a heat exchanger (Titan HP-7 in-line water
heater, Aqua Logic, San Diego, CA). All experiments lasted 5 days (120 hrs).
All experiments and procedures were approved by the Mississippi State
University Institutional Animal Care and Use Committee (protocol #: 17-010).
pH tolerance
Two consecutive experiments examined either acidic or alkaline levels in the pH
spectrum to evaluate pH tolerance. The first experiment evaluated tolerance to low pH
(2.9, 4.7, 5.6, 6.6, and 7.2), and the second evaluated tolerance to high pH (7.1, 7.7, 8.6,
9.9, 10.5, and 11.5). These levels were selected to ensure extremes on both the acidic and
alkaline side of the spectrum. Hydrochloric acid (HCl: 11.65 N) and sodium hydroxide
(NaOH: 17.60 N) were diluted to 1 N and 0.1 N to manipulate pH for both trials.
Treatments were assigned to containers placed in a completely randomized block design
throughout the 10 recirculating tanks, with one container at each treatment level per tank,
and each tank as a block. Four fish were randomly assigned to each container (1
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replicate), with 10 replicates per treatment, totaling in 200 fish for the low pH experiment
and 240 fish for the high pH experiment.
Hardness tolerance
Hardness treatments were chosen over a range of soft to hard water hardness, with
a total of 6 treatments:13, 25, 42, 69, 104, and 406 mg/L to evaluate hardness tolerance.
These levels were chosen to ensure both soft and hard water extremes. Hardness in well
water was manipulated with calcium chloride (CaCl₂) and deionized water. Treatments
were randomly assigned to containers placed in a completely randomized block design
throughout 10 recirculating tanks, with 6 containers per tank. Four fish were randomly
assigned to each container (1 replicate), with 10 replicates per treatment, totaling in 240
fish.
Water quality and maintenance
To minimize stress, one container per tank was chosen at random once daily at
0900 hours after a daily water exchange (3 L/d) to monitor water quality parameters
(temperature, dissolved oxygen, pH, hardness, alkalinity), using a dissolved oxygen
meter (YSI 85, YSI Inc., Yellow Springs, OH, USA), pH probe (pH100A, YSI Inc.), and
commercial titration kits (Model LM6R; Model LM1R; LaMotte Co., Chestertown,
Maryland). Each container had overflow holes to keep the water level at 3 L and tops of
lids were cut out and replaced with a fine mesh (750 micron nylon mesh) to allow for
water exchanges with minimal disturbance. For daily water exchanges, each container
received 3L of water from the respective treatment which was slowly poured over the
mesh lid, displacing older water through the overflow holes. Lights were set to the natural
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photoperiod (14 L:10 D) for the time year the experiments were held (July). Lights were
controlled by a timer and fish were not fed throughout the experiment. Temperature (27 ±
1°C) for the RAS was maintained with a heat exchanger (Titan HP-7 in-line heat, Aqua
Logic, San Diego, CA) and in-line heaters (EHE25T, Elecro Engineering, Stevenage
Hertfordshire, UK). Dissolved oxygen (> 4.5 mg/L) was maintained by pressurized
aeration and airstones. Containers were checked daily for mortality and dead fish were
recorded and removed.
Statistical analysis
Each experiment was set up using a randomized complete block experimental
design with each tank in the RAS defined as the block and each container defined as the
experimental unit. All water quality variables (except treatment levels) and measurements
(wet weight, TL) for each experiment were analyzed by a one-way Analysis of Variance
(ANOVA). Survival data were analyzed by a two-way ANOVA with time (day of
exposure) and treatment (pH level or hardness level) as fixed factors.
Before all analyses, normality of residuals was tested using Shapiro-Wilk tests
and homogeneity of variance was tested using Levene’s tests to meet assumptions. If
assumptions were not met, data were transformed (log10) to meet assumptions when
possible. If data could not be transformed to meet assumptions, non-parametric KruskalWallis rank sum tests were used to compare differences among treatments followed by
Dunn’s post-hoc tests. Following each ANOVA, Tukey’s Honest Significant Difference
(HSD) post-hoc tests were used to determine treatment-level differences. All survival
(percentage) data were logit transformed before analyses. Zero values in proportional
data were changed to a value of 0.0001 to allow for transformations. All statistical
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analyses were performed with SAS® version 9.4 (SAS Institute Inc., Cary, North
Carolina) and significance was determined at α= 0.05. All data are reported as mean ±
standard error (SE) unless noted otherwise.
Results
Juvenile size
In the low pH experiment, mean weight (0.60 ± 0.02g; ANOVA: F4,195 =0.62;
P=0.6428) and TL (36.7 ± 0.3 mm; ANOVA: F4,195 =0.97; P=0.4226) did not differ
among treatment groups. In the high pH experiment, mean weight (0.67 ± 0.02g;
ANOVA: F5,234 =2.23; P=0.0523) and TL (38.5 ± 0.0 mm; ANOVA: F5,234 =2.06;
P=0.0707) did not differ among treatment groups. In the hardness tolerance trial, mean
weight (0.89 ± 0.02g; ANOVA: F5,234 =1.90; P =0.0958) did not differ among treatments.
Mean TL (39.7 ± 0.3 mm; ANOVA: F5,234 =2.47; P =0.0331) did differ among treatments
but a Tukey’s post hoc test could not differentiate among means.
Water quality
In all experiments, mean daily temperature, dissolved oxygen, and alkalinity were
within acceptable ranges for Gulf Killifish (Anderson et al. 2012). Alkalinity was not
read beyond 800 mg/L. Treatment water was adjusted prior to fish addition and before
use in water changes to pH levels of 3, 4, 5, 6, and 7; pH levels of 7, 8, 9, 10, 11, and 12;
and hardness levels of 10, 20, 40, 60, 100, and 400 mg/L for each experiment,
respectively. Readings of pH and hardness in experimental containers were taken
immediately after daily water exchanges to capture actual exposure levels of fish. The
discrepancy between target treatment levels and actual levels may be due to mixing
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during daily water changes and aeration. Even though a 100% water change was
conducted daily with water at targeted levels, some mixing resulted during water
changes. Also, aeration via airstones may have affected pH levels as well but was needed
to maintain dissolved oxygen levels.
In the low pH experiment, temperature (ANOVA: F4,37= 0.46; P=0.7626),
dissolved oxygen (ANOVA: F4,37= 1.47; P=0.2300), and hardness (ANOVA: F4,37= 2.54;
P=0.0562) did not differ significantly among treatment groups (Table 3.1). Alkalinity
(ANOVA: F4,37= 29.39; P<0.0001), did differ significantly among treatments, with pH
treatments 6.6 and 7.2 having significantly higher alkalinity levels than all other
treatment groups (Table 3.1). In the high pH experiment, temperature (ANOVA: F5,22=
0.69; P=0.6364), dissolved oxygen (ANOVA: F5,22= 0.46 P=0.8013), and hardness
(ANOVA: F5,22= 1.32; P=0.2916) did not differ significantly among treatment groups
(Table 3.2). Alkalinity (ANOVA: F5,22= 228.69; P<0.0001), did differ significantly
among treatments, with pH treatments 10.5 and 11.5 having significantly higher
alkalinity levels than all other treatment groups (Table 3.2). In the hardness tolerance
experiment, temperature (ANOVA: F5,44= 0.17; P=0.9729) and dissolved oxygen
(ANOVA: F5,44= 0.66 P=0.6523) did not differ significantly among treatment groups
(Table 3.3). Alkalinity (ANOVA: F5,44= 33.30; P<0.0001) and pH (ANOVA: F5,44= 7.13;
P<0.0001) did differ significantly among treatments (Table 3.3). Hardness treatments 13
and 406 having significantly lower pH than all other treatment groups and hardness
treatment 13 having significantly lower alkalinity than all other treatment groups (Table
3.3).
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Survival
In the low pH experiment, survival on the 5th day differed among treatment
groups (Kruskal-Wallis, H4=27.01; P<0.0001) with significantly lower survival (0%) at
pH 2.9 than all other treatment groups (Figure 3.1). No significant tank block effect was
detected for survival after 5 days (Kruskal-Wallis, H9=7.02; P=0.6354). Survival differed
among days (ANOVA: F2,216 =44.35; P<0.0001), with lower survival on day 1 than all
other days. When data were analyzed for survival across time, there was an interaction
between treatment and day (ANOVA: F24,216 =40.97; P<0.0001), with significantly lower
survival (0%) in pH 2.9 treatment on day 1 than all other day and treatment combinations
(Table 3.4). Also, there was a significant tank block effect for treatment and day
(ANOVA: F9,216 =7.05; P<0.0001), with higher survival in tanks 1 and 7 compared to
other tanks. All treatments were in each tank, so effects were similar for all treatments.
In the high pH experiment, survival on the 5th day differed among treatment
groups (Kruskal-Wallis, H5=51.20; P<0.0001) with significantly lower survival (0%) in
pH’s of 9.9, 10.5, and 11.5 than all other treatments. No significant tank block effect was
detected for survival after 5 days (Kruskal-Wallis, H9=0.73; P=0.9998). Survival
differed among days (ANOVA: F4,261 =4.27; P=0.0023), with lower survival on day 1
than all other days. When data were analyzed for survival across time, there was an
interaction between treatment and day (ANOVA: F29,261=82.73; P<0.0001), with lower
survival (0%) in treatments 9.9, 10.5, and 11.5 on day 1 than all other day and treatment
combinations (Table 3.5). Also, there was a significant tank block effect for treatment
and day (ANOVA: F9,261 =3.86; P=0.0001), with highest survival in tanks 3 and 8. All
treatments were in each tank, so effects were similar for all treatments.
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In the hardness tolerance experiment, survival on the 5th day did not differ among
treatment groups (Kruskal-Wallis, H5=1.82; P =0.8740). There was a significant tank
block effect detected for survival after 5 days (Kruskal-Wallis, H9=26.90; P=0.0015),
with higher survival in tanks 1, 2, 3, and 7 than tanks 8 and 9. Survival differed among
days (ANOVA: F4,261 =3.95; P=0.0039), with significantly lower survival on day 1 than
all other days. When data were analyzed for survival across time, there was no interaction
between treatment and day (ANOVA: F25,261 =1.35; P =0.1284; Table 3.6). Also, there
was a significant block effect for treatment and day in trial (ANOVA: F9,261=17.65;
P<0.0001), with highest survival in tanks 1, 2, and 3. All treatments were in each tank, so
effects were similar for all treatments.
Discussion
Abrupt changes in pH or hardness from fluctuations in natural freshwater systems
and during the culture process (Mischke and Wise 2008; Tucker and D’Abramo 2008)
can significantly impact fish survival. This study was conducted to determine the impacts
of transferring juvenile Gulf Killifish to different pH and hardness levels on survival to
better understand limitations in natural environments and freshwater culture systems.
Juveniles used in this experiment were 7-9 weeks old, an age previously identified to
have high survival in freshwater, and beneficial for transfer to freshwater ponds in culture
operations (Ramee et al. 2016). Similar to hypothesized low survival at extreme water pH
and with decreasing water hardness, juvenile survival was lowest in water pH of 2.9, 9.9,
10.5, and 11.5, although survival was not affected by rapid changes in water hardness.
These findings were biologically significant, indicating that survival in freshwater is
highest when pH levels are between 4.7 and 8.6.
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Water quality differed in alkalinity and pH among treatments in the pH and
hardness experiments, largely due to inter-relatedness of the treatments and these
variables. In both pH experiments, alkalinity increased with pH treatment. Alkalinity
typically increases with pH because alkalinity is the measurement of total concentration
of bases (Boyd 1998). An alkalinity level ≥100 mg/L is recommended for Gulf Killifish
(Anderson et al. 2012), with alkalinity levels <100 mg/L limiting ammonia being
converted to nitrites and nitrates (Anderson et al. 2012). Ammonia build-up was
presumably not problematic due to fish not being fed during the experiments, and regular,
water turnover (containers were given a complete daily water change). In the hardness
tolerance experiment, pH and alkalinity were lowest in the 13 mg/L and 406 mg/L
treatments. Typically, hardness and alkalinity cannot be manipulated individually due to
both measuring CaCO3, unless alkalinity is primarily comprised of NaHCO3 (Wurts and
Durborow 1992). In this study, CaCl2 was used to manipulate hardness levels resulting in
similar changes in alkalinity levels. In the highest hardness treatment level (406 mg/L),
alkalinity was at its lowest (51 mg/L), which has been known to occur when using well
water (Wurts and Durborow 1992). Although pH levels differed among hardness
treatments, all pH values ranged from 7.61- 7.99 and were well within the preferred range
for Gulf Killifish (Anderson et al. 2012).
For Gulf Killifish, the highest mortality in both pH experiments occurred within
the first 24 hours with 100% mortality occurring in pH treatments of 2.9, 9.9, 10.5, and
11.5; and decreasing thereafter. Similarly, for the Mummichog, Fundulus heteroclitus
Linnaeus 1766, all fish exposed to pH 3.75 or below died within 40 hours and those
exposed to a pH level of 4 experienced 92% survival over 158 hours (Gonzalez et al.
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1989). Similar to the lower lethal level between pH 3.75 and 4 in Mummichog (Gonzalez
et al. 1989), this study found a lower lethal level between pH 2.9 and 4.7. In
Mummichog, and presumably, Gulf Killifish, low pH or high acid tolerance is due to the
ability maintain Na+ and Cl- influx rates while altering efflux rates in acidic environments
(Patrick and Wood 1999), potentially linked to the need for rapid osmoregulatory
changes in estuarine environments (Gonzalez et al. 1989).
Although Gulf Killifish may have short-term tolerance to low or high pH
environments, it is possible that chronic exposure may have sublethal effects. A previous
study found adult Gulf Killifish subjected to pH levels below 6.5 in freshwater had
decreased metabolic rates, ultimately decreasing growth (MacFarlane 1980). In the
present study, juvenile Gulf Killifish had high survival (i.e., > 65 %) when subjected to
pH levels as low as 4.7 for an extended period (i.e., 5 d) in freshwater, but further studies
are needed to determine if there are sublethal effects associated with chronic pH
exposure.
There are two primary strategies to test pH tolerance, abruptly (Gonzalez et al.
1989; Mischke and Wise 2008) or gradually (Bellerud and Saiki 1995). Abrupt
techniques use no acclimation or short acclimation times which may correspond to rapid
movement between habitats or stocking procedures. Gradual techniques use longer
acclimation times which correspond to slower changes in diurnal or seasonal pH
fluctuations; but, this technique may subject fish to increased disturbance or handling.
Murray and Ziebell (1984) used both techniques to determine best acclimation practices
for stocking hatchery-reared Rainbow Trout Oncorhynchus mykiss Walbaum 1792.
Rapidly increasing pH 0.1 units every 15 minutes for a maximum of 6 hours per day,
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resulted in a final pH of 9.3, with little mortality. Gradually increasing pH 0.2- 0.4 units
per day, resulted in a maximum pH of 9.8. Therefore, the difference in pH tolerance was
only 0.5 pH units, and importantly, trout did not acclimate to pH 10 or higher regardless
of acclimation technique. Although it is possible Gulf Killifish may be able to acclimate
to lower or higher pH levels with a more gradual pH exposure, the abrupt transfer was
utilized because of its relevance to rapid movements in natural systems and transfer
techniques in culture conditions.
Water hardness is important for growth, development, and osmoregulation in
hypo-osmotic environments (Hulet et al. 1967; Potts and Fleming 1971; Wurts and
Durborow 1992). Cations commonly used to measure water hardness assist in
homeostasis through changing membrane permeability, keeping internal sodium ions
constant; yet compared to other water quality parameters (e.g., pH), there are relatively
few studies that have examined effects of water hardness on survival (Wurts and Stickney
1989; Chatakondi 2018). Based on this study, water hardness does not seem to play a
key role in juvenile survival of Gulf Killifish in freshwater. One explanation may be that
before the experiment began, fish were acclimated to freshwater with a hardness level of
25 mg/L; which may have improved survival at some of the lower hardness levels
examined. The acclimation to low hardness levels does not explain why survival did not
differ in the highest hardness level treatment (406 mg/L). Even though there was no
difference in survival after 5 days, there may be sublethal affects with prolonged
exposure, such as on growth, because of the role hardness plays in biological
development (Wurts and Durborow 1992). For example, larvae of a freshwater species,
the Silver Catfish Rhamdia quelen Quoy & Gaimard 1824, were exposed to different
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hardness levels over a 21 day period and growth was higher in water with hardness levels
of 30 and 70 mg/L compared to 150, 300, or 600 mg/L, presumably due to increased
osmotic stress at higher levels (Townsend et al. 2003). Although, calcium levels 9-407
mg/L did not affect growth or survival of an estuarine species, the Red Drum Sciaenops
ocellatus Linnaeus 1766, in freshwater (Wurts and Stickney 1989).
This study demonstrated juvenile Gulf Killifish survival in freshwater is high
when pH values are between 4.7 and 8.6 and survival was similar across a broad range of
water hardness levels. Therefore, in an estuary setting, acute acidic and moderately basic
pH levels may limit available habitats and influence distribution of Gulf Killifish. In an
aquaculture setting, when transferring fish, pH and hardness should be matched in both
systems. In both natural and culture systems, Gulf Killifish may rapidly transition to
moderately acidic pH levels and different hardness levels; however, tolerance is more
limited in basic waters.
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Tables
Table 3.1

Mean ± SE water quality parameters in containers (3-L) with individual
juvenile Gulf Killifish, Fundulus grandis, at five low pH levels.

pH

Temperature

Dissolved

Hardness

treatment

(°C)

oxygen

(mg/L)

pH

Alkalinity
(mg/L)

(mg/L)
2.9

26.8 ± 0.2

7.24 ± 0.08

55 ± 5

2.93 ± 0.10

0±0x

4.7

27.0 ± 0.1

7.12 ± 0.01

34 ± 2

4.69 ± 0.25

13 ± 2 xy

5.6

27.0 ± 0.1

7.15 ± 0.02

34 ± 2

5.55 ± 0.16

22 ± 5 y

6.6

27.0 ± 0.1

7.05 ± 0.07

38 ± 4

6.56 ± 0.09

43 ± 4 z

7.2

27.0 ± 0.0

7.11 ± 0.02

34 ± 4

7.22 ± 0.05

56 ± 2 z

Different letters in each column represent significant differences among treatments,
excluding pH treatment levels (P≤ 0.05).
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Table 3.2
pH

Mean ± SE water quality parameters in containers (3-L) with individual
juvenile Gulf Killifish, Fundulus grandis, at six high pH levels.
Water

treatment temperature

Dissolved

Hardness

oxygen

(mg/L)

pH

Alkalinity
(mg/L)

(°C)

(mg/L)

7.1

27.0 ± 0.1

6.80 ± 0.28

41 ± 7

7.14 ± 0.29

113 ± 15 x

7.7

27.0 ± 0.0

6.99 ± 0.05

45 ± 6

7.67 ± 0.23

106 ± 6 x

8.6

27.0 ± 0.0

7.08 ± 0.02

34 ± 5

8.55 ± 0.19

138 ± 6 x

9.9

27.1 ± 0.0

7.12 ± 0.02

20 ± 0

9.86 ± 0.16

280 ± 0 y

10.5

27.1 ± 0.0

7.11 ± 0.00

20 ± 0

10.52 ± 0.00

≤ 800a z

11.5

27.2 ± 0.0

7.30 ± 0.00

20 ± 0

11.50 ± 0.00

≤ 800a z

Different letters in each column represent significant differences among treatments,
excluding pH treatment levels (P≤ 0.05).
a Over max reading.
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Table 3.3

Mean ± SE water quality parameters in containers (3-L) with individual
juvenile Gulf Killifish, Fundulus grandis, at six hardness levels.

Hardness

Water

treatment temperature

Dissolved

Hardness

oxygen

(mg/L)

pH

Alkalinity
(mg/L)

(mg/L)

(°C)

(mg/L)

13

26.5 ± 0.2

7.16 ± 0.01

13± 1

7.61 ± 0.15 y

75 ± 3 x

25

26.6 ± 0.2

7.09 ± 0.07

25 ± 3

7.90 ± 0.06 z

90 ± 2 yz

42

26.7 ± 0.1

7.14 ± 0.02

42 ± 1

7.99 ± 0.02 z

94 ± 1 z

69

26.6 ± 0.1

7.14 ± 0.02

69 ± 5

7.98 ± 0.02 z

89 ± 1 yz

104

26.7 ± 0.1

7.12 ± 0.03

104 ± 2

7.96 ± 0.02 z

86 ± 5 y

406

26.7 ± 0.1

7.14 ± 0.01

406 ± 6

7.62 ± 0.05 y

51 ± 3 w

Different letters in each column represent significant differences among treatments,
excluding hardness treatment levels (P≤ 0.05).

Table 3.4

Low pH tolerance: mean ± SE percent survival of individual juvenile Gulf
Killifish, Fundulus grandis, at five pH levels.
Day
pH

1

2

3

4

5

2.9

0±0z

0±0z

0±0z

0±0z

0±0z

4.7

98 ± 3 x

90 ± 4 xy

83 ± 8 xy

83 ± 8 xy

83 ± 8 xy

5.6

95 ± 3 xy

83 ± 7 xy

75 ± 7 xy

73 ± 8 xy

65 ± 8 xy

6.6

95 ± 3 xy

83 ± 8 xy

83 ± 8 xy

83 ± 8 xy

80 ± 8 xy

7.2

93 ± 5 xy

80 ± 6 xy

78 ± 6 xy

78 ± 6 xy

75 ± 6 xy

Different letters represent significant interactions between day and treatments (P≤ 0.05,
n=10 containers/treatment).
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Table 3.5

High pH tolerance: mean ± SE percent survival of individual juvenile Gulf
Killifish, Fundulus grandis, at six pH levels.
Day
pH

1

2

3

4

5

7.1

93 ± 5 y

80 ± 7 y

73 ± 8 y

65 ± 10 y

65 ± 10 y

7.7

93 ± 5 y

78 ± 8 y

75 ± 8 y

73 ± 9 y

70 ± 10 y

8.6

88 ± 6 y

80 ± 7 y

78 ± 8 y

73 ± 8 y

70 ± 9 y

9.9

0±0z

0±0z

0±0z

0±0z

0±0z

10.5 0 ± 0 z

0±0z

0±0z

0±0z

0±0z

11.5 0 ± 0 z

0±0z

0±0z

0±0z

0±0z

Different letters represent significant interactions between day and treatments (P≤ 0.05,
n=10 containers/treatment).
Table 3.6

Mean ± SE percent survival of individual juvenile Gulf Killifish, Fundulus
grandis, at six hardness levels.
Day
Hardness

1

2

3

4

5

(mg/L)
13

80 ± 6

68 ± 8

60 ± 8

60 ± 8

60 ± 8

25

88 ± 4

78 ± 6

68 ± 5

68 ± 5

68 ± 5

42

78 ± 9

68 ± 11

65 ± 11

65 ± 11

65 ± 11

69

80 ± 8

80 ± 8

80 ± 8

75 ± 8

75 ± 8

104

78 ± 9

78 ± 9

73 ± 9

68 ± 11

68 ± 11

406

85 ± 8

83 ± 10

78 ± 10

78 ± 10

70 ± 10

There were no significant differences among treatments (P≤0.05, n=10
containers/treatment).
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Figure 3.1

Individual juvenile Gulf Killifish, Fundulus grandis combined low and
high pH tolerance: mean ± SE percent survival at pH levels of 2.9, 4.7, 5.6,
6.6, 7.15, 8.6, 9.9, 10.5, and 11.5 after 5 days (120 hrs).

An asterisk represents a significant difference among treatments (P≤0.05).

62

References
Anderson, J., C. Green, J. Christoferon, and J. Patterson. 2012. Cocahoe minnow
production manual. Louisiana AgCenter and Louisiana SeaGrant, Baton Rouge,
LA: 38 pgs.
Bellerud, B., and M.K., Saiki. 1995. Tolerance of larval and juvenile lost river and
shortnose suckers to high pH, ammonia concentration, and temperature, and to
low dissolved oxygen concentrations. National Biology Service: 33 pgs.
Bijvelds, M.J.C., J.A. Van der Velden, Z.I. Kolar, and G. Flik. 1998. Magnesium
transport in freshwater teleost. Journal of Experimental Biology 201: 1981-1990.
Boyd, C.E., and F. Lichtkoppler. 1979. Water quality management in fish pond culture.
Research and Development Series (Alabama) 22: 32 pgs.
Boyd, C.E. 1998. Water quality for pond aquaculture. Research and Development Series
(Alabama) 43: 37 pgs.
Briggs, J.C., and J.F. Ficke. 1977. Quality of rivers of the United States, 1975 water
year—Based on the National Stream Quality Accounting Network (NASQAN).
United States Geological Study. Open File Report: 436 pgs.
Burger, W.S., S.W. Ramee, C.M. Culpepper III, C.C. Green, and P.J. Allen. 2018.
Demonstration of Survival, Growth, and Reproduction of Gulf Killifish in
Freshwater Ponds. North American Journal of Aquaculture 80: 88-96.
Carrier, J.C., and D.H. Evans. 1976. The role of environmental calcium in freshwater
survival of the marine teleost, Lagodon rhomboids. Journal of Experimental
Biology 65: 529-538.
Chatakondi, N. G. 2018, Effects of Calcium and Magnesium Hardness of Incubation
Waters on the Hatching Success of Hybrid Eggs of ♀ Channel Catfish, Ictalurus
punctatus × ♂ Blue Catfish, Ictalurus furcatus. Journal of the World Aquaculture
Society. doi:10.1111/jwas.12530
Elliott, M., and D.S., McLusky. 2002. The need for definitions in understanding
estuaries. Estuarine, Coastal, and Shelf Science 55: 815-827.
Fromm, P.O. 1980. A review of some physiological and toxicological responses of
freshwater fish to acid stress. Environmental Biology of Fishes 5: 79-93.
Gonzalez R.J., C.H. Mason, and W.A. Dunson. 1989. Anomalous tolerance to low pH in
the estuarine killifish Fundulus heterclitus. Comparative Biochemistry and
Physiology 94: 169-172.
63

Green, C.C, C.T. Gothreaux, and C.G. Lutz. 2010. Reproductive output of Gulf killifish
at different stocking densities in static outdoor tanks. North American Journal of
Aquaculture 72:321-331.
Griffith, R.W. 1974. Environment and salinity tolerance in the genus Fundulus. Copeia
No.2: 319-331.
Hillis, D.M., E. Milstead, and S.L. Campbell. 1980. Inland records of Fundulus grandis
(Cyprinodontidae) in Texas. The Southwestern Naturalist 25 (2): 271-272.
Hulet, W.H., S.J. Masel, L.H. Jodrey, and R.G. Wehr. 1967. The role of calcium in the
survival of marine teleosts in dilute seawater. Bulletin of Marine Science 17: 677688.
MacFarlane, R.B. 1981. Alterations in adenine nucleotide metabolism in the Gulf
Killifish (Fundulus grandis) induced by low pH water. Comparative Biochemistry
and Physiology 68b: 193-202.
Mischke, C.C., and D.J. Wise. 2008. Tolerance of Channel catfish fry to abrupt pH
changes, North American Journal of Aquaculture 70: 305-307.
Murray, C.A., and C.D. Ziebell. 1984. Acclimation of Rainbow trout to high pH to
prevent stocking mortality in summer, The Progressive Fish-Culturist 46: 176179.
Nordlie, F.G. 2006. Physicochemical environments and tolerances of cyprinodontoid
fishes found in estuaries and salt marshes of eastern North America. Reviews in
fish biology and fisheries 16: 51-106.
Patrick, M.L. and C.M. Wood. 1999. Ion and acid-base regulation in the freshwater
mummichog (Fundulus heteroclitus): a departure from the standard model for
freshwater teleosts. Comparative Biochemistry and Physiology 122: 445-456.
Perschbacher, P. W., D. Gonzales, and K. Strawn. 1995. Air incubation of eggs of the
Gulf Killifish. Progressive Fish-Culturist 57:128-131.
Phelps, R.P., W.H. Daniels, N.R. Sansing, and T.W. Brown. 2010. Production of the Gulf
Killifish in the Black Belt Region of Alabama using saline groundwater. North
American Journal of Aquaculture 72 (3): 219-224.
Pickford, G.E., P.K.T. Pang, J.G. Stanley, and W.R. Fleming. 1966. Calcium and freshwater survival in the euryhaline cyprinodonts, Fundulus kansae and Fundulus
heteroclitus. Comparative Biochemistry and Physiology 18: 503-509.

64

Potts, W.T.W., and W.R. Fleming. 1971. The effect of environmental calcium and bovine
prolactin on sodium balance in Fundulus kansae. Journal of Experimental
Biology 55: 63-75. Journal of Fish Biology
Ramee, S., C. Green, and P.J. Allen. 2016. Effects of low salinities on osmoregulation,
growth, and survival of juvenile Gulf Killifish. North American Journal of
Aquaculture 78:8-19.
Ramee, S.W., and P.J. Allen. 2016. Freshwater influences on embryos, hatching, and
larval survival of euryhaline Gulf Killifish Fundulus grandis and potential
constraints on habitat distribution. Journal of Fish Biology 89: 1466-1472.
Relyea, K. 1983. A Systematic Study of Two Species Complexes of the Genus Fundulus
(Pisces: Cyprinodontidae). Bull. Florida State Mus., Biol. Sci. 29 (1): 1-64.
Tatum, W.M., W.C. Trimble, and R.F. Helton. 1978. Production of Gulf Killifish in
Brackish-Water Ponds. Proceedings of the Annual Conference Southeastern
Association of Fish and Wildlife Agencies 32:502-508.
Tatum, W. M., J. P. Hawke, R. V. Milton, and W. C. Trimble. 1982. Production of
bullminnows (Fundulus grandis) for the live bait market in coastal Alabama.
Alabama Marine Research Bulletin 13:1-35.
Townsend, C.R., L.V.F. Silva, and B. Baldisserotto. 2003. Growth and survival of
Rhamdia quelen (Siluriformes, Pimelodidae) larvae exposed to different levels of
water hardness. Aquaculture 215: 103-108.
Tucker C.S. and L.R. D’Abramo. 2008. Managing high pH in freshwater ponds. SRAC
Publication No. 4604.
Waas, B. P., K. Strawn, M. Johns, and W. Griffin. 1983.Commercial production of
mudminnows (Fundulus grandis) for live bait: a preliminary economic analysis.
Texas Journal of Science 35:51–60.
Wallace, R.B., H. Baumann, J.S. Grear, R.C. Aller, and C.J. Gobler. 2014. Coastal ocean
acidification: the other eutrophication problem. Estuarine, Coastal, and Shelf
Science 148: 1-13.
Wurts, W.A., and R.R. Stickney. 1989. Responses of red drum (Sciaenops ocellatus) to
calcium and magnesium concentrations in fresh and salt water. Aquaculture
76:21-35.
Wurts, W.A. and R.M. Durborow. 1992. Interactions of pH, carbon dioxide, alkalinity,
and hardness in fish ponds. SRAC Publication No. 464.
65

CHAPTER IV
COMPARISON OF STOCKING TIME AND DENSITY ON GULF KILLIFISH
GROWTH IN LOW-SALINITY PONDS
Abstract
Gulf Killifish, Fundulus grandis, is a popular live baitfish for marine sport fishes
and are candidates for commercial-scale production, with previous studies demonstrating
potential for grow-out to a market size in freshwater ponds. For commercial inland
production, ponds may need to be stocked at different times and densities to meet market
demands. Notably, growth and survival have not been determined based on time of
stocking and stocking density of juveniles in freshwater ponds. Two experiments were
conducted over two growing seasons, sampling fish every 4 weeks over 12 weeks to
examine growth and survival. In Experiment 1, juveniles, split into two treatments for
stocking time, were stocked into freshwater ponds at a density of 25,000 fish/ha. Each
cohort (mean total length (TL) = 3.92; 3.52 cm) had 3 ponds and were stocked 1 month
apart (June and July) during the summer growing season to mimic a commercial farmer’s
potential stocking schedule. Cohort 1 had a significantly lower overall survival (40%)
than cohort 2 (79%); with no difference between mean change in individual TL growth
(7.75; 6.64 cm) or mean change in condition factor (0.28; 0.25). Cohorts had a 0.71 cm
and 0.60 cm increase in TL per fish weekly, reaching a market size of 6 cm in 22 days for
cohort 1 and 32 days for cohort 2. In Experiment 2, juveniles (mean total length= 3.16;
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3.23 cm) were stocked into freshwater ponds at two densities (25,000 fish/ha, 50,000
fish/ha), with 3 ponds per density. Overall mean change in individual growth in length
was greater in the lower stocking density (8.93 cm) than the higher stocking density (7.66
cm); with no differences in survival between treatments (75; 72%). Density treatments of
45 and 90 fish/m3 had a 0.76 cm and 0.71 cm increase in TL per fish weekly, reaching a
market size of 6 cm in 29 days for 25,000 fish/ha and 31 days for 50,000 fish/ha,
respectively. These results suggest that multiple cohorts can be stocked and grown to
market size in one season at a stocking density of 50,000 fish/ha.
Introduction
The Gulf Killifish, Fundulus grandis, is a popular baitfish found from Veracruz,
Mexico, along the Northern Gulf of Mexico coast, to the eastern coast of Florida (Relyea
1983; Waas et al. 1983). Recreational anglers use Gulf Killifish as live bait for marine
sportfishes, including Red Drum Sciaenops ocellatus, Southern Flounder Paralichthys
lethostigma, and Spotted Seatrout, Cynoscion nebulosus (Tatum et al. 1978; Green et al.
2010). Baitfish suppliers and recreational anglers depend on wild stocks caught
seasonally, which are captured by seines or minnow traps, leaving suppliers with
inconsistent sizes and supply (Tatum and Helton 1977; Waas et al. 1983; Green et al.
2010; Phelps 2010). The Gulf Killifish is a candidate for commercial culture and shows
economic potential if producers can provide a constant supply at market size (Waas et al.
1983; Wallace and Waters 2004; Green et al. 2010).
Currently, this species is produced using either a two or three phase system. The
two phase system involves two separate units (tank or pond), one for broodstock and the
other for larval stages and grow-out. The three phase system involves three separate units
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(tank or pond), one for broodstock, one for larval stages, and one for grow-out (Anderson
et al. 2012). Most production manuals and studies outlining Gulf Killifish culture in
ponds require brackish water ponds (Tatum and Helton 1977; Tatum et al. 1978; Trimble
et al. 1981; Waas and Strawn 1982; Strawn et al. 1986; Wallace and Waters 2004; Phelps
et al. 2010); however, saline ponds are generally not an option in inland areas due to the
cost of artificial salt. Culture in existing inland ponds may be beneficial due to greater
land availability and reduced costs compared to coastal areas. Recent studies have
determined Gulf Killifish can be placed in low salinities for grow-out, as early as 7 weeks
(Ramee et al. 2016; Ramee and Allen 2016), which can reduce production cost.
Freshwater pond grow-out has proven successful (Burger et al. 2018), but culture
practices need further optimization.
Burger et al. (2018) was the first study to evaluate and suggest Gulf Killifish
growth and survival to market size was possible in freshwater ponds. Further information
is needed to guide potential inland producers in making more informed decisions when
stocking. To increase profits and meet market demands, inland producers may need to
stock ponds multiple times over a growing season and at higher stocking densities
(Wallace and Waters 2004) than those previously examined in freshwater ponds (20,45026,500 fish/ha; Burger et al. 2018). Comparison of survival and growth rates of multiple
cohorts stocked at different times would be important to establish whether consistent
production can be achieved. Further, comparison of Gulf Killifish at a lower (25,000
fish/ha) and higher density (50,000 fish/ha) would help determine if these densities
influence survival and growth rates.
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Stocking time and density studies need to be conducted to guide production
conditions for promoting high survival and rapid growth. Refinement of culture protocols
is necessary before producers can reliably grow this species in low salinity. Therefore,
objectives of this study were to compare growth and survival in freshwater earthen ponds
(1) between two juvenile cohorts stocked 1 month apart, and (2) between juveniles at two
stocking densities.
Methods
Hatching and early culture
Gulf Killifish used in experiments were offspring of broodstock spawned in
indoor recirculating aquaculture system (RAS) tanks on commercial spawning mats
(Spawntex, Blocksom & Co., Michigan City, IN, USA) and air-incubated (Perschbacher
et al. 1995) at the South Farm Aquaculture Facility (Mississippi State University,
Starkville, MS). Broodstock were progeny (within a few generations) of wild-caught,
commercially-supplied (Gail’s Bait Shop, Golden Meadow, LA) fish. For both
Experiment 1 and 2, broodstock were maintained at a temperature of 25 ± 1°C, dissolved
oxygen of 7.0 ± 0.5 mg/L, pH of 7.5 ± 0.5, and salinity of 8.2 ± 0.1 ppt, which is
considered ideal water quality parameters for this species (Anderson et al. 2012). Salinity
was maintained using synthetic marine sea salt (Instant Ocean, Blacksburg, VA, USA).
Fish were held in 9 tanks (4,000 L: 2.3 m diameter), with 360 fish/tank. All broodstock
tanks ran on separate RAS, each containing a 120-watt UV sterilizer (Smart High Output
Sterilizer, Pentair Aquatic Eco-systems, Apopka, FL, USA) and a bead filter (Polygeyser
bead filter, Aquaculture Systems Technologies, New Orleans, LA, USA). After
incubation of fertilized eggs, fish were hatched and reared in 8 ppt at 27°C in 20, 430-L
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RAS tanks on two separate RAS (9,000 L). Temperature was maintained in the RAS by a
heat exchanger (Titan HP-7 in-line water heater, Aqua Logic, San Diego, CA).
Photoperiod was adjusted every week to match natural photoperiod (12.5 L:11.5 D- 14 L:
10 D) for the time of year during rearing (April-June). One week before experiments fish
were acclimated to fresh well water (0.5 ppt).
All experiments and procedures were approved by the Mississippi State
University Institutional Animal Care and Use Committee (protocol #: 17-010).
Experiment 1: Cohorts
For Experiment 1, two cohorts were stocked and evaluated from June 28, 2017September 18, 2017 (cohort 1) and July 31, 2017- October 16, 2017 (cohort 2), in
freshwater earthen ponds (0.04 ha). Cohorts were assigned randomly to 3 ponds per
cohort, stocked with a density of 25,000 juvenile fish/ha and evaluated for 12 weeks.
Prior to stocking and during the harvest of each pond, 100 fish were anesthetized in 100
mg/L tricaine methane sulfonate (MS-222) with 400 mg/L NaHCO3 and 3 g/L NaCl, and
individually weighed to the nearest 0.01 g and measured to the nearest mm for total
length (TL), and condition factor (K) was calculated using Equation 2.1. The remaining
fish in each pond were weighed in bulk, in groups of 50. Bulk weights were used to
determine initial and final fish size for each pond, which was later used to calculate mean
growth of a population of individuals using Equation 2.2. The experiment concluded after
12 weeks, and each pond was seined three times, using a 6.35 mm fine mesh seine, then
drained to collect all surviving fish. Fish in each pond were counted to determine
survival. Young of the year were not included in growth or survival analyses but counted
and measured (to the nearest mm). Fish were determined to be young of the year based
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on large differences (> 4 cm) in maximum TL compared to the majority of the stocked
fish, and all young of year fish were below market size (< 6 cm).
Experiment 2: Stocking density
For Experiment 2, juveniles were stocked at a density of either 25,000 fish/ha or
50,000 fish/ha and evaluated from June 12, 2018- September 5, 2018, in freshwater
earthen ponds (0.04 ha). The lower stocking density was chosen to be similar to the
previous densities evaluated in freshwater (Burger et al. 2018), and the higher stocking
density of 50,000 fish/ha was chosen to double the lower treatment to evaluate density
effects. Both treatment densities were assigned randomly to ponds with 3 ponds per
density and evaluated for 12 weeks. Similar to Experiment 1, a random sample of 100
fish were anesthetized using 150 mg/L tricaine methane sulfonate (MS-222) with 400
mg/L NaHCO3, and 3 g/L NaCl, for individual weight and TL measurements. Remaining
fish for each pond were weighed in bulk, in groups of 50 fish. This experiment concluded
after 12 weeks, and each pond was seined three times then drained to collect all surviving
fish. Fish in each pond were counted to determine survival, and condition factor and
mean individual growth were calculated using Equations 2.1 and 2.2. Young of the year
were not included in growth or survival analyses but counted and measured (to the
nearest mm).
Maintenance
Two weeks before stocking, all ponds were initially fertilized using urea fertilizer
(20 kg/ha), followed by smaller applications (10 kg/ha) twice weekly until the first day of
feeding. Three days prior to stocking all ponds were seined to remove Red Swamp
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Crayfish (Procambarus clarkia), and carnivorous turtles, such as the Smooth Softshell
Turtle (Apalone mutica) and Common Snapping Turtles (Chelydra serpentina) then all
ponds were sprayed with diesel (0.95 L/0.04 ha) to reduce predacious aquatic insects
(Tucker and Robinson 1990). A 0.5 HP fountain aerator (Aquarian, Air-O-Lator Corp.,
Grandview, MO, USA) was placed in each pond and operated nightly or as needed to
prevent dissolved oxygen levels dropping below 3 mg/L. Ponds were surrounded with
nylon-mesh bird netting (Bird-X, Dalen Products Inc., Knoxville, TN, USA) attached to
rebar and angled 45 degrees over the water following Burger et al. (2018) to deter
predation
Throughout both experiments, temperature and dissolved oxygen concentrations
were measured twice daily at 0700 and 1300 using a using a dissolved oxygen meter
(YSI 85, YSI Inc., Yellow Springs, OH, USA). Alkalinity, total ammonia nitrogen
(TAN), nitrite levels (NO2), and pH were assessed once weekly using a colorimeter
(DR/850, Hach Company, Loveland, CO, USA) and a pH probe (pH100A, YSI Inc.).
Using TAN, pH, and temperature readings, un-ionized ammonia (NH3) was calculated.
Turbidity was measured biweekly using a secchi disc.
Feeding and sampling
At least 30 fish were collected from each pond biweekly using a fine mesh (6.35
mm) seine to calculate mean weight of Gulf Killifish in each pond and adjust feed rates.
During collection fish were held in a 12-L container with pond water and anesthetized
similarly as above, and either individually weighed and measured or counted and
weighed as a group. After measurements were taken, fish were returned immediately into
the ponds. Weights were used to adjust feed rates, and individual measurements were
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used to assess growth rates. Individual measurements were taken every four weeks
throughout the study.
Upon stocking, fish were fed a commercial starter diet (1.4-1.7 mm Starter,
Rangen; 55% protein, 17% fat, 16% CHO) for the first 2 weeks at 15% bodyweight/d,
split into two feedings daily. For the second 2 weeks fish were transitioned to a
commercial floating feed (1.6 mm EXTR450, Rangen; 45% protein, 16% fat, 29% CHO)
at 10% body weight/d spilt into two feedings daily following (Trimble et al. 1981;
Wallace and Waters 2004; Burger et al. 2018). Thereafter, feed rates were reduced to 3%
body weight/d spilt into two feedings daily (Wallace and Waters 2004; Green et al. 2010;
Burger et al. 2018). All treatments throughout each experiment followed the same
feeding timeline.
Statistical analysis
In Experiments 1 and 2, all water quality variables (temperature, dissolved
oxygen, pH, TAN, NH3, NO2, alkalinity, hardness), individual growth, change in
condition factor, and survival were compared between treatments using Student’s t-tests.
Wet weight, TL, and K were analyzed by a two-way analysis of variance (ANOVA) with
factors of time (week) and cohort in Experiment 1 and factors of time (week) and
stocking density for Experiment 2. Non-linear regression analyses of TL and time (week)
and linear regression analyses of weight and time (week) were conducted for each
treatment in each experiment with time treated continuously.
Before all analyses, normality of residuals was tested using Shapiro-Wilk
normality tests and homogeneity of variance was tested using Levene’s tests to meet
assumptions. If assumptions were not met, data were transformed (cubic, log10) to meet
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assumptions when possible. Tukey’s HSD post-hoc tests were used in conjunction with
each ANOVA to determine treatment level differences. If data could not be transformed
to meet assumptions, non-parametric Kruskal-Wallis rank sum tests were used to
compare treatments followed by Dunn’s post-hoc tests. All survival (percentage) data
was logit transformed before all analyses. All statistical analyses were performed with
SAS® version 9.4 (SAS Institute Inc., Cary, North Carolina) and significance was
determined at α= 0.05. All data are reported as mean ± standard error (SE) unless noted
otherwise.
Results
Water quality
In Experiment 1, AM temperature (T-test: t401=6.00; P<0.0001), PM temperature
(T-test: t321=4.39; P< 0.0001), PM dissolved oxygen (T-test: t320=2.55 P=0.0113), pH (Ttest: t202=3.45 P=0.0007) and NH3 (T-test: t115=2.16; P=0.0329) were significantly higher
than cohort 2 (Table 4.1). In cohort 2, NO2 (T-test: t199=-3.34; P=0.0010) and alkalinity
(T-test: t163= -2.56; P=0.0113) were significantly higher compared to cohort 1. AM
dissolved oxygen (T-test: t401=1.04; P=0.3006), TAN (T-test: t198=1.21; P=0.2295), and
hardness (T-test: t169=1.66; P=0.0982) did not differ between treatments (Table 4.1).
In Experiment 2, AM dissolved oxygen (T-test: t358= 2.38; P=0.0177) and
hardness (T-test: t118= 2.92; P=0.0042) were significantly lower in the lower (25,000
fish/ha) stocking density (Table 4.2). AM temperature (T-test: t358= -0.76; P=0.4495),
PM temperature (T-test: t351= -1.03; P=0.3025), PM dissolved oxygen (T-test: t351= -0.56;
P=0.05744), pH (T-test: t118= -0.31; P=0.7557), TAN (T-test: t118= -0.71; P=0.4792),
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nitrite (T-test: t118= 0.18; P=0.8588), NH3 (T-test: t115= -0.40; P=0.6910), and alkalinity
(T-test: t118= 0.30; P=0.7642) did not differ between treatments (Table 4.2).
Growth
In Experiment 1, fish from each pond were sampled a total of 4 times throughout
the twelve-week experiment (0, 4, 8, 12 weeks). There were differences in initial weight
(Kruskal Wallis: H1=65.98; P <0.0001), initial TL (T-test: t598=6.49; P <0.001), and
initial K (Kruskal Wallis: H1=33.61; P <0.0001), with higher measurements in cohort 1
(Table 4.3). Furthermore, final weight (Kruskal Wallis: H1=66.99; P <0.0001), final TL
(T-test: t613=0.0007; P =0.0002), and final K (Kruskal Wallis: H1=179.08; P <0.0001)
were significantly higher in cohort 1. Mean individual growth (T-test: t4=1.39; P=0.2375)
and change in K (T-test: t4=0.45 P=0.6730) did not differ between treatments (Table 4.3).
There was a significant effect of time (week) on weight (ANOVA: F3,16=192.80;
P<0.0001) and TL (ANOVA: F3,16=425.89; P<0.0001), but no significant effect on K
(ANOVA: F3,16=0.93; P=0.4510). Similarly, cohort had a significant effect on weight
(ANOVA: F1,16=28.35; P<0.0001) and TL (ANOVA: F1,16=31.71; P<0.0001), but no
significant effect on K (ANOVA: F1,16=1.95; P=0.1822). There was no interaction
between week and cohort for weight (ANOVA: F3,16=1.86; P=0.1775), TL (ANOVA:
F3,16=1.11; P=0.3750), or K (ANOVA: F3,16=0.49 P=0.6909). Non-linear regression
analyses yielded the following relationships for 12 weeks of growth in TL: y= -0.0007x2
+ 0.1064x + 3.9792 (R2=0.9926) for cohort 1 and y= -0.0004x2 + 0.0892x + 3.5438
(R2=0.9989) for cohort 2 (where y= TL [cm] and x= time [d]); with an increases of 0.71
cm per fish per week and 0.60 cm per fish per week, respectively (Figure 4.1). Linear
regression analyses yielded the following relationships for 12 weeks of growth in weight:
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y=0.0943x + 1.2675 (R2=0.9752) for cohort 1 and y= 0.0832x + 0.5562 (R2=0.9936) for
cohort 2 (where y= weight [g] and x= time [d]); with an increase of 0.66 g weekly per
fish for cohort 1 and 0.58 g weekly per fish for cohort 2 (Figure 4.1). Therefore, even
though cohort 1 was larger initially, both treatments had similar growth over the 12
weeks.
In Experiment 2, fish from each pond were sampled a total of 4 times throughout
the twelve-week experiment (0, 4, 8, 12 weeks). There were slight differences in initial
weight (T-test: t598= -2.70; P =0.0071) and initial K (Kruskal-Wallis: H1=139.0237 P
<0.0001), with higher measurements in the lower stocking density. Furthermore, final
weight (T-test: t616= -10.18; P <0.0001), final K (Kruskal-Wallis, H1=7.6832; P
=0.0056), final TL (T-test: t616= -9.55; P =0.0412) and mean individual growth (T-test:
t4= -3.71; P=0.0207) were significantly higher in the lower stocking density (25,000
fish/ha; Table 4.4). Initial TL (T-test: t598=2.05; P =0.0412) was significantly lower in the
lower stocking density (25,000 fish/ha). Change in K (T-test: t4=2.08 P=0.1057) did not
differ between treatments (Table 4.4). There was a significant effect of time (week) on
weight (ANOVA: F3,16= 149.55; P<0.0001) and TL (ANOVA: F3,16=500.39; P<0.0001),
but no significant effect on K (ANOVA: F3,16=3.07; P=0.0581). Density had a significant
effect on weight (ANOVA: F1,16=6.03; P=0.0259); but no significant effect on TL
(ANOVA: F1,16=4.44; P=0.0512) or K (ANOVA: F1,16=3.98; P=0.0634). There was no
interaction between week and stocking density for weight (ANOVA: F3,16=1.54;
P=0.2424), TL (ANOVA: F3,16=1.28; P=0.3144), or K (ANOVA: F3,16=2.44; P=0.1018).
Non-linear regression analyses yielded the following relationships for 12 weeks of
growth in TL: y= -0.0006x2 + 0.1127x + 3.2151 (R2=0.9959) for the lower stocking
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density and y= -0.0006x2 + 0.1057x + 3.2837 (R2=0.9969) for the higher stocking density
(where y= TL [cm] and x= time [d]); with an increases of 0.76 cm per fish per week and
0.71 cm per fish per week, respectively (Figure 4.2). Even though the higher density had
a slightly higher initial TL, weekly increases in TL were similar for both cohorts. Linear
regression analyses yielded the following relationships for 12 weeks of growth in weight:
y=0.1094x + 0.365 (R2=0.9994) for the lower stocking density and y= 0.09x + 0.4711
(R2=0.9989) for the higher stocking density (where y= weight [g] and x= time [d]); with
an increase of 0.77 g weekly per fish for the lower stocking density and 0.63 g weekly
per fish for the higher stocking density (Figure 4.2). Fish in the lower density initially had
higher weight gain than the higher stocking density; regardless, both density treatments
had similar steady growth over the 12 weeks.
Survival
In Experiment 1 survival differed between treatments (Kruskal-Wallis:H1=3.8571;
P= 0.0495), with cohort 1 (40%) having significantly lower survival than cohort 2 (79%;
Table 4.3). In Experiment 2, survival did not differ between treatments (T-test: t4= -0.50;
P=0.6463; Table 4.4).
Reproduction
In Experiment 1, number of fish considered to be reproduced within ponds or
young of the year, ranged from 22-1,343 fish per pond (550- 33,575 fish/ha; mean TL=
3.93 ± 0.02 cm) for cohort 1 and 3-26 fish per pond (75-650 fish/ha; mean TL= 3.13 ±
0.10 cm) for cohort 2. In Experiment 2, number of fish considered to be young of the year
ranged from 0-12 fish per pond (0- 300 fish/ha; 4.23 ± 0.18 cm) for 25,000 fish/ha
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density treatment and 0-1,193 fish per pond (0- 29,825 fish/ha; 3.10 ± 0.13 cm) for
50,000 fish/ha density treatment.
Discussion
This is the first study to compare the effects of time of stocking and stocking
density on Gulf Killifish growth and survival to market size in freshwater ponds. In both
experiments, mean daily temperature and dissolved oxygen were within acceptable
ranges for Gulf Killifish (Wallace and Waters 2004; Anderson et al. 2012) and varied
between ponds daily. In Experiment 1, cohort 2 experienced lower mean water
temperatures, presumably because temperatures began to drop during the last 4 weeks of
culture after cohort 1 had between harvested. These differences in water quality
parameters were expected as seasons change over time as observed in Burger et al.
(2018). Cohorts were stocked only one month apart due to the rapid growth of this
species in freshwater ponds, reaching 3 g in 4 weeks (Burger et al. 2018). Differences in
temperature were observed between the two cohorts stocked 1 month apart, leading to the
possibility that stocking time may affect growth and survival. Regardless, growth rates
for cohort 2 were relatively constant in terms of weight gain, and similar to cohort 1 for
both length and weight gain.
Growth and overall fish health assessment were based on increases in weight, TL,
and K and high survival during both stocking time and density experiments. In both
experiments there were small differences in initial measurements; however, each pond
had similar growth in length per fish per week (0.60-0.76 cm) and reached a market size
of 6 cm (Perschbacher and Strawn 1983) in 22-32 days and a market size of 8 cm (Tatum
et al. 1981; Anderson et al. 2012) in 65-88 days. Typically, retailers and anglers select
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minnows according to length (Trimble et al. 1981) but depending on the targeted
sportfish there may be a preference for a certain market size and whether it is based on
TL or weight. When using weight to determine market size, fish in Experiment 1 reached
a market size of 3 g (Perschbacher and Strawn 1983) in 18 days for cohort 1 and 29 days
for cohort 2. Fish reached a larger market size of 5 g (Anderson et al. 2012) in 40 and 53
days for cohorts 1 and 2, respectively. In Experiment 2 fish reached a market size of 3 g
(Perschbacher and Strawn 1983) in 24 days for the lower stocking density and 28 days
for the higher stocking density. Fish reached a larger market size of 5 g (Anderson et al.
2012) in 42 and 50 days for the lower and higher stocking densities, respectively. These
rates are comparable to previous rates of 28 days (3 g) and 56 days (5 g) in freshwater
ponds (Burger et al. 2010). In both experiments, fish reached market size much quicker
than recorded for brackish water pond culture. In Trimble et al. (1981), ponds stocked at
250,000 or 370,000 fish/ha reached market size (2.4 g; 57 mm) in 49 days, and in Waas
and Strawn (1982) ponds stocked at 200,000 fish/ha reached market size (3.2 g; 63.7
mm) in 70 days. Rapid growth observed in this study compared to studies using brackish
water ponds is most likely due to lower stocking densities. Burger et al. (2018) used
stocking densities of 20,450 fish/ha that were of a similar size to fish used in this study,
and 26,500 fish/ha that were a much larger size to the fish used in this study. The lower
stocking density of 25,000 fish/ha was chosen for this study to serve as an intermediate
between the previous densities evaluated in Burger et al. (2018) and the higher stocking
density of 50,000 fish/ha was chosen to double the lower treatment. Examining a range of
even higher stocking densities in freshwater ponds would be beneficial for future research
to further refine tradeoffs in density and growth rate.
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In Experiment 1, survival was lower at 40% in cohort 1, compared to 79% in
cohort 2 although growth was similar, which may indicate growth is not density
dependent at a low stocking density (25,000 fish/ha). Low survival in the first cohort
could be due to a combination of water quality parameters, including increased water
temperatures, increased pH, increased NH3, and decreased alkalinity, along with
predation. Burger et al. (2018) noted Western Mosquito fish (Gambusia affinis) to be
present throughout experimental ponds and presumably preyed on Gulf Killifish
offspring and competed with larger fish for food. Western Mosquito fish were not seen
throughout either experiment. Red Swamp Crayfish and carnivorous turtles, such as the
Smooth Softshell Turtle and Common Snapping Turtle were observed in the ponds even
after removal before the start of each experiment which may have affected survival.
Overall for Experiment 1, survival of 40% was moderate and comparable to Gulf
Killifish survival previously observed by Burger et al. (2018), with ranges of 36-71%.
In Experiment 2 survival did not differ between the two treatment densities with
75% (25,000 fish/ha) and 73% (50,000 fish/ha). These survival rates are higher than the
mean survival of 43% and 54% observed in Burger et al. (2018) but lower than survival
rates observed in brackish water pond culture for Tatum and Helton (1977; 88-95%),
Tatum et al. (1978; 76-88%), and Trimble et al. (1981; 83-98%). In this study, all fish
were placed in a hypo-osmotic environment for grow out which may have increased
energetic costs or stress (Boeuf and Payan 2001) and impacted survival compared to fish
placed in iso-osmotic conditions for grow out (Tatum and Helton 1977; Tatum et al.
1978; Trimble et al. 1981). In Experiment 2, although growth was slower at higher
density, survival was similar. This supports findings that growth is density dependent in
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juvenile Gulf Killifish cultured in ponds (Wallace and Waters 2004; Phelps et al. 2010);
whereas survival is not, at least at the densities examined.
Gulf Killifish reach sexual maturity at 4-5 cm (Wallace and Waters 2004);
therefore, based on final length measurements, reproduction was expected. Reproduction
was observed in all ponds but highly variable in both experiments. The only apparent
pattern was abundant filamentous algae in ponds with the highest reproduction.
Presumably, the algae aided in spawning by increasing surface area for spawning and
hiding spots from predators and larger fish. In other ponds, variability could be due to
lack of spawning substrate or an inadequate female to male ratio due to fish being
stocked randomly before sex could be determined (Wallace and Waters 2004; Green et al.
2010).
Although growth of Gulf Killifish was evaluated in ponds for 12 weeks, market
size was reached much sooner, meaning ponds could have been harvested earlier.
Regardless of stocking time or density, fish reached smaller market sizes of 6 cm in 2232 days or 3 g in 18-28 days or larger market sizes of 8 cm in 65-88 days or 5 g in 40-53
days. This study demonstrates juvenile Gulf Killifish can be stocked in different cohorts
at least one month apart throughout the growing season (when temperatures are 23- 29°C;
Anderson et al. 2012) and have similar and rapid growth in freshwater ponds under
conditions measured. Although density dependent effects were observed in this study,
Gulf Killifish can be stocked into freshwater earthen ponds at a density of 50,000 fish/ha
with rapid growth and high survival. Thus, multiple cohorts stocked at higher densities
(50,000 fish/ha) can be grown-out to market size in a single growing season, potentially
giving retailers a consistent supply throughout the year. Further studies evaluating growth
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and survival at higher densities in freshwater would be beneficial for guiding production
practices.
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Tables
Table 4.1

Experiment 1 mean ± SE water quality parameters in ponds stocked on
June 28, 2017 and July 31, 2017 with Gulf Killifish, Fundulus grandis, at a
density of 25,000 fish/ha.
Cohort

Parameters

1
6/28/17- 9/18/17
27.3 ± 0.2C *
30.2 ± 0.3D *
6.30 ± 0.15C
11.22 ± 0.24D *
8.9 ± 0.1 *

Water temperature (°C)
Dissolved oxygen (mg/L)
pH

2
7/31/17-10/16/17
25.6 ± 0.2C
28.5 ± 0.3D
6.12 ± 0.07C
10.28 ± 0.28D
8.5 ± 0.1

TANB (mg/L)

0.26 ± 0.06

0.16 ± 0.03

NH3 (mg/L)

0.07 ± 0.02 *

0.02 ± 0.01

NO2 (mg/L)

0.024 ± 0.006 *

0.111 ± 0.034

Alkalinity (mg/L)

102 ± 2 *

109 ± 2

Hardness (mg/L)

33 ± 1

30 ± 1

A

Within each row, asterisks represent significant differences between treatments during
(P≤ 0.05, n=3 ponds/treatment).
B
TAN refers to total ammonia nitrogen.
C
Values taken at 0900.
D
Values taken at 1300.
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Table 4.2

Experiment 2 mean ± SE water quality parameters in ponds stocked at two
juvenile Gulf Killifish, Fundulus grandis, densities.
Stocking Density (ha)

Parameters

25,000

50,000

28.7 ± 0.1C
31.1 ± 0.1D
4.41 ± 0.05C *
7.96 ± 0.21D
7.7 ± 0.1

28.6 ± 0.1C
30.8 ± 0.2D
4.80 ± 0.15C
7.83 ± 0.09D
7.7 ± 0.1

TANB (mg/L)

0.25 ± 0.05

0.21 ± 0.02

NH3 (mg/L)

0.02 ± 0.00

0.01 ± 0.00

NO2 (mg/L)

0.036 ± 0.009

0.038 ± 0.005

Alkalinity (mg/L)

119 ± 5

121 ± 2

Hardness (mg/L)

46 ± 2 *

55 ± 2

Water temperature (°C)
Dissolved oxygen (mg/L)
pH

A

Within each row, asterisk represent significant differences between treatments during
(P≤ 0.05, n=3 ponds/treatment).
B
TAN refers to total ammonia nitrogen.
C
Values taken at 0900.
D
Values taken at 1300.
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Table 4.3

Experiment 1 mean ± SE mean stocking and harvesting variables at two
stocking times for juvenile Gulf Killifish, Fundulus grandis.
Cohort
Variable

1
2
6/28/17- 9/18/17
7/31/17- 10/16/17
Initial
Weight (g)
0.78 ± 0.03 *
0.52 ± 0.02
Total length (cm)
3.92 ± 0.04 *
3.52 ± 0.04
Condition factor
1.19 ± 0.04 *
1.06 ± 0.01
Final
Weight (g)
8.63 ± 0.13 *
7.17 ± 0.11
Total length (cm)
8.33 ± 0.04 *
8.14 ± 0.04
Condition factor
1.47 ± 0.01 *
1.30 ± 0.01
Individual growthA (cm)
7.75 ± 0.72
6.64 ± 0.34
Δ Condition factor
0.28 ± 0.06
0.25 ± 0.02
Survival (%)
40 ± 16 *
79 ± 3
A
Individual growth over a 12 week period. Within each row, asterisks represent
significant differences among treatments during each week (P≤ 0.05, n=3
ponds/treatment).

Table 4.4

Experiment 2 mean ± SE mean stocking and harvesting variables at two
juvenile Gulf Killifish, Fundulus grandis, stocking densities.

Stocking density (fish/ha)
25,000
50,000
Initial
Weight (g)
0.40 ± 0.01 *
0.36 ± 0.01
Total length (cm)
3.16 ± 0.03 *
3.23 ± 0.02
Condition factor
1.20 ± 0.02 *
1.01 ± 0.01
Final
Weight (g)
9.86 ± 0.13 *
8.13 ± 0.11
Total length (cm)
8.68 ± 0.1 *
8.20 ± 0.0
Condition factor
1.49 ± 0.0 *
1.45 ± 0.0
Individual growthA (cm)
8.98 ± 0.32 *
7.66 ± 0.15
Δ Condition factor
0.28 ± 0.05
0.43 ± 0.05
Survival (%)
75 ± 2
73 ± 4
A
Individual growth over a 12 week period. Within each row, asterisks represent
significant differences among treatments during each week (P≤ 0.05, n=3
ponds/treatment).
Variable
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Figure 4.1

Experiment 1 mean ± SE (A) TL and (B) weight changes in two cohorts of
Gulf Killifish, Fundulus grandis, stocked in 0.04 ha freshwater ponds at a
density of 25,000 fish/ha.

Different lowercase letters indicate differences between weeks for cohort 1 (uppercase)
or cohort 2 (P < 0.05; n=3 ponds/treatment).
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CHAPTER V
SALINITY TOLERANCE IN GULF KILLIFISH FOLLOWING GROW-OUT IN
FRESHWATER PONDS
Abstract
Interest in culturing Gulf Killifish (Fundulus grandis), an estuarine species
ranging from Veracruz, Mexico to the Eastern coast of Florida, has been growing due to
its use as a baitfish and its euryhalinity, allowing for culture in low salinities. However,
information is limited on salinity tolerance following culture in low-salinity conditions,
which is important for subsequent recreational fishery use in saline areas. Therefore, a
study was conducted exposing Gulf Killifish to saline (i.e., hyperosmotic) conditions
after 3 months of freshwater grow out, to determine physiological responses and survival.
Experiments were repeated over two years using different cohorts, with fish randomly
selected after harvest, and placed into individual containers (3 L) at one of three salinity
treatments of freshwater (FF: 0.5 ppt), brackish water (FBS: 8 ppt), or saltwater (FS: 33
ppt) for 4 days (96 hrs). Fish in the FBS treatment were placed into saltwater (33 ppt)
after a 6-hr acclimation period in brackish water (8 ppt) to mimic possible time in a
hauling tank. Survival did not differ among treatments in either year; however, whole
body moisture in year 1 and hematocrit in year 2 differed among treatments. In year 1,
whole body moisture was highest in the FS treatment group (73.4 ± 0.4%), followed by
the FBS treatment group (72.6 ± 0.5%), and lowest in the FF treatment group (71.7 ±
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0.3%). In year 2, hematocrit was highest in the FF and FBS treatment groups (40 ± 2%;
40 ± 1%) and lowest in the FS treatment group (34 ± 2%). These results indicate osmotic
stress may differ between Gulf Killifish cohorts, but overall salinity tolerance is not
affected by low salinity rearing.
Introduction
Fishes in the Fundulus genus have been a target for experimental studies
evaluating salinity tolerance for decades due to the diversity of environments inhabited,
ranging from inland to coastal systems in North America (Griffith 1974; Whitehead
2010). Many species are known from estuaries, transition zones between freshwater and
saltwater environments, which have continuous variability in temperature, oxygen, and
salinity (Elliott and McLusky 2002; Elliott and Quintino 2007). Typically, estuaries
contain several salinity gradients caused by precipitation, evaporation, and flow rates
(Nordlie 2006), that range from freshwater to full strength sea water, requiring
physiological plasticity (Elliot and McLusky 2002). In Fundulus, interspecific diversity
in environmental occupancy has resulted in variation in osmotic tolerances; species from
this genus have some of the widest known salinity tolerance limits (Griffith 1974;
Nordlie 2006).
The Gulf Killifish, Fundulus grandis, a euryhaline species native to estuaries in
Mexico, the Northern Gulf of Mexico coast, and the Eastern coast of Florida (Relyea
1983; Waas et al. 1983), is an example of the broad euryhalinity present in Fundulus. In
natural environments, Gulf Killifish have been found in salinities up to 76.1 ppt (Simpson
and Gunter 1956; Griffith 1974). Although species inhabit various environments, the
Fundulus genus has been known to rapidly evolve to life in freshwater environments
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(Whitehead 2010). For Gulf Killifish, although most populations are found in
environments with salinities of 5-39 ppt (Nordlie 2006), populations have been found in
freshwater (Hillis et al. 1980).
The Gulf Killifish is a species of interest for commercial culture due to its broad
tolerance of environmental conditions, specifically salinity, combined with its use as a
live baitfish for marine sport fishes (Tatum and Helton 1977; Waas et al. 1983). Although
culture protocols are established (Green et al. 2010; Anderson et al. 2012), many
producers have not adopted recommendations, primarily due to production costs, which
may be met through advances in inland production. A previous study determined
freshwater grow-out of Gulf Killifish is possible as early as 7 weeks (Ramee et al. 2016),
indicating inland culture is possible in low salinity mesocosms and ponds. Although
freshwater grow-out eliminates salt and associated costs, fish may need to be acclimated
to moderate salinities (e.g., 8 ppt) before acclimation to seawater, such as would occur
during transfer to suppliers for subsequent use in seawater.
In their native habitat and under culture conditions, Gulf Killifish have been able
to achieve homeostasis under a broad range of salinities (Simpson and Gunter 1956;
Griffith 1974; Hillis et al. 1980; Perschbacher et al. 1990; Nordlie 2006; Ramee et al.
2016; Burger et al. 2018). However, rapid introduction to hypo-osmotic or hyper-osmotic
salinities may interrupt homeostasis due to osmoregulatory challenges. Blood and tissue
measurements (i.e., whole body moisture, hematocrit, plasma osmolality, and plasma
proteins) can be used to identify physiological responses to osmoregulatory challenges,
including salinity fluctuations (Fange 1992; Wendelaar Bonga 1997; Gonzalez 2012).
These parameters can help indicate dehydration, dilution in blood, and recovery
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(Martínez-Άlvarez et al. 2002; Gonzalez et al. 2005; Marshall et al. 2005; Kammerer et
al. 2010; Allen et al. 2014), in response to acclimation to increasing salinities. If
physiological parameters have not returned to resting or initial rates, survival can
decrease.
Although Gulf Killifish can be reared in freshwater after 7 weeks of age, it is
unknown whether low salinity rearing will affect salinity tolerance. Previous studies have
determined multiple species adapted to lower salinities of freshwater or brackish water
can be subjected to salt water with high survival (Mires et al. 1974; Chervinski 1983).
Therefore, our objectives were to determine physiological responses and survival of Gulf
Killifish following gradual or abrupt transfer to salt water (33 ppt) after sustained low
salinity (≤ 0.5 ppt) occupancy. Gulf Killifish were subjected to 3 salinity levels (≤ 0.5
ppt, 8 ppt, 33 ppt) post 3 month freshwater grow out, measured for physiological
responses, and observed for survival. We hypothesized that physiological responses
would be highest, and survival would be lowest in Gulf Killifish transferred abruptly
from freshwater to saltwater.
Methods
Culture
Gulf Killifish used in this study were offspring of broodstock spawned in indoor
recirculating aquaculture system (RAS) tanks (4,000 L: 2.3 m diameter) on commercial
spawning mats (Spawntex, Blocksom & Co., Michigan City, IN, USA) which were airincubated (Perschbacher et al. 1995) at the South Farm Aquaculture Facility (Mississippi
State University, Starkville, MS). In year 1, broodstock were wild caught fish purchased
from a commercial supplier (Gail’s Bait Shop, Golden Meadow, LA). In year 2,
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broodstock also included offspring from the previous year. Broodstock were maintained
at 8 ppt using synthetic marine sea salt (Instant Ocean, Blacksburg, VA, USA) during
spawning and were held in 9 tanks, with 360 fish/tank. Broodstock tanks ran on separate
RAS each containing a 120-watt UV sterilizer (Smart High Output Sterilizer, Pentair
Aquatic Eco-systems, Apopka, FL, USA) and a bead filter (Polygeyser bead filter,
Aquaculture Systems Technologies, New Orleans, LA, USA). Juveniles ranging from 7-9
weeks were stocked in freshwater (≤ 0.5 ppt) ponds on 6/28/17 and 6/11/18 and remained
in the ponds for grow-out for 12 weeks before being harvested on 9/20/17 and 9/5/18,
respectively. After harvest, fish were used for salinity tolerance experiments.
All procedures were approved by Mississippi State University Institutional
Animal Care and Use Committee (protocol #: 17-010).
Experimental design
Fish were netted and randomly placed into containers after being weighed and
measured for total length following direct transfer methods (Allen and Cech 2007; Allen
et al. 2011). Individual measurements were recorded at the beginning of the study. All
fish were individually placed in 4.7-L static containers (Economy Pail, Freund Container,
Lisle, IL), held at a 3-L water level. All containers initially contained freshwater (0.5
ppt), and all fish were monitored for 24 hours before beginning the experiment to replace
stressed or dead fish if needed. The following salinity levels were chosen: freshwater (0.5
ppt), the rearing salinity to serve as the control, brackish water (8 ppt) to serve as an
acclimation, and saltwater (33 ppt). The brackish water treatment was also chosen to
mimic potential hauling conditions during distribution to the coast (Griffith 1974). After
24 hours, the experiment began and water made up with synthetic marine sea salt (Instant
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Ocean mix- Blacksburg, VA, USA) was added to each container to obtain respective
treatment levels. All containers were aerated with separate airstones and maintained at a
constant temperature of 27⁰C by a common water bath made up of 5 (year 1) or 10 (year
2), 430-L tanks on one RAS (9,000 L). Temperature was maintained in the RAS by a heat
exchanger (Titan HP-7 in-line water heater, Aqua Logic, San Diego, CA).
In year 1, there were 3 treatments (FF: 0.5 ppt, FBS: 8 ppt, FS: 33ppt), with 10
replicates per treatment, totaling 30 fish used for the experiment. In year 2, replicates
were doubled to support findings from year 1. Treatments were the same as in year 1,
with a greater number of replicates per treatment (20), totaling 60 fish used for the
experiment. Each replicate consisted of an individual fish placed in each container.
Treatments were randomly assigned to containers throughout the recirculating tanks, with
6 containers per tank. Experiments in year 1 and 2 concluded after 4 days (96 hrs). Due to
the FBS treatment group experiencing a 6-hour transitional phase in brackish water,
individuals in that group remained in the experiment for an additional 6 hours.
Water quality and maintenance
To minimize stress, one container per tank, with equal replicates from all
treatments, was randomly chosen once daily at 0900 hours to monitor water quality
parameters. Temperature, dissolved oxygen, pH, and salinity were measured using a
dissolved oxygen meter (YSI 85, YSI Inc., Yellow Springs, OH, USA) and a pH probe
(pH100A, YSI Inc.), after a daily water exchange (3 L/d). Each container had overflow
holes to keep the water level at 3 L and a fine mesh (750 micron nylon mesh) lid to allow
for water exchanges without reducing water volume, minimizing stress. For daily water
exchanges, each container received 3L of water from the respective treatment and was
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slowly poured over the mesh lid, displacing older water through the overflow holes.
Lights were set to the natural photoperiod (12 L:12 D) for the time of year (September)
the experiments were held. Lights were controlled by a timer and fish were not fed
throughout the experiment. Temperature (27 ± 1°C) for the RAS was maintained with a
heat exchanger (Titan HP-7 in-line heat, Aqua Logic, San Diego, CA) and in-line heaters
(EHE25T, Elecro Engineering, Stevenage Hertfordshire, UK). Dissolved oxygen (> 6.9
mg/L) was maintained by pressurized aeration and airstones. Containers were checked
daily for mortality, and dead fish were recorded then removed from the experiment and
were not used in any blood or muscle moisture measurements.
Blood and muscle measurements
At the conclusion of the experiment, fish from each treatment were euthanized at
treatment densities with 500 mg/L MS-222 and 400 mg/L sodium bicarbonate and then
blotted dry. The caudal fin was cut off from all fish and blood was collected from the
caudal vein using heparinized microhematocrit capillary tubes when possible following
protocol from Allen and Cech (2007). After collection, the tubes were centrifuged for 5
minutes at 6,000 RCF. Hematocrit was determined, and plasma was collected by scoring
the capillary tube and pipetting the plasma into a 0.6 mL vial. All plasma samples were
diluted 1:3 with deionized water, vortexed and centrifuged at 5,000 RCF for 1 minute to
concentrate. Plasma osmolality was determined using a vapor pressure osmometer (5520,
Wescor Inc., Logan, UT). Remaining plasma samples were further diluted 1:45 and
plasma protein concentrations were measured using a Bradford Assay (Sigma-Aldrich
Inc., St. Louis, MO, USA), via a spectrophotometer (GENESYS 10S UV-Vis, Thermo
Fisher Scientific, Waltham, MA) at 595 nm.
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Fish were weighed, then dried at 60°C on aluminum until the sample reached
maximum weight loss. Whole body moisture was calculated following Allen and Cech
(2007):
Whole Body Moisture % = ((Wm-Dm)/ Wm) * 100

(5.1)

where Wm=wet mass (g) and Dm=dry mass (g).
Statistical analysis
Measurements (temperature, dissolved oxygen, pH, wet weight, total length,
hematocrit, plasma osmolality, plasma proteins, muscle moisture, and survival) were
analyzed by a one-way analysis of variance (ANOVA). Salinity readings for each
experiment are described using mean (± standard error). Before all analyses, normality of
residuals was tested using Shapiro-Wilk normality tests, and homogeneity of variance
was tested using Levene’s tests to meet assumptions. If assumptions were not met, data
were transformed (log10) to meet assumptions when possible. All hematocrit, whole body
moisture, and survival (percentage) data were logit transformed before all analyses. Zero
values in percentage data were changed to a value of 0.0001 to allow for logit
transformations. All statistical analyses were performed with SAS® version 9.4 (SAS
Institute Inc., Cary, North Carolina) and significance was determined at α= 0.05. All data
are reported as mean ± standard error (SE) unless noted otherwise.
Results
Water quality
In both experiments, the average daily temperature, dissolved oxygen, and pH
were within acceptable ranges for Gulf Killifish (Anderson et al. 2012). Temperature,
dissolved oxygen, and pH were comparable between years and analyzed among
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treatments (Tables 5.1;5.2). In year 1, there were no differences in temperature (ANOVA:
F2,22=0.77; P=0.4744) or dissolved oxygen (ANOVA: F2,22=3.07; P=0.0665) among
treatments. There was a significant difference observed among treatments for pH
(ANOVA: F2,22=5.29; P=0.0133), with the FF treatment having a higher pH than other
treatments, although mean pH only differed by 0.07 units. In year 2, there were no
differences in temperature (ANOVA: F2,37=0.10; df=2, P=0.9014), dissolved oxygen
(ANOVA: F2,37=1.23; P=0.3035), or pH (ANOVA: F2,37=1.64; P=0.2083) among
treatments. Salinity remained within the range of respective treatments for both
experiments.
Fish size
In year 1, mean weight (ANOVA: F2,27=1.44; P=0.2547) and TL (ANOVA:
F2,27=0.90; P=0.4184) did not differ among treatment groups (Table 5.3). In year 2, mean
weight (ANOVA: F2,57=0.04; P=0.9591) and TL (ANOVA: F2,57=0.25; P=0.7826) did
not differ among treatment groups (Table 5.4).
Survival
In year 1, mortality was observed in two out of the three treatments throughout
the experiment, but survival did not differ among treatments (Table 5.3; ANOVA:
F2,27=1.08; P=0.3538). Both deaths within the FS treatment occurred within the first 24
hours of the experiment. The only death within the FBS treatment occurred within the
last 24 hours of the experiment. In year 2, there were no differences among treatments,
with 100% survival across all treatments (Table 5.4).
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Blood and muscle measurements
In year 1, hematocrit (ANOVA: F2,27=1.08; P=0.3538) and osmolality (ANOVA:
F2,23=0.49; P=0.6203) were not different among treatments (Table 4.3). In year 2,
osmolality (ANOVA: F2,55=0.24; P=0.7852) and plasma proteins (ANOVA: F2,50=0.83;
P=0.4435) were not different among treatments. Hematocrit (ANOVA: F2,57=4.73;
P=0.0126) was different among treatments, with higher hematocrit in the FF (40%) and
FBS (40%) treatments than the FS (34%) treatment (Table 5.4).
In year 1, whole body moisture (ANOVA: F2,24=4.19; P=0.0275) was different
among treatments, with the highest body moisture in the FS (73.4%) treatment and the
lowest body moisture in the FF (71.7%; Table 5.3). In year 2, whole body moisture
(ANOVA: F2,57=1.61; P=0.2095) was not different among treatments (Table 5.4).
Discussion
This is the first study to evaluate salinity tolerance in Gulf Killifish following
long-term exposure to freshwater. This study was conducted to determine the osmotic
stress and survival of exposing Gulf Killifish to hyperosmotic salinities gradually (FBS)
and abruptly (FS) after long-term (3 months) freshwater occupancy. Low-salinity culture
practices are a possibility for many euryhaline species, but if fish will be transferred to
higher salinity after rearing, salinity tolerance must be evaluated. For Gulf Killifish,
previous studies established high survival in freshwater (Ramee and Allen 2016),
especially after 7 weeks of age (Ramee et al. 2016). However, until now it has been
unclear whether fish reared at low salinities would be able to tolerate higher salinities,
such as for transfer to brackish to sea water habitats for use at commercial bait suppliers
or by recreational anglers. Fish used in this study were 5-6 months old, and market size
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(≥ 60 mm), the recommended size to be used as bait for marine sport fishes (Tatum and
Helton 1977, Waas et al. 1983, Green et al. 2010). It was hypothesized that physiological
responses would be highest, and survival would be lowest in the FS treatment group due
to osmotic differences encountered during the abrupt transfer from freshwater to
saltwater. Survival and physiological response (whole body moisture, hematocrit, plasma
osmolality, and plasma proteins) data indicate Gulf Killifish can gradually and abruptly
be transferred to salinities up to 33 ppt after being reared in low salinities.
There were no significant differences in survival among treatments in years 1 or
2, rejecting the hypothesis that fish would have the lowest survival in the FS treatment.
Differences in survival and physiological responses between years could be due to
differences between cohorts. However, these significant differences are not necessarily
biologically significant and all treatments during both years had high survival rates.
Based on these results, an acclimation period in brackish water between freshwater and
saltwater environments may not be necessary. Although the FBS treatment group
mimicked potential conditions and time in a hauling truck, it is likely additional stressors
may be present in a hauling truck, such as handling, crowding, and poor oxygen levels
(Harmon 2009).
In both years, blood osmolality did not differ significantly among treatments and
stayed within the typical range of 280-360 mmol/L for adult teleosts (Varsamos et al.
2005). It is possible physiological responses may have had temporary changes following
exposure to higher salinity treatments, that subsequently returned to baseline levels
before sampling at the end of each experiment, and initial fluctuations could have been
missed. Previous studies have indicated that osmotic adjustments to increased salinities
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can occur as quickly as 3 hours (Hossler 1980; Mancera and McCormick 2000; Gonzalez
2012), with a gradual return to baseline levels over 5 days (Gonzalez 2012). Regardless,
fish were regulating osmolality similarly among treatments at the conclusion of the
experiment demonstrating the euryhaline plasticity of this species.
There are multiple techniques used to evaluate salinity acclimation or tolerance
and effects on physiological responses and survival. Studies typically evaluate short-term
(e.g., 12 or 24 hours) (DiMaggio et al. 2009), or long-term (e.g., 7 days) exposure (Kolok
and Sharkey 1997) or use a combination of both techniques (Marshall et al. 1999). In this
study, long-term exposure (4 days) to higher salinities was useful for simulating the time
duration for Gulf Killifish to be distributed, marketed (5-7 days) and used as a live bait.
In saltwater, fish must actively drink water to compensate for water lost
osmotically. Previous research testing physiological responses to water with extreme
increases in salinity found muscle moisture decreased indicating dehydration and osmotic
imbalances (Handeland et al. 1998; Martínez-Άlvarez et al. 2002; Gonzalez et al. 2005).
In this study, conversely, in year 1 the treatment with the highest salinity for the longest
duration (FS) had significantly higher whole body moisture compared to the control (FF)
which had the lowest moisture percentage. Yet, this difference between the two
treatments was less than 2%. Possible reasons for this slight increase in moisture could be
that fish were not fed during the experiment, and greater osmoregulatory energy demands
in seawater may have led to greater catabolism of muscle which was replaced by water or
greater water retention occurred due to increased tissue Na+ and Cl- levels (MacLeod
1977; Allen and Cech 2007).
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Hematocrit, the percentage of red blood cells in a blood sample, has large
interspecific differences, typically ranging from 20 to 45% in teleost fish (Fange 1992;
Clauss et al. 2008; Grant 2015). It was expected the acute exposure (FS) treatment would
have increased hematocrit due to an increase in osmotic efflux of water, and an increase
in size and number of red blood cells (Wendelaar Bonga 1997; DiMaggio et al. 2010).
However, in year 2, hematocrit was significantly lower in the FS treatment group. It is
unclear why hematocrit was higher in the control (FF) and gradual (FBS) treatments.
This study demonstrates Gulf Killifish can survive abrupt changes in salinity
during transfer to hyperosmotic seawater (33 ppt) following long-term (3 months) rearing
and occupancy in freshwater. Physiological responses measured in this study indicate that
osmoregulatory abilities were similar in all treatments, but specific responses in whole
body moisture and hematocrit may vary between cohorts. Results from this study
contribute to post freshwater rearing and distribution protocols for the use of Gulf
Killifish in commercial aquaculture production. This study also suggests that long-term
isolation of Gulf Killifish in freshwater habitats within a generation does not limit the
ability to move to a saltwater environment or influence distribution.
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Tables
Table 5.1

Year 1 mean ± SE water quality parameters in salinity tolerance containers
with Gulf Killifish, Fundulus grandis, at three salinities after low salinity
grow-out.

Salinity
Treatment
FF
FBS
FS

Water
temperature
(°C)
27.6 ± 0.0
27.6 ± 0.1

Dissolved
oxygen
(mg/L)
6.98 ± 0.01
7.02 ± 0.02

pH
8.57 ± 0.02 z
8.51 ± 0.01 y

27.6 ± 0.0

7.03 ± 0.01

8.50 ± 0.02 y

Salinity (ppt)
0.5 ± 0.0
a
8.4 ± 0.1
b
33.2 ± 0.0
33.2 ± 0.0

a

Salinity means from the FBS initial (brackish water) readings.
Readings after the 6 hour transition period (saltwater).
Salinity treatments consist of freshwater (FF: 0.5 ppt), brackish water (FBS: 8 ppt), and
saltwater (FS: 33 ppt). Fish in the FBS treatment were acclimated to brackish water (8
ppt) for 6 hr before transfer into saltwater (33 ppt). Different letters represent significant
differences among treatments (P≤ 0.05).
b

Table 5.2

Year 2 mean ± SE water quality parameters in salinity tolerance containers
with Gulf Killifish, Fundulus grandis, at three salinities after low salinity
grow out.
Salinity
Water
treatment temperature
(°C)
FF
26.7 ± 0.1
FBS
26.7 ± 0.1

Dissolved
oxygen
(mg/L)
7.14 ± 0.01
7.18 ± 0.01

pH

Salinity (ppt)

8.10 ± 0.03
8.08 ± 0.02

0.5 ± 0.0
a
8.2 ± 0.0
b
33.0 ± 0.1
33.4 ± 0.1

FS
26.7 ± 0.1 7.16 ± 0.02 8.15 ± 0.02
Salinity means from the FBS initial (brackish water) readings
b
Readings after the 6 hour transition period (saltwater).
Salinity treatments consist of freshwater (FF: 0.5 ppt), brackish water (FBS: 8 ppt), and
saltwater (FS: 33 ppt). Fish in the FBS treatment were acclimated to brackish water (8
ppt) for 6 hr before transfer into saltwater (33 ppt). Different letters represent significant
differences among treatments (P≤ 0.05).
a
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Table 5.3

Year 1 mean ± SE variables in salinity tolerance containers with Gulf
Killifish, Fundulus grandis, at three salinities after low salinity grow out.
Salinity Treatment
FF
FBS
FS
8.07 ± 0.17
7.84 ± 0.21
8.26 ± 0.13
81 ± 1
81 ± 1
83 ± 1
42 ± 2
38 ± 2
37 ± 3
329 ± 9
354 ± 31
359 ± 24
71.7 ± 0.3 z 72.6 ± 0.5 yz 73.4 ± 0.4 y
100
90
80

a

Weight (g)
Total Length (mm)
Hematocrit (%)
Osmolality (mmol/L)
Whole Body Moisture (%)
Survival (%)
a
Initial measurements
Salinity treatments consist of freshwater (FF: 0.5 ppt), brackish water (FBS: 8 ppt), and
saltwater (FS: 33 ppt). Fish in the FBS treatment were acclimated to brackish water (8
ppt) for 6 hr before transfer into saltwater (33 ppt). Different letters represent significant
differences among treatments (P≤ 0.05).
a

Table 5.4

Year 2 mean ± SE variables in salinity tolerance containers with Gulf
Killifish, Fundulus grandis, at three salinities after low salinity grow out.

a

Salinity Treatment
FF
FBS
FS
7.54 ± 0.37 7.70 ± 0.41 7.66 ± 0.42
82 ± 1
82 ± 1
83 ± 1
40 ± 2 z
40 ± 1 z
34 ± 2 y
319 ± 11
326 ± 12
313 ± 17
3.82 ± 0.27 4.15 ± 0.15 4.08 ± 0.15
71.0 ± 0.3
70.5 ± 0.4
71.4 ± 0.3
100
100
100

Weight (g)
Total Length (mm)
Hematocrit (%)
Osmolality (mmol/L)
Plasma Protein (g/100 mL)
Whole Body Moisture (%)
Survival (%)
a
Initial measurements
Salinity treatments consist of freshwater (FF: 0.5 ppt), brackish water (FBS: 8 ppt), and
saltwater (FS: 33 ppt). Fish in the FBS treatment were acclimated to brackish water (8
ppt) for 6 hr before transfer into saltwater (33 ppt). Different letters represent significant
differences among treatments (P≤ 0.05).
a
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