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Low dissolved oxygen (DO) increases risk of disease and mortality in cultured 

fish; however, aeration methods have not been extensively researched for pond 

production of ornamental fish.  This study compared three pond aeration methods and 

four post-harvest holding medications for their effects on zebra danio Danio rerio growth 

and survival.  A 6-week study was performed in fishless ponds using three aeration 

types: air stones (AS); vertical pump (VP); and fine bubble diffuser box (DB).  These 

aerators were then compared in ponds stocked with zebra danio fry.  Fry were raised for 

10 weeks and harvested to evaluate fish size and yield.  Dissolved oxygen, water 

temperature, ammonia, nitrite, pH, Secchi depth, alkalinity, hardness, chlorophyll a, and 

zooplankton densities were evaluated.    

Pre-dawn mean DO was highest in VP ponds, followed by DB then AS.  Nearly 

all other water chemistry and quality parameters were similar among aerator types, 

although high ammonia and nitrite took significantly longer to decrease in AS ponds.  

Also, oxygen stratification was observed only in AS ponds.  Danio growth rate was 
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much faster in VP ponds versus DB and AS ponds; however, survival was lowest in VP 

ponds.  In contrast, AS ponds had the highest survival rates and the smallest fish.  DB 

ponds had intermediate fish size and yield.  The inverse relationship between size and 

yield suggests density dependence.  Overall fish health was good for all aeration 

methods.  All danios in the post-harvest holding treatment study survived, with no 

difference in saleability across treatments (bronopol, diquat, hydrogen peroxide, 

control).    
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CHAPTER 1 

INTRODUCTION 

Since its beginning in the 1930s, ornamental fish production in Florida has grown 

into a substantial portion of the state’s aquaculture industry.  Ninety-five percent of 

freshwater tropical ornamental fish raised in the United States are currently produced in 

Florida.  Farmgate income to Florida producers reached an all-time industry high of 

$57.2 million in 1997 (FASS/FDACS 2001, 2002), and the latest survey reported $33.2 

million in farmgate value for ornamental fish produced in 2005 (FASS/FDACS 2005).  

Florida-raised ornamental species are sold and distributed within the United States and 

exported to many other countries.   

There is a shortage of published research studying ornamental species, 

especially when compared to larger industries such as food fish culture; thus, there is 

great potential to improve current production practices in the ornamental industry.  Many 

traditional ornamental husbandry practices are based either on empirical (or qualitative) 

observations or on accepted methods for non-ornamental species such as food fish.  

Because food fish are larger and, in many cases, more robust than small-bodied 

ornamentals, husbandry methods derived from food fish research may be inappropriate.  

Therefore, there is a need for research directed specifically towards improvement of 

ornamental fish husbandry practices. 

In particular, there is relatively little scientific research concerning the use of 

aeration in ornamental fish production.  Dissolved oxygen (DO) is a critical component 

for fish health.  Low oxygen events account for more fish mortalities than any other 

water quality parameter (Boyd 1990).  Despite the importance of DO for fish health and 
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survival, aeration standards have not been scientifically established for ornamental fish 

production. 

Another potential cause of disease and mortality occurs when fish are harvested 

for sale.  Handling associated with harvest can cause physical trauma, and crowded 

conditions during holding and transport can quickly lower DO and compromise water 

quality, exposing fish to toxic levels of ammonia.  Stress associated with handling and 

transport may increase susceptibility to pathogens, thereby decreasing yield and quality 

of fish for sale (Noga 2010; Pasnik et al. 2010).   

The goal of this research was to study two important factors in ornamental fish 

production: 1) the method of pond aeration and 2) medical treatment of fish after 

harvest. Specifically, three pond aeration methods (the most commonly used method in 

ornamental production and two newer methods) were studied for their influence on 

zebra danio Danio rerio growth and survival.  Pond physical, biological, and chemical 

parameters were also examined for differences in water quality and productivity as a 

result of aeration method.  After harvest, danios were treated with one of three broad-

spectrum medications (bronopol, hydrogen peroxide, and diquat).   Fish survival, 

appearance and behavior were compared to determine relative saleability before and 

after the application of holding treatments.   

Because relatively little published literature exists in ornamental fish production, 

this research may potentially help producers improve current production practices.  To 

date, supplemental aeration is not universally implemented in ornamental pond 

production, and low dissolved oxygen is an ongoing health concern, particularly in the 

warm Florida climate in which the majority of domestically farmed freshwater 
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ornamental species are produced.  Also, stress-induced disease outbreaks occasionally 

lead to significant losses after harvest.  Improvements in pond production and harvest 

techniques can increase survival and quality of farmed ornamental fish and lead to a 

stronger aquaculture industry for the state. 
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CHAPTER 2 
LITERATURE REVIEW 

 
Several topics relevant to the studies described in Chapters 3-5 will be discussed 

in this literature review.  In particular, the subjects of ornamental fish production, 

husbandry practices, and commonly cultured species will be addressed.   

Pond Production in Florida 

Ornamental fish culture in Florida began in the 1930s, and it has since expanded 

into a multi-million dollar industry for the state (Watson 1999).  Florida is an ideal 

location for outdoor pond culture of tropical fish.  The year-round warm climate falls 

within the optimal temperature ranges for thousands of freshwater ornamental species 

(Shireman and Lindberg 1985).  Also, the combination of flat topography, high aquifer 

(water table), and high soil permeability that exists in the central and southern portions 

of the state is ideal for the use of excavated earthen ponds (Haman et al. 1991; Watson 

and Shireman 1996).  The highest concentration of ornamental facilities in the state is 

located in Hillsborough and Polk counties.  A large international airport located in 

Tampa is conveniently close, making transportation of Florida-farmed fish easy and fast 

(Miller-Morgan 2010). 

Outdoor ornamental production ponds in central and south Florida are usually 

kept small, at a surface area of approximately 8 x 25 m and a maximum depth of 2 m 

(Watson and Shireman 1996; Figure 2-1).  Central Florida’s hard soil composition 

allows ponds to retain water without the use of a liner, and water is supplied from the 

shallow aquifer.  Ground water in central and south Florida is typically hard and alkaline, 

with total alkalinity and total hardness each exceeding 100 mg/L CaCO3, and pond pH 

ranges from 8 to 9 in most locales (Watson and Shireman 1996).  The wide variety of 
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ornamental fish raised in small outdoor ponds is remarkable. Thousands of fish species 

from several families, including minnows (Cyprinidae), cichlids (Cichlidae), tetras 

(Characidae), rainbowfishes (Melanotaeniidae and Pseudomugilidae) and catfishes 

(Loricariidae and Callichthyidae) are currently produced in Florida (Hill and Yanong 

2002).   

Ponds are typically prepared for stocking by draining, then pressure washing the 

banks to remove the loose upper layer of detritus and organic material.  Once ponds are 

cleaned, hydrated lime (calcium hydroxide [CaOH]) is applied evenly to the substrate to 

quickly raise pH above 11 and target remaining organisms in the pond, including 

potential predators, pests, and pathogens (Arce and Boyd 1975).  Hydrated lime also 

acts as a temporary source of hardness and alkalinity for ponds.  Alkalinity is the 

collective term for all titratable bases in the water, including carbonate, bicarbonate, and 

hydroxide, that buffer against pH fluctuations.    Alkalinity levels in ponds are primarily 

influenced by the soil type.  Most central and southern Florida ponds have naturally high 

alkalinity and do not require a supplemental alkalinity source; however, if alkalinity is 

lower than 50 mg/L, a long-acting source of lime, such as agricultural limestone 

(CaCO3), is also recommended to increase alkalinity (Boyd 1990).  Limestone also acts 

as a long-term source of water hardness (i.e., the total concentration of divalent cations, 

primarily calcium and magnesium).  Water hardness is important for egg structure and 

musculoskeletal development in fry, as well as metabolism and acid/base balance in all 

life stages of fish (Lall and Lewis-McCrea 2007).   

After the addition of lime, a fertilizer source is also added to the pond.  The most 

commonly used fertilizer in Florida ornamental production ponds is cottonseed meal (C. 
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Martinez, University of Florida, personal communication).  Fertilizer provides the pond 

with vital nutrients, primarily nitrogen, phosphorus, and potassium, which are needed to 

support macrophyte and phytoplankton populations.  Nutrients initially stimulate a bloom 

in phytoplankton, which in turn serves as the base of the food web for pond organisms 

(Boyd and Tucker 1992, Kurten et al. 1999).  The smallest zooplankton, rotifers, 

increase in number first and are followed by increasingly larger plankton (copepods and 

cladocerans).  This process, known as succession, can take up to several weeks to 

complete after fertilization, and timing is dependent on several factors including 

temperature, weather, and fertilizer dose (Ludwig et al. 1998).   Phytoplankton and 

zooplankton both serve as vital food sources for small fish in a pond system.  The size 

of plankton consumed depends on fish size and age.  Rotifers are an ideal first food for 

fry because their size (0.04-2.5 mm body length) is smaller than the gape of many fish 

species (Hoff and Snell 1993).  Daphnia, commonly known as water fleas, are members 

of a larger class of zooplankton known as cladocerans.  Cladoceran body length 

depends on life stage and may reach 3 mm, making them an ideal food source for 

larger fry (Ludwig 1999).  Copepods, the third major type of zooplankton, also reach 2-3 

mm as adults and are a common food source for larger fry (Ludwig 1999).  It is 

important to properly time stocking of fish after pond fertilization so that appropriately 

sized plankton are available for consumption (Boyd 1990).   

Fertilizer, as a source of nitrogen, temporarily causes increases in total ammonia 

nitrogen (TAN) and nitrite in the pond.  TAN includes both ionized ammonium (NH4
+) 

and unionized ammonia (NH3).  The unionized form is much more toxic to fish, with as 

little as 0.06 mg/L adversely affecting some fish species (Noga 2010).  The ratio of 
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unionized and ionized ammonia in water depends on several factors, primarily 

temperature and pH.  As pH and temperature increase, the portion of unionized (i.e., 

more toxic) ammonia increases.  Water with a pH below 7.0 has almost no unionized 

ammonia.   Besides fertilizer, the main source of ammonia in ponds is excretion from 

fish; however, other sources include rotting organic matter and animal waste.  Nitrite is 

a result of bacterial oxidation of ammonia.  Like ammonia, nitrite can be toxic to fish at 

very low concentrations.  Nitrite sensitivity varies among fish species (Lewis and Morris 

1986), and some groups of fish (e.g., centrarchids) are even resistant to nitrite toxicity.  

Bacterial species also convert nitrite into nitrate, a relatively nontoxic form of nitrogen.  

After a new pond is cleaned, limed, and fertilized, it takes several days to weeks for 

nitrifying bacteria populations to establish.  Until this occurs, TAN and nitrite may rise 

above safe levels for fish; therefore, water quality parameters should be monitored prior 

to stocking.   

Recommended stocking practices for ornamental fish species depend on 

whether they are egg-laying or livebearing.  Livebearing species are usually stocked as 

adults and allowed to spawn in the pond.  Fry are then periodically harvested based on 

size and grade.  Egg-laying species, on the other hand, are usually spawned in a 

hatchery setting and then stocked into ponds as fry for a finite growout period, after 

which the entire pond is harvested for sale.  Recommended stocking density in ponds is 

variable, depending on the fish species, pond design, and whether any life support is 

supplemented to the pond.  Like any agricultural commodity, the goal of ornamental 

aquaculture is to produce large yields of a high quality product, as quickly and 

economically as possible.  While increased stocking rates may potentially grow more 
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fish and generate more profit, there are drawbacks to heavy stocking.  Crowded ponds 

are at a higher risk for issues that can hinder growth and survival.  For example, heavy 

feeding and dense stocking can lead to poor water quality.  In particular, higher 

numbers of fish excrete more ammonia into the water.  Also, crowded ponds have 

higher oxygen demand and are at risk for low DO issues.  Finally, there is an increased 

risk of disease issues in densely stocked habitats (Noga 2010). 

Aeration in Aquaculture 

Dissolved oxygen is arguably the most important water quality parameter in 

aquaculture (Boyd 1990).   Oxygen is a critical parameter for many reasons.  First, 

water’s oxygen carrying capacity is much lower than that of the atmosphere.  For 

example, the atmosphere at sea level contains 21% oxygen, whereas water at 28°C is 

saturated with oxygen at only 7.8 mg/L (or 0.078%).  Another important factor regarding 

oxygen is that DO levels can change rapidly, fluctuating from satisfactory to critically low 

within minutes to hours.  Therefore, a low oxygen event may not be noticed without 

close observation, and intervention may be too late.   

Oxygen is supplied to water via three basic mechanisms: 1) diffusion across the 

water surface from the atmosphere; 2) wind and wave action; 3) photosynthesis by 

algae and plants. Photosynthesis is the primary source of oxygen in outdoor ponds.  

Phytoplankton produce oxygen during daylight hours but, along with other organisms in 

the pond, they also consume oxygen via respiration.  During the overnight hours, the 

absence of photosynthetic activity in the water causes an overall decrease in oxygen 

content in the water.  Ponds typically have a diurnal rise and fall in DO levels, with peak 

levels usually reached in the afternoon before dusk and lowest levels just before dawn.  

A severe decrease in DO can lead to what is known as an “oxygen depletion event,” 
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where suboptimal DO levels cause morbidity or mortality in the fish population (Francis-

Floyd 1992; Torrans 2005).  While oxygen depletion events can occur at any time, in 

Florida they are most common during summer months.  This is due to a number of 

factors.  As ambient temperatures increase, water temperatures rise and DO 

concentration in the water decreases.  Because fish are poikilothermic, metabolic rate 

goes up with increasing temperature and causes oxygen demand to increase.  Thus, 

any available oxygen is consumed more quickly by fish in warmer water.  Other factors 

leading to decreased DO in the summer are also related to environmental conditions.  

Sunlight and warm temperatures can cause stratification in the water, leading to a 

warm, oxygen-rich surface layer and a cooler, oxygen-depleted bottom layer (Chang 

and Ouyang 1988).  Once disturbed via wind or rain, mixing of these two layers occurs 

and the total DO concentration in the pond may quickly decrease in what is known as a 

“turnover event.”  Prolonged periods of cloudy weather can also decrease 

photosynthetic activity in the pond, steadily decreasing DO levels until an oxygen 

depletion event occurs (Boyd and Tucker 1979; Francis-Floyd 1992).   

 Supplemental aeration is the primary method for mediating low DO events in 

pond systems (McGee and Cichra 1991).  Besides raising oxygen levels for fish, there 

are multiple benefits to providing aeration.  Increased oxygen levels have been shown 

to support heavier populations of nitrifying bacteria than static ponds, allowing for more 

efficient bacterial decomposition of waste and faster mediation of poor water quality 

(Fernandes et al 2010).  Also, many aerator designs minimize oxygen and temperature 

stratification by increasing water circulation (Rogers 1989), resulting in better DO levels 



 

21 

throughout the pond and an increased habitable volume for fish (Rogers and Fast 

1988).   

A minimum DO concentration of 5 mg/L is recommended for optimal freshwater 

fish health (McKee and Wolf 1963; Swingle 1969), and mortalities may occur if DO 

concentration is prolonged at less than 2 mg/L (Noga 2010).  Critical DO levels are 

species-specific; however, DO levels at or near saturation (7.8 mg/L at 28°C) are 

recommended for most ornamental fish species (Lawrence 2007).  Low DO 

concentrations have been linked to decreased hatching and growth rates, lower feed 

consumption, and even mass mortality events in extreme cases (Brungs 1971; 

Buentello et al. 2000; Das et al. 2012).   Chronically low DO levels have been 

associated with exacerbation of a number of fish pathogens, including Mycobacterium 

(Noga 2010), Streptococcus spp. (Evans et al. 2003; Russo et al. 2006), and 

Flavobacterium columnare (Noga 2010). 

The majority of pond aeration studies conducted thus far have been performed 

on cultured food fish species, including catfish and carp (Boyd 1990; Pawar et al. 2009).  

Channel catfish (Ictalurus punctatus) production is typically intensive, with heavy 

stocking and feeding rates.  Food fish species are large-bodied and have a high oxygen 

demand; therefore, DO is often consistently monitored in food fish operations,  and 

emergency aeration is implemented as needed to prevent nighttime DO from falling to 

stressful levels (Boyd and Tucker 1979).  The most common aerator types in food fish 

culture include paddle wheels and pumps that are electrically operated and powerful 

enough to treat large 3-20 hectare ponds.  Aeration is most commonly used on an as-

needed basis, since research suggests there is no added benefit in channel catfish 
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growth rate and survival when aeration is provided continuously versus nightly (Boyd 

1990).   

While aeration has been studied extensively in food fish production (Boyd and 

Tucker 1979; Boyd 1998), aeration standards have not been established for ornamental 

fish pond production.  So far, most ornamental husbandry practices have been based 

either on other areas of aquaculture or on empirical observation within the ornamental 

fish industry.  Information based on non-ornamental species (e.g., food fish) cannot be 

considered universally applicable or appropriate for all areas of aquaculture, particularly 

ornamental production.  Most ornamental fishes are much smaller than food fish 

species, and some popular ornamentals (e.g., fancy goldfish and freshwater angelfish) 

are more delicate.  Powerful aerators that are ideal for large catfish ponds may not 

perform similarly in ornamental fish ponds that are 100 times smaller; therefore, food 

fish practices may not be appropriate for small-bodied ornamental species.   

Currently, the most popular aeration method for ornamental production ponds 

consists of air stones attached to a floating line that is aerated using a low energy air 

blower.  This design was developed in the early 1980s and is known as FAT CAT™ 

Aeration (Heideman 1983; Figure 2-1).  Most ornamental producers in central Florida 

either use air stones or no aeration at all.  Other aeration methods, such as diffusers, 

airlift systems, and electrically-powered pumps (Boyd 1998) are not widely used in 

ornamental pond production.    

Zebra Danio Species Profile 

A wide variety of freshwater ornamental fishes are currently raised in Florida, 

including cyprinids, tetras, cichlids, livebearers, and catfishes (Hill and Yanong 2002).   

The zebra danio was chosen as the research model for the aeration and pond harvest 
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studies described in Chapters 4 and 5.  Also known as the zebrafish, the zebra danio’s 

small size and active, hardy nature make it one of the most popular aquarium fish 

species.  Several natural and manmade aquarium variants exist, including longfin 

morphs and blue, gold, and albino colorations.  In 2003, a transgenic variety of 

zebrafish known as the Glofish™ was developed and introduced for sale to the public 

(Gong et al. 2003).  Four vividly fluorescent colors of Glofish™ have been trademarked 

so far.  The zebra danio’s popularity as a genetic model has also recently increased, 

making it one of the most common species for vertebrate research. 

The zebra danio belongs to the Cyprinidae family, which is one of the largest 

families of freshwater fishes.  There are 44 recognized danioin (danio and similarly 

related) species throughout the world (Fang 2001).  Adults grow up to 4 cm in standard 

length, and both sexes have a characteristic striped appearance on the body and fins 

(Laale 1977).  The zebra danio is native to the Indian subcontinent where it is found in a 

wide variety of habitats, including floodplains, manmade lakes, ponds, irrigation 

channels, rivers and streams (Daniels 2002; Spence et al. 2007b).  Natural habitats 

typically contain aquatic vegetation and have a silty substrate.  Danios travel in small 

shoals and occupy the entire water column in both open and planted areas (Spence et 

al. 2007b).  Zebra danios are commonly perceived as a hardy fish in captivity; however, 

water quality is still important for providing optimal husbandry conditions.  Wild zebra 

danios are found in slow-moving water that is slightly alkaline with a pH around 8.0, and 

recommended pH range for domesticated zebra danios is 7.0-8.0 (Lawrence 2007).  

The annual temperature range is approximately 6-38°C (Spence et al. 2007b), and 

controlled laboratory experiments show that zebra danios have a temperature tolerance 
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range of 6.7-41.7° C (Cortemeglia and Beitinger 2005).  Zebra danios also prefer hard 

water; the recommended hardness for systems is greater than 100 mg/L CaCO3 

(Lawrence 2007).  The zebra danio’s exact dissolved oxygen (DO) requirement is 

unknown; however, it is recommended to maintain DO levels as close to saturation as 

possible (7.8 mg/L at 28.0°C) to prevent stress and decreased production (Lawrence 

2007).   

The mean lifespan of domesticated zebrafish is 42 months (Spence et al. 2007a), 

though individuals have been documented at over 5 years of age in captivity (Lawrence 

2007).  Reproductive maturity is relative to size rather than age.  Captive zebra danios 

raised at 25.5°C reach maturity around 75 days at a size of approximately 23-24 mm SL 

(Eaten and Farley 1974).  Wild danios also reach sexual maturity at this size, although 

growth rate is slower (Spence et al. 2007a).   

Zebra danios spawn in groups and lay eggs directly onto the substrate with no 

parental care (Spence et al. 2007a).  In aquaculture, it is standard to breed pairs or 

small groups in small tanks or boxes with a mesh or grill bottom, which allows eggs to 

fall through the mesh and avoid cannibalism by broodstock (Lawrence 2007).  Females 

are capable of spawning several hundred eggs as often as every 2-3 days (Kimmel et 

al. 1995).  Eggs hatch approximately 48-72 hours after they are laid, and larvae then 

attach to hard surfaces where, after swim bladder inflation at 2-3 days old, they become 

free swimming (Kimmel et al. 1995).  Larval feeding, which begins 4-6 days after 

hatching, coincides with absorption of the yolk sac (Goolish et al. 1999; Lawrence 

2007).    
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Food selection and water quality are both very important factors when raising 

zebra danio fry.  Fry are gape-limited, and the best feeds for youngest fry include a 

mixture of ciliates, rotifers, Artemia, and commercially formulated feeds (Brown 1997).  

In a hatchery setting, fry should be fed several times a day or continuously (Spence et 

al. 2007a).  Although individual tanks with recirculating systems can be used, in Florida 

zebra danio larvae are typically stocked into outdoor earthen ponds for growout.  

Growth rate of zebra danios is fastest in the first three months of life (Spence et al. 

2007b).  In Florida, growout to market size is typically 10-16 weeks during the summer, 

depending on stocking and feeding rates (J. Diaz, 5-D Tropical; C. Martinez, University 

of Florida; T.Simmons, Steve Simmons Aquatics Inc., personal communications).   

Zebra danios are generalists that feed on a wide variety of food items.  Gut 

content analysis performed in wild danios revealed phytoplankton, zooplankton, insects, 

arachnids, filamentous algae and plants (McClure et al. 2006; Spence at al. 2007a).  

Feeding rate is typically based on percent body weight, with larval fish in indoor systems 

being fed 50-300% BW per day and adults 1-10% BW (Lawrence 2007).  Because 

zebra danios are cyprinids and lack a true stomach, frequent meals with an appropriate 

diet should be provided for maximum growth. 

There are several reasons why the zebra danio was chosen as the research 

model for the studies described in Chapter 4-5.  First, cyprinids make up one of the 

largest and most popular fish families in the ornamental industry; therefore, the zebra 

danio is a representative model for a substantial portion of ornamental fish produced in 

Florida.  Also, the aeration and harvest studies outlined in Chapter 4 and 5 required a 

combined stocking rate of over 1 million danio fry; therefore, a readily available 
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ornamental species was needed. The zebra danio is currently the second most common 

freshwater ornamental species in the United States by volume (M. Meyers, PIJAC, 

personal communication), and high numbers of fry were available from local producers.  

The zebra danio’s relatively short generation time among freshwater ornamental 

species also made it suitable for the 3-month growth study designed in Chapter 4.   
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Figure 2-1.  Photograph of a typical earthen pond used in ornamental fish production, 

measuring 18 x 7.5 m.  This pond is equipped with a FAT CAT™ style aerator 
constructed of poly tubing and multiple air stones, the most common aeration 
method for ornamental production ponds in Florida. 
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CHAPTER 3 
PRELIMINARY INVESTIGATION OF AERATION METHODS IN SMALL 

AQUACULTURE PONDS 

Overview 

The use of supplemental aeration has been studied in various areas of 

aquaculture, including baitfish and food fish culture (Boyd 1998; Pawar et al. 2009).  

Aeration provides benefits to intensive pond culture, not only by directly correcting low 

oxygen problems but also by improving water quality via oxygenation and water mixing. 

One area of aquaculture that remains relatively unstudied with regards to 

aeration is small pond culture of ornamental fish.  Freshwater ornamental fish 

production in the United States primarily occurs in the state of Florida.  Warm 

temperatures in the region potentially contribute to low oxygen events, due to the 

decreased oxygen carrying capacity of water at warmer temperatures.  To date, the 

most commonly used aeration method in ornamental pond culture is air stones, and 

alternative methods have not been scientifically researched (C. Martinez, University of 

Florida, personal communication).  This study examined the effect of three aeration 

methods (air stones; fine bubble diffuser box; vertical pump) on dissolved oxygen and 

other water quality and chemistry parameters in small fishless ponds.   

Methods 

 The aeration study took place at the University of Florida Tropical Aquaculture 

Laboratory (UF-TAL) located in Ruskin, Florida (Figure 3-1).  The trial occurred during 

the period of June to August, 2011.   

Pond Preparation 

 Existing outdoor earthen ponds at UF-TAL were used for the aeration trial.  

Ponds measured approximately 18 x 7.5 m, with an average water depth of 1.4 m.  
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Each pond was already equipped with adjustable-flow PVC pipes supplying aerated well 

water and air from the facility’s blower. 

 Prior to the trial, ponds were drained and banks were pressure washed to 

remove any loose detritus and organic material.  Cottonseed meal fertilizer and 

hydrated lime (CaOH) were applied to the banks at a rate of 11.3 kg/pond and 22.6 

kg/pond, respectively.  Dosing rates for lime and fertilizer were representative of 

common ornamental industry practices.  Following cleaning, ponds filled with ground 

water within approximately 72 hours.  Once ponds were full, aerators were installed and 

the study began, lasting for 42 days.  Pond maintenance throughout the study included 

observation three times daily to ensure aerators were operating correctly.  Any aerator 

malfunctions, such as lost air stones or clogged motors on vertical pump aerators, were 

repaired within 24 hours.   

Aeration Methods 

Three types of aerators were used in this study:  1) air stones; 2) diffuser box; 3) 

vertical pump aerator.  Aerators were randomly assigned to ponds, and four replicate 

ponds were used for each aeration method.   Air stone aerators were constructed at UF-

TAL using a design developed in the early 1980s known as FAT CAT™ Aeration 

(Heideman 1983; Figure 3-2).   UF-TAL design consisted of a single 18-m length of 13-

mm diameter rigid poly pipe.  Five 0.75-m drop lines made of airline tubing were 

installed into the poly pipe, positioned in 1.5-m intervals and each fitted with single 50-

mm silica air stone.  The poly pipe was then anchored at each end of the pond, 

suspending it at the water surface along the middle of the pond (Figure 3-3a).   

The fine bubble airlift pump aerators used in this study were created by Carlos 

Martinez, UF-TAL extension faculty, and adapted from a three-sided box aerator design 
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that generates directional water flow (J.A. Chappell, Auburn University, personal 

communication).  Airlift pump aerators consisted of multiple rows of high-efficiency 

diffuser tubing fitted to a PVC frame, which was suspended in the water using a 

weighted PVC frame and pontoons (Figure 3-2).   White poly liner covered three of four 

lateral sides of the cube, leaving one side open for directional flow of diffused air to exit 

the aerator (Figure 3-3b).  An OEM style rotameter (Omega Engineering, Inc., Stamford, 

Connecticut) was used weekly to ensure consistent airflow among all diffuser box 

aerators.   

The third aeration method was a vertical pump pond aerator (Model 2400AF; 

Kasco Marine, Inc., Prescott, Wisconsin).  The aerator consisted of a submersible 

electric ½-HP, 120-V, single-phase motor with an impeller attached to the shaft.  The 

motor was suspended by a circular thermoplastic float, and water propelled directly 

upwards from the impeller into the air.  The aerator was positioned in a central area of 

the pond (Figure 3-3c), and an insulated cable supplied power from a pond-side 

electrical outlet.   

Dissolved Oxygen and Temperature 

 Dissolved oxygen concentration, oxygen saturation, and water temperature were 

measured three times a day for 42 consecutive days.  Readings were taken 30 minutes 

prior to sunrise (0545-0700 hours, depending on sunrise time), midday (1130-1300 

hours) and in late afternoon (1600-1800 hours).  Lightning prohibited pond work a total 

of eight times, resulting in the loss of one morning data collection, four midday 

collections, and three late afternoon collections.  A handheld dissolved oxygen meter 

(ProODO™; YSI Inc., Yellow Springs, Ohio) was used to record measurements.  

Oxygen and temperature measurements were obtained from the pond bank at a depth 
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of 0.25 m.  For consistency, three recordings were taken at the same locations in each 

pond and averaged to obtain mean values for each pond.   

Water Chemistry and Quality 

        Water samples were collected from each pond once daily for water chemistry 

analysis.  Samples were obtained using a 3-m PVC water column sampler with a swing 

check valve on one end.  The sampler was submerged approximately 1.0 m beneath 

the water surface from three points on the pond bank and emptied into a bucket.  From 

the collected volume, a 500-mL subsample was saved for testing.  Samples were 

analyzed within 1 hour of collection.     

Total ammonia nitrogen (TAN), nitrite, and pH were analyzed daily.  Total 

alkalinity and total hardness were tested weekly.  All parameters were analyzed using a 

Hach Freshwater Fish Farmer's Kit (Model FF-1A; Hach Co., Loveland, Colorado).  

Secchi disk measurements were obtained once weekly in each pond.  The disk was 

submerged until it first vanished from sight. Measurements greater than the length of 

the pipe (1.5 m) were marked “>1.5 m.”   

Statistical Analysis 

Daily DO, temperature, and water quality data were analyzed using one-way, 

repeated-measures analysis of variance (ANOVA) (MIXED procedure).  Water quality 

dynamics following pond fertilization were analyzed using one-way ANOVA with the 

general linear models (GLM) procedure.  Both procedures were followed with post-hoc 

analysis using Tukey’s multiple comparison procedure.  All statistical analyses were 

performed in SAS ® version 9.3 (SAS Institute Inc., Cary, North Carolina).  All numerical 

data are represented as the mean ± standard error (SE).  Statistical differences were 

considered significant at P < 0.05.   
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Results 

 Pre-dawn DO concentrations (mg/L) and oxygen saturation (%) were highest in 

ponds with vertical pump aerators, while ponds with air stones had the lowest values 

(Figure 3-4, Table 3-1).  Ponds with diffuser boxes had intermediate levels (DO 

concentration: F80,359 = 3.39, P < 0.0001; oxygen saturation: F80,359 = 3.11, P < 0.0001).  

Pre-dawn DO levels in air stone ponds fell below the minimum desirable concentration 

of 5 mg/L on 13 out of 41 sampling days, while ponds with the other two aeration 

methods maintained mean values above 5 mg/L throughout the study.   

 Midday DO concentrations and oxygen saturation percentages followed similar 

patterns to the morning values, with vertical pump aerators having the highest mean 

values, diffuser boxes having intermediate values, and air stone ponds having the 

lowest values (DO concentration: F74,330 = 1.71, P = 0.0009; oxygen saturation: F74,330 = 

2.31, P < 0.0001; Figure 3-4; Table 3-1).  In the late afternoon, all ponds became 

supersaturated; however, ponds with air stones and diffuser boxes reached significantly 

higher DO concentrations and percent saturation levels than ponds with vertical pump 

aerators (DO concentration: F76,342 = 1.84, P < 0.0001; oxygen saturation: F76,342 = 1.89, 

P < 0.0001; Figure 3-4; Table 3-1).  Ultimately, diurnal fluctuation was greatest in air 

stone ponds, followed by ponds with diffuser boxes.  Ponds with vertical pump aerators 

had minimal diurnal oxygen fluctuation.     

 Throughout the experiment, water temperature in ponds with vertical pump 

aerators was, on average, 1.0 °C cooler than other ponds (Table 3-1).  This finding was 

statistically significant for morning and midday readings (morning: F80,359 = 2.36, P < 

0.0001; midday: F74,330 = 2.94, P < 0.0001), but not for afternoon readings (F76,342 = 

1.96, P = 0.1866).  
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Mean daily values for the majority of tested water quality and chemistry 

parameters, including TAN, pH, alkalinity, hardness, and Secchi depth, were not 

significantly different among aeration methods.  One exception was nitrite, which was 

higher throughout the study in diffuser box ponds than in ponds with other aeration 

methods (F82,369 = 1.58, P = 0.0026).  Nitrogen components (TAN and nitrite) followed 

similar trends among aeration methods after ponds were fertilized with cottonseed meal, 

and no differences were observed in peak TAN, peak nitrite, and nitrogen cycle length 

(Table 3-2).   

Discussion 

The air stone aerator, which is based on the FAT CAT™ Aeration design, is the 

most common aeration method currently used in ornamental fish production ponds (C. 

Martinez and C. Watson, University of Florida, personal communications); however, this 

study showed that fishless ponds with air stones consistently had the lowest early 

morning DO levels of three tested aeration methods.  Diffuser boxes and vertical pump 

aerators, two aeration methods used more commonly in pond culture of non-ornamental 

fish species (Boyd 1998), each maintained acceptable morning DO levels throughout 

the study.  Results from this preliminary investigation suggest that alternative methods 

besides air stones may be more suitable for aeration of small ornamental ponds.   

Of the three aeration methods tested, ponds with vertical pump aerators had the 

least amount of diurnal oxygen fluctuation, with morning and afternoon saturation levels 

staying closer to 100% compared to the other two aeration methods (Table 3-1).  

Differences in diurnal fluctuation may have been due to several factors, including 

varying phytoplankton populations in ponds and different mixing ability of each aerator 

type.  Phytoplankton contribute to diurnal changes in ponds, because the daily rise and 
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fall of oxygen is a direct result of photosynthesis and respiration by phytoplankton.  

Although phytoplankton content was not directly measured in this study, Secchi depths 

were recorded on a weekly basis.  As a measurement of water clarity, Secchi is also 

considered an indirect parameter for estimating biological productivity in a water body 

(Florida LAKEWATCH 2000).  Secchi measurements in ponds with vertical pump 

aerators were not statistically different than other ponds; however, phytoplankton is only 

one of three factors contributing to Secchi readings, the other two being color and 

suspended sediments.  A more accurate indicator of phytoplankton content would have 

been chlorophyll a; however, chlorophyll was not analyzed in this study.  As the base of 

the aquatic food web, phytoplankton is essential for establishing populations of 

zooplankton for small fish to eat.  Phytoplankton and zooplankton are both desirable in 

ornamental production ponds as they serve as critical sources of food for small-bodied 

fish.  Zooplankton populations also were not measured in this study and would have 

been useful for comparing biological productivity among ponds.   

Differences in diurnal oxygen levels in this study may also have been caused by 

the differing mixing abilities of each aerator.  Aerators with powerful mixing action, such 

as the vertical pump, vigorously agitate the water to increase gas diffusion across the 

water surface.  Ultimately, mixing brings gas levels (e.g., oxygen and carbon dioxide) 

closer to equilibrium with atmospheric concentrations (Boyd 1990; Rogers 1990).  Of 

the three aeration methods tested in this study, the vertical pump was observed to have 

the strongest mixing action.  The cooler temperature observed throughout the study in 

vertical pump aerator ponds also implies better mixing of all thermal layers in those 

ponds.  
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Although vertical pump aerators had the highest morning oxygen levels and least 

diurnal fluctuation compared to other aerators, additional factors are also important for 

producers choosing an aeration method.  One key consideration is the cost of 

purchasing, operating, and maintaining the aerator.  Among the three aeration methods 

tested in this study, air stones were the cheapest aerator to build ($25 USD per unit), 

and they were simple to construct with minimal maintenance after installation.  Diffuser 

boxes were more expensive at $92 USD each for materials, yet they required no 

maintenance during the study other than routine rotameter readings to check for 

consistent air flow.  When purchased directly from the manufacturer, a ½ HP vertical 

pump aerator similar to the model used in this study retails for $795 USD, making it the 

most expensive of the three tested aerators.  Also, the vertical pump was the only 

aerator requiring pond-side electrical supply.  Electricity installation costs for a small 

ornamental fish farm can exceed $10,000 (C. Watson, University of Florida, personal 

communication), and monthly energy costs may exceed those needed to run a single air 

blower.  The vertical pump aerators in this study also required the most maintenance of 

all tested methods, because they frequently became clogged with aquatic plants.  

Clogging compromised aerator efficiency, and unclogging was necessary to prevent 

motors from malfunctioning.  Ultimately, a producer’s choice of aerator will require 

evaluations of cost and maintenance as well as the aerator’s oxygenating and mixing 

abilities. 

In conclusion, baseline information gained from this preliminary study shows that 

aeration and water circulation were the least pronounced in ponds with air stones, which 

are currently the most common method used in ornamental production ponds.  Data 
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collected from fishless ponds suggests that alternative aeration methods may provide 

additional benefits along with improved aeration, such as better water quality through 

increased oxygenation and circulation throughout ponds.  Future studies using ponds 

stocked with fish in a production setting will ultimately determine whether alternative 

aeration methods lead to improved production of ornamental fish species.   
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Figure 3-1.  Aerial photograph of the University of Florida Tropical Aquaculture 

Laboratory, located in Ruskin, Florida.  The research farm’s design, with 
multiple rows of small excavated ponds, is representative of ornamental fish 
production facilities in central and south Florida.   
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Figure 3-2.  Example of a fine bubble diffuser box aerator constructed for the study.  

This aerator was designed by Carlos Martinez, UF-TAL extension faculty.  
The aerator frame (A) provided buoyancy for the aeration mechanism, which 
consisted of multiple rows of diffuser tubing supplied by a flexible PVC airline 
(B).     
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Figure 3-3.  Schematic indicating aerator location within ponds for a) air stones; b) fine 

bubble diffuser box; and c) vertical pump pond aerator.  Arrows indicate 
directional water flow generated by each aeration method.   
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Figure 3-4.  Dissolved oxygen and oxygen saturation for research ponds containing one 

of three aeration methods.  Readings were taken three times daily for 6 
weeks.  Data points are expressed as mean values for each aeration method. 
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Table 3-1.  Dissolved oxygen (DO) and other water quality and chemistry values in 
ponds aerated with three aeration methods.  Data were collected over a 6-week 
period and are represented as mean ± SE, with ranges in parentheses. 
Significant differences (P < 0.05) are noted by different letters. 

Variable Air stones  Diffuser box  Vertical pump   

Pre-dawn  DO 
  (mg/L) 

 5.2 ± 0.10      
      (2.3-7.9) 

x        6.3 ± 0.06     
(4.3-7.1) 

y        7.4 ± 0.03     
(6.9-7.9) 

 z 

Midday DO  
  (mg/L) 

  7.0 ± 0.12      
(4.0-11.1) 

y         7.6 ± 7.1      
(5.3-10.8) 

y        8.4 ± 0.09     
(7.0-11.4) 

 z 

Afternoon DO  
  (mg/L) 

      9.0 ± 0.26      
(4.8-16.5) 

z         8.6 ± 0.17    
(5.9-13.7) 

z        8.4 ± 0.08     
(7.3-11.1) 

 y 

Pre-dawn oxygen    
  saturation (%) 

      68.5 ± 1.6      
(29.9-98.7) 

x        82.8 ± 1.6     
(55.9-91.3) 

y        94.9 ± 1.6     
(81.7-98.1) 

 z 

Midday oxygen  
  saturation (%) 

      92.4 ± 1.7      
(52.1-143.8) 

x       102.1 ± 2.7    
(68.9-280.4) 

y       109.5 ± 2.6    
(91.0-144.0) 

 z 

Afternoon oxygen  
  saturation (%) 

     119.7 ± 3.8     
(64.4-219.6) 

z      114.6 ± 2.6     
(79.4-183.3) 

z       109.9 ± 3.4    
(91.2-144.3) 

 y 

Morning  
  temperature (°C) 

      29.5 ± 0.17    
(26.8-31.6) 

z       29.7 ± 0.17    
(26.9-31.8) 

z       28.5 ± 0.19    
(26.0-30.4) 

 y 

Midday temperature  
  (°C) 

      30.3 ± 0.19    
(27.6-32.1) 

z       30.2 ± 0.18    
(25.5-32.3) 

z       29.3 ± 0.17    
(27.2-31.2) 

 y 

Afternoon  
  temperature (°C) 

31.5 ± 0.20 
(22.6-33.4) 

 31.6 ± 0.20 
(23.5-33.7) 

 30.5 ± 0.18 
(22.4-32.3) 

  

pH 8.4 ± 0.04 
(7.8-9.5) 

 8.4 ± 0.03 
(7.8-9.0) 

 8.6 ± 0.02 
(8.0-9.5) 

  

Total ammonia  
  nitrogen (mg/L) 

0.6 ± 0.02 
(0.3-1.5) 

 0.6 ± 0.03 
(0.3-1.5) 

 0.5 ± 0.02 
(0.2-1.4) 

  

Nitrite (mg/L)       0.17 ± 0.03    
(0-1.52) 

y       0.26 ± 0.06    
(0-1.99) 

z       0.18 ± 0.04    
(0-1.55) 

 y 

Hardness (mg/L  
  CaCO3) 

342.5 ± 8.8 
(307.8-444.6) 

 359.1 ± 14.8 
(290.7-444.6) 

 356.9 ± 11.9 
(290.7-442.5) 

  

Alkalinity (mg/L  
  CaCO3) 

149.6 ± 1.9 
(119.7-171.0) 

 144.6 ± 3.2 
(136.8-171.0) 

 148.2 ± 3.8 
(136.8-171.0) 

  

Secchi (m) 0.72 ± 0.02  0.90 ± 0.02  0.92 ± 0.02   
 (0.45-1.15)  (0.70-1.20)  (0.60-1.30)   
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Table 3-2.  Nitrogen components following fertilization with cottonseed meal in small 
ponds aerated using three methods.  Values are represented as mean (± SE).  
Nitrogen cycle length equals the number of days after cottonseed meal 
application until nitrite concentration fell and stabilized below 0.1 mg/L.  None 
of the differences were statistically significant using analysis with one-way 
ANOVA (P < 0.05). 

 
 
Aeration 
method 

 
 
Peak TAN 
(mg/L) 

Peak TAN 
(days after 
pond 
fertilization) 

 
 
Peak nitrite 
(mg/L) 

Peak nitrite 
(days after 
pond 
fertilization) 

 
Length of 
nitrogen 
cycle (days) 

Air stones 1.18 (0.18) 13.0 (2.0) 1.00 (0.35) 21.5 (1.0) 29.0 (5.3) 

Diffuser box 1.20 (0.06) 17.5 (1.9) 1.56 (0.17) 24.0 (0.9) 32.5 (3.0) 
Vertical  
  pump  

1.15 (0.18) 13.8 (1.7) 1.18 (0.26) 21.0 (0.7) 27.3 (2.4) 
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CHAPTER 4 
AERATION STUDY IN SMALL OUTDOOR PONDS STOCKED WITH ZEBRA DANIOS 

Overview 

 Small ponds are used worldwide for growing fish in the food, bait, and 

ornamental fish industries.  Some challenges in pond culture include poor water quality 

and its associated negative effects on fish.  In particular, dissolved oxygen is a critical 

parameter for fish survival.  Dissolved oxygen (DO) can change rapidly in pond systems 

and is capable of causing large-scale fish mortalities.  

 There are known benefits to providing aeration in aquaculture, including 

improved water quality, increased stocking densities, and improved fish health.  Studies 

have shown that fish growth and feeding rates improve when dissolved oxygen is 

maintained at acceptable levels (Brungs 1971; Buentello et al. 2000; Pichavant et al. 

2005; Torrans 2005).  A preliminary study performed at the University of Florida Tropical 

Aquaculture Laboratory (UF-TAL) tested the effects of three aeration methods on small 

fishless ponds.  Results revealed that electrically-powered vertical pump aerators had 

the highest pre-dawn DO levels as well as improved pond mixing compared to the other 

two tested methods (diffuser box and air stones).    

 In this study, the same three aeration methods were used in small ponds stocked 

with zebra danio fry.  Pond physical, biological, and chemical parameters were 

examined, and danio growth rate, health, and survival were evaluated.  The zebra danio 

was chosen for this study based on its popularity in the ornamental industry.  Native to 

the Indian subcontinent, the zebra danio is a small cyprinid reaching adult size of 

approximately 4 cm standard length (Laale 1977).  By volume, the zebra danio is 

currently the second most commonly produced freshwater ornamental fish in the United 
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States (M. Meyers, PIJAC, personal communication).  The normal (i.e., wild-type) 

morph was used for this study.   

Methods 

Pond Preparation 

This study took place at UF-TAL in Ruskin, Florida, during the months of June to 

August 2012, using existing outdoor ponds.  Each pond measured approximately 18 x 

7.5 m, with an average depth of 1.4 m, and was equipped with PVC lines supplying 

aerated well water and air from the facility’s blower.  Five weeks prior to cleaning, ponds 

were each treated with 1 L of 19.8% copper sulfate pentahydrate (Aqua-tec; Cheltec, 

Inc., Sarasota, Florida) to reduce periphyton (filamentous algae) content.  Ponds were 

later retreated with copper sulfate on day 58 of the 70-day trial in preparation for 

harvest.  Heavy periphyton is considered undesirable in ornamental ponds because it 

can clog pond equipment and complicate harvest procedures.   

 Ponds were prepared for stocking by draining and pressure washing the banks to 

remove the upper layer of substrate containing detritus and organic material.  

Cottonseed meal fertilizer was applied in a thin layer to the substrate at a rate of 11.3 

kg/pond, followed by 22.6 kg of hydrated lime (CaOH).  Dosing rates of lime and 

fertilizer were representative of common ornamental industry practices (C. Martinez, 

University of Florida, personal communication).  Following cleaning, it took 

approximately 5 days for ponds to fill with groundwater, and well water was 

supplemented to ponds to expedite the filling process due to a drought.  Once ponds 

were full, aerators were installed and started. 
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Aeration Methods 

Three types of aerators were used in this study:  1) air stones; 2) diffuser box; 3) 

vertical pump.  Aerators were randomly assigned to ponds, and four replicate ponds 

were used for each aeration method.   Air stone aerators were constructed at UF-TAL 

using a design developed in the early 1980s known as FAT CAT™ Aeration (Heideman 

1983).   UF-TAL design consisted of a single 18-m length of 13-mm diameter rigid poly 

pipe.  Five 0.75-m drop lines made of airline tubing were installed into the poly pipe in 

1.5-m intervals and each fitted with single 50-mm silica air stone.  The poly pipe was 

then anchored at each end of the pond, suspending it at the water surface along the 

middle of the pond (Figure 4-1a).   

The fine bubble airlift pump aerators used in this study were created by Carlos 

Martinez, UF-TAL extension faculty, and adapted from a three-sided box aerator design 

that generates directional water flow (J.A. Chappell, Auburn University, personal 

communication).  Aerators consisted of multiple rows of high-efficiency diffuser tubing 

fitted to a PVC frame, which was suspended in the water using a weighted PVC frame 

and pontoons (Figure 4-2).   White poly liner covered three of four lateral sides of the 

cube, leaving one side open for directional air flow of diffused air to exit the aerator 

(Figure 4-1b).  An OEM style rotameter (Omega Engineering, Inc., Stamford, 

Connecticut) was used weekly to ensure consistent airflow among all diffuser box 

aerators.   

The third aeration method was a vertical pump pond aerator (Model 2400AF; 

Kasco Marine, Inc., Prescott, Wisconsin).  The aerator consisted of a submersible 

electric ½-HP, 120-V, single-phase motor with an impeller attached to the shaft.  The 

motor was suspended by a circular thermoplastic float, and water was propelled directly 
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upwards by the impeller into the air for aeration.  The aerator was positioned in a central 

area of the pond (Figure 4-1c).  An insulated cable supplied power from a pond-side 

electrical outlet.  After aerator installation, pH, total ammonia nitrogen (TAN), and nitrite 

were monitored every other day until stocking.   

Zebra Danio Stocking 

Zebra danio fry were obtained for this study from a local ornamental fish 

producer.  Fry were spawned at the producer’s facility by placing equal numbers of 

broodstock in 20-L spawning containers with fine mesh partitioning to prevent 

cannibalism of eggs.  Broodstock were removed after spawning, and fry remained in the 

spawning containers until they became free swimming (8 days after broodstock 

introduction and 5 days post-hatch), at which point they were collected for stocking into 

ponds. 

 Prior to stocking, number of fry per spawning container was determined at UF-

TAL by counting fry in a subsample of ten containers.  Fry were euthanized in a 2.5 g/L 

solution of tricaine methanesulfonate (MS-222®; Tricaine-S; Western Chemical, 

Ferndale, Washington) buffered with sodium bicarbonate.  After euthanasia, batches of 

fry were placed within a small volume of water in a Petri dish, numbered and 

photographed.  Fry in each photograph were then hand-counted to determine average 

number of fry per spawning container.  This average number (7,230 fry per container) 

was used to verify pond stocking densities.   

Typical stocking densities in ornamental fish production are difficult to determine 

and may be highly variable among producers, because fry are usually not individually 

counted.  Zebra danio stocking rates are approximate and range anywhere from 30,000 

to 210,000 per pond (J. Diaz, 5-D Tropical, and T. Simmons, Steve Simmons Aquatics 
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Inc., personal communications).  A stocking rate of 79,500 fry per pond was chosen for 

this study as representative of industry practice.  Fry were transported from the 

producer’s facility to UF-TAL in oxygenated plastic bags.  At UF-TAL, bags of fry were 

arbitrarily distributed to ponds and floated in the water for 10 minutes for temperature 

acclimation.  Fry were then released into ponds. Total transport and acclimation time 

was less than 1 hour.  The aeration trial began on the day of stocking and lasted for 70 

days. 

 Upon stocking, fry were offered a commercially prepared diet at a daily rate of 

15% mean body weight (BW) divided into two feedings per day.  Feeding weights were 

based on average pooled wet weights obtained from fish subsamples during the pre-

trial fry counts.  A 45% protein tropical fish meal (Cargill Animal Nutrition, Inc., 

Minneapolis, Minnesota) was fed throughout the study.  After the first week of the trial, 

subsequent feeding rate was adjusted weekly according to weight measurements taken 

at 7-day intervals.  Each week, feeding rate for all ponds was increased to 15% BW of 

the heaviest subsample of fish.   In week 5, daily feeding rate was reduced from 15% to 

5% BW based on ornamental production recommendations (Francis-Floyd 2002; C. 

Martinez, University of Florida, personal communication).    Daily feed rates throughout 

the study ranged from 0.15 kg/pond (week 1) to 1.08 kg/pond (week 5) and a final 

feeding rate of 2.7 kg/pond (week 10).   

Pond Maintenance   

Pond maintenance included twice daily observation to ensure aerators were 

operating correctly.  All aerator malfunctions were repaired within 12 hours, excluding 

the unforeseen failure of three out of four vertical pump aerators throughout the study.  
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In each case of aerator failure, a replacement motor had to be ordered and shipped 

from the manufacturer, a process which took six days to occur after each malfunction.   

 Biosecurity measures were used throughout the study to minimize risk of any 

pathogen spread among fish populations. Strict biosecurity was impossible due to the 

outdoor, open environment and the inability to completely prevent disease vectors such 

as aquatic turtles, snakes, and birds from accessing the ponds; however, complete 

biosecurity is difficult in outdoor pond studies.  Disinfectants, including hydrogen 

peroxide and potassium peroxymonosulfate–sodium chloride (Virkon Aquatic; Western 

Chemical, Inc., Ferndale, Washington), were used to clean pond equipment after use, 

and bird netting and pyrotechnics were used to deter predators.   

Dissolved Oxygen and Temperature 

 Dissolved oxygen concentration, oxygen saturation, and water temperature were 

measured twice daily for 70 consecutive days.  Readings were taken 30 minutes prior to 

sunrise (0545-0700 hours, depending on sunrise time) and in the late afternoon (1600-

1800 hours).  A handheld dissolved oxygen meter (ProODO™; YSI Inc., Yellow Springs, 

Ohio) was used to obtain measurements.  Oxygen and temperature were measured 

from the pond bank at a depth of 0.25 m.  For consistency, three recordings were taken 

at the same locations in each pond and averaged to obtain mean values for each pond.   

In week 5 of the aeration trial, a diurnal oxygen study was performed.  DO, 

oxygen saturation, and temperature were recorded in each pond every 2 hours for a 24-

hour period, beginning and ending just before dawn.  In week 10 of the aeration trial, an 

oxygen profile study was performed.  Readings were taken at three locations in each 

pond: 1) the central/deepest area; 2) an area adjacent the pond bank; 3) a shallow point 

halfway between locations 1 and 2.  To determine the degree of oxygen and 
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temperature stratification in ponds, DO and temperature measurements at each location 

were recorded in 0.5-m depth intervals, starting at the surface (0 m) and descending 

until the probe touched the substrate.  The study occurred at 1400 hours.  

Lightning prohibited pond work a total of 14 times, resulting in the loss of five 

morning and nine late afternoon data collections.  During the fourth week of the study, 

Tropical Storm Debby resulted in significant flooding to research ponds.  Flooding did 

not rise above ground level, and therefore fish were not able to escape; however, 

flooding did coincide with the electrical failure of two of four vertical pump aerators on 

day 30 of the study.  A third vertical pump aerator malfunctioned earlier on the study on 

day 8.  In each case of failure, aerators were pulled from the ponds and motors were 

determined to be flooded with pond water.   On-site repair attempts were not successful; 

therefore, replacement motors had to be ordered, a process which took six days after 

every case of failure.  During the wait, supplemental aeration was not provided to the 

affected ponds.  DO and temperature were still recorded during periods of motor failure, 

although those values were not included in statistical analyses for this report. 

Water Chemistry and Quality         

        Water samples were collected from each pond once daily for water chemistry 

analysis.  Samples were obtained using a 3-m PVC water column sampler with a swing 

check valve on one end.  The sampler was submerged approximately 1.0 m beneath 

the water surface from three points on the pond bank and emptied into a bucket.  From 

the collected volume, a 500-mL subsample was saved for testing.  Samples were 

analyzed within one hour of collection.      

Total ammonia nitrogen, nitrite, and pH were analyzed daily until all three 

parameters stabilized (during week 5), after which measurements were taken every 
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other day.  Total alkalinity and total hardness were tested weekly.  All parameters were 

analyzed using a Hach Freshwater Fish Farmer's Kit (Model FF-1A; Hach Co., 

Loveland, Colorado).  Secchi disk measurements were obtained once weekly in each 

pond.  The disk was submerged until it first vanished from sight.  Measurements greater 

than the length of the pipe (1.5 m) were marked “>1.5 m.”   

Chlorophyll a 

Chlorophyll a analysis was performed once weekly using samples collected from 

each pond.  Water samples were collected by submerging a 1-gallon (3.8-L) plastic jug 

upside down to elbow depth in the water, then turning the container upright to fill it.  

Water samples were processed within 1 hour of collection.  Phytoplankton was 

concentrated by pouring water through a membrane filter.  The filter was then stored in 

silica dessicant at 0°C until submission to the Florida LAKEWATCH laboratory in 

Gainesville for analysis.  The method used for chlorophyll a measurement was pigment 

extraction with ethanol, followed by spectro-photometric methods (Sartory and 

Grobbelaar 1984).  

Zooplankton Densities 

Weekly water samples were collected from each pond for zooplankton density 

analysis.  Results for the first two weeks of the study were discarded due to partial loss 

of zooplankton samples.  A new method of sample preservation was designed in week 

3 and successfully used for the remainder of the experimental period.   

Two-liter (L) water samples were collected from each pond using a  3.0-m PVC 

water column sampler with a swing check valve on one end.  The sampler was 

submerged approximately 0.75 m below the water surface, taking care to avoid touching 

the bottom of the pond.  Samples were analyzed within 2 hours of collection.   Each 2-L 
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water sample was filtered through a 35-µm mesh sieve to retain all zooplankton while 

letting smaller debris (e.g., phytoplankton, fine detritus) filter through.  Retained 

zooplankton were washed from the sieve into a glass vial using 20 mL of filtered pond 

water.  After immobilizing plankton with acetic acid, samples were immediately 

processed by placing a 1-mL subsample on a Sedgewick-Rafter slide.   Zooplankton 

were counted according to type (rotifers, copepods, and cladocerans) using light 

microscopy at 100x magnification.  Counts were then used to determine densities of 

each type of zooplankton per L of pond water.   

Danio Growth 

Fish were collected for weekly mean total length (TL) and weight analyses.  A 

fine mesh net was used to catch 30 fish from each replicate pond in weekly intervals.  

As fish increased in size during the study, they became increasingly difficult to catch 

using the net, so the capture method was switched to wire minnow traps with 3-mm 

mesh in week 4.  Traps were baited with frozen shrimp and collected within three hours.   

Fish were euthanized in a 2.5-g/L solution of tricaine methanesulfonate (MS-

222®; Tricaine-S; Western Chemical, Ferndale, Washington) buffered with sodium 

bicarbonate.  Total length of each fish was measured in 0.01-mm increments using 

electronic calipers.  A pooled weight for 30 fish was recorded to the nearest 0.1 mg 

using a digital laboratory scale.  Pooled weight was used to calculate average individual 

fish weight in each pond.   

The ornamental producer who initially donated zebra danio fry also donated a 

sample of 30 “seller” size zebra danios for size analysis.  Average TL and weight were 

obtained on these fish to determine a representative saleable size for zebra danios.  
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These values were used as comparisons for research fish sizes, ultimately to determine 

the growout period for each aeration method.   

Danio Health Assessments 

Three days prior to harvest, a subsample of 20 fish was collected from each pond 

to examine physical appearance and external pathogen load.   Fish were captured from 

ponds using either a fine mesh net or a baited wire minnow trap.  Live fish were held in 

plastic bags containing pond water until examination, which was completed within two 

hours of capture. 

Any gross pathological signs (such as anatomic deformities or lesions) or 

abnormal behavior found on physical examination were noted.  Skin, fin, and gill 

biopsies were then collected from each fish, based on methodology described by 

Roberts et al. (2010).  The skin biopsy was collected from the left lateral body wall 

starting just behind the operculum and extending to the caudal fin.  Approximately 50% 

of the caudal fin was removed for examination.  A gill biopsy was collected from one gill 

arch on the right side.  Wet mounts of all tissues were prepared using fresh water.  

Immediately following biopsy collection, fish were euthanized in 2.5 g/L tricaine 

methanesulfonate (MS-222®; Tricaine-S; Western Chemical, Ferndale, Washington) 

buffered with sodium bicarbonate.   External tissue wet mounts were examined within 5 

minutes of biopsy collection.  Wet mounts were observed using light microscopy at 40x, 

100x, and 200x magnifications.  Pathological findings were quantified using three 

gradations (light, moderate, and heavy), and all samples were read by the author in 

order to minimize interpretation variation.  Gill mucus was quantified as “light” if mucus 

surrounding the gill filament measured less than 25% the width of the widest section of 

the filament.  “Moderate” gill mucus extended 25-50% the width of the filament, and 
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“heavy” gill mucus measured 50% or greater than the gill filament width.  Telangiectasis 

was noted by “light” (<10% of secondary lamellae in the gill sample affected), 

“moderate” (10-40% of secondary lamellae in the gill sample affected), or “heavy” (40% 

or more of the secondary lamellae affected).  Digene infections in the gill were 

quantified as “light” (1-3 metacercariae per 40x field), “moderate” (4-6 metacercariae 

per 40x field), or “heavy” (7 or more metacercariae per 40x field).       

Pond Harvest 

Ponds were completely harvested at the end of the 70-day aeration trial.  Due to 

limited capacity of the facility’s retention pond, the harvest process took four 

consecutive days to complete.  Forty-eight hours prior to harvest of each pond, 

commercial feed was discontinued to reduce oxygen consumption and ammonia 

production by fish during holding and transport (Wedemeyer 1996).  Immediately prior 

to harvest, ponds were drained halfway to concentrate fish into a smaller volume for 

easier collection.  Fish were collected using a seine net (18.3 m x 2.4 m, with 1.6-mm 

mesh) operated by two people.  The first collection spanned only half the pond’s length 

in order to avoid overloading the seine net with fish.  Three pulls spanning the entire 

pond area followed.  Each pond was pumped nearly empty prior to the final pull.  Fish 

were dip netted into insulated coolers containing a 1:1 mixture of pond water and 

aerated well water (i.e., holding system water), then transported to UF-TAL’s quarantine 

building for acclimation (Crosby et al. 2005b).   

Fish were weighed using a digital scale with a sensitivity of 2 g.  (Prior to harvest, 

scale accuracy was confirmed by comparing multiple fish weights with a more sensitive, 

calibrated digital scale.)  Gravid females and fry (estimated to be less than 3 weeks old, 

based on size) were observed in all vertical pump aerator ponds and in three of four 
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diffuser box ponds; however, fry were excluded from weight measurements and total 

yield as they were not considered to be marketable size.    To weigh harvested fish, 

plastic containers partially filled with well water were tared to zero.  Using dip nets, fish 

were separated from pond debris and pests and transferred to the containers after 

allowing excess water to drain from the net.  Seven to ten subsamples per pond, 

totaling approximately 1,000 fish, were also hand-counted after weighing to calculate 

average individual fish weight.  Average fish weight was then used to determine total 

number of fish per pond via the following equation: 

Estimated fish (#/pond) = Pond yield (g) / Mean fish weight (g)  

A subsample of 30 fish per pond was euthanized for TL and weight analysis, using 

similar methodology for size analyses during the aeration trial.   

Statistical Analysis 

Daily DO, temperature, and water quality data were analyzed using one-way, 

repeated-measures analysis of variance (ANOVA) (MIXED procedure).  Nitrogen cycle 

and harvest data were analyzed using one-way ANOVA with the general linear models 

(GLM) procedure.  Both procedures were followed with post-hoc analysis using Tukey’s 

multiple comparison procedure.  Health assessment data were analyzed using the 

Kruskal-Wallis (NPA1WAY) procedure, followed by Dunn’s nonparametric multiple 

comparison procedure.   All statistical analyses were performed in SAS ® version 9.3 

(SAS Institute Inc., Cary, North Carolina).  Numerical data are represented as mean ± 

standard error (SE).  Statistical differences were considered significant at P < 0.05, 

except for Dunn’s procedure which was significant at P < 0.15. 
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Results 

This study revealed that aeration method affected zebra danio growth rate and 

survival.  Pond dissolved oxygen and temperature values were different among aeration 

methods, and oxygen values followed trends similar to those observed during a 

preliminary study examining the same aeration methods in fishless ponds.  The majority 

of other water quality and chemistry values, as well as estimates of pond productivity, 

were statistically similar regardless of aeration method. 

Zebra Danio Growth, Survival, and Health 

Zebra danio growth was significantly faster for fish raised in vertical pump ponds 

than in ponds with air stones and diffuser boxes (TL: F18,81 = 6.40, P < 0.0001; average 

weight: F18,81 = 8.77, P < 0.0001; Figure 4-3 and 4-4).  In fact, maximum daily growth 

rate (which was observed during week 2 for all fish)  was nearly twice as fast for fish in 

vertical pump aerator ponds (1.09 ± 0.18 mm/day) compared to fish from ponds with 

diffuser boxes (0.68 ± 0.1 mm/day) and air stones (0.60 ± 0.04 mm/day).   

 At harvest, total mass of fish collected per pond was statistically similar among 

aeration methods (F = 2.22, df 2, P = 0.1647; Table 4-1); however, average individual 

fish weight and estimated number of fish per pond varied significantly depending on 

aeration method (individual fish weight: F=17.74, df 2, P = 0.0008; estimated number of 

fish: F = 8.82, df 2, P = 0.0076; Table 4-1).  There was an inversely proportional 

relationship between size and number of fish at harvest (Figure 4-5).  On average, 

ponds with air stones had the smallest size of individual fish but the largest yield in 

numbers.  In contrast, vertical pump aerator ponds yielded a smaller number of fish, yet 

individual fish were 2.5 times heavier than those from ponds with air stones.  Number 

and size of fish were intermediate for ponds with diffuser box aerators. 
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 Length-frequency histograms constructed using TL of danio subsamples 

measured at harvest illustrates the difference in size and uniformity among ponds 

according to aeration method (Figure 4-6).  Total length was normally distributed for air 

stone ponds and vertical pump aerator ponds; however, the size distribution of fish from 

diffuser box ponds was bimodal, with one replicate pond having notably larger fish than 

the other three ponds.  The most uniform fish population, indicated by standard 

deviation (SD) of TL at harvest, occurred in danios raised in ponds with air stones (SD 

2.66).  The only fish to uniformly reach saleable size within the 10-week growout period 

were those harvested from ponds with vertical pump aerators (SD 3.03).  A small 

portion of fish raised in ponds with diffuser box aerators also reached saleable size after 

10 weeks; however, the majority of fish were too small to be considered saleable and 

fish size was the least uniform of the three tested aeration methods (SD 4.65).   

 External biopsies performed just prior to harvest revealed that fish were generally 

healthy regardless of aeration method (Table 4-2).  The only pathogenic organisms 

detected were digene metacercariae (the larval stage of a parasitic trematode belonging 

to the subclass Digenea of the phylum Platyhelminthes).  Digenes were present in the 

gills of one-third of the fish examined from ponds with air stones.  Only 16% of sampled 

fish from diffuser box ponds had digenes, and digenes were absent in all fish sampled 

from vertical pump aerator ponds (χ2 = 32.1, df 2, P < 0.0001).  Digene levels were light 

in all positive fish (3 or less metacercariae per 40x field).  Excess mucus and 

telangiectasis in the gills, two indicators of possible irritation and/or trauma, were 

present in a significantly higher portion of fish from ponds with vertical pump aerators 

compared to the other two aeration methods (mucus: χ2 = 31.0099, df 2, P < 0.0001; 
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telangiectasis: χ2 = 33.7573, df 2, P < 0.0001).  Excess mucus on skin biopsies was 

seen only in fish from ponds with diffuser boxes and vertical pump aerators (χ2 = 

6.8961, df 2, P = 0.0318), while occurrence of excess mucus on the fins was statistically 

similar for fish from all three pond types (χ2 = 4.9950, df 2, P = 0.0823).   

During the 10-week trial, musculoskeletal deformities were observed in varying 

degrees in subsamples of fish from nearly every pond.  Occurrence was typically no 

more than 1 in 30 fish (3%), except for one diffuser box pond which had a notably 

higher occurrence.  In weeks 8 and 10, nine out of 30 (30%) fish in that pond had 

obvious signs of kyphosis and/or scoliosis (Figure 4-7).     

Dissolved Oxygen and Temperature 

Pre-dawn DO concentrations (mg/L) and oxygen saturation (%) were highest in 

ponds with vertical pump aerators, while ponds with air stones had the lowest values 

(DO concentration: F126,546 = 3.47, P < 0.0001; oxygen saturation: F126, 546 = 3.25, P < 

0.0001; Figure 4-8, Table 4-3).  Ponds with diffuser boxes had intermediate morning 

oxygen levels.  Vertical pump aerators maintained DO levels above the minimum 

acceptable level of 5 mg/L throughout the study.  The lowest observed morning DO in a 

pond aerated by a diffuser box was 4.9 mg/L, only slightly under the minimum 

recommended concentration for ornamental fish production.  Mean DO levels in air 

stone ponds fell below 5 mg/L on 18 of 65 mornings.   

In the late afternoon, all ponds became supersaturated; however, ponds with air 

stones and diffuser boxes reached significantly higher DO concentrations and 

supersaturation levels than ponds with vertical pump aerators (DO concentration: 

F120,523 = 1.83, P < 0.0001; oxygen saturation: F120, 523 = 1.92; P < 0.0001).  Diurnal 

fluctuation was the most pronounced in air stone ponds, followed by ponds with diffuser 
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boxes.  Ponds with vertical pump aerators had the least diurnal fluctuation.  Similar 

diurnal patterns were seen during the 24-hour diurnal oxygen study, revealing greater 

diurnal fluctuation in DO for diffuser box and air stone ponds than for vertical pump 

aerator ponds (Figure 4-9).   All ponds reached similar peak DO levels in the late 

afternoon; however, morning DO levels were more representative of concentrations 

observed throughout the entire trial.  Several days of cloudy weather preceded the 

diurnal study which, along with an afternoon thunderstorm on the day of the study, may 

have reduced photosynthetic activity in the ponds, resulting in less oxygen 

supersaturation compared to sunny periods of the aeration trial.   

 Oxygen profiles assembled for all ponds revealed minimal oxygen stratification in 

ponds with vertical pump and diffuser box aerators (Figure 4-10).  In the deepest area of 

the pond, DO decreased an average of only 0.1 mg/L (vertical pump) and 0.8 mg/L 

(diffuser box) between the water surface and bottom.  Ponds with air stones had a 

greater average decrease in DO of 2.8 mg/L between surface and bottom in the 

deepest area.  Water temperature decreased no more than 0.1°C from pond surface to 

bottom in all ponds regardless of aeration method.  DO and temperature readings taken 

at the pond bank and shallow areas were similar among aeration methods and 

remained constant from the water surface to pond bottom.  Throughout the 10-week 

aeration trial, pre-dawn and late afternoon temperatures were, on average, 1.1 °C 

cooler in ponds with vertical pump aerators than other aeration methods (morning, 

F126,546 = 3.36, P < 0.0001; afternoon, F120,523 = 2.38, P < 0.0001; Table 4-3).         

Pond Productivity 

No significant differences among aeration methods were detected for the majority 

of measured water chemistry and quality parameters (Table 4-3), including TAN (F86,387 
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= 1.09, P = 0.2968), pH (F86,386 = 1.02, P = 0.4444), and total alkalinity (F18,81 = 0.66, P 

= 0.8361).  Although water hardness was significantly different among aeration methods 

on a weekly basis (F18,81  = 2.23, P = 0.0077), average water hardness for the entire 

study was similar (P = 0.9417).  Mean nitrite levels were significantly different among all 

three aeration methods (F86,387 = 2.79, P < 0.0001).  Ponds with air stones had the 

lowest levels, ponds with vertical pump aerator had the highest nitrite, and ponds with 

diffuser boxes had intermediate nitrite levels (Table 4-3).  Although TAN and nitrite 

reached similar peak concentrations in all ponds following fertilization with cottonseed 

meal (TAN: F-value = 0.05, df 2, P = 0.9559; nitrite: F-value = 1.67, df 2, P = 0.2411), 

the nitrogen cycle took approximately 12 days longer to complete in ponds with air 

stones compared to other aeration methods (F-value = 75.21, df 2, P < 0.0001; Figure 

4-11; Table 4-4).   

Mean Secchi readings were slightly lower in vertical pump ponds (Table 4-3), 

although the difference was not significant (F18,81 = 1.27, P = 0.2298) and no obvious 

trends occurred during the study among aeration methods.  Although chlorophyll a 

measurements were statistically similar among aeration methods (F18,81 = 0.97, P = 

0.5030), mean values were marginally higher for vertical pump ponds than other 

aeration methods (Table 4-3).  Because chlorophyll a is an indirect measurement for 

phytoplankton (Dust and Shindala 1970), this finding implies slightly heavier 

phytoplankton populations in ponds with vertical pump aerators.   

 Zooplankton levels were low in all ponds until the fifth week of the study (Figure 

4-12).  Rotifer, copepod, and cladoceran densities were statistically similar among all 

ponds (rotifers: F14,63 = 1.58, P =0.1113; copepods: F14,63 = 1.17, P =0.3168; 
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cladocerans: F14,63 = 1.67, P =0.0840).  When plotted, results show increasing trends in 

populations of all zooplankton types occurring at different time points for each aeration 

method.  Increases in densities of all three zooplankton types were seen after week 4 in 

ponds with vertical pump aerators.    Increases in zooplankton populations occurred 

later in the study for other ponds.  Diffuser box ponds showed an increase in rotifer 

populations after week 5, cladocerans after week 6, and copepods after week 7.  Ponds 

with air stones showed increasing rotifer and copepod densities after week 6 and 

cladocerans after week 8.    

Discussion 

 An aerator’s efficiency is determined not only by its oxygenation and water 

mixing abilities, but also by its effect on the health, growth, and survival of the fish 

maintained in the system.  Material and maintenance costs are also important factors 

when choosing an aerator for a production setting.  This study found differences for all 

of the above factors among the three tested aeration methods.  Notable findings 

included the universally high zebra danio mortality (i.e., 75% or greater) between 

stocking and harvest, as well as significant differences in danio growth rate among 

aeration methods.   

The cause and timing of fish mortality in pond production can be difficult to 

determine.  The majority of mortalities in this study may have occurred around the time 

of stocking, immediately after fry became free swimming.  Fry across species are 

generally the most delicate during the yolk sac stage (Howell et al. 1998), which in 

danios lasts until approximately 5 days post-hatch.  However, even free-swimming 

zebra danio fry are still very small (< 0.5 cm TL) and slow-moving, making them 

vulnerable to aquatic predators such as larval insects and water beetles (Spence et al. 
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2007a; Kumar et al. 2012).  Young fry are also more susceptible to transport injury than 

older juveniles (Kurten et al. 1999).  Previous studies with zebra danios recommend that 

water flow should be kept as low as possible for larvae because high water flow may 

exhaust larvae and decrease survival (Lawrence 2007).   The universally high mortality 

rate in this study may have resulted from the young age at which fry were transported 

and stocked, exposing them not only to changes in water quality but also to predation.  

Data suggest that mortality occurred early in the study.  Growth curves (Figure 4-3) 

show that danio fry growth and weight were similar for all three aeration methods until 

the third week of the study.  This may be due to one of several reasons.  First, fish size 

may have indeed varied early in the study, but measurement methods were not capable 

of detecting differences due to the small (3 mm TL) fish size.  Another possibility is that 

significant mortality occurred early in the study (week 1-2), and subsequently growth 

rates changed as a result of differences in food and other factors important for growth.  

Studies examining fry populations have found that significant mortalities occur 

particularly in the first few days after stocking (Turner 1998), suggesting that early 

mortality may be due to stress, transportation, and water quality changes associated 

with moving fish for stocking.   

Other potential causes for significant mortality in this study include starvation, 

disease, and cannibalism.  Starvation is a concern in larval culture of both freshwater 

and marine species (Rao 2003), and improved survival can be seen by increasing 

feeding rates and observing fry closely to ensure they successfully feed.  Intracohort 

cannibalism has been documented in first-feeding larvae raised in culture settings 

(Smith and Reay 1991; Baras and Jobling 2002), such as walleye Sander vitreus 
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(Johnston and Mathias 1993; Peterson et al. 1997).  Disease is a concern in cultured 

fish particularly in intensive culture where fish are densely populated.  Health 

assessments performed at harvest did not detect widespread disease in any of the 

ponds other than an atypically high occurrence of musculoskeletal deformities in a 

single diffuser box pond.   Kyphosis and scoliosis are known issues with zebra danios 

(Gerhard et al. 2002) and have typically been associated with senescence in adult wild 

and cultured zebra danios (Spence et al. 2007).  Possible causes for musculoskeletal 

deformities in fish include nutritional deficiencies, genetics, poor water quality, and 

overcrowding (Halver et al. 1969; Lovell 1991; Yanong 1996; Francis-Floyd 2002; 

Gerhard et al. 2002).  The exact cause for musculoskeletal deformity was not 

determined in this study.  Although disease may have been a contributing factor to 

mortality in this study, it is not evident that musculoskeletal deformities were responsible 

for the universally low survival in all ponds.  Ultimately, the data collected in this study is 

insufficient for determining the exact cause for mortality, or at what point the majority of 

mortalities occurred; however, future studies involving inventory of pond populations 

may help determine this. 

In addition to the university high mortality rate, survival and growth rate were both 

significantly different among the three tested aeration methods.  Variations in dissolved 

oxygen levels, water quality, and pond productivity may have contributed to differences 

in fish growth and yield.   Oxygen’s direct influence on fish growth rate has been 

studied.  Decreased oxygen saturation has been associated with reduced food 

consumption in multiple species, resulting in slower growth rate in turbot Scophthalmus 

maximus and sea bass Dicentrarchus labrax (Pichavant et al. 2001), as well as Atlantic 
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cod Gadus morhua (Chabot and Claireaux 2008).  One study using zebra danios found 

that expression of the appetite-suppressing hormone leptin is markedly higher in 

oxygen-deprived fish after just 4 days of exposure to 1.0 mg/L DO, suggesting a cause 

for anorexia and slow growth rate in hypoxic conditions (Chu et al. 2010).  Low oxygen 

environments have also been shown to exacerbate stress-related illnesses, including 

infection with the freshwater bacteria Streptococcus spp. (Evans et al. 2003).    In the 

current study, early morning oxygen saturation percentages were consistently highest in 

ponds with vertical pump aerators, indicating that the vertical pump was the most 

effective at correcting nighttime decreases in DO.  Also, pre-dawn oxygen 

concentrations were directly proportional with danio growth rate in all ponds. 

Variations in water chemistry and quality parameters among aeration methods 

may also have contributed to varying danio growth rates.  Although all ponds reached 

similar peak TAN and nitrite levels following pond fertilization (Table 4-4), TAN and 

nitrite stabilized most quickly in vertical pump ponds, followed by diffuser box ponds, 

then air stone ponds (Figure 4-11).  Nitrifying bacteria, being aerobic, require oxygen for 

metabolism; therefore, ponds with higher oxygen content likely supported heavier 

populations of nitrifying bacteria and were more effective at oxidizing toxic ammonia and 

nitrite (Fernandes et al. 2010).   

The three aeration methods tested in this study also had varying water circulation 

abilities.  Although water flow was not quantitatively studied, observation showed that 

vertical pump aerators caused vigorous agitation of the water surface.  Diffuser box 

aerators likewise had improved pond-wide water circulation compared to air stone 

aerators, which primarily caused minimal surface agitation in a localized area around 
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each air stone.  Oxygen profiles showed differences in water circulation by comparing 

the presence and extent of oxygen stratification in each pond.  Minimal stratification 

(i.e., more mixing) was recorded in vertical pump and diffuser box ponds compared to 

air stone ponds.   

Efficient pond-wide circulation benefits fish populations in several ways.  First, 

mixing allows decaying organic matter to be processed by aerobic bacteria rather than 

settling into an anoxic layer on the pond bottom.  Mixing also increases the overall 

oxygen content in a pond, providing fish and other organisms with a greater habitable 

volume of water (Rogers 1989).  Further evidence of differences in mixing among 

aeration methods occurred after the high winds and heavy rainfall associated with 

Tropical Storm Debby in week 4.  Temporary spikes in TAN and nitrite were observed in 

all ponds in the immediate days following the storm (as well as after other periods of 

heavy rainfall during the study), indicating that all ponds experienced some degree of 

turnover regardless of aeration method.  However, increases were less pronounced in 

vertical pump aerator and diffuser box ponds compared to air stone ponds (Figure 4-

11).  This suggests that the increased pond mixing abilities of vertical pump and diffuser 

box aerators resulted in less turnover action after strong wind and rain and, ultimately, 

better water quality. 

Varying dissolved oxygen levels caused by aeration type also may affect 

biological productivity within a pond.  Oxygen is a key requirement for phytoplankton 

and zooplankton metabolism, and in turn plankton populations serve as important food 

sources for larval fish including zebra danios (Lawrence 2007).  Based on Secchi and 

chlorophyll a analyses performed throughout the aeration trial, all experimental ponds in 



 

65 

this trial were eutrophic (Florida LAKEWATCH 2000).   Although differences in plankton 

populations were not statistically significant, vertical pump aerator ponds did have 

slightly higher phytoplankton and zooplankton counts and lower Secchi readings than 

other ponds.   Although chlorophyll a sampling only approximates phytoplankton content 

and does not assess periphyton, benthic algae, and macrophyte content (all of which 

contribute to a pond’s biological productivity), the differences in phytoplankton, 

zooplankton, and Secchi values all suggest that ponds with vertical pump aerators had 

marginally higher biological productivity and, ultimately, more available food for danio fry 

compared to the other ponds.   

Illustrated on a scatterplot (Figure 4-5), the differences in fish size and survival 

among aeration methods show an inversely proportional relationship between the two 

variables.  This relationship supports a concept known as “density dependence,” where 

mortality within a population affects subsequent growth rate of remaining survivors 

(Shepherd and Cushing 1980).  In high-density populations, individual fish growth rate 

tends to be slower than that of fish in low-density populations.  Compensatory growth 

following mortality is desirable in fishery settings because rapid growth and recruitment 

helps to offset the loss of individuals (Rose et al. 2001).  In this study, fish size and yield 

at harvest suggested some level of density dependence (Figure 4-5).  Ponds with 

vertical pump aerators yielded relatively low numbers of larger fish and had the highest 

mortality rate of all aeration methods (91 ± 1%), while diffuser box and air stone ponds 

had lower mortality (76 ± 1% and 85 ± 1%, respectively) and individual fish size was 

smaller.    
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From a production standpoint, the vertical pump aeration method was the only 

tested method to result in uniformly saleable populations within the 10-week 

experimental period.  However, the need for pond-side electricity and increased energy 

costs associated with electrical power may be cost-prohibitive for some ornamental 

producers.  While the diffuser box aerator is powered by an air blower and can therefore 

be operated more cheaply, this method did not result in significant increases in fish size 

or yield at harvest compared to the current most commonly used method, air stones.  

One notable benefit observed with diffuser box aerators was increased pond-wide water 

circulation, which may potentially improve water quality.   

Economic factors are important when choosing an aeration method for a 

production setting.  Air stones were the cheapest of the three tested aerators to build 

($25 USD per unit), and this design was simple to construct with minimal maintenance 

after installation.  Diffuser boxes were more expensive at $92 USD each for materials, 

yet they require minimal maintenance other than infrequent cleaning (i.e., 1-2 times per 

year).  The vertical pump aerator was the most expensive of the three tested aerators at 

$795 USD per unit.  The vertical pump was also the only aerator requiring pond-side 

electrical supply.  Electricity installation costs vary depending on facility size and may 

total more than $10,000 for a small ornamental fish farm (C. Watson, University of 

Florida, personal communication); also, monthly energy costs may exceed those 

needed to run a single air blower.  The vertical pump aerators in this study also required 

the most maintenance of all tested methods, because they frequently became clogged 

with aquatic plants.  Clogging compromised aerator efficiency, and unclogging was 

necessary to prevent motors from malfunctioning due to overheating.  Ultimately, a 
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producer’s choice of aerator should include consideration of relative cost and 

maintenance as well as the aerator’s oxygenating and mixing abilities. 

Future studies should address potential reasons for the universally high mortality 

rates observed among all aeration methods in this study.  Studies utilizing periodic 

inventories of fish may help determine the timing and rate of mortality at various life 

stages in ornamental pond production.  If mortality is indeed at or shortly after stocking, 

then perhaps husbandry methods can be modified to increase survival of larval fish.  

Future analyses of larval rearing methods may pinpoint major causes of mortality in 

first-feeding fish and help increase survival rates either by raising fry in an indoor 

hatchery until they outgrow the delicate larval stage, or by using a gentle aeration 

method with minimal water flow until fry grow into more robust juveniles.   

This research provides helpful information that can be applied in future pond 

aeration studies using other ornamental species.  Survival and growth data may differ in 

other species based on their environmental and water quality requirements.  For 

example, larger and/or more robust ornamental species (e.g., cichlids, goldfish), as well 

as species that are typically stocked into ponds as adults (e.g., livebearers), may prove 

more tolerant of the increased water movement associated with some of the aeration 

methods used in this study.  Future studies examining air stones, diffuser box aerators, 

and vertical pumps in these species will provide additional information to determine their 

potential uses in the ornamental fish industry. 
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Figure 4-1.  Schematic indicating aerator location within ponds for a) air stones; b) fine 

bubble diffuser box; and c) vertical pump pond aerator.  Arrows indicate 
directional water flow generated by each aeration method.   
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Figure 4-2.  Example of a fine bubble diffuser box aerator constructed for the study.  

This aerator was designed by Carlos Martinez, UF-TAL extension faculty.  
The aerator frame (A) provided buoyancy for the aeration mechanism, which 
consisted of multiple rows of diffuser tubing supplied by a flexible PVC airline 
(B).     
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Figure 4-3.   Zebra danio growth curves during a 10-week growout period in ponds 

aerated using three methods.  Fry were stocked at 5 days post-hatch.  Total 
length (in mm) is based on subsamples (n=120 per aeration method) 
measured in weekly intervals.  Individual fish weight (g) was calculated from 
pooled weights measured for subsamples (n=120 per aeration method) in 
weekly intervals. Lines represent mean ± SE for each aeration method. 
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Figure 4-4.  Photograph illustrating size difference among Danio rerio fry raised in 

ponds with different aeration methods.  These fish were stocked on day 1 at 5 
days post-hatch and sampled on day 30 of the 70-day aeration trial.  
Difference in growth rate was statistically significant among aeration methods 
in weeks 3-10 of the study. 
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Figure 4-5.  Scatterplot illustrating the inversely proportional relationship between 

number of fish at harvest and average individual fish weight.  This relationship 
is suggestive of compensatory density dependence. 
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Fig. 4-6.  Total length-frequency histograms of zebra danio fry after 10 weeks of growth 
in outdoor production ponds aerated using three different methods.  Fish were 
stocked at 5 days post-hatch.  Histogram data is based on representative fish 
subsamples measured at harvest.  Mean saleable size is indicated by the 
dotted line.   
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Figure 4-7.  A clinically normal zebra danio (A) compared to a fish with severe 

kyphosis/scoliosis (B).  Both fish were collected from the same pond during 
week 8 of the aeration trial.  Occurrence of skeletal deformities ranged from 3 
to 30% in experimental ponds.   
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Figure 4-8.   Dissolved oxygen and oxygen saturation measurements for research 
ponds containing one of three aeration methods (vertical pump aerator; fine 
bubble diffuser box; air stones).   Ponds were stocked with zebra danio fry on 
day 1, and readings were taken twice daily for 10 weeks.  Data points are 
expressed as mean values for each aeration method.  
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Figure 4-9.  Diurnal curves constructed from dissolved oxygen measurements 
performed in two-hour intervals over a 24-hour period (starting and ending 
before dawn) during week 5 of the zebra danio aeration study.  Lines 
represent mean values for each aeration method. 
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Figure 4-10.   Dissolved oxygen profiles constructed from oxygen measurements taken 

in the deepest area of experimental ponds aerated using three methods.  
Readings were taken in 0.5-m increments beginning at the water surface (0 m).  
Lines indicate mean values for each aeration method. 
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Figure 4-11.  Total ammonia nitrogen (TAN) and nitrite concentrations following 
application of cottonseed meal in small ornamental ponds aerated using three 
methods.  Curves illustrate an initial increase in TAN followed by high nitrite 
levels.  Parameters stabilized by week 4; however, Tropical Storm Debby 
(indicated by arrows) correlated with temporary increases in TAN and nitrite. 
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Figure 4-12.  Zooplankton densities measured during a 10-week trial using ponds 
stocked with zebra danio fry and using three aeration methods.  Densities are 
illustrated for weeks 3-10. 

 
 
 



 

80 

Table 4-1.  Means (± SE) for zebra danios harvested following a 10-week growout 
period in small outdoor ponds aerated using three methods.  Initial stocking 
density was 79,500 fry per pond.  Significant differences (P < 0.05) are noted by 
different letters.   

 
Aeration method 

 
Total mass  
(kg) 

 
Avg. fish weight  
(g) 

Estimated # 
fish/pond  
(x1000) 

Diffuser box 3.46 (0.54)   0.33 (0.06)  y       11.76 (2.93)  yz 

Air stones 5.23 (0.36)   0.27 (0.02)  y       19.36 (1.82)  z 
Vertical pump  4.44 (0.80)   0.65 (0.06)  z         6.89 (1.25)  y 
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Table 4-2.   External biopsy findings on zebra danios examined three days prior to 
harvest after a 10-week growout period in ponds aerated with three methods.  
Twenty fish were examined per replicate, with four replicates per aeration 
method.  Intensity levels for findings were recorded as “light (L)”, “moderate 
(M)”, and “heavy (H).”  Statistically significant pathologic findings among 
aeration methods are noted by different letters. 

 
Tissue 

Pathologic 
finding 

 
Aeration method 

Occurrence 
(%) 

Mean 
intensity 

Intensity 
range 

Skin Excess mucus Air stones            0      y n/a n/a 
  Diffuser box         6.3    yz L L 
  Vertical pump          8.8      z L L 
Fin Excess mucus Air stones            0      n/a n/a 
  Diffuser box         5.0     L L 

  Vertical pump          6.3     L L 
Gill Excess mucus Air stones       23.8      y L L-H 
  Diffuser box       31.3      y L L-M 
  Vertical pump        63.8      z L L-H 
 Telangiectasis Air stones       23.8      y L L-H 
  Diffuser box       31.3      y L L-M 
  Vertical pump        63.8      z L/M L-H 
 Digene larvae  Air stones       33.8      z L L 
  Diffuser box       16.3    yz L L 
  Vertical pump             0      y n/a n/a 
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Table 4-3.  Mean ± SE (range in parentheses) of dissolved oxygen (DO), water quality 
and chemistry variables in ponds stocked with zebra danio fry and aerated 
using three methods.  Means were calculated from data collected over a 10-
week period.  Significant differences (P < 0.05) are noted by different letters.   

Variable Air stones  Diffuser box  Vertical pump  

Pre-dawn DO   
  (mg/L) 

         5.1 ± 0.05             
(3.8-6.6) 

x         6.4 ± 0.03     
(4.9-7.6) 

y         7.2 ± 0.02    
(6.4-7.7) 

z 

Afternoon DO  
  (mg/L) 

         8.8 ± 0.14  
        (5.5-14.1) 

z         8.5 ± 0.09     
(6.9-11.1) 

z         8.1 ± 0.05    
(6.8-9.5) 

y 

Pre-dawn oxygen  
  saturation (%) 

         66.5 ± 0.5    
       (49.0-82.9) 

x         83.7 ± 0.3     
(63.0-93.6) 

y          91.0 ± 0.2  
(83.0-95.1) 

z 

Afternoon oxygen  
  saturation (%) 

        117.7 ± 2.1   
(68.0-184.7) 

z        114.0 ± 1.5    
(90.1-154.2) 

z        107.1 ± 0.8   
(91.8-124.1) 

y 

Pre-dawn   
  temperature (°C) 

        29.0 ± 0.16   
(25.3-31.2) 

z         29.1 ± 0.09   
(25.3-31.2) 

z        27.9 ± 0.15   
(25.0-29.9) 

y 

Afternoon    
  temperature (°C) 

        31.1 ± 0.21   
(26.3-33.4) 

z         31.1 ± 0.21   
(27.0-33.4) 

z        30.0 ± 0.19   
(26.4-32.3) 

y 

pH 8.04 ± 0.04   
(7.5-9.5) 

 8.03 ± 0.03   
(7.0-8.5) 

 8.23 ± 0.05   
(7.0-9.0) 

 

Total ammonia  
  nitrogen (mg/L) 

0.74 ± 0.11   
(0.3-2.3) 

 0.67 ± 0.08  
(0.4-2.3) 

 0.65 ± 0.08   
(0.4-1.8) 

 

Nitrite (mg/L)        0.12 ± 0.05   
(0-2.31) 

y        0.17 ± 0.09    
(0-1.98) 

yz          0.19 ± 0.1   
(0-2.97) 

z 

Hardness (mg/L  
  CaCO3) 

309.1 ± 10.4   
(256.5-393.3) 

 306.1 ± 13.6   
(239.4-410.4) 

 304.4 ± 10.6   
(222.3-376.2) 

 

Alkalinity (mg/L  
  CaCO3) 

134.7 ± 5.2   
(102.6-171.0) 

 128.7 ± 5.0   
(102.6-171.0) 

 131.2 ± 5.1   
(102.6-171.0) 

 

Chlorophyll a 32.1 ± 3.8   
(6.6-151.8) 

 31.7 ± 5.0   
(7.8-97.0) 

 43.5 ± 4.7   
(6.2-112.6) 

 

Secchi 1.18  ± 0.06   
(0.5 - >1.5) 

 1.19 ± 0.06   
(0.6 - >1.5) 

 1.02 ± 0.06   
(0.5 - >1.5) 
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Table 4-4.  Nitrogen components in ponds following fertilization with cottonseed meal.  
Values are given as mean (± SE) for each aeration method.  Nitrogen cycle length 
equals the number of days after cottonseed meal application until nitrite concentration 
fell below stabilized below 0.1 mg/L.  Significant differences (P < 0.05) are noted by 
different letters.   

 
 
Aeration 
method 

 
 
Peak TAN 
(mg/L) 

Peak TAN 
(days after 
pond 
fertilization) 

 
 
Peak nitrite 
(mg/L) 

Peak nitrite 
(days after 
pond 
fertilization) 

Length of 
nitrogen 
cycle  
(days) 

Diffuser box 1.65 (0.30) 13.3 (0.5)   z 1.74 (0.19)   20.8 (1.1) yz 27.5 (0.9)  y 
Air stones 1.65 (0.34) 12.0 (1.8) yz 1.02 (0.45)  26.8 (2.5)   z 40.3 (1.0)  z 
Vertical pump  1.55 (0.12)   7.8 (0.9)   y 1.87 (0.38)   20.0 (1.1)   y 28.3 (0.6)  y 
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CHAPTER 5 
POST-HARVEST MEDICATION STUDY USING ZEBRA DANIOS 

Overview 

In pond production of ornamental fish, harvest technique typically involves using 

seine and dip nets as the primary methods of collection (Crosby et al. 2005a).  Harvest 

is a known cause of trauma and stress-related disease outbreaks in cultured fish 

(Minchew et al. 2007).   Netting fish potentially causes mechanical trauma, such as torn 

fins and loss of scales and protective mucus.  Mechanical trauma is not only 

aesthetically undesirable for fish going to market but it also compromises the body’s 

natural protective barriers, creating routes for pathogen introduction.  Traditional 

handling also requires temporary exposure to air, which is a known stressor in fish 

(White et al. 2008).  Crowding in nets and holding containers may potentially 

compromise water quality, resulting particularly in increased ammonia and carbon 

dioxide, and low dissolved oxygen (Carmichael et al. 1984).  Low DO is especially a 

concern in hot weather, which is often unavoidable in central Florida where the majority 

of domestic freshwater ornamental species are raised.  Ultimately, harvest presents 

many potential stressors for fish, and catastrophic losses, although not common, are 

possible. 

Stress has been shown to negatively affect the health of many vertebrate 

species, including fish, through associated immunocompromise (Pasnik et al. 2010).  

The physiological effects of stress have been studied in many teleost species (Barton 

and Iwama 1991).  Disease outbreaks after stressful events such as harvest may 

potentially lower fish survival and quality.  Therefore, some ornamental producers hold 

fish for a certain time period after harvest for acclimation and disease surveillance 
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(Crosby et al. 2005a).  Common pathogens that may present after harvest of 

ornamental species include bacterial (Aeromonas spp., Flavobacterium columnare, and 

Streptococcus spp.), parasitic (Trichodina spp., Ichthyophthirius multifiliis), fungal 

(Saprolegnia spp.), and viral diseases (spring viremia of carp) (Noga 2010, Pasnik et al. 

2010).   As a preventative measure, some farmers use the post-harvest holding period 

as an opportunity to institute one or more prophylactic medications to minimize risk of 

disease outbreaks.     

Columnaris disease in fish is an infection with the bacterium Flavobacterium 

columnare (formerly known as Flexibacter columnaris), which is typically a secondary 

pathogen associated with stress and trauma (Noga 2010).  Although columnaris is 

commonly considered an external pathogen, serious infections may become systemic 

(Hawke and Thorne 1992).  Clinical signs include listlessness and a characteristic gray 

to white discoloration of the skin, fin, and gills, indicating tissue necrosis and infiltration 

of bacteria (Plumb 1999).  Most coldwater and warmwater freshwater fish species are 

susceptible to columnaris (Plumb 1999).  It is considered one of the most costliest 

diseases in channel catfish Ictalurus punctatus production because it has the potential 

to cause rapid, high mortality rates and result in devastating economic losses (Wagner 

et al. 2002).  columnaris is also considered an economically important disease within 

the tropical ornamental fish industry, and it can affect all life stages of fish within multiple 

families (Starliper and Schill 2011).   

The use of prophylactic medications in ornamental fish for pathogens such as 

Flavobacterium columnare may vary widely depending on the fish species, season and 

locale, drug availability, and producer’s preference.  One of the most common additives 
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applied to freshwater ornamental species is salt (NaCl).  Salt is an effective treatment 

for many ectoparasites, and its effectiveness for management of diseases caused by 

Flavobacterium columnare and water molds (Saprolegnia) has also been studied (Noga 

2010).  Salt is also commonly used for osmoregulatory support during times of stress 

(Crosby et al. 2005b; Pasnik et al. 2010).  Other therapeutic agents have also been 

used; however, the comparative success of commonly used drugs for broad-spectrum 

prophylactic use is currently unknown.   

This study examined the effects of three broad-spectrum medications in zebra 

danios after harvest from small ponds.  Following harvest, fish were held for 14 days in 

indoor systems and treated with one of three medications: 1) bronopol; 2) diquat; 3) 

hydrogen peroxide.  The major goal of this study was to examine the relative effect of 

these three agents on post-harvest appearance, behavior, and survival of ornamental 

fish.   

Methods 

Pond Harvest 

This study took place at UF-TAL in Ruskin, Florida, in July 2012.  An outdoor 

earthen pond at UF-TAL was used to raise zebra danio fry for this trial.  One day prior to 

harvest, a subsample of 60 fish was collected from the pond for health assessments, 

which were performed within 3 hours of capture.  Assessments consisted of physical 

examination and external tissue biopsies to estimate external pathogen load and overall 

health in the population.  Diagnostic procedures were performed on all 60 fish using 

methods described by Roberts et al. (2010).   Any gross pathological signs (such as 

anatomic deformities or lesions) were noted.  Skin, fin, and gill biopsies were then 

collected from each fish.  The skin biopsy was collected from the left lateral body wall, 
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starting just behind the operculum and extending to the caudal fin.  Approximately 50% 

of the caudal fin was removed for examination.  A gill biopsy was collected from a right 

gill arch.  Wet mounts of each tissue were prepared using fresh water.  Immediately 

following biopsy collection, fish were euthanized in 2.5 g/L tricaine methanesulfonate 

(MS-222®; Tricaine-S; Western Chemical, Ferndale, Washington) buffered with sodium 

bicarbonate.  External tissue wet mounts were examined within 5 minutes of biopsy 

collection.  Wet mounts were examined using light microscopy at 40x, 100x, and 200x 

magnifications.  Pathological findings were quantified using three gradations (light, 

moderate, and heavy).  Gill mucus was quantified as “light” if mucus surrounding the gill 

filament measured less than 25% the width of the widest section of the filament.  

“Moderate” gill mucus extended 25-50% the width of the filament, and “heavy” gill 

mucus measured 50% or greater than the gill filament width.  Telangiectasis was noted 

by “light” (<10% of secondary lamellae in the gill sample affected), “moderate” (10-40% 

of secondary lamellae in the gill sample affected), or “heavy” (40% or more of the 

secondary lamellae affected).   

The following day, 1,200 fish were harvested from the pond using a seine net (18.3 

m x 2.4 m, 1.6 mm mesh) and transported using coolers to the indoor research facility. 

Fish were arbitrarily stocked into 32-L aquaria at a density of 50 fish per tank.  A total of 

24 tanks were used for the experiment.   Total transport and acclimation time was 

approximately 1 hour. 

Medication Trial 

The experimental system was located in an indoor facility with a constant 

temperature of 26-27 °C.     Each aquarium was equipped with a 5-cm silica air stone 

for aeration and flow-through supply of aerated well water.  Water flow to each 
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aquarium was adjusted to 32 L per hour (one aquarium volume per hour) and 

discontinued during the administration of any treatments.  A 12:12 (light:dark) 

photoperiod was maintained throughout the trial.  Fish were fed once daily to satiation 

with 2% body weight of tropical fish meal (Cargill Animal Nutrition, Inc., Minneapolis, 

Minnesota).  Waste and uneaten food were siphoned from each aquarium once daily.  

Aquaria were observed four times daily (0900, 1200, 1500, and 1800 hours) throughout 

the 14-day trial for mortalities.    

Two hours after initial stocking, fish appearance and behavior in each aquarium 

were assessed based on a ranked, categorical scale for evaluation of ornamental fish 

(Kilgore et al. 2009; Table 5-1).  This scoring system evaluates appearance on a scale 

of 1-5 and behavior on a 1-4 scale.  Higher scores indicate superior appearance and 

behavior, and scores of 3 or above in each category indicate fish populations of 

saleable quality.  Examples of appearance criteria include scale loss, external ulceration 

or hemorrhage, torn fins, excess mucus, emaciation, and anatomical deformities such 

as kyphosis.  Behavioral criteria include abnormal position or orientation in the water 

column, spinning, flashing, piping or increased respiratory effort, listlessness, and 

clamped fins.  Six judges were chosen for this trial based on their backgrounds in 

aquaculture and fish health.  Judges were trained on the scoring criteria prior to judging 

and were shown example aquaria to evaluate and become familiarized with using the 

scoring system.  All judges were blinded to the experimental treatments throughout the 

trial.  Following judging, each aquarium was randomly assigned to one of four 

treatments.  The examined medications (bronopol, diquat, and hydrogen peroxide) were 

chosen for this study based on their potential use against common post-harvest 
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pathogens, namely Flavobacterium columnare.  A control (no treatment) was also 

examined.  Six replicate tanks per treatment were used.  Medicated aquaria received 

the first treatment on day 1 (i.e., stocking day) immediately after the pre-trial judging 

concluded.  Water flow was discontinued to individual tanks receiving treatment and 

was restarted with conclusion of each treatment period.  Water flow to control tanks 

remained constant throughout the entire holding period.   

Examined Medications 

Bronopol (2-bromo-2-nitro-1,3-propanediol) is a thiol-containing dehydrogenase 

enzyme inhibitor with antifungal and antibacterial properties.  This biocide has 

traditionally been used in the cosmetic and pharmaceutical industries and only recently 

gained popularity as a therapeutic agent in fish.  Marketed as Pyceze® (Novartis Animal 

Health, Inc., Greensboro, NC), bronopol’s antifungal effectiveness is similar to malachite 

green, a commonly used medication in cultured fish species (Cawley 1999).  Bronopol 

has been advertised as a safer alternative to malachite green, which has known 

carcinogenic and teratogenic risks to humans (Meyer and Jorgensen 1983; Sudova et 

al. 2007).  Bronopol’s efficacy against Saprolegnia, a common water mold infection in 

fish, has been validated (Cawley 1999).  Pyceze ® is currently approved in the 

European Union only for treatment of water mold infections in salmonids and salmonid 

eggs and is available with veterinary prescription (Noga 2010).  In this study, bronopol 

(Acros Organics, Geel, Belgium) was dosed as a 5 mg/L bath immersion for 6 hours on 

days 1, 3, 5, and 7.   

Diquat [6,7-dihydrodipyrido (1,2-a:2',1'-c) pyrazinediium dibromide] is a U.S. EPA 

approved herbicide that is used for control of aquatic weeds.  The drug’s oxidative 

mechanism results in damage and death to the cellular structure of the target species.  
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Diquat also has uses in aquaculture as a therapeutic treatment for external bacterial 

diseases in fish, namely Flavobacterium columnare (Chen et al. 1982; Darwish and 

Mitchell 2009).  Experimentally, diquat dosed at a 5.4 mg/L concentration has resulted 

in 100% survival in channel catfish challenged with Flavobacterium columnare, 

compared to 100% mortality in challenged untreated fish (Thomas-Jinu and Goodwin 

2004).  Other studies show that a minimum dose of 5.0 mg/L is effective for treatment of 

columnaris disease (Darwish and Mitchell 2009).  In this study, diquat dibromide 

(Knockout™; Syngenta Crop Protection, Inc., Greensboro, North Carolina) was dosed 

at a rate of 4.9 mg/L for 6 hours on days 1, 3, 5, and 7.     

Hydrogen peroxide (H2O2) is a strong oxidizing agent used for a wide range of 

industrial and medical purposes.  Hydrogen peroxide’s broad-spectrum properties are 

known be effective against numerous bacterial, fungal, and parasitic pathogens in 

aquatic species (Russo et al. 2007).  In recent years, hydrogen peroxide has increased 

in popularity as a potential therapeutic agent for cultured fish, and in 2007 a 35% 

formulation known as PEROX-AID ® (Eka Chemicals, Marietta, GA) was approved by 

the FDA for treatment of Saprolegnia, Flavobacterium branchiophilum,and 

Flavobacterium columnare in eggs and fish of select food fish species.  Other 

documented target pathogens include numerous external parasites such as Ambiphyra 

and Gyrodactylus (Rach et al. 2000) and Amyloodinium (Montgomery-Brock et al. 

2001).  In this study, hydrogen peroxide (Walgreen Co., Deerfield, Illinois) was dosed as 

a 5 mg/L immersion bath for 6 hours on days 1 and 3.  At the end of each 6-hour 

treatment, hydrogen peroxide concentrations were measured in treated aquaria using a 

hydrogen peroxide titration kit (Model HYP-1; Hach Co., Loveland, CO).  Residual 
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concentrations, which measured 4-5 mg/L in all aquaria, confirmed the medication had 

persisted at therapeutic concentrations for the duration of treatment. 

Biosecurity and Tank Maintenance 

Biosecurity measures were implemented throughout the trial to avoid 

contamination among systems and the rest of the facility.  Prior to stocking, the tank 

system was disinfected with 10% sodium hypochlorite solution.  Each aquarium was 

supplied with separate water and air lines and was fitted with a glass lid.  Maintenance 

equipment was disinfected with Virkon Aquatic between aquariums and after use.  Foot 

baths containing Virkon Aquatic were placed at each entrance to the building, and after 

daily siphoning the floor was disinfected to prevent spread of any pathogens. 

 Water parameters dissolved oxygen, water temperature, total ammonia nitrogen 

(TAN), nitrite, pH, total alkalinity, and total hardness were measured during the 

experimental period to confirm similar water chemistry among treatments.  DO and 

temperature were measured using a handheld dissolved oxygen meter (ProODO™; YSI 

Inc., Yellow Springs, Ohio).  TAN, nitrite, pH, total hardness, and total alkalinity were 

analyzed using a Hach Freshwater Fish Farmer's Kit (Model FF-1A; Hach Co., 

Loveland, Colorado).  Water parameters were indeed statistically similar among 

treatments and mean values (± standard error, when applicable) were as follows:  DO = 

8.3 mg/L; temperature = 26.7 °C; pH = 8.2; TAN = 0.5 mg/L; nitrite = 0 mg/L; total 

alkalinity = 180 ± 1.1 mg/L; total hardness= 348.7 ± 2.4 mg/L.   

At the end of the 14-day experimental period, behavior and appearance scoring 

was repeated with the same six judges used prior to the trial.  After judging, health 

assessments were performed on a 10% representative sample (i.e., five fish per 
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replicate).  Health assessment methodology was similar to that described for pre-trial 

assessments. 

Statistical Analysis 

Water quality parameters were analyzed using one-way, repeated-measures 

analysis of variance (ANOVA) (MIXED procedure).  Health assessment findings and 

judging scores were analyzed using the Kruskal-Wallis (NPA1WAY) procedure, followed 

by Dunn’s nonparametric multiple comparison procedure.   All statistical analyses were 

performed in SAS ® version 9.3 (SAS Institute Inc., Cary, North Carolina).  Numerical 

data are represented as mean ± SE.  Statistical differences were considered significant 

at P < 0.05 with the exception of Dunn’s procedure which was significant at P < 0.15. 

Results 

 Survival was 100% for all treatment groups; therefore, no statistical analysis was 

required to assess survivability.  Pre-trial appearance and behavior scores were similar 

among treatment types (appearance: F-value = 0.2428, df 3, P = 0.8426; behavior: F-

value = 5.4993, df 3, P = 0.5183).   After the 14-day experimental trial, mean 

appearance score for bronopol tanks was significantly lower than other treatments (F-

value = 5.4993, df 3, P = 0.0013); yet, mean score still ranked fish from all treatments 

as saleable.  Behavior scores after treatment were similar among treatments (F-value = 

1.2460, df 3, P = 0.2935).  Fish from all categories improved in mean appearance and 

behavior scores after treatment (Figure 5-1 and 5-2), with the exception of those treated 

with bronopol.  Average behavior scores improved for all fish after treatment.   

Sixty fish examined prior to the drug trial showed no occurrence of pathogens on 

skin, fin, and gill biopsies.  Excess mucus was observed on the skin (1.7% occurrence), 

fin (5%), and gill (35%) tissue.  Telangiectasis was observed in 71.7% of examined fish, 
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and 5% of fish also had gill congestion.  After the 14-day experimental period, most 

health assessment findings were not significantly different in occurrence or severity 

among treatment groups.  These included excess mucus on the skin (χ2 = 2.8287, df = 

3, P = 0.4188) and fin (χ2 = 2.2655, df = 3, P = 0.1534), which each occurred only in 

light levels in 13% or fewer fish and had similar occurrence compared to the pre-trial 

population (Table 5-2).  Gill telangiectasis also occurred in statistically similar levels 

among treatment groups (χ2 = 5.5361, df = 3, P = 0.1365) but was decreased in all 

groups compared to pre-trial fish.  The severity of excess mucus on the gills was 

significantly different among treatment groups (χ2 = 9.8512, df = 3, P = 0.0199).  Fish 

treated with diquat had no decrease in gill mucus compared to pre-treatment fish, while 

those treated with bronopol or hydrogen peroxide had significantly decreased 

occurrences of excess gill mucus versus pre-treatment fish.  Excess gill mucus was only 

slightly decreased compared to pre-treatment fish.   

Discussion 

 This study was designed to experimentally test three potential treatments for 

Flavobacterium columnare in zebra danios; however, we were unable to induce disease 

in the experimental population from harvest and handling performed immediately prior 

to the trial.  Indeed, all fish used in this study were generally healthy throughout the 

study.  Twenty-two out of 24 replicate samples were ranked as saleable both before and 

after treatment, and the remaining two tanks only received one unsaleable score by a 

single judge.  Scores were similar for control samples as well as fish that were treated 

with one of three tested medications.  Correspondingly, health assessments revealed 

few physical abnormalities and no pathogenic organisms.   
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The overall good health of animals used in this study is perhaps a testament to 

the zebra danio’s relatively hardy nature.  However, reproducing disease in a controlled 

environment, particularly for a single trial, is a complex and difficult task.  Unfortunately 

the results of this study should not be considered universally conclusive for the use of 

prophylaxis in ornamental aquaculture.  Based on the results of this study, it is tempting 

to assume that apparently healthy fish do not require prophylactic treatment after 

harvest.  This study showed that prophylaxis did not significantly improve health or 

survival in treated fish versus untreated controls.   It is important, however, to recognize 

the potentially serious risk of disease outbreaks in production settings.  Many common 

ornamental fish pathogens (e.g., Flavobacterium columnare and Ichythyophthirius 

multifiliis) may not manifest for days to weeks following a stressful event like harvest 

and can result in high mortality rates.  In outbreaks of disease, treatment is 

recommended to minimize losses. 

In addition to instituting prophylaxis when necessary, production facilities should 

construct a disease management plan to minimize disease risks and prepare for 

potential outbreaks.  Treatment protocols should consider the many variables that 

contribute to disease epidemiology, such as presence of predisposing environmental 

factors, the fish species being cultured and its relative susceptibility to various 

pathogens.  For example, poeciliids (e.g., platies, mollies) are highly susceptible to 

infection with Flavobacterium columnare, and prompt intervention is recommended to 

minimize the risk of devastating losses from an outbreak.   Other factors, such as 

environment (e.g., season, temperature, and locale) and husbandry conditions (e.g., 

system design and biosecurity measures) are equally important considerations when 
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designing a fish health management plan.  All of the above factors should be included 

when constructing a disease prevention protocol for a production facility.  Practicing 

responsible husbandry measures, such as biosecurity and quarantine, are also 

important, and facilities should consult with a fish health professional when designing a 

health management plan or whenever disease is a concern.   
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Figure 5-1.  Zebra danio appearance scores before (A) and after (B) a 14-day holding 

period in tanks with four treatment types:  control, bronopol, diaquat, and 
hydrogen peroxide.  Scores of 3-5 indicate saleable fish populations as 
determined by six judges for 6 replicate aquaria per treatment, each stocked 
with 50 fish.   
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Figure 5-2.  Zebra danio behavior scores scores before (A) and after (B) a 14-day 
holding period in tanks with four treatment types:  control, bronopol, diaquat, 
and hydrogen peroxide.  Scores of 3-4 indicate saleable fish populations as 
determined by six judges for 6 replicate aquaria per treatment, each stocked 
with 50 fish.   
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Table 5-1. Ranked categorical scoring system used by judges for evaluation of zebra 
danio appearance and behavior at the beginning and end of a 14-day holding 
period.   

Score  Appearance Score  Behavior 

UNSALEABLE UNSALEABLE 
1 > 50% abnormal with mild to moderate    

  damage or 25-50% with severe  
  damage 

1     >50% abnormal 

2 25-50% with mild to moderate damage  
  or 10-25% with severe damage 

2     25-50% abnormal 

SALEABLE SALEABLE 
3 ≤25% with mild damage 3    ≤25% abnormal 
4 Overall normal, few abnormalities 4    Overall normal, all fish     

     alert 
5 Overall excellent, no abnormalities   

Kilgore, K.H., J.E. Hill, J.F.F. Powell, C.A. Watson, and R.P.E. Yanong.  2009.  Investigational use of 
metomidate hydrochloride as a shipping additive for two ornamental fishes.  Journal of Aquatic Animal 
Health 21: 133-139. 
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Table 5-2.External biopsy findings on zebra danios examined before and after a 14-day 
holding period with one of four treatments (TX).  Intensity levels for findings 
were recorded “light (L)”, “moderate (M)”, and “heavy (H)”.  Statistically 
different pathogenic findings among aeration methods are noted by different 
letters. 

 
Tissue 

Pathologic 
finding 

Pre-/Post- 
treatment 

 
Treatment 

 
Occurrence (%) 

Mean 
intensity 

 
Range 

Skin Excess mucus Pre-               n/a 1.7      L L 

  Post-              Bronopol 10.0   L L 

                        Diquat 6.7   L/M L-M 

                        H2O2    0   n/a n/a 

                        Control 6.7   L L 

Fin Excess mucus Pre-               n/a 5.0   L L 

  Post-              Bronopol 3.3   L L 

                        Diquat 13.3   L L 

                        H2O2    0   n/a n/a 

                        Control 6.7   L L 

Gill Excess mucus Pre-               n/a 35.0    z  L L-M 

  Post-              Bronopol 6.7    y  L L 

                        Diquat 33.3    z  L L-H 

                        H2O2    10.0    y  L L 

                        Control 13.3    yz  L L 

 Telangiectasis Pre-               n/a 71.7    z  L L-H 

  Post-              Bronopol 40.0    y  L L-M 

                        Diquat 13.3    y  L L-M 

                        H2O2    26.7    y  L L 

                        Control 23.3    y  M L-H 
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CHAPTER 6 
CONCLUSIONS 

Recent improvements of aquaculture production practices are due in part to 

extensive research aimed at evaluating and bettering husbandry and health of cultured 

fish populations.  The majority of aquaculture research conducted thus far has focused 

on non-ornamental fish species.  Contrastingly, basic husbandry standards are still 

being scientifically established for ornamental species, and even less is known 

regarding the emerging area of marine ornamental species culture.   

Most freshwater ornamental fish raised in Florida are grown in outdoor ponds.  

Some standards for ornamental species have been adapted from pond production of 

food fish.  Other husbandry practices are based on empirical observation but have not 

been formally studied.  The research in this thesis was designed specifically to address 

the lack of knowledge regarding freshwater ornamental fish production.  In particular, 

little is known regarding the use of supplemental aeration in earthen pond culture.  

Aeration is accepted as an important component of outdoor food fish production, 

particularly due to extensive catfish research conducted in the southeastern United 

States.  By contrast, the importance of aeration in ornamental pond production has not 

yet been validated.   

 The aeration trials performed in this study compared the current standard 

ornamental pond aeration method (small air stone diffusers) with two less commonly 

used aerators in the industry (fine bubble diffuser box, vertical pump aerator).  The latter 

two methods are more commonly used in other areas of aquaculture; however, their use 

in ornamental systems has not been formally evaluated until now.  This research 
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examined the influence of pond aeration methods not only on fish productivity but also 

on biological, physical, and chemical pond parameters.  

 Air stones (the standard method of ornamental pond aeration) resulted in the 

lowest morning dissolved oxygen (DO) levels in small outdoor ornamental ponds, and 

DO frequently fell below the minimum recommended concentration of 5 mg/L.  Ponds 

with diffuser boxes had higher morning DO levels, and vertical pump vertical pond 

aerators maintained morning oxygen concentrations close to saturation.     

 Zebra danio (Danio rerio) growth rate differed significantly among aeration 

methods.  The maximum growth rate for fry raised in ponds with vertical pump aerators 

was more than twice as rapid as fish growth rate in ponds aerated with the other two 

methods.  After a 10-week growth period, danios from ponds with vertical pump 

aerators were visibly larger and more robust than those harvested in other ponds.  By 

contrast, fish raised in ponds with air stones were much smaller at harvest.  This 

remarkable increase in growth rate may be beneficial for producers seeking a faster 

turnaround time in pond production.   

 Fish survival was also notably different among aeration methods.  Survival rates 

were universally poor, with the best survival occurring in ponds with air stones (24%).  

Ponds with diffuser boxes had 15% survival, and only 9% survival occurred in ponds 

with vertical pump aerators.  The reason for such high mortality in all ponds could not be 

determined; however, heavy losses may have occurred from stocking fry at a young age 

(5 days post-hatch).  Higher mortality rates in ponds with vertical pump aerators may 

have been due to the vigorous water agitation caused by those aerators.  Although the 

cause for mortality was not determined, the inversely proportional relationship between 
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survival and fish size was suggestive of density dependence, a concept that has been 

described in both wild and cultured fish populations.   

Pond productivity, which was assessed through the measurement of several 

physical, biological, and chemical parameters, was generally similar among ponds with 

different aeration methods.  Plankton analysis, performed by measuring chlorophyll a 

and zooplankton densities, revealed only minor differences among aeration methods.  

Water clarity, measured via Secchi disk readings, was also statistically similar among 

aeration types.  The majority of measured water quality parameters, such as pH, 

hardness, and alkalinity, were also similar.   

Interestingly, poor water quality issues (specifically high ammonia and nitrite) 

took significantly longer to correct in ponds with air stones.  This was seen both after the 

application of cottonseed meal fertilizer and after a tropical storm that occurred in week 

3 of the aeration trial and caused some degree of turnover in all ponds.  Poor water 

quality likely took longer to correct in ponds with air stones due to a combination of 

factors.  Namely, dissolved oxygen levels were lower, and the air stones had less 

mixing ability than the other two pond aeration designs. 

A drug study performed after harvest yielded high survival and good overall 

health both in zebra danios that received medication treatments (bronopol, diquat, 

hydrogen peroxide) and those that were left untreated.  This single trial was 

inconclusive for establishing relative efficacies of the three medications as prophylactic 

treatments in ornamental fish species. 

In conclusion, low oxygen levels are associated with poor growth rate, decreased 

food consumption, and increased occurrence of disease.  Indeed, this study showed 
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that morning oxygen levels correlated positively with growth rate in zebra danios.  Fish 

that were raised in ponds with oxygen levels at or just under saturation grew twice as 

quickly as those exposed to lower overnight DO levels.  On the other hand, DO did not 

have a positive impact on zebra danio survival.  In fact, at harvest the highest yields of 

fish came from the ponds with the lowest morning DO levels.   

Dissolved oxygen and water quality continue to be important parameters for fish 

health.   Low DO is also one of the most preventable of poor water quality issues, and 

oxygen issues can be corrected through the use of supplemental aeration techniques.  

It is my hope that this research illustrates the influence that aeration has not only on 

cultured fish but also on pond parameters such as water quality and productivity. 
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