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ABSTRACT TRIAL 1 

A preliminary study was conducted to evaluate growth, survival and feed 

conversion of reciprocal cross hybrid striped bass (Morone chrysops female x Morone 

saxatilis male) cultured in pilot-scale recirculating aquaculture systems. Hybrid 

striped bass were stocked in nine 12,500 liter recirculating systems at a mean density 

of 149 fish/m*, Mean weight at stocking was 40.6 g. Overall survival averaged 

72.5%. One system experienced 100% mortality due to the loss of the recirculating 

pump. Three systems experienced significant mortalities in the middle of the study 

due to unknown causes. Survival was high, averaging 93.5%, in the remaining 

systems. Mean daily growth rate of 1 g per day and mean feed conversion of 1.67 

compared favorably with that reported in the literature for hybrid striped bass. Slow 

start-up of new biofilters led to a restricted feeding regime and limited growth. 

Mean fish weight at harvest averaged 262.1 g with total biomass in the tank averaging 

452.57 kg. The recirculating system maintained water quality within ranges adequate 

for good growth, but the stocking density may have surpassed the systems maximum 

capacity.



ABSTRACT TRIAL 2 

Results from Trial 1 indicated a need to reduce stocking densities. In Trial 2, 

three densities of reciprocal cross hybrid striped bass, high (144 fish/m*), medium (72 

fish /m*) and low (36 fish/m*) were stocked in eight pilot-scale recirculating systems 

(12,500 L) and evaluated over 224 days. At stocking, mean weights averaged 34.9, 

50.8, and 43.4 g for the high, medium and low treatments, respectively. Fish were 

hand fed a high protein (44%) floating pellet twice daily. Final weights averaged 

412.2 g, 541.1 g, and 676.1 g in the high, medium and low density treatments, 

respectively. No difference in mean weights were detected between the high and 

medium densities, but those in the low density were significantly greater (p < 0.05) 

than the medium and high densities. Total biomass was significantly different (p < 

0.05) between treatments at the end of the study and inversely related to mean 

weight gain, averaging 733.8 kg in the high, 483.3 kg in the medium, and 297.9 kg in 

the low density treatments. The water quality parameters measured were similar 

among treatments and adequate for good growth. Feed conversions averaged 1.43 

and were not significantly different between treatments. Survival averaged greater 

than 95% in all treatments. The results of this study demonstrated that hybrid 

striped bass can grow from fingerling to market size in 224 days in recirculating 

systems at densities of 36 and 72 fish/m°*. If environmental conditions are adequately 

maintained, it is anticipated that higher densities could reach market size in the same 

time period. Overall results indicate that hybrid striped bass have good potential for 

culture in recirculating aquaculture systems.
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CHAPTER I 

INTRODUCTION 

A steady increase in seafood consumption in the United States along with a 

decline in natural ocean stocks has favored expansion of the U.S. aquaculture 

industry (Stickney 1990). Increased aquaculture production has spurred the research 

and development of new and refined management tools necessary for industry 

improvement. Rogers and Klemetson (1985) noted that warmwater aquaculture 

production is steadily moving toward industrialization. Methods of warmwater fish 

culture, from initial stocking to harvesting and processing, are becoming standardized 

and mechanized. 

Methods for the intensive culture of aquatic organisms have been improving 

rapidly. Considering the increasing demand and diminishing supply of water, new 

fish culture methods should focus on increasing the efficiency of water use. At 

present, most warmwater aquaculture production occurs in open ponds in regions 

having moderate to long growing seasons. Because pond aquaculture is well 

understood from both management and economic viewpoints, its growth in the 

industry is justified. However, the supply of high quality water necessary to support 

open pond culture is finite. In Arkansas in the early 1970s, expansion of pond 

aquaculture operations resulted in falling water tables (Stickney 1990). Depletion 

and degradation of our groundwater supplies is becoming a critical issue in



groundwater and wastewater management. The technology used in the treatment of 

wastewater can be utilized for the production of aquatic organisms (Brune and 

Gunther 1981) and may, in fact, become the most feasible way for fish production 

in the future. 

Recirculating aquaculture systems (RAS) can be defined as an assemblage of 

parts used for the husbandry of aquatic organisms in which water is continuously 

cleaned and recycled. RAS are gaining interest throughout the fish culture industry 

due to some of the advantages they have over conventional pond or raceway culture. 

The primary advantage of these systems is their ability to reduce water use. Equally 

important, however, is that constraints typical of pond culture, such as limited 

growing seasons, water quality control, and site restrictions are not concerns in 

recirculating systems. The culture system determines the amount of control the 

aquaculturist has over the well being of the animals. Recirculating systems provide 

good control over the total environment of the cultured organism. This enhanced 

management capability can result in increased growth and year-round production 

schedules. 

Many warmwater species presently cultured may be suitable for production in 

recirculating systems. The hybrid striped bass is a good candidate that has gained 

increased attention as a high quality food fish with desirable culture characteristics. 

The hybrid striped bass, a cross between the striped bass (Morone saxatilis) and the 

white bass (Morone chrysops), has excellent potential for commercial aquaculture



production (Kerby et al. 1987; Smith et al. 1989). The supply of hybrid seed stock 

has become more consistent in recent years due to improved culture methods, but 

the unpredictable supply of striped bass broodstock may still limit future production. 

Total U.S. production at present is approximately 1 million pounds per year, but is 

predicted to reach 20 million pounds annually by the year 2000 (Dicks and Harvey 

1990). Even though hybrid striped bass production is in its infancy, market 

acceptability has been relatively strong. Hybrids generally command a higher market 

price than other important aquaculture species such as channel catfish (Ictalurus 

punctatus) and rainbow trout (Oncorhynchus mykiss). 

Literature Review 

Recirculating Aquaculture Systems (RAS) 

Closed system aquaculture has been studied for over 20 years, but its acceptance 

as a feasible option for commercial production has been limited. Several factors 

have influenced the slow development of recirculating aquaculture systems. One 

primary concern has been the economic feasibility of recirculating aquaculture 

production (Lewis et al. 1981). The large initial investment necessary to begin 

operations combined with the limited knowledge of this type of production system 

have deterred development. Original designs of recirculating systems arose from 

research biologists who had limited experience in engineering (Miller and Libey



1984). Although production methods have not yet been perfected, demand is 

continually rising, and the development of more intensive, high-output production 

systems are becoming increasingly justified. 

Considerable variation in design exists among recirculating aquaculture systems. 

However, all focus on providing a suitable, stable environment for the cultured 

organism. The ability of a recirculating system to meet this objective depends upon 

the design and performance of the system’s components. The main components 

employed in reuse systems are those used for ammonia removal, particulate filtration, 

aeration, disease control and temperature control (Lucchetti and Gray 1988; Spotte 

1979). Of these five, ammonia removal generally is considered the most important. 

Accumulation of toxic metabolites is the primary limiting factor in intensive 

aquaculture, and their continuous elimination is essential in water management (Otte 

and Rosenthal 1979; Spotte 1979). Nitrogen compounds are the most important 

metabolites affecting fish health. The success of any recirculating aquaculture system 

depends on the conversion of toxic nitrogen compounds to their least toxic form, 

nitrate (Carmignani and Bennett 1977). 

Biological filtration is the most common method of nitrogen conversion used in 

recirculating systems (Brune and Gunther 1981). Biological filters harbor a complex 

microbial flora of heterotrophic and autotrophic bacteria, algae, fungi and protozoa 

(Kaiser and Wheaton 1983). The heterotrophic bacteria consume dissolved and 

suspended organic matter produced by the fish and feed and excrete carbon dioxide



(CO,) and ammonia. The ammonia produced by fish and heterotrophic bacteria is 

oxidized into nitrate by two species of chemoautotrophic bacteria, Nitrosomonas sp. 

and Nitrobacter sp.. The process of nitrification is complex. In a simplified form, 

nitrification can be viewed as occurring in two steps (Haug and McCarty 1972). 

Ammonia is first oxidized to nitrite by Nitrosomonas sp. according to the equation: 

NH, + 1.5 O, ---> NO, + 2H* + H,O 

Nitrite is then oxidized to nitrate by Nitrobacter sp. according to the equation: 

NO, + 0.5 O, ---> NO, 

Metabolism and growth of nitrifying bacteria and fish can be limited by water 

quality. Nitrifying bacteria have optimal ranges of pH and temperature at which they 

can maintain active metabolism. Maximum rates of nitrification reactions mediated 

by Nitrosomonas sp. and Nitrobacter sp. are reported to occur within the pH range 

of 7.0 to 9.0 and within a temperature range of 25 to 35 degrees C. As nitrification 

proceeds, hydrogen ions are liberated, thereby lowering pH (Collins et al. 1975). In 

recirculating systems, pH can decline to lethal or suboptimal levels for cultured 

organisms and nitrification. Haug and McCarty (1972) found that nitrification was 

dramatically reduced at pH 6.0 and ceased at pH 5.5. The oxidation of 1 mg 

unionized-ammonia destroys 6.0-7.4 mg alkalinity (Sharma and Ahlert 1977). 

Addition of high alkalinity water (Miller and Libey 1985) or sodium bicarbonate 

(Otte and Rosenthal 1979) can maintain optimum pH levels. 

Ammonia and nitrite are the most toxic of the nitrogen compounds. The un-



ionized form of ammonia (NH,-N) is considered to be the most toxic form 

(Armstrong et al. 1978). Robinette (1976) found that the 24-hr TLS5o value of un- 

ionized ammonia for fingerling channel catfish (Ictalurus punctatus) to be 2.36 ppm, 

and that reduced growth occurred at levels as low as 0.12 ppm. Knepp and Arkin 

(1973) found that fingerling channel catfish stopped feeding at 32 mg/l total 

ammonia. The 96-hr LCso value of un-ionized ammonia (NH,-N) for fish, ranges 

from 0.4 to 3.1 mg/l (Colt and Tchobanoglous 1976). Concentrations of un-ionized 

ammonia increase with increasing pH and temperature (Spotte 1979). Therefore, it 

has been suggested that pH ranges in recirculating systems be held at levels near the 

lower end of the optimal range for the cultured species, but not low enough to deter 

nitrification (Lewis and Buynak 1976). 

Nitrite toxicity can also cause problems in recirculating systems, especially during 

start-up of a biological filter. Colonization of the filter substrate by nitrifying 

bacteria can take from 28 to 60 days depending on temperature (Collins et al. 1975; 

Spotte 1979; Van Gorder and Fritch 1982). Van Gorder and Fritch (1982) and 

Collins et al. (1975) experienced 100% mortality of channel catfish (Ictalurus 

punctatus) due to nitrite toxicity during establishment of nitrification on biological 

filters. Weng and Molof (1974) attributed high NO,-N and low NO,-N 

concentrations after 27 days to the lack of establishment of the nitrate formers, 

Nitrobacter sp.. A definite time lag exists between the establishment of Nitrosomonas 

sp. and Nitrobacter sp.. Seeding new biological filters with nitrifying bacteria from



existing filters can reduce the activation period of the new filters (Carmignani and 

Bennett 1977; Miller and Libey 1984). Incremental increases in the loading density 

of a culture system can also increase nitrification efficiency (Lewis and Buynak 1976). 

Nitrate, the end product of nitrification, is the least toxic of the inorganic 

nitrogen compounds (Colt and Armstrong 1981). The 96-h LCS50 value of NO,-N to 

fish ranged from 1000 to 2000 mg/1 (Colt and Tchobanoglous 1976). Levels of this 

magnitude are seldom reached in recirculating systems, and accordingly, most system 

designs do not incorporate nitrate removal devices. However, denitrification 

techniques have been applied to some recirculating aquaculture systems (Balderston 

and Seiburth 1976; Otte and Rosenthal 1979). 

Research in aquaculture water reuse has focused on two types of ammonia 

removal, chemical and biological. Ion exchange filters, such as those incorporating 

zeolite as an ammonia stripper, have been successful in the treatment of culture 

water (Bruin et al. 1981; Sloan et al. 1981). This type of filter, however, has the 

disadvantage of needing periodic recharging. Recharging of clinoptolite filters is 

typically accomplished with a brine solution, which becomes difficult to store and 

discharge. Burrows and Combs (1968) felt that biological filtration offered the most 

practical and economical means of ammonia removal. 

The biological fixed film process is one of the most useful in treating ammonia- 

laden water (Brune and Gunther 1981). Biological filters for use in aquaculture vary 

widely in design but are of three basic types: submerged filters, trickling filters and



rotating biological contactors (RBC). The potential of submerged filters for use in 

aquaculture production has been examined by several researchers (Burrows and 

Combs 1968; Collins et al. 1975; Paller and Lewis 1982; Rogers and Klemetson 

1985). Submerged filters typically incorporate gravel as the substrate where nitrifying 

bacteria attach. Adequate ammonia removal can be achieved with these filters when 

properly sized (Burrows and Combs 1968); however, they do have inherent problems. 

Clogging of the interstices of the filter substrate is the most frequently encountered 

problem. Clogging promotes short-circuiting through the filter bed, which decreases 

nitrification efficiency (Haug and McCarty 1972). Therefore, periodic backwashing 

of the bed must be carried out. The submerged design cannot supply oxygen to the 

aerobic bacteria (Paller and Lewis 1982), and supplemental oxygen injection into the 

filter influent is required at high loading rates. 

Trickling filters and rotating biological contactors have several advantages over 

submerged filters. Both types of filters tend to be self cleaning, and both provide a 

means of delivering oxygen to the nitrifying bacteria. Trickling filters have been 

examined for their application in the culture of channel catfish (Broussard and Simco 

1976; Miller and Libey 1984,1985) and tilapia, Oreochromis sp. (Otte and Rosenthal 

1979). Broussard and Simco (1976) attained effective ammonia nitrogen removal 

using trickling filters with stocking densities as high as 213.2 kg/m°. Miller and Libey 

(1984) found that increasing the filter volume and the flow rate increased filter 

efficiency. Trickling filters seem to be most appropriate for small scale recirculating



systems because of their large size relative to the culture tank. A disadvantage of 

some recirculating systems is that a large proportion of the total water volume is 

used for the biological filter unit (Otte and Rosenthal 1979). Filter size is important 

especially in terms of indoor recirculating systems where space is typically limited. 

Rotating biological contactors have been examined for their suitability for 

aquaculture (Lewis and Buynak 1976; Miller and Libey 1984; Rogers and Klemetson 

1985; Van Gorder and Fritch 1982). RBC design for aquaculture applications have 

been based primarily on modification of designs for secondary wastewater treatment 

facilities, but because recirculating aquaculture systems deal with a much lower 

concentration of waste, design transferability is limited (Rogers and Klemetson 1985). 

Design standards for aquaculture applications of RBCs remain limited. The use of 

RBCs is justified, however, when considering the advantages they have over other 

types of biological filters. 

RBCs tend to be self cleaning, an important consideration for maintaining 

optimal recirculation rates (i.e., no backwashing is required). Also, because the disk 

is only partly submerged during rotation, the surface exposed to the air provides the 

oxygen transport needed by the aerobic bacteria. Continual rotation also provides 

both a means of stripping CO, from the culture water and a source of aeration. 

Rotating biofilters require a minimum of head pressure (Lewis and Buynak 1976) 

and have low head loss and short detention time requirements (Weng and Molof 

1974).



RBCs generally are separated into three or more stages in series. This 

theoretically allows colonization of different species of bacteria on each stage. 

Heterotrophic bacteria, which consume organic substances, inhabit the filter media 

along with the nitrifiers (Miller and Libey 1984). The culture water flowing into 

initial stages of the RBC has high concentrations of organic constituents (Rogers and 

Klemetson 1985). Organic concentrations decrease in the later stages, allowing the 

colonization of nitrifying bacteria (Antonie 1976). Nitrifying bacteria are assumed 

to be present on each stage, but at higher concentrations on later stages. 

The capacity of the RBC to convert nitrogen compounds more effectively than 

other types of biofilters in an aquaculture setting is evident in the literature. When 

comparing an RBC, biodrum, trickling filter and a submerged anaerobic filter, 

Rogers and Klemetson (1985) found that the RBC provided the best ammonia and 

BOD removal over the greatest range of hydraulic loads. In a similar study, Miller 

and Libey (1985) compared a RBC, a trickling filter and a fluidized bed reactor, and 

found that the RBC provided the best nitrification efficiency, with values as high as 

82%. Van Gorder and Fritch (1982), found that the RBC maintained more stable 

water quality and supported a greater fish yield than a plastic media filter and a 

submerged gravel filter. Although not comparing different types of biofilters, Lewis 

and Buynak (1976) concluded that the RBC maintained suitable water quality for fish 

at loading rates up to 113 kg/1/min of fresh water. Rotating biological contactors, 

exhibit high nitrification efficiencies and support high loading rates, and are 
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applicable for aquaculture production. 

Dissolved oxygen (DO) is s potential limitation to any aquaculture production 

system is the maintenance of . As production intensifies and densities increase, 

oxygen consumption by fish and nitrifying bacteria increase as well. During feeding, 

maintenance of DO is especially important. Broussard and Simco (1976) reported 

declines in oxygen concentration of as much as 3 mg/I after feeding channel catfish 

in a recirculating system. Miller and Libey (1984) noted that in their system, 

dissolved oxygen at levels near 3.5 mg/1 limited the growth of channel catfish. At 

low DO levels, rainbow trout express a decreased tolerance to un-ionized ammonia 

and nitrite (Thurston et al. 1981). 

Many methods exist for the aeration of aquaculture systems. When culturing 

high densities of fish, pure oxygen injection has been regarded as one of the most 

effective, efficient, and economical methods (Colt and Tchobanoglous 1981; Speece 

1981). Colt and Tchobanoglous (1981) concluded that U-tube aerators using pure 

oxygen injection was one of the most efficient aeration methods. With pure oxygen 

injection, DO levels can be maintained at or near saturation, thereby alleviating 

oxygen-related limitations of high density culture. 

Hybrid Striped Bass Culture 

The decline of wild stocks of striped bass throughout the 1960s and 1970s 

encouraged examination of the species for commercial culture. However, all 
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commercial attempts to raise striped bass as a food fish in the mid-to-late 1970s 

failed (Van Olst and Carlberg 1990). Their failure was attributed to government 

regulation on possession and sales of the species, high production costs, and limited 

knowledge of early nutritional requirements and the growout phase of culture. 

During the last two decades, research was shifted from the culture of striped bass, 

and became focused on hybrid striped bass. 

Hybrids were first produced by Stevens in 1965, when he crossed the female 

striped bass with the male white bass. This hybrid, known as the “original” cross, has 

been the subject of most early aquaculture research. Hybridization of Morone was 

conducted to produce a fish which expressed the desirable characteristics of the two 

parent species (Bayless 1972, Bonn et al. 1976). Striped bass hybrids exhibit 

heterosis (hybrid vigor) expressed as improved survival, superior early growth rates, 

greater disease resistance and increased general hardiness relative to the parental 

species (Bishop 1968; Logan 1968; Bayless 1972; Bonn et al. 1976; Kerby and Joseph 

1979; Kerby et al. 1983). These favorable characteristics make the hybrid a suitable 

candidate for aquaculture production (Kerby et al. 1983; Kerby et al. 1987; Smith et 

al. 1985; Smith et al. 1989). 

Reciprocal cross hybrids, progeny of a cross between the female white bass and 

male striped bass, also have shown potential for culture, and have characteristics 

resembling those of the original cross hybrid (Smith et al. 1985). Reciprocal cross 

hybrids also exhibit some advantages over the original cross. White bass females are 
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usually easier to obtain and spawn than striped bass females (Bonn et al. 1976). 

Female white bass also mature at an earlier age (2 years) than striped bass females 

(4-5 years), and reciprocal hybrid offspring can, therefore, be produced in a much 

shorter time period (Bonn et al. 1976). Striped bass males and white bass females 

also mature readily in outdoor tanks under natural conditions (Smith and Jenkins 

1984). Other Morone hybrids have been examined, but none have expressed the 

same desirable characteristics found in the original or reciprocal cross hybrids 

(Harrell and Bukowski 1990). Because F, Morone hybrids have been found to be 

fertile, F, hybrids were produced in order to evaluate their performance (Smith and 

Jenkins 1984). The F, hybrids had lower hatching rates, poorer larval survivability 

and slower growth than original or reciprocal hybrids and were, therefore, judged 

unsuitable for commercial aquaculture (Smith et al. 1985). 

Original and reciprocal hybrids seem to show the greatest potential for 

commercial production. Several culture systems have been evaluated to determine 

their suitability for hybrid production: ponds (Kerby et al. 1983; Kerby et al. 1987), 

flow-through tank and raceway systems (Woods et al. 1985; Collins et al. 1984), and 

cage culture (Williams et al. 1981; Woods et al. 1983). Ponds and flow-through tanks 

are the most common culture systems used for hybrid production. Pond culture is 

the most widely practiced production method. However, one company in southern 

California (Aquatic Systems Inc.), utilizes large volumes of high quality groundwater 

in flow through tank systems, and has produced nearly 75% of all hybrid striped bass 
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cultured in recent years (Van Olst and Carlberg 1990). 

The good growth and survival rates, and food conversion ratios exhibited by 

hybrid striped bass are appealing to the aquaculturist. Growth to harvest size in 

ponds, although generally requiring two seasons, can be rapid. The best growth rate 

in earthen ponds was reported for original cross hybrids, which grew from 5.2 g to 

a mean weight of 656.3 g in 21.5 months, with little or no growth occurring during 

winter months (Kerby et al. 1987). In a previous study, Kerby et al. (1983) 

experienced a much slower growth rate at a similar density. 

Other culture methods have also shown potential for hybrid production. Woods 

et al. (1985) compared production at low and high densities (9 and 18 fish/m*) in 

flow through tank systems, and reported eight month weight gains of 295 g and 223 

g, respectively. Feed conversion ratios averaged 1.56 and 1.94 for the low and high 

density systems, respectively. In an eight month production study in estuarine cages, 

Woods et al. (1983) found that hybrids gained an average of 288 g when held at 

three densities (100, 150 or 200 fish/m*). Feed conversions in this study averaged 

1.56 for all densities. Smith et al. (1985) found that reciprocal cross hybrids gained 

589 g in 219 days at a density of 66 fish/m? in an unreplicated study utilizing a 

brackish water recirculating system. 

Most of the studies reviewed indicated great variability in growth and 

environmental conditions, however, water temperature and dissolved oxygen was 

considered as the primary parameters of concern in hybrid striped bass culture. 
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Temperature is one of the most important parameters affecting growth of fishes. 

Woiwode and Adelman (1984) found that maximum growth of hybrid striped bass 

fingerlings was attained at a temperature of 31 C, but peak feed conversion 

efficiencies occurred between 19 and 23 C; growth was observed at all temperatures 

tested (11-35 C). Kerby et al. (1983) reported that pond-reared hybrids grew best 

during summer months when temperatures ranged from 23 to 29 C, but that little to 

no growth occurred when temperatures averaged 15 C or below. 

Oxygen requirements of hybrid striped bass are similar to those of other species. 

Lewis et al. (1981) reported that a dissolved oxygen level of 5.0 mg/] was necessary 

for optimal growth of striped bass. Concentrations falling below 5.0 mg/1 have been 

shown to have a negative affect on hybrid growth (Woods et al. 1985). Supplemental 

oxygenation in intensive culture systems can decrease growth limitations related to 

low DO concentrations and allow increased carrying capacities (Nicholson et al. 

1990). 

Other water quality parameters of concern in hybrid culture are pH, ammonia, 

nitrite and nitrate. Values for these parameters causing negative affects on the 

growth and survival of hybrid striped bass are not well known. A pH range of 6.7-8.5 

has been considered optimal for striped bass (Kraeuter and Woods 1987). Mazik et 

al. (1991) found that the 24-hour median lethal concentration of nitrite for striped 

bass was 163 mg/l. Lethal or sublethal values for ammonia and nitrate have not 

been established for hybrids. 
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Another important adaptive characteristic of the hybrid striped bass is its 

tolerance of a wide range of salinities. Smith et al. (1986) indicated that original 

cross hybrids could be grown in salinities ranging from 0 to 35 ppt. Hybrids could, 

therefore, be grown in inland freshwater and in coastal brackish water, greatly 

reducing culture site limitations. The hardiness and adaptability of the hybrid to a 

wide range of water quality and culture conditions emphasizes its suitability for 

commercial culture. 
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�T�h�e� �n�i�n�e� �s�y�s�t�e�m�s� �w�e�r�e� �h�o�u�s�e�d� �i�n� �a� �p�o�s�t�-�f�r�a�m�e� �t�y�p�e� �u�t�i�l�i�t�y� �b�u�i�l�d�i�n�g� �(�3�3�.�5�m� �x� 

�1�5�.�2�m� �x� �4�.�8�m�)�.� �C�o�r�r�u�g�a�t�e�d� �a�l�u�m�i�n�u�m� �s�i�d�i�n�g� �(�1�9� �g�a�u�g�e�)� �c�o�v�e�r�e�d� �t�h�e� �e�x�t�e�r�i�o�r� �o�f� �t�h�e� 

�b�u�i�l�d�i�n�g�,� �a�s� �w�e�l�l� �a�s� �t�h�e� �i�n�t�e�r�i�o�r� �w�a�l�l�s� �a�n�d� �c�e�i�l�i�n�g�.� �I�n�s�u�l�a�t�i�o�n� �w�a�s� �p�r�o�v�i�d�e�d� �b�y� �R�-�1�9� 

�a�n�d� �R�-�3�0� �r�a�t�e�d� �f�i�b�e�r�g�l�a�s�s� �b�l�a�n�k�e�t�i�n�g�.� �A�i�r� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �f�o�u�r� 

�p�r�o�p�a�n�e� �h�e�a�t�e�r�s� �s�u�s�p�e�n�d�e�d� �f�r�o�m� �t�h�e� �c�e�i�l�i�n�g� �i�n� �e�a�c�h� �c�o�r�n�e�r� �o�f� �t�h�e� �b�u�i�l�d�i�n�g�.� �W�a�t�e�r� 

�t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �r�e�g�u�l�a�t�e�d� �b�y� �t�h�e� �a�i�r� �c�o�n�t�a�c�t�i�n�g� �t�h�e� �l�a�r�g�e� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �t�h�e� �R�B�C�.� 

�L�i�g�h�t�i�n�g� �i�n� �t�h�e� �b�u�i�l�d�i�n�g�,� �k�e�p�t� �a�t� �a� �m�i�n�i�m�u�m� �t�o� �r�e�d�u�c�e� �f�i�s�h� �s�t�r�e�s�s� �a�n�d� �a�l�g�a�l� 

�g�r�o�w�t�h�,� �w�a�s� �p�r�o�v�i�d�e�d� �b�y� �s�i�x� �1�5�0� �w�a�t�t� �i�n�c�a�n�d�e�s�c�e�n�t� �f�i�x�t�u�r�e�s�.� �L�i�g�h�t� �i�n�t�e�n�s�i�t�y� �w�a�s� 

�r�e�g�u�l�a�t�e�d� �m�a�n�u�a�l�l�y� �b�y� �a� �w�a�l�l� �m�o�u�n�t�e�d� �r�h�e�o�s�t�a�t�.� �F�o�r� �b�o�t�h� �t�r�i�a�l�s�,� �t�h�e� �a�r�t�i�f�i�c�i�a�l� �l�i�g�h�t�i�n�g� 

�s�i�m�u�l�a�t�e�d� �a�n� �a�p�p�r�o�x�i�m�a�t�e� �1�4� �h�r� �l�i�g�h�t�:�1�0� �h�r� �d�a�r�k� �c�y�c�l�e�.� �T�o� �a�v�o�i�d� �s�t�r�e�s�s�,� �t�h�e� �l�i�g�h�t�i�n�g� 

�1�9



�i�n�t�e�n�s�i�t�y� �w�a�s� �g�r�a�d�u�a�l�l�y� �i�n�c�r�e�a�s�e�d� �i�n� �t�h�e� �m�o�r�n�i�n�g� �a�n�d� �g�r�a�d�u�a�l�l�y� �d�e�c�r�e�a�s�e�d� �i�n� �t�h�e� 

�e�v�e�n�i�n�g�.� 

�2�0



�O�B�J�E�C�T�I�V�E�S� 

�T�h�e� �g�o�a�l� �o�f� �t�h�i�s� �s�t�u�d�y� �w�a�s� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �s�u�i�t�a�b�i�l�i�t�y� �o�f� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �f�o�r� 
�p�r�o�d�u�c�t�i�o�n� �i�n� �a� �r�e�c�i�r�c�u�l�a�t�i�n�g� �a�q�u�a�c�u�l�t�u�r�e� �s�y�s�t�e�m�.� �T�o� �a�p�p�r�o�a�c�h� �t�h�i�s� �g�o�a�l� �t�w�o� �g�r�o�w�t�h� 
�t�r�i�a�l�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d�.� 

�T�h�e� �o�b�j�e�c�t�i�v�e�s� �f�o�r� �T�r�i�a�l� �1� �w�e�r�e�:� 

�1�)� �T�o� �e�s�t�a�b�l�i�s�h� �b�a�s�e�l�i�n�e� �v�a�l�u�e�s� �f�o�r� �g�r�o�w�t�h�,� �f�e�e�d� �c�o�n�v�e�r�s�i�o�n� �a�n�d� �s�u�r�v�i�v�a�l� �o�f� �r�e�c�i�p�r�o�c�a�l� 
�c�r�o�s�s� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �(�M�o�r�o�n�e� �c�h�r�y�s�o�p�s� �f�e�m�a�l�e� �x� �M�.� �s�a�x�a�t�i�l�i�s� �m�a�l�e�)� �c�u�l�t�u�r�e�d� 

�a�t� �d�e�n�s�i�t�i�e�s� �o�f� �1�4�4� �f�i�s�h�/�m�?� �i�n� �a� �r�e�c�i�r�c�u�l�a�t�i�n�g� �a�q�u�a�c�u�l�t�u�r�e� �s�y�s�t�e�m�,� �a�n�d� 

�2�)� �T�o� �d�e�v�e�l�o�p�,� �f�o�r� �a� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�,� �b�a�s�i�c� �o�p�e�r�a�t�i�o�n�a�l� �g�u�i�d�e�l�i�n�e�s� �n�e�c�e�s�s�a�r�y� �t�o� 
�m�a�i�n�t�a�i�n� �a� �s�u�i�t�a�b�l�e� �c�u�l�t�u�r�e� �e�n�v�i�r�o�n�m�e�n�t� �f�o�r� �s�u�s�t�a�i�n�e�d� �f�i�s�h� �h�e�a�l�t�h� �a�n�d� �g�r�o�w�t�h� �i�n� 
�a� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�.� 

�O�b�j�e�c�t�i�v�e�s� �f�o�r� �T�r�i�a�l� �2� �w�e�r�e�:� 

�1�)� �T�o� �c�o�m�p�a�r�e� �g�r�o�w�t�h� �r�a�t�e�s�,� �f�e�e�d� �c�o�n�v�e�r�s�i�o�n� �a�n�d� �s�u�r�v�i�v�a�l� �o�f� �r�e�c�i�p�r�o�c�a�l� �c�r�o�s�s� �h�y�b�r�i�d� 
�s�t�r�i�p�e�d� �b�a�s�s� �c�u�l�t�u�r�e�d� �a�t� �d�e�n�s�i�t�i�e�s� �o�f� �3�6�,� �7�2� �a�n�d� �1�4�4� �f�i�s�h�/�m�*�,� �a�n�d� 

�2�)� �T�o� �e�v�a�l�u�a�t�e� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m� �p�e�r�f�o�r�m�a�n�c�e� �a�t� �t�h�r�e�e� �d�e�n�s�i�t�i�e�s� �o�f� �f�i�s�h� �b�a�s�e�d� �o�n� 
�w�a�t�e�r� �q�u�a�l�i�t�y� �a�n�a�l�y�s�e�s�.� 

�2�1



�C�H�A�P�T�E�R� �I�I� 

�T�R�I�A�L� �1� 

�M�E�T�H�O�D�S� 

�N�i�n�e� �p�r�o�d�u�c�t�i�o�n�-�s�c�a�l�e�,� �r�e�c�i�r�c�u�l�a�t�i�n�g� �a�q�u�a�c�u�l�t�u�r�e� �s�y�s�t�e�m�s� �w�e�r�e� �u�t�i�l�i�z�e�d� �i�n� �t�h�i�s� �t�r�i�a�l� 

�t�o� �e�s�t�a�b�l�i�s�h� �b�a�s�e�l�i�n�e� �v�a�l�u�e�s� �f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y�,� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �g�r�o�w�t�h�,� �f�e�e�d� 

�c�o�n�v�e�r�s�i�o�n� �a�n�d� �s�u�r�v�i�v�a�l�.� 

�S�t�o�c�k�i�n�g� 

�A� �h�i�g�h� �d�e�n�s�i�t�y� �s�t�o�c�k�i�n�g� �r�a�t�e� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�4�4� �f�i�s�h�/�m�?�*�)�,� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� �t�h�e� 

�m�a�x�i�m�u�m� �c�a�r�r�y�i�n�g� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �s�y�s�t�e�m�,� �w�a�s� �s�e�l�e�c�t�e�d� �f�o�r� �t�h�i�s� �t�r�i�a�l�.� �E�a�c�h� �o�f� �t�h�e� 

�n�i�n�e� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �w�a�s� �s�t�o�c�k�e�d� �w�i�t�h� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�8�0�0� �(�r�a�n�g�e�:� �1�8�1�3� �t�o� �1�9�7�5�)� 

�r�e�c�i�p�r�o�c�a�l� �c�r�o�s�s� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �a�v�e�r�a�g�i�n�g� �4�0�.�2� �g�.� �F�i�n�g�e�r�l�i�n�g�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� 

�K�e�o� �F�i�s�h� �F�a�r�m�s�,� �K�e�o�,� �A�R�.� �R�e�c�i�p�r�o�c�a�l� �c�r�o�s�s� �h�y�b�r�i�d�s� �w�e�r�e� �u�s�e�d� �b�e�c�a�u�s�e� �t�h�e�y� �w�e�r�e� 

�m�o�r�e� �r�e�a�d�i�l�y� �a�v�a�i�l�a�b�l�e� �f�r�o�m� �c�o�m�m�e�r�c�i�a�l� �s�o�u�r�c�e�s� �t�h�a�n� �o�r�i�g�i�n�a�l� �c�r�o�s�s� �h�y�b�r�i�d�s�.� 

�F�e�e�d�i�n�g� 

�T�h�e� �f�i�s�h� �w�e�r�e� �f�e�d� �a� �h�i�g�h� �p�r�o�t�e�i�n�,� �f�l�o�a�t�i�n�g� �d�i�e�t� �f�o�r�m�u�l�a�t�e�d� �f�o�r� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s�.� 

�T�h�e� �d�i�e�t�,� �m�a�n�u�f�a�c�t�u�r�e�d� �b�y� �B�i�o�s�p�o�n�g�e� �A�q�u�a�c�u�l�t�u�r�e� �P�r�o�d�u�c�t�s� �(�S�h�e�r�i�d�a�n�,� �W�y�o�m�i�n�g�)�,� 

�w�a�s� �c�o�m�p�o�s�e�d� �o�f� �a� �m�i�n�i�m�u�m� �o�f� �4�4�%� �c�r�u�d�e� �p�r�o�t�e�i�n�,� �8�%� �f�a�t�,� �3�%� �c�r�u�d�e� �f�i�b�e�r� �a�n�d� �a� 

�m�a�x�i�m�u�m� �o�f� �1�3�%� �m�o�i�s�t�u�r�e�.� �F�e�e�d� �w�a�s� �a�d�m�i�n�i�s�t�e�r�e�d� �b�y� �h�a�n�d� �o�n�c�e� �o�r� �t�w�i�c�e� �d�a�i�l�y�.� 

�2�2



�T�h�e� �q�u�a�n�t�i�t�y� �f�e�d� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �e�v�a�l�u�a�t�i�n�g� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �f�i�s�h� �a�n�d� �t�h�e� 

�b�i�o�f�i�l�t�e�r�.� �T�h�e� �a�m�o�u�n�t� �o�f� �f�e�e�d� �a�d�m�i�n�i�s�t�e�r�e�d� �t�o� �e�a�c�h� �s�y�s�t�e�m� �w�a�s�,� �t�h�e�r�e�f�o�r�e�,� 

�d�e�t�e�r�m�i�n�e�d� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �w�a�t�e�r� �q�u�a�l�i�t�y�.� �O�n�c�e� �t�h�e� �r�a�t�i�o�n� �w�a�s� �d�e�t�e�r�m�i�n�e�d�,� �f�e�e�d� �w�a�s� 

�a�d�m�i�n�i�s�t�e�r�e�d� �t�o� �e�a�c�h� �s�y�s�t�e�m� �u�n�t�i�l� �t�h�e� �e�n�t�i�r�e� �r�a�t�i�o�n� �w�a�s� �e�a�t�e�n� �o�r� �u�n�t�i�l� �f�e�e�d�i�n�g� �a�c�t�i�v�i�t�y� 

�c�e�a�s�e�d�.� �O�n�l�y� �s�m�a�l�l� �a�m�o�u�n�t�s� �w�e�r�e� �f�e�d� �a�t� �a�n�y� �o�n�e� �t�i�m�e� �t�o� �p�r�e�v�e�n�t� �o�v�e�r�f�e�e�d�i�n�g�.� �T�o�t�a�l� 

�f�e�e�d� �c�o�n�s�u�m�e�d� �i�n� �e�a�c�h� �s�y�s�t�e�m� �w�a�s� �m�o�n�i�t�o�r�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �f�e�e�d� �c�o�n�v�e�r�s�i�o�n�.� �F�e�e�d� 

�c�o�n�v�e�r�s�i�o�n� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s� �d�r�y� �w�e�i�g�h�t� �f�e�e�d� �c�o�n�s�u�m�e�d� �d�i�v�i�d�e�d� �b�y� �w�e�t� �w�e�i�g�h�t� �o�f� �f�i�s�h� 

�g�a�i�n�.� �N�u�m�b�e�r�s� �a�n�d� �w�e�i�g�h�t�s� �o�f� �m�o�r�t�a�l�i�t�i�e�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �f�o�r� �e�a�c�h� �t�a�n�k� �t�o� �a�c�c�u�r�a�t�e�l�y� 

�m�e�a�s�u�r�e� �f�e�e�d� �c�o�n�v�e�r�s�i�o�n� �a�n�d� �s�u�r�v�i�v�a�l�.� 

�S�a�m�p�l�i�n�g� 

�T�h�e� �g�r�o�w�t�h� �t�r�i�a�l� �w�a�s� �i�n�i�t�i�a�t�e�d� �o�n� �F�e�b�r�u�a�r�y� �6�,� �1�9�9�0� �w�i�t�h� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �a� 

�r�a�n�d�o�m� �s�a�m�p�l�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �(�2�.�8�%� �o�f� �p�o�p�u�l�a�t�i�o�n�)� �f�r�o�m� 

�e�a�c�h� �s�y�s�t�e�m�.� �F�i�s�h� �w�e�r�e� �p�l�a�c�e�d� �i�n� �a� �1�1�5� �l�i�t�e�r� �h�o�l�d�i�n�g� �t�a�n�k� �c�o�n�t�a�i�n�i�n�g� �4�,�0�0�0� �m�g�/�l� 

�N�a�C�l� �a�n�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7�0� �m�g�/�I� �o�f� �t�h�e� �a�n�e�s�t�h�e�t�i�c� �M�S�-�2�2�2�,� �t�r�i�c�a�n�e� �m�e�t�h�a�n�o�s�u�l�f�a�t�e�.� 

�M�e�a�s�u�r�e�m�e�n�t�s� �o�f� �t�o�t�a�l� �l�e�n�g�t�h� �t�o� �t�h�e� �n�e�a�r�e�s�t� �m�i�l�l�i�m�e�t�e�r� �a�n�d� �w�e�t� �w�e�i�g�h�t� �t�o� �a� �t�e�n�t�h� �o�f� 

�a� �g�r�a�m� �w�e�r�e� �r�e�c�o�r�d�e�d�.� 

�L�e�n�g�t�h�-�w�e�i�g�h�t� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �b�i�w�e�e�k�l�y� �s�o� �t�h�a�t� �g�r�o�w�t�h� �c�o�u�l�d� �b�e� �m�o�n�i�t�o�r�e�d�.� 

�T�h�i�s� �i�n�t�e�n�s�i�v�e� �f�r�e�q�u�e�n�c�y� �o�f� �s�a�m�p�l�i�n�g� �f�a�c�i�l�i�t�a�t�e�d� �c�l�o�s�e� �o�b�s�e�r�v�a�t�i�o�n� �o�f� �t�h�e� �o�v�e�r�a�l�l� 

�h�e�a�l�t�h� �a�n�d� �f�i�t�n�e�s�s� �o�f� �t�h�e� �f�i�s�h�.� �S�p�e�c�i�f�i�c� �g�r�o�w�t�h� �r�a�t�e�s� �(�%� �b�o�d�y� �w�e�i�g�h�t� �g�a�i�n�/�p�e�r�i�o�d�)� 

�w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �a�t� �e�a�c�h� �s�a�m�p�l�i�n�g� �p�e�r�i�o�d� �a�s�:� 
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�S�G� �=� �l�o�g�,� �W�t�-� �l�o�g�,� �W�o� �x� �1�0�0� �:� 

�t� 

�(�K�e�r�b�y� �e�t� �a�l�.� �1�9�8�7�)� �w�h�e�r�e� �S�G� �i�s� �t�h�e� �s�p�e�c�i�f�i�c� �g�r�o�w�t�h� �r�a�t�e�,� �W�t� �i�s� �t�h�e� �m�e�a�n� �w�e�i�g�h�t� �a�t� 

�t�h�e� �e�n�d� �o�f� �t�h�e� �g�r�o�w�t�h� �p�e�r�i�o�d�,� �W�o� �i�s� �t�h�e� �m�e�a�n� �w�e�i�g�h�t� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �g�r�o�w�t�h� 

�p�e�r�i�o�d�,� �a�n�d� �¢� �i�s� �t�h�e� �t�i�m�e� �i�n� �d�a�y�s� �(�1�4�)� �b�e�t�w�e�e�n� �m�e�a�s�u�r�e�m�e�n�t�s�.� �G�r�o�w�t�h� �r�a�t�e�s� �i�n� �g�r�a�m�s� 

�g�a�i�n�e�d� �p�e�r� �i�n�d�i�v�i�d�u�a�l� �p�e�r� �d�a�y� �w�e�r�e� �a�l�s�o� �c�a�l�c�u�l�a�t�e�d�.� 

�W�a�t�e�r� �Q�u�a�l�i�t�y� 

�T�h�e� �p�r�i�m�a�r�y� �o�b�j�e�c�t�i�v�e� �o�f� �a� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m� �i�s� �t�o� �c�o�n�v�e�r�t� �p�o�t�e�n�t�i�a�l�l�y� �t�o�x�i�c� 

�m�e�t�a�b�o�l�i�t�e�s� �i�n�t�o� �a� �n�o�n�-�t�o�x�i�c� �f�o�r�m�.� �T�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �s�y�s�t�e�m�s �� �e�f�f�e�c�t�i�v�e�n�e�s�s�,� �s�e�v�e�r�a�l� 

�w�a�t�e�r� �q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �m�e�a�s�u�r�e�d�.� �P�a�r�a�m�e�t�e�r�s� �m�e�a�s�u�r�e�d� �i�n�c�l�u�d�e�d� �t�o�t�a�l� 

�a�m�m�o�n�i�a� �(�T�A�N�)�,� �u�n�-�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �(�N�H�,�)�,� �n�i�t�r�i�t�e�,� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �(�D�O�)�,� �p�H�,� 

�a�l�k�a�l�i�n�i�t�y�,� �h�a�r�d�n�e�s�s�,� �n�i�t�r�a�t�e� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�.� �V�a�l�u�e�s� �f�o�r� �T�A�N�,� �D�O�,� �p�H�,� �a�l�k�a�l�i�n�i�t�y� 

�a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �w�e�r�e� �r�e�c�o�r�d�e�d� �d�a�i�l�y�.� �V�a�l�u�e�s� �f�o�r� �n�i�t�r�i�t�e� �w�e�r�e� �r�e�c�o�r�d�e�d� �t�w�i�c�e� �e�a�c�h� 

�w�e�e�k�,� �a�n�d� �h�a�r�d�n�e�s�s� �a�n�d� �n�i�t�r�a�t�e� �o�n�c�e� �e�a�c�h� �w�e�e�k�.� �M�o�n�i�t�o�r�i�n�g� �w�a�t�e�r� �q�u�a�l�i�t�y� �o�n� �s�u�c�h� 

�a� �f�r�e�q�u�e�n�t� �b�a�s�i�s� �s�u�p�p�o�r�t�e�d� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �o�f� �f�i�l�t�r�a�t�i�o�n� �p�e�r�f�o�r�m�a�n�c�e� �a�n�d� �p�r�o�v�i�d�e�d� �t�h�e� 

�b�a�s�i�s� �f�o�r� �t�h�e� �e�v�e�n�t�u�a�l� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �w�a�t�e�r� �q�u�a�l�i�t�y� �m�a�n�a�g�e�m�e�n�t� �g�u�i�d�e�l�i�n�e�s�.� 

�W�a�t�e�r� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �c�u�l�t�u�r�e� �t�a�n�k� �n�e�a�r�e�s�t� �t�h�e� �o�u�t�f�l�o�w� �t�o� 

�t�h�e� �s�u�m�p�.� �T�h�e�s�e� �s�a�m�p�l�e�s� �r�e�p�r�e�s�e�n�t�e�d� �t�h�e� �p�o�o�r�e�s�t� �q�u�a�l�i�t�y� �w�a�t�e�r� �e�x�p�e�r�i�e�n�c�e�d� �b�y� �t�h�e� 

�f�i�s�h�.� �T�A�N�,� �n�i�t�r�i�t�e� �a�n�d� �n�i�t�r�a�t�e� �v�a�l�u�e�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �D�R�/�2�0�0�0� �H�A�C�H� 

�S�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �(�H�A�C�H� �C�o�.�,� �L�o�v�e�l�a�n�d�,� �C�O�)�.� �T�h�e� �H�A�C�H� �p�r�o�c�e�d�u�r�e�s� �u�s�e�d� �f�o�r� 
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�t�h�e� �t�h�r�e�e� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e�;� �T�A�N� �(�N�e�s�s�l�e�r� �m�e�t�h�o�d� �#� �3�8�0�)�,� �n�i�t�r�i�t�e� �(�d�i�a�z�o�t�i�z�a�t�i�o�n� 

�m�e�t�h�o�d� �#� �3�7�1�)� �a�n�d� �n�i�t�r�a�t�e� �(�c�a�d�m�i�u�m� �r�e�d�u�c�t�i�o�n� �m�e�t�h�o�d� �#� �3�5�5�)�.� �U�n�-�i�o�n�i�z�e�d� 

�a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �(�m�g�/�l�)� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �a�s�:� 

�N�H�,� �=� �1�/�(�1�0�°�8�*�P�#� �+� �1�)� �x� �T�A�N� 

�w�h�e�r�e� �p�K�,� �=� �0�.�0�9�0�1�8� �+� �2�7�2�9�.�9�2�/�T�,� �T�A�N� �=� �t�o�t�a�l� �a�m�m�o�n�i�a� �n�i�t�r�o�g�e�n� �a�n�d� �T� �=� 

�t�e�m�p�e�r�a�t�u�r�e� �i�n� �d�e�g�r�e�e�s� �K�e�l�v�i�n� �(�E�m�e�r�s�o�n� �e�t� �a�l�.� �1�9�7�5�)�.� �D�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �a�n�d� 

�t�e�m�p�e�r�a�t�u�r�e� �w�e�r�e� �r�e�c�o�r�d�e�d� �u�s�i�n�g� �a� �Y�S�I� �m�o�d�e�l� �5�8� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �m�e�t�e�r� �(�Y�S�I� �C�o�.�,� 

�Y�e�l�l�o�w� �S�p�r�i�n�g�s�,� �O�H�)�.� �A� �H�a�c�h� �p�H� �p�e�n� �w�a�s� �u�s�e�d� �f�o�r� �p�H� �m�e�a�s�u�r�e�m�e�n�t�s�.� �H�a�r�d�n�e�s�s� 

�a�n�d� �a�l�k�a�l�i�n�i�t�y� �(�a�s� �C�a�C�O�,�)� �w�e�r�e� �m�e�a�s�u�r�e�d� �b�y� �t�i�t�r�a�t�i�o�n�.� 

�I�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �c�o�n�s�i�d�e�r� �t�h�e� �n�e�e�d�s� �o�f� �b�o�t�h� �t�h�e� �f�i�s�h� �a�n�d� �t�h�e� �n�i�t�r�i�f�y�i�n�g� �b�a�c�t�e�r�i�a� 

�w�h�e�n� �m�a�i�n�t�a�i�n�i�n�g� �w�a�t�e�r� �q�u�a�l�i�t�y�.� �B�o�t�h� �f�i�s�h� �a�n�d� �b�a�c�t�e�r�i�a� �c�a�n� �p�e�r�f�o�r�m� �w�e�l�l� �u�n�d�e�r� �a� 

�w�i�d�e� �r�a�n�g�e� �o�f� �c�o�n�d�i�t�i�o�n�s�.� �O�n�e� �o�f� �t�h�e� �p�r�i�m�a�r�y� �f�a�c�t�o�r�s� �l�i�m�i�t�i�n�g� �b�a�c�t�e�r�i�a�l� �p�e�r�f�o�r�m�a�n�c�e� 

�i�s� �p�H�.� �T�h�e� �a�b�i�l�i�t�y� �o�f� �n�i�t�r�i�f�y�i�n�g� �b�a�c�t�e�r�i�a� �t�o� �o�x�i�d�i�z�e� �a�m�m�o�n�i�a� �t�o� �n�i�t�r�a�t�e� �d�e�c�r�e�a�s�e�s� �w�i�t�h� 

�d�e�c�r�e�a�s�i�n�g� �p�H� �(�K�a�i�s�e�r� �a�n�d� �W�h�e�a�t�o�n� �1�9�8�3�)�.� �B�e�c�a�u�s�e� �t�h�e� �p�r�o�c�e�s�s� �o�f� �n�i�t�r�i�f�i�c�a�t�i�o�n� 

�d�e�c�r�e�a�s�e�s� �p�H� �o�v�e�r� �t�i�m�e�,� �p�H� �m�a�i�n�t�e�n�a�n�c�e� �m�e�a�s�u�r�e�s� �w�e�r�e� �n�e�c�e�s�s�a�r�y�.� �S�o�d�i�u�m� 

�b�i�c�a�r�b�o�n�a�t�e� �(�N�a�H�C�O�,�)� �w�a�s� �u�s�e�d� �a�s� �a� �b�u�f�f�e�r� �t�o� �m�a�i�n�t�a�i�n� �p�H� �n�e�a�r� �7�.�5�,� �a� �v�a�l�u�e� �w�e�l�l� 

�s�u�i�t�e�d� �f�o�r� �b�o�t�h� �t�h�e� �b�a�c�t�e�r�i�a� �a�n�d� �t�h�e� �f�i�s�h�.� �W�a�t�e�r� �q�u�a�l�i�t�y� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �p�r�i�o�r� 

�t�o� �t�h�e� �f�i�r�s�t� �f�e�e�d�i�n�g� �e�a�c�h� �d�a�y�.� �T�h�i�s� �a�l�l�o�w�e�d� �a�n� �i�n�d�i�c�a�t�i�o�n� �o�f� �e�a�c�h� �s�y�s�t�e�m�s �� 

�e�f�f�e�c�t�i�v�e�n�e�s�s� �a�t� �r�e�m�o�v�i�n�g� �m�e�t�a�b�o�l�i�t�e�s� �p�r�o�d�u�c�e�d� �d�u�r�i�n�g� �t�h�e� �p�r�e�v�i�o�u�s� �d�a�y�.� �I�f� �a�l�l� �w�a�t�e�r� 

�q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �a� �g�i�v�e�n� �s�y�s�t�e�m� �m�e�t� �a�c�c�e�p�t�a�b�l�e� �l�e�v�e�l�s� �(�T�a�b�l�e� �1�)�,� �f�e�e�d� �w�a�s� 

�a�d�m�i�n�i�s�t�e�r�e�d�.� �I�f� �v�a�l�u�e�s� �f�e�l�l� �o�u�t�s�i�d�e� �t�h�e� �a�c�c�e�p�t�a�b�l�e� �l�i�m�i�t�s�,� �n�o� �f�e�e�d� �w�a�s� �a�d�m�i�n�i�s�t�e�r�e�d�,� 
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�T�a�b�l�e� �1�.� �L�i�s�t� �o�f� �w�a�t�e�r� �q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �m�e�a�s�u�r�e�d� �d�u�r�i�n�g� �b�o�t�h� �t�r�i�a�l�s�.� �T�o�x�i�c� �l�e�v�e�l�s� 
�o�f� �t�h�e�s�e� �p�a�r�a�m�e�t�e�r�s� �h�a�v�e� �n�o�t� �b�e�e�n� �e�s�t�a�b�l�i�s�h�e�d� �f�o�r� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s�.� �L�e�v�e�l�s� 
�s�u�g�g�e�s�t�e�d� �t�o� �b�e� �l�i�m�i�t�i�n�g� �o�r� �h�a�r�m�f�u�l� �t�o� �o�t�h�e�r� �s�p�e�c�i�e�s� �a�r�e� �g�i�v�e�n� �a�n�d� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� 
�a�s� �g�u�i�d�e�l�i�n�e�s� �f�o�r� �a�c�t�i�v�e� �w�a�t�e�r� �q�u�a�l�i�t�y� �m�a�n�a�g�e�m�e�n�t� �p�r�a�c�t�i�c�e�s� �i�f� �m�e�t� �o�r� �e�x�c�e�e�d�e�d�.� 
� � 

� � 

�P�a�r�a�m�e�t�e�r� �H�a�r�m�f�u�l� �L�e�v�e�l� �S�o�u�r�c�e� 

�U�n�-�i�o�n�i�z�e�d� �A�m�m�o�n�i�a� �0�.�1�2� �m�g�/�1� �R�o�b�i�n�e�t�t�e� �(�1�9�7�6�)� 
�|� �(�c�h�a�n�n�e�l� �c�a�t�f�i�s�h�)� 

�N�i�t�r�i�t�e� �1�6�3� �m�g�/�l� �M�a�z�i�k� �e�t� �a�l�.� �(�1�9�9�1�)� 
�(�s�t�r�i�p�e�d� �b�a�s�s�)� 

�N�i�t�r�a�t�e� �6�2�0�0� �m�g�/�l� �C�o�l�t� �a�n�d� �T�c�h�o�b�a�n�o�g�l�o�u�s� 
�(�1�9�7�6�)� �(�c�h�a�n�n�e�l� �c�a�t�f�i�s�h�)� 

�D�i�s�s�o�l�v�e�d� �O�x�y�g�e�n� �5�.�0� �m�g�/�1� �L�e�w�i�s� �e�t� �a�l�.� �(�1�9�8�1�)� 
�(�s�t�r�i�p�e�d� �b�a�s�s�)� 

�p�H� �6�.�5�,� �9�.�0� �B�o�y�d� �(�1�9�7�9�)� 
�(�c�h�a�n�n�e�l� �c�a�t�f�i�s�h�)� 

�A�l�k�a�l�i�n�i�t�y� �N�o� �k�n�o�w�n� �h�a�r�m�f�u�l� 
�l�e�v�e�l�s� 

�H�a�r�d�n�e�s�s� �N�o� �k�n�o�w�n� �h�a�r�m�f�u�l� 
�l�e�v�e�l�s� 

� � 
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�a�n�d� �n�e�c�e�s�s�a�r�y� �a�c�t�i�o�n�s� �w�e�r�e� �t�a�k�e�n� �t�o� �i�m�p�r�o�v�e� �w�a�t�e�r� �q�u�a�l�i�t�y�.� �A�c�t�i�o�n�s� �t�a�k�e�n� �t�o� �i�m�p�r�o�v�e� 

�w�a�t�e�r� �q�u�a�l�i�t�y� �d�e�p�e�n�d�e�d� �u�p�o�n� �t�h�e� �p�a�r�a�m�e�t�e�r� �o�f� �c�o�n�c�e�r�n�,� �b�u�t� �g�e�n�e�r�a�l�l�y� �i�n�c�l�u�d�e�d� �w�a�t�e�r� 

�e�x�c�h�a�n�g�e� �(�s�u�m�p� �f�l�u�s�h�i�n�g� �a�n�d�/�o�r� �d�i�l�u�t�i�o�n�)�.� 

�W�a�t�e�r� �w�a�s� �a�d�d�e�d� �t�o� �e�a�c�h� �s�y�s�t�e�m� �o�n�l�y� �t�o� �m�a�k�e� �u�p� �f�o�r� �e�v�a�p�o�r�a�t�i�v�e� �l�o�s�s�e�s� �o�r� �l�o�s�s�e�s� 

�i�n�c�u�r�r�e�d� �d�u�r�i�n�g� �t�h�e� �r�e�m�o�v�a�l� �o�f� �s�o�l�i�d�s� �a�c�c�u�m�u�l�a�t�e�d� �i�n� �t�h�e� �s�u�m�p�.� �T�h�e� �s�c�h�e�d�u�l�e� �f�o�r� 

�f�l�u�s�h�i�n�g� �t�h�e� �s�e�t�t�l�e�d� �s�o�l�i�d�s� �f�r�o�m� �t�h�e� �s�u�m�p� �w�a�s� �b�a�s�e�d� �o�n� �w�a�t�e�r� �q�u�a�l�i�t�y�.� �W�h�e�n� �w�a�t�e�r� 

�q�u�a�l�i�t�y� �b�e�g�a�n� �t�o� �d�e�t�e�r�i�o�r�a�t�e� �t�h�e� �s�u�m�p�s� �w�e�r�e� �f�l�u�s�h�e�d�.� �T�h�i�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� 

�i�s�o�l�a�t�i�n�g� �t�h�e� �s�u�m�p� �f�r�o�m� �t�h�e� �r�e�s�t� �o�f� �t�h�e� �s�y�s�t�e�m� �a�n�d� �f�l�u�s�h�i�n�g� �t�h�e� �s�e�t�t�l�e�d� �s�o�l�i�d�s� �w�i�t�h� �a� 

�h�i�g�h� �v�o�l�u�m�e�,� �l�o�w� �p�r�e�s�s�u�r�e� �h�o�s�e�.� �T�h�e� �s�u�m�p� �w�a�s� �t�h�e�n� �r�e�f�i�l�l�e�d� �w�i�t�h� �w�e�l�l� �w�a�t�e�r� �(�T�a�b�l�e� 

�2�)�.� 
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�T�a�b�l�e� �2�.� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �w�e�l�l� �w�a�t�e�r� �u�s�e�d� �a�s� �m�a�k�e�u�p� 
�w�a�t�e�r� �i�n� �T�r�i�a�l� �1�.� 

� � 

� � 

�P�a�r�a�m�e�t�e�r� �C�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�g�/�1�)� 

�A�m�m�o�n�i�a�-�N� �n�d� �*� 
�N�O�,�-�N� �n�d� �*� 
�N�O�,�-�N� �n�d� �*� 
�p�H� �7�.�9� 

�A�l�k�a�l�i�n�i�t�y� �2�7�0� 
�H�a�r�d�n�e�s�s� �3�7�0� 
� � 

�*� �N�o�t� �w�i�t�h�i�n� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t�s�.� 
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�R�E�S�U�L�T�S� 

�S�u�r�v�i�v�a�l� �a�n�d� �G�r�o�w�t�h� 

�S�u�r�v�i�v�a�l� �r�a�t�e�s� �a�v�e�r�a�g�e�d� �7�2�.�5�%� �f�o�r� �a�l�l� �n�i�n�e� �s�y�s�t�e�m�s�;� �h�o�w�e�v�e�r�,� �t�o�t�a�l� �m�o�r�t�a�l�i�t�y� 

�o�c�c�u�r�r�e�d� �i�n� �o�n�e� �t�a�n�k�,� �T�4�,� �o�n� �d�a�y� �4�2� �w�h�e�n� �t�h�e� �r�e�c�i�r�c�u�l�a�t�i�n�g� �p�u�m�p� �f�a�i�l�e�d�.� �T�h�e� �p�u�m�p� 

�f�a�i�l�u�r�e� �d�i�s�r�u�p�t�e�d� �w�a�t�e�r� �f�l�o�w� �d�o�w�n� �t�h�e� �u�-�t�u�b�e� �a�e�r�a�t�o�r� �w�h�i�c�h� �r�e�s�u�l�t�e�d� �i�n� �a�n�o�x�i�c� 

�c�o�n�d�i�t�i�o�n�s� �i�n� �t�h�e� �c�u�l�t�u�r�e� �t�a�n�k�.� �T�h�r�e�e� �o�t�h�e�r� �s�y�s�t�e�m�s�,� �T�5�,� �6�,� �a�n�d� �8�,� �e�x�p�e�r�i�e�n�c�e�d� �s�e�v�e�r�e� 

�m�o�r�t�a�l�i�t�i�e�s� �(�2�3�.�6�%�,� �3�4�.�8�%�,� �a�n�d� �6�0�.�9�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�)� �d�u�e� �t�o� �u�n�k�n�o�w�n� �c�a�u�s�e�s�.� �I�t� �i�s� 

�b�e�l�i�e�v�e�d� �t�h�a�t� �a� �b�u�i�l�d�u�p� �o�f� �t�o�x�i�c� �m�e�t�a�b�o�l�i�t�e�s� �c�a�u�s�e�d� �t�h�e�s�e� �m�o�r�t�a�l�i�t�i�e�s�.� �N�o�n�e� �o�f� �t�h�e� 

�w�a�t�e�r� �q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �m�e�a�s�u�r�e�d� �w�e�r�e� �w�i�t�h�i�n� �r�a�n�g�e�s� �c�o�n�s�i�d�e�r�e�d� �l�e�t�h�a�l�.� �F�i�s�h� �i�n� �o�n�e� 

�t�a�n�k�,� �T�3�,� �w�e�r�e� �h�a�r�v�e�s�t�e�d� �p�r�i�o�r� �t�o� �d�a�y� �2�2�4� �a�n�d� �h�a�d� �a� �s�u�r�v�i�v�a�l� �r�a�t�e� �o�f� �9�8�.�6�%� �a�t� �t�h�a�t� 

�t�i�m�e�.� �F�i�s�h� �i�n� �t�h�e� �r�e�m�a�i�n�i�n�g� �f�o�u�r� �s�y�s�t�e�m�s�,� �T�1�,� �2�,� �7�,� �a�n�d� �9�,� �h�a�d� �a�n� �a�v�e�r�a�g�e� �s�u�r�v�i�v�a�l� 

�r�a�t�e� �o�f� �9�3�.�5�%�.� 

�W�h�e�n� �s�e�v�e�r�e� �m�o�r�t�a�l�i�t�i�e�s� �o�c�c�u�r�r�e�d�,� �t�h�e� �t�r�i�a�l� �w�a�s� �e�n�d�e�d� �f�o�r� �t�h�a�t� �p�a�r�t�i�c�u�l�a�r� �s�y�s�t�e�m�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �g�r�o�w�t�h� �f�o�r� �t�h�e� �2�2�4� �d�a�y� �s�t�u�d�y� �i�s� �s�u�m�m�a�r�i�z�e�d� �f�o�r� �t�h�e� �f�o�u�r� 

�r�e�m�a�i�n�i�n�g� �s�y�s�t�e�m�s� �o�n�l�y�.� �T�a�b�l�e� �3� �p�r�e�s�e�n�t�s� �t�h�e� �s�t�o�c�k�i�n�g� �d�e�n�s�i�t�i�e�s� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �a�n�d� 

�e�n�d� �o�f� �t�h�e� �t�r�i�a�l� �a�n�d� �t�h�e� �s�u�r�v�i�v�a�l� �r�a�t�e� �i�n� �e�a�c�h� �s�y�s�t�e�m�.� 

�T�h�e� �r�e�l�a�t�i�v�e�l�y� �s�l�o�w� �s�t�a�r�t�-�u�p� �t�i�m�e� �r�e�q�u�i�r�e�d� �f�o�r� �n�e�w� �b�i�o�f�i�l�t�e�r�s� �l�e�d� �t�o� �a� �r�e�s�t�r�i�c�t�e�d� 

�f�e�e�d�i�n�g� �r�e�g�i�m�e� �a�t� �t�h�e� �s�t�a�r�t� �o�f� �t�h�e� �s�t�u�d�y� �a�n�d�,� �t�h�e�r�e�f�o�r�e�,� �l�i�m�i�t�e�d� �g�r�o�w�t�h�.� �G�r�o�w�t�h� �w�a�s� 

�s�i�m�i�l�a�r� �i�n� �t�h�e� �f�o�u�r� �s�y�s�t�e�m�s� �w�i�t�h� �a� �c�o�n�s�i�s�t�e�n�t� �i�n�c�r�e�a�s�e� �i�n� �w�e�i�g�h�t� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �t�r�i�a�l� 

�(�F�i�g�u�r�e� �2�)�.� �O�n� �d�a�y� �2�2�4� �w�e�i�g�h�t�s� �a�v�e�r�a�g�e�d� �2�6�2�.�1� �g� �a�n�d� �r�a�n�g�e�d� �f�r�o�m� �2�4�0�.�9� �t�o� �2�8�3�.�5� �g� 
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�T�a�b�l�e� �3�.� �S�t�o�c�k�i�n�g� �a�n�d� �e�n�d�i�n�g� �d�e�n�s�i�t�i�e�s� �o�f� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �a�n�d� 
�s�u�r�v�i�v�a�l� �r�a�t�e�s� �f�o�r� �t�h�e� �2�2�4� �d�a�y� �s�t�u�d�y�.� 
� � 

�S�t�o�c�k�i�n�g� �N�u�m�b�e�r� �T�r�i�a�l� �E�n�d� 
� � 

� � 

�T�a�n�k� �#� �I�n�i�t�i�a�l� �F�i�n�a�l� �D�a�y� �%� �S�u�r�v�i�v�a�l� 

�1� �1�8�4�4� �1�6�5�2� �2�2�4� �9�1�.�7� 
�1�9�1�1� �1�7�6�5� �2�2�4� �9�2�.�4� 

�3�?� �1�8�6�6� �1�3�0�0� �1�5�4� �9�8�.�6� 
�4�?� �1�8�3�4� �0� �4�2� �0�.�0� 
�5�°� �1�8�3�7� �1�4�0�4� �9�8� �7�6�.�4� 
�6�°� �1�9�7�5� �1�2�8�8� �9�8� �6�5�.�2� 
�7� �1�8�7�3� �1�7�9�2� �2�2�4� �9�5�.�7� 
�8�°� �1�8�1�3� �7�0�8� �9�8� �3�9�.�1� 
�9� �1�8�1�3� �1�7�0�4� �2�2�4� �9�4�.�0� 
� � 

�a�-� �P�a�r�t�i�a�l� �h�a�r�v�e�s�t� �o�n� �d�a�y� �1�5�4�.� 
�b�-� �P�u�m�p� �f�a�i�l�u�r�e�.� 
�c�-� �M�o�r�t�a�l�i�t�i�e�s� �d�u�e� �t�o� �u�n�k�n�o�w�n� �c�a�u�s�e�s�.� 

�3�0



� � �3�5�0� 

� � �3�0�0� 

� � �2�5�0� 

� � �2�0�0� 

� � �1�5�0� 

�W
�e

�i�
g�

h�
t� �(�
g�

r�a
�m

�s
�)�

 

� � �1�0�0� 

� � �5�0� �+�>� � � � � 
� � �0� �a� �a� 

�0� �2�8� �5�6� �8�4� �1�1�2� �1�4�0� �1�6�8� �1�9�6� �2�2�4� 
�1�4� �4�2� �7�0� �9�8� �1�2�6� �1�5�4� �1�8�2� �2�1�0� 

�G�r�o�w�t�h� �P�e�r�i�o�d� �(�D�a�y�s�)� 

�F�i�g�u�r�e� �2�.� �I�n�c�r�e�a�s�e� �i�n� �m�e�a�n� �w�e�i�g�h�t� �o�f� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �o�v�e�r� �t�h�e� �2�2�4� �d�a�y� �s�t�u�d�y�.� 
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�(�T�a�b�l�e� �4�)�.� �I�n�d�i�v�i�d�u�a�l� �w�e�i�g�h�t� �g�a�i�n� �a�v�e�r�a�g�e�d� �2�2�1�.�6� �g�,� �g�i�v�i�n�g� �a� �m�e�a�n� �d�a�i�l�y� �g�a�i�n� �o�f� �1�.�0� 

�g�/�d�a�y�.� 

�S�p�e�c�i�f�i�c� �g�r�o�w�t�h� �r�a�t�e�s� �r�a�n�g�e�d� �f�r�o�m� �a�n� �a�v�e�r�a�g�e� �o�f� �3�.�2�4� �(�6�1� �%� �b�o�d�y� �w�e�i�g�h�t�)� �a�t� �t�h�e� 

�s�t�a�r�t� �o�f� �t�h�e� �t�r�i�a�l� �t�o� �-�0�.�5�6� �a�t� �t�h�e� �e�n�d�.� �T�h�e� �n�e�g�a�t�i�v�e� �s�p�e�c�i�f�i�c� �g�r�o�w�t�h� �r�a�t�e� �(�-�0�.�5�6�)� 

�o�c�c�u�r�r�e�d� �d�u�r�i�n�g� �t�h�e� �f�i�n�a�l� �g�r�o�w�t�h� �p�e�r�i�o�d�.� �A� �p�o�s�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n� �w�a�s� �t�h�a�t� �s�a�m�p�l�e� 

�s�i�z�e�s� �w�e�r�e� �t�o�o� �s�m�a�l�l� �a�n�d� �t�h�e�r�e�f�o�r�e� �n�o�t� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �t�h�e� �p�o�p�u�l�a�t�i�o�n�.� �A�c�t�u�a�l� �l�o�s�s� 

�o�f� �w�e�i�g�h�t� �p�r�e�s�u�m�a�b�l�y� �d�i�d� �n�o�t� �o�c�c�u�r�,� �s�i�n�c�e� �t�h�e� �f�i�s�h� �w�e�r�e� �n�e�v�e�r� �o�f�f� �f�e�e�d� �d�u�r�i�n�g� �t�h�e� �t�w�o� 

�w�e�e�k�s� �p�r�i�o�r� �t�o� �s�a�m�p�l�i�n�g�.� �D�e�c�r�e�a�s�e�s� �i�n� �e�s�t�i�m�a�t�e�d� �m�e�a�n� �w�e�i�g�h�t� �w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� 

�s�e�v�e�r�a�l� �s�y�s�t�e�m�s� �a�t� �d�i�f�f�e�r�e�n�t� �t�i�m�e�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y� �(�T�a�b�l�e� �4�)�.� 

�F�e�e�d� �c�o�n�v�e�r�s�i�o�n� �r�a�t�i�o�s� �a�v�e�r�a�g�e�d� �1�.�6�7�,� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �o�f� �5�7�2�.�1�3� �k�g� �f�e�d� �t�o� �e�a�c�h� 

�s�y�s�t�e�m� �o�v�e�r� �t�h�e� �e�n�t�i�r�e� �p�e�r�i�o�d� �(�T�a�b�l�e� �5�)�.� �T�o�t�a�l� �b�i�o�m�a�s�s� �a�t� �h�a�r�v�e�s�t� �a�v�e�r�a�g�e�d� �4�5�2�.�5�7� 
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�2�1� �T�T� �T�T�T� �o�o�t� �T�I�T� 
�1�4� �4�2� �7�0� �9�8� �1�2�6� �1�5�4� �1�8�2� �2�1�0� 

�2�8� �5�6� �8�4� �1�1�2� �1�4�0� �1�6�8� �1�9�6� �2�2�4� 
�G�r�o�w�t�h� �P�e�r�i�o�d� �(�D�a�y�s�)� 

�F�i�g�u�r�e� �3�.� �M�e�a�n� �t�e�m�p�e�r�a�t�u�r�e�s� �f�o�r� �t�h�e� �f�o�u�r� �s�y�s�t�e�m�s� �r�e�m�a�i�n�i�n�g� �i�n� �p�r�o�d�u�c�t�i�o�n� 
�t�h�r�o�u�g�h� �t�h�e� �e�n�d� �o�f� �t�h�e� �2�2�4�-�d�a�y� �s�t�u�d�y�.� �V�a�l�u�e�s� �p�l�o�t�t�e�d� �a�r�e� �1�4�-�d�a�y� 
�m�e�a�n�s�.� 
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�o�x�y�g�e�n� �i�n�j�e�c�t�e�d� �i�n�t�o� �t�h�e� �U�-�t�u�b�e� �a�e�r�a�t�o�r�s�.� �F�l�u�c�t�u�a�t�i�o�n�s� �i�n� �o�x�y�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� 

�o�b�s�e�r�v�e�d� �a�f�t�e�r� �f�e�e�d�i�n�g�,� �b�u�t� �v�a�l�u�e�s� �s�e�l�d�o�m� �f�e�l�l� �b�e�l�o�w� �5�.�0� �m�g�/�!� �(�T�a�b�l�e� �6�)�.� 

�T�h�e� �p�H� �l�e�v�e�l�s� �i�n� �t�h�e� �s�y�s�t�e�m�s� �a�v�e�r�a�g�e�d� �7�.�3� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y� �p�e�r�i�o�d�.� 

�S�i�g�n�i�f�i�c�a�n�t� �d�e�c�l�i�n�e�s� �i�n� �p�H� �w�e�r�e� �o�b�s�e�r�v�e�d� �o�v�e�r� �t�i�m�e�,� �r�e�f�l�e�c�t�i�n�g� �t�h�e� �a�c�i�d�i�c� �p�r�o�c�e�s�s� �o�f� 

�n�i�t�r�i�f�i�c�a�t�i�o�n� �(�F�i�g�u�r�e� �4�)�.� �A�t� �h�i�g�h� �f�e�e�d�i�n�g� �r�a�t�e�s�,� �d�e�c�l�i�n�e�s� �o�f� �a�s� �m�u�c�h� �a�s� �0�.�5� �p�H� �u�n�i�t�s� 

�w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� �2�4� �h�o�u�r�s�.� �T�h�e� �a�d�d�i�t�i�o�n� �o�f� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �m�a�i�n�t�a�i�n�e�d� �p�H� 

�w�i�t�h�i�n� �a�c�c�e�p�t�a�b�l�e� �l�i�m�i�t�s�,� �a�n�d� �p�H� �v�a�l�u�e�s� �n�e�v�e�r� �f�e�l�l� �b�e�l�o�w� �6�.�1� �m�g�/�1�.� 

�D�u�r�i�n�g� �t�h�e� �s�t�u�d�y�,� �t�o�t�a�l� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�v�e�r�a�g�e�d� �1�.�0�9� �m�g�/�I�,� �b�u�t� �v�a�r�i�e�d� 

�c�o�n�s�i�d�e�r�a�b�l�y�,� �r�a�n�g�i�n�g� �t�o� �5�.�2� �m�g�/�l�.� �T�h�e� �h�i�g�h�e�s�t� �T�A�N� �v�a�l�u�e�s� �w�e�r�e� �t�y�p�i�c�a�l�l�y� �o�b�s�e�r�v�e�d� 

�w�h�e�n� �f�e�e�d�i�n�g� �r�a�t�e�s� �w�e�r�e� �i�n�c�r�e�a�s�e�d�.� �T�h�e� �f�r�a�c�t�i�o�n� �o�f� �T�A�N� �i�n� �t�h�e� �m�o�s�t� �t�o�x�i�c�,� �u�n�-� 

�i�o�n�i�z�e�d� �f�o�r�m� �(�N�H�,�)� �a�v�e�r�a�g�e�d� �0�.�0�1�3� �m�g�/�I�]�.� �T�h�e� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �p�H� �l�e�v�e�l�s� �o�b�s�e�r�v�e�d� 

�d�u�r�i�n�g� �t�h�e� �s�t�u�d�y� �m�a�i�n�t�a�i�n�e�d� �N�H�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�i�t�h�i�n� �a�c�c�e�p�t�a�b�l�e� �l�i�m�i�t�s�.� �T�h�e� 

�h�i�g�h�e�s�t� �N�H�,� �l�e�v�e�l� �o�b�s�e�r�v�e�d� �w�a�s� �0�.�1�2�3� �m�g�/�I�.� 

�A�v�e�r�a�g�e� �n�i�t�r�i�t�e� �v�a�l�u�e�s� �r�a�n�g�e�d� �f�r�o�m� �0�.�6�0� �m�g�/�l� �t�o� �1�.�1�4� �m�g�/�l� �d�u�r�i�n�g� �t�h�e� �s�t�u�d�y� 

�p�e�r�i�o�d�,� �c�o�n�s�i�d�e�r�a�b�l�y� �b�e�l�o�w� �t�h�o�s�e� �r�e�p�o�r�t�e�d� �t�o�x�i�c� �t�o� �s�t�r�i�p�e�d� �b�a�s�s� �(�T�a�b�l�e� �1�)�.� �N�i�t�r�a�t�e� 

�v�a�l�u�e�s� �i�n�c�r�e�a�s�e�d� �o�v�e�r� �t�i�m�e� �r�a�n�g�i�n�g� �f�r�o�m� �2�4�.�0� �m�g�/�I�]� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �s�t�u�d�y� �t�o� 

�1�4�0�.�2� �m�g�/�1� �a�t� �t�h�e� �e�n�d�.� �H�a�r�d�n�e�s�s� �w�a�s� �h�i�g�h�,� �a�v�e�r�a�g�i�n�g� �3�8�7� �m�g�/�l�.� 
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� � � � � � � � �6�.�4� �I�I�T� 
�1�4� �4�2� �7�0� �9�8� �1�2�6� �1�5�4� �1�8�2� �2�1�0� 

�2�8� �5�6� �8�4� �1�1�2� �1�4�0� �1�6�8� �1�9�6� �2�2�4� 

�G�r�o�w�t�h� �P�e�r�i�o�d� �(�D�a�y�s�)� 

�F�i�g�u�r�e� �4�.� �M�e�a�n� �p�H� �v�a�l�u�e�s� �o�f� �t�h�e� �f�o�u�r� �s�y�s�t�e�m�s� �r�e�m�a�i�n�i�n�g� �i�n� �p�r�o�d�u�c�t�i�o�n� �t�h�r�o�u�g�h� 
�t�h�e� �e�n�d� �o�f� �t�h�e� �2�2�4�-�d�a�y� �s�t�u�d�y� �p�e�r�i�o�d�.� �V�a�l�u�e�s� �p�l�o�t�t�e�d� �a�r�e� �1�4�-�d�a�y� �m�e�a�n�s�.� 

�3�8



�D�I�S�C�U�S�S�I�O�N� 

�A�l�t�h�o�u�g�h�,� �r�e�c�i�r�c�u�l�a�t�i�n�g� �a�q�u�a�c�u�l�t�u�r�e� �s�y�s�t�e�m�s� �(�R�A�S�)� �a�r�e� �n�o�t� �n�e�w� �t�o� �r�e�s�e�a�r�c�h�,� �t�h�e�i�r� 

�u�s�e� �i�n� �c�o�m�m�e�r�c�i�a�l�-�s�c�a�l�e� �p�r�o�d�u�c�t�i�o�n� �h�a�s� �b�e�e�n� �a�t�t�e�m�p�t�e�d� �o�n�l�y� �i�n� �t�h�e� �p�a�s�t� �f�e�w� �y�e�a�r�s�.� 

�T�h�e� �p�i�l�o�t�-�s�c�a�l�e� �p�r�o�d�u�c�t�i�o�n� �s�y�s�t�e�m� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �i�s� �u�n�i�q�u�e� �i�n� �i�t�s� �l�a�r�g�e� �s�i�z�e� �(�1�2�,�5�0�0� 

�L�)�.� �T�h�i�s� �t�r�i�a�l� �w�a�s� �d�e�s�i�g�n�e�d� �t�o� �p�r�o�d�u�c�e� �b�a�s�e�l�i�n�e� �p�r�o�d�u�c�t�i�o�n� �v�a�l�u�e�s�,� �b�e�c�a�u�s�e� �l�i�t�t�l�e� �i�s� 

�k�n�o�w�n� �o�f� �h�o�w� �R�A�S� �o�f� �t�h�i�s� �s�i�z�e� �p�e�r�f�o�r�m� �a�n�d� �o�f� �h�o�w� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �a�d�a�p�t� �t�o� �a�n�d� 

�g�r�o�w� �i�n� �s�u�c�h� �s�y�s�t�e�m�s�.� 

�A� �t�h�o�r�o�u�g�h�l�y� �p�l�a�n�n�e�d� �m�a�n�a�g�e�m�e�n�t� �s�t�r�a�t�e�g�y� �c�o�u�l�d� �n�o�t� �b�e� �d�e�v�e�l�o�p�e�d� �u�n�t�i�l� �b�a�s�e�l�i�n�e� 

�v�a�l�u�e�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �a�n�d� �a�n�a�l�y�z�e�d�.� �M�a�n�a�g�e�m�e�n�t� �a�c�t�i�v�i�t�i�e�s� �s�u�c�h� �a�s� �f�l�u�s�h�i�n�g� �s�o�l�i�d�s� 

�f�r�o�m� �t�h�e� �s�u�m�p�s� �w�e�r�e� �n�o�t� �c�a�r�r�i�e�d� �o�u�t� �u�n�t�i�l� �w�a�t�e�r� �q�u�a�l�i�t�y� �d�e�c�l�i�n�e�d� �o�r� �u�n�t�i�l� �i�t� �w�a�s� 

�v�i�s�u�a�l�l�y� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �f�l�u�s�h�i�n�g� �w�a�s� �n�e�c�e�s�s�a�r�y�.� �M�a�i�n�t�e�n�a�n�c�e� �o�f� �p�H� �w�a�s� �a�l�s�o� �c�a�r�r�i�e�d� 

�o�u�t�,� �b�u�t� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n�l�y� �w�h�e�n� �p�H� �v�a�l�u�e�s� �f�e�l�l� �b�e�l�o�w� �7�.�0�,� �r�a�t�h�e�r� �t�h�a�n� �m�a�i�n�t�a�i�n�i�n�g� 

�v�a�l�u�e�s� �a�t� �a� �p�r�e�d�e�f�i�n�e�d� �l�e�v�e�l�.� �T�h�e� �r�e�a�c�t�i�o�n�a�r�y� �n�a�t�u�r�e� �t�h�i�s� �a�p�p�r�o�a�c�h� �i�s� �b�e�l�i�e�v�e�d� �t�o� 

�h�a�v�e� �b�e�e�n� �a� �p�r�e�c�u�r�s�o�r� �t�o� �t�h�e� �s�e�v�e�r�e� �m�o�r�t�a�l�i�t�i�e�s� �e�x�p�e�r�i�e�n�c�e�d� �i�n� �t�h�r�e�e� �o�f� �t�h�e� �n�i�n�e� 

�s�y�s�t�e�m�s�.� 

�I�n� �t�o�t�a�l�,� �f�o�u�r� �m�a�j�o�r� �f�i�s�h� �k�i�l�l�s� �o�c�c�u�r�r�e�d� �d�u�r�i�n�g� �t�h�e� �s�t�u�d�y� �p�e�r�i�o�d�.� �R�e�c�i�r�c�u�l�a�t�i�n�g� 

�p�u�m�p� �f�a�i�l�u�r�e� �r�e�s�u�l�t�e�d� �i�n� �1�0�0�%� �m�o�r�t�a�l�i�t�y� �i�n� �t�a�n�k� �4�.� �E�a�c�h� �s�y�s�t�e�m� �w�a�s� �d�r�i�v�e�n� �b�y� �a� 

�s�i�n�g�l�e� �p�u�m�p�.� �M�a�l�f�u�n�c�t�i�o�n� �o�f� �t�h�e� �p�u�m�p� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� �d�i�s�r�u�p�t�i�o�n� �o�f� �w�a�t�e�r� �f�l�o�w�,� 

�w�h�i�c�h� �i�n� �t�u�r�n� �r�e�s�u�l�t�e�d� �i�n� �a�n�o�x�i�c� �c�o�n�d�i�t�i�o�n�s�.� �A�t� �t�h�a�t� �t�i�m�e�,� �n�o� �a�l�t�e�r�n�a�t�i�v�e� �s�o�u�r�c�e� �o�f� 

�a�e�r�a�t�i�o�n� �w�a�s� �p�r�o�v�i�d�e�d� �i�n� �t�h�e� �s�y�s�t�e�m�.� �S�u�r�f�a�c�e� �a�g�i�t�a�t�o�r�s� �w�e�r�e� �p�l�a�c�e�d� �o�n� �e�a�c�h� �s�y�s�t�e�m� 
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�a�f�t�e�r� �t�h�i�s� �o�c�c�u�r�r�e�n�c�e�.� 

�T�h�r�e�e� �e�p�i�s�o�d�e�s� �o�f� �p�r�e�s�u�m�e�d� �t�o�x�i�c�i�t�y� �o�c�c�u�r�r�e�d�,� �r�e�s�u�l�t�i�n�g� �i�n� �s�u�d�d�e�n�,� �p�a�r�t�i�a�l� 

�m�o�r�t�a�l�i�t�i�e�s� �i�n� �t�a�n�k�s� �5�,� �6�,� �a�n�d� �8�.� �T�h�e� �c�a�u�s�e� �o�f� �t�h�e�s�e� �m�o�r�t�a�l�i�t�i�e�s� �r�e�m�a�i�n�s� �u�n�k�n�o�w�n�,� �b�u�t� 

�t�h�e� �s�y�m�p�t�o�m�s� �w�e�r�e� �i�d�e�n�t�i�c�a�l� �i�n� �a�l�l� �t�h�r�e�e� �c�a�s�e�s�.� �I�n� �e�a�c�h� �i�n�s�t�a�n�c�e�,� �t�h�e� �f�i�s�h� �f�e�d� 

�v�i�g�o�r�o�u�s�l�y� �i�n� �t�h�e� �m�o�r�n�i�n�g� �c�o�n�s�u�m�i�n�g� �a�l�l� �f�e�e�d� �o�f�f�e�r�e�d�,� �b�u�t� �5� �t�o� �7� �h�o�u�r�s� �a�f�t�e�r� �f�e�e�d�i�n�g� 

�t�h�e� �f�i�s�h� �s�h�o�w�e�d� �s�i�g�n�s� �o�f� �s�e�v�e�r�e� �s�t�r�e�s�s�,� �c�o�n�g�r�e�g�a�t�i�n�g� �a�n�d� �p�i�p�i�n�g� �a�t� �t�h�e� �w�a�t�e�r� �s�u�r�f�a�c�e�.� 

�W�h�e�n� �t�h�e� �s�y�s�t�e�m� �w�a�s� �f�l�u�s�h�e�d� �w�i�t�h� �f�r�e�s�h� �w�a�t�e�r� �o�r� �w�h�e�n� �s�u�r�v�i�v�o�r�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �a� 

�s�y�s�t�e�m� �c�o�n�t�a�i�n�i�n�g� �f�r�e�s�h� �w�a�t�e�r�,� �t�h�e� �f�i�s�h� �r�e�c�o�v�e�r�e�d� �r�e�l�a�t�i�v�e�l�y� �r�a�p�i�d�l�y� �(�f�i�s�h� �w�o�u�l�d� �a�c�c�e�p�t� 

�f�e�e�d� �t�h�e� �f�o�l�l�o�w�i�n�g� �d�a�y�)�.� �D�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �w�a�s� �c�h�e�c�k�e�d� �i�m�m�e�d�i�a�t�e�l�y� �a�t� �e�a�c�h� 

�o�c�c�u�r�r�e�n�c�e� �b�u�t� �w�a�s� �n�e�v�e�r� �f�o�u�n�d� �t�o� �b�e� �l�i�m�i�t�i�n�g�.� �T�o�t�a�l� �a�m�m�o�n�i�a�,� �n�i�t�r�i�t�e�,� �a�n�d� �p�H� �w�e�r�e� 

�a�l�s�o� �m�e�a�s�u�r�e�d�,� �b�u�t� �w�e�r�e� �a�l�w�a�y�s� �w�i�t�h�i�n� �a�c�c�e�p�t�a�b�l�e� �l�i�m�i�t�s� �(�T�a�b�l�e� �1�)�.� �S�a�m�p�l�e�s� �o�f� �f�e�e�d�,� 

�w�a�t�e�r�,� �a�n�d� �f�i�s�h� �f�o�r� �p�a�t�h�o�l�o�g�i�c�a�l� �e�x�a�m�i�n�a�t�i�o�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�n�d� �s�e�n�t� �f�o�r� �a�n�a�l�y�s�i�s�.� 

�P�e�s�t�i�c�i�d�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �f�e�e�d� �i�n�d�i�c�a�t�e�d� �o�n�l�y� �t�r�a�c�e� �a�m�o�u�n�t�s� �o�f� �m�a�l�a�t�h�i�o�n�.� �R�e�s�u�l�t�s� �o�f� 

�w�a�t�e�r� �a�n�a�l�y�s�e�s� �(�T�a�b�l�e� �7�)�,� �a�s� �w�e�l�l� �a�s� �t�h�o�s�e� �o�f� �e�x�t�e�r�n�a�l� �a�n�d� �i�n�t�e�r�n�a�l� �p�a�t�h�o�l�o�g�i�c�a�l� 

�e�x�a�m�i�n�a�t�i�o�n�s�,� �w�e�r�e� �i�n�c�o�n�c�l�u�s�i�v�e�.� 

�P�o�t�e�n�t�i�a�l� �c�a�u�s�e�s� �o�f� �m�o�r�t�a�l�i�t�i�e�s� �i�n�c�l�u�d�e� �a� �b�u�i�l�d�u�p� �o�f� �t�o�x�i�c� �m�e�t�a�b�o�l�i�t�e�s� �o�r� �i�o�n� 

�i�m�b�a�l�a�n�c�e�-�i�n�d�u�c�e�d� �s�t�r�e�s�s�.� �T�h�e� �a�d�d�i�t�i�o�n� �o�f� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �(�N�a�H�C�O�,�)� �f�o�r� �p�H� 

�m�a�i�n�t�e�n�a�n�c�e� �c�o�n�t�r�i�b�u�t�e�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �o�f� �s�o�d�i�u�m� �i�o�n�s� �(�N�a�*�)� �t�o� �t�h�e� �c�u�l�t�u�r�e� 

�w�a�t�e�r�.� �E�x�c�e�p�t� �f�o�r� �s�a�l�t� �t�r�e�a�t�m�e�n�t�s�,� �n�o� �c�h�l�o�r�i�d�e� �(�C�I�)� �i�o�n�s� �w�e�r�e� �a�d�d�e�d�.� �L�a�b�o�r�a�t�o�r�y� 

�a�n�a�l�y�s�i�s� �o�f� �w�a�t�e�r� �s�a�m�p�l�e�s� �f�o�u�n�d� �c�h�l�o�r�i�d�e� �i�o�n�s� �t�o� �b�e� �i�n� �h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �t�h�a�n� 

�s�o�d�i�u�m� �i�o�n�s� �(�T�a�b�l�e� �7�)�,� �b�u�t� �t�h�e� �r�a�t�i�o� �(�N�a�*�:�C�l�)� �i�m�b�a�l�a�n�c�e� �w�a�s� �n�o�t� �c�o�n�s�i�d�e�r�e�d� 
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�T�a�b�l�e� �7�.� �L�a�b�o�r�a�t�o�r�y� �a�n�a�l�y�s�e�s� �o�f� �a� �w�a�t�e�r� �s�a�m�p�l�e� �t�a�k�e�n� �f�r�o�m� �t�a�n�k� �5� 
�f�o�l�l�o�w�i�n�g� �s�i�g�n�i�f�i�c�a�n�t� �f�i�s�h� �m�o�r�t�a�l�i�t�i�e�s�.� 
� � 

� � 

�A�n�a�l�y�s�i�s� �p�e�r�f�o�r�m�e�d� �L�e�v�e�l� �d�e�t�e�c�t�e�d� �(�m�g�/�1�)� 

�A�r�s�e�n�i�c� �n�d� 

�B�a�r�i�u�m� �n�d� 

�C�a�d�m�i�u�m� �0�.�0�0�6� 

�C�h�r�o�m�i�u�m� �0�.�0�0�6� 

�C�o�p�p�e�r� �0�.�0�5�6� 
�I�r�o�n� �0�.�1�0�0� 

�L�e�a�d� �n�d� 

�M�a�n�g�a�n�e�s�e� �0�.�0�4�4� 

�M�e�r�c�u�r�y� �n�d� 
�N�i�c�k�e�l� �0�.�0�3�2� 
�S�e�l�e�n�i�u�m� �n�d� 

�S�i�l�v�e�r� �n�d� 

�S�o�d�i�u�m� �1�0�0�0� 
�Z�i�n�c� �0�.�0�8�9� 
�A�l�k�a�l�i�n�i�t�y� �(�T�o�t�a�l� �a�s� �C�a�C�O�,�)� �2�0� 

�C�h�l�o�r�i�d�e� �1�2�8�5� 
�F�l�u�o�r�i�d�e� �n�d� 

�N�i�t�r�a�t�e� �a�s� �N� �1�1�0� 

�N�i�t�r�i�t�e� �n�d� 

�S�u�l�f�a�t�e� �6�0� 
�H�a�r�d�n�e�s�s� �(�a�s� �C�a�C�O�,�)� �2�1�0� 

�p�H� �(�S�t�a�n�d�a�r�d� �u�n�i�t�s�)� �6�.�8� 

�T�o�t�a�l� �D�i�s�s�o�l�v�e�d� �S�o�l�i�d�s� �2�5�6�5� 
�T�u�r�b�i�d�i�t�y� �(�T�u�r�b�i�d�i�t�y� �u�n�i�t�s�)� �1�2�.�0� 

� � 
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�l�a�r�g�e� �e�n�o�u�g�h� �t�o� �i�n�d�u�c�e� �s�e�v�e�r�e� �s�t�r�e�s�s� �o�r� �m�o�r�t�a�l�i�t�y�.� �H�i�g�h� �l�e�v�e�l�s� �o�f� �d�i�s�s�o�l�v�e�d� �o�r� 

�s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �c�o�u�l�d� �h�a�v�e� �a�l�s�o� �p�r�o�v�o�k�e�d� �s�t�r�e�s�s�f�u�l� �c�o�n�d�i�t�i�o�n�s�.� �A�n�a�l�y�s�i�s� �o�f� �t�o�t�a�l� 

�d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �r�e�s�u�l�t�e�d� �i�n� �v�a�l�u�e�s� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t�s� �o�f� �t�h�e� �t�e�s�t�.� �N�o� 

�s�u�c�h� �v�a�l�u�e�s� �h�a�v�e� �y�e�t� �b�e�e�n� �r�e�p�o�r�t�e�d� �f�o�r� �p�u�r�p�o�s�e�s� �o�f� �c�o�m�p�a�r�i�s�o�n� �f�o�r� �h�y�b�r�i�d� �s�t�r�i�p�e�d� 

�b�a�s�s�.� 

�T�h�e� �c�a�u�s�e� �o�f� �t�h�e�s�e� �m�o�r�t�a�l�i�t�i�e�s� �w�i�l�l� �r�e�m�a�i�n� �u�n�k�n�o�w�n� �u�n�l�e�s�s� �t�h�e� �s�y�m�p�t�o�m�s� �o�c�c�u�r� 

�a�g�a�i�n� �i�n� �f�u�t�u�r�e� �r�e�s�e�a�r�c�h�.� �T�h�e� �u�n�u�s�u�a�l� �m�o�r�t�a�l�i�t�i�e�s� �d�o�,� �h�o�w�e�v�e�r�,� �e�m�p�h�a�s�i�z�e� �t�h�e� �f�a�c�t� 

�t�h�a�t� �m�a�n�y� �c�h�e�m�i�c�a�l� �a�n�d� �b�i�o�l�o�g�i�c�a�l� �p�r�o�c�e�s�s�e�s� �a�r�e� �o�c�c�u�r�r�i�n�g� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �i�n� 

�r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s�.� �A�d�d�i�t�i�o�n�a�l� �w�a�t�e�r� �q�u�a�l�i�t�y� �a�n�a�l�y�s�e�s� �p�e�r�f�o�r�m�e�d� �b�y� �a�q�u�a�c�u�l�t�u�r�i�s�t�s� 

�m�a�y� �p�r�o�v�i�d�e� �g�r�e�a�t�e�r� �i�n�s�i�g�h�t�s� �i�n�t�o� �t�h�e� �c�h�e�m�i�c�a�l� �a�n�d� �b�i�o�l�o�g�i�c�a�l� �n�a�t�u�r�e� �o�f� �t�h�e� �c�u�l�t�u�r�e� 

�w�a�t�e�r� �i�n� �R�A�S�.� 

�A�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �t�r�i�a�l� �i�t� �s�e�e�m�e�d� �a�s� �t�h�o�u�g�h� �t�h�e� �m�a�x�i�m�u�m� �c�a�r�r�y�i�n�g� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� 

�s�y�s�t�e�m� �h�a�d� �b�e�e�n� �r�e�a�c�h�e�d�.� �G�r�o�w�t�h� �r�a�t�e�s� �w�e�r�e� �l�o�w�e�r� �t�h�a�n� �e�x�p�e�c�t�e�d�,� �a�n�d� �t�h�e� �h�y�b�r�i�d�s� 

�g�a�i�n�e�d� �a�n� �a�v�e�r�a�g�e� �o�f� �o�n�l�y� �2�2�1�.�6� �g�r�a�m�s� �o�v�e�r� �t�h�e� �2�2�4� �d�a�y� �s�t�u�d�y�.� �T�h�e� �h�i�g�h� �d�e�n�s�i�t�y� 

�s�t�o�c�k�i�n�g� �r�a�t�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�4�4� �f�i�s�h�/�m�*� �w�a�s� �f�o�u�n�d�,� �h�o�w�e�v�e�r�,� �t�o� �b�e� �2� �t�o� �8� �t�i�m�e�s� 

�h�i�g�h�e�r� �t�h�a�n� �t�h�o�s�e� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �f�o�r� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �g�r�o�w�n� �i�n� �i�n�t�e�n�s�i�v�e� 

�s�y�s�t�e�m�s� �(�K�e�r�b�y� �e�t� �a�l�.� �1�9�8�5�;� �S�m�i�t�h� �e�t� �a�l�.� �1�9�8�5�)�.� �W�e�i�g�h�t� �g�a�i�n�s� �w�e�r�e� �c�o�m�p�a�r�a�b�l�e� �t�o� 

�t�h�o�s�e� �f�o�u�n�d� �i�n� �f�l�o�w�-�t�h�r�o�u�g�h� �t�a�n�k� �s�y�s�t�e�m�s� �b�y� �W�o�o�d�s� �e�t� �a�l�.� �(�1�9�8�5�)� �w�h�o� �r�e�p�o�r�t�e�d� �g�a�i�n�s� 

�o�f� �2�2�3� �g�r�a�m�s� �i�n� �8� �m�o�n�t�h�s� �a�t� �d�e�n�s�i�t�i�e�s� �o�f� �1�8� �f�i�s�h�/�m�*�;� �a� �d�e�n�s�i�t�y� �o�n�e�-�e�i�g�h�t�h� �o�f� �t�h�o�s�e� 

�e�s�t�a�b�l�i�s�h�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� �S�m�i�t�h� �e�t� �a�l�.� �(�1�9�8�5�)� �r�e�p�o�r�t�e�d� �g�a�i�n�s� �o�f� �5�0�0� �g�r�a�m�s� �i�n� �2�8�7� �d�a�y�s� 

�i�n� �a� �r�e�c�i�r�c�u�l�a�t�i�n�g� �b�r�a�c�k�i�s�h�,� �w�a�t�e�r� �s�y�s�t�e�m� �b�u�t� �t�h�e� �d�e�n�s�i�t�i�e�s� �s�t�o�c�k�e�d� �(�3�2� �f�i�s�h�/�m�*�)� �w�e�r�e� 
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�m�u�c�h� �l�o�w�e�r� �t�h�a�n� �t�h�o�s�e� �e�x�a�m�i�n�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� �G�r�o�w�t�h� �r�a�t�e�s� �a�v�e�r�a�g�i�n�g� �1� �g�/�d�a�y� �w�e�r�e� 

�s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �f�o�u�n�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �f�o�r� �h�y�b�r�i�d�s�.� �O�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�o�r�s� �h�a�v�e� �r�e�p�o�r�t�e�d� 

�g�a�i�n�s� �o�f� �1�.�3�8� �g�/�d�a�y� �i�n� �p�o�n�d�s� �(�K�e�r�b�y� �e�t� �a�l�.� �1�9�8�7�)�,� �1�.�3�7� �g�/�d�a�y� �i�n� �n�e�t� �p�e�n�s� �(�W�i�l�l�i�a�m�s� �e�t� 

�a�l�.� �1�9�8�1�)�,� �a�n�d� �1�.�7�8� �g�/�d�a�y� �i�n� �i�n�t�e�n�s�i�v�e� �t�a�n�k� �s�y�s�t�e�m�s� �(�S�m�i�t�h� �e�t� �a�l�.� �1�9�8�5�)� �(�T�a�b�l�e� �8�)�.� 

�F�e�e�d� �c�o�n�v�e�r�s�i�o�n� �r�a�t�i�o�s� �w�e�r�e� �g�o�o�d� �a�v�e�r�a�g�i�n�g� �1�.�6�7�.� �F�e�e�d� �c�o�n�v�e�r�s�i�o�n�s� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� 

�l�i�t�e�r�a�t�u�r�e� �a�r�e� �w�i�d�e� �r�a�n�g�i�n�g� �f�o�r� �h�y�b�r�i�d�s�,� �a�n�d� �t�y�p�i�c�a�l�l�y� �f�a�l�l� �b�e�t�w�e�e�n� �1�.�5� �a�n�d� �2�.�4� 

�(�W�i�l�l�i�a�m�s� �e�t� �a�l�.� �1�9�8�1�;� �K�e�r�b�y� �e�t� �a�l�.� �1�9�8�3�;� �W�o�o�d�s� �e�t� �a�l�.� �1�9�8�5�)� �(�T�a�b�l�e� �8�)�.� 

�G�r�o�w�t�h� �w�a�s� �r�e�s�t�r�i�c�t�e�d� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �t�r�i�a�l� �d�u�e� �t�o� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �l�o�n�g� �s�t�a�r�t�-� 

�u�p� �t�i�m�e� �r�e�q�u�i�r�e�d� �o�f� �n�e�w� �b�i�o�f�i�l�t�e�r�s�.� �A�m�m�o�n�i�u�m� �h�y�d�r�o�x�i�d�e� �w�a�s� �a�d�d�e�d� �p�e�r�i�o�d�i�c�a�l�l�y� �t�o� 

�e�a�c�h� �s�y�s�t�e�m� �b�e�f�o�r�e� �i�n�i�t�i�a�l� �s�t�o�c�k�i�n�g� �t�o� �a�c�t�i�v�a�t�e� �t�h�e� �R�B�C�s�.� �T�h�i�s� �a�r�t�i�f�i�c�i�a�l� �a�m�m�o�n�i�a� 

�i�n�p�u�t� �w�a�s� �m�u�c�h� �l�o�w�e�r�,� �h�o�w�e�v�e�r�,� �t�h�a�n� �t�h�e� �a�c�t�u�a�l� �a�m�m�o�n�i�a� �p�r�o�d�u�c�e�d� �a�f�t�e�r� �s�t�o�c�k�i�n�g�.� 

�H�i�g�h� �a�m�m�o�n�i�a� �l�e�v�e�l�s� �o�b�s�e�r�v�e�d� �a�t� �t�h�e� �i�n�i�t�i�a�t�i�o�n� �o�f� �t�h�e� �t�r�i�a�l� �l�e�d� �t�o� �a� �r�e�s�t�r�i�c�t�e�d� �f�e�e�d�i�n�g� 

�r�e�g�i�m�e�,� �w�h�i�c�h� �l�i�m�i�t�e�d� �g�r�o�w�t�h�.� �T�h�e� �f�i�s�h� �a�l�s�o� �s�t�o�p�p�e�d� �f�e�e�d�i�n�g� �o�c�c�a�s�i�o�n�a�l�l�y� �d�u�r�i�n�g� �t�h�e� 

�c�o�u�r�s�e� �o�f� �t�h�e� �s�t�u�d�y�.� �C�e�s�s�a�t�i�o�n� �o�f� �f�e�e�d�i�n�g� �w�a�s� �a�p�p�a�r�e�n�t�l�y� �r�e�l�a�t�e�d� �t�o� �p�o�o�r� �w�a�t�e�r� 

�q�u�a�l�i�t�y� �c�o�n�d�i�t�i�o�n�s� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� �p�a�r�a�m�e�t�e�r� �o�f� �c�o�n�c�e�r�n� �c�o�u�l�d� �n�o�t� �b�e� �d�e�t�e�r�m�i�n�e�d�.� 

�G�r�o�w�t�h� �m�a�y� �h�a�v�e� �a�l�s�o� �b�e�e�n� �r�e�s�t�r�i�c�t�e�d� �t�o� �a� �l�i�m�i�t�e�d� �e�x�t�e�n�t� �b�y� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e�.� 

�H�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �h�a�v�e� �a� �e�u�r�y�t�h�e�r�m�a�l� �g�r�o�w�t�h� �r�e�g�i�m�e�,� �e�x�h�i�b�i�t�i�n�g� �g�o�o�d� �g�r�o�w�t�h� �a�t� 

�t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �1�7�-�3�2� �C� �a�n�d� �o�p�t�i�m�u�m� �g�r�o�w�t�h� �o�f� �f�i�n�g�e�r�l�i�n�g�s� �a�t� �2�7�-�3�1� �C� �(�W�o�i�w�o�d�e� 

�a�n�d� �A�d�e�l�m�a�n� �1�9�8�3�)�.� �T�e�m�p�e�r�a�t�u�r�e�s� �i�n� �t�h�i�s� �s�t�u�d�y� �d�i�d� �n�o�t� �r�e�a�c�h� �t�h�i�s� �o�p�t�i�m�u�m� �r�a�n�g�e�,� 

�a�v�e�r�a�g�i�n�g� �2�4�.�2� �C� �o�v�e�r� �t�h�e� �e�n�t�i�r�e� �p�e�r�i�o�d�.� 

�A�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �t�r�i�a�l�,� �m�a�n�y� �o�f� �t�h�e� �h�y�b�r�i�d�s� �h�a�d� �e�x�t�e�r�n�a�l� �l�e�s�i�o�n�s� �a�n�d� �p�a�t�c�h�e�s� 
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�T�a�b�l�e� �8�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �g�r�o�w�t�h� �r�a�t�e�s� �a�n�d� �f�e�e�d� �c�o�n�v�e�r�s�i�o�n� �o�f� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �(�r� �=� �r�e�c�i�p�r�o�c�a�l� 
�c�r�o�s�s�,� �O� �=� �O�r�i�g�i�n�a�l� �c�r�o�s�s�)�.� 

� � 

� � 

�D�e�n�s�i�t�y� �G�r�o�w�t�h� �R�a�t�e� �F�e�e�d� �D�u�r�a�t�i�o�n� �P�r�o�d�u�c�t�i�o�n� 
�S�o�u�r�c�e� �f�i�s�h�/�m�?� �(�g�/�d�a�y�)� �C�o�n�v�.� �(�d�a�y�s�)� �S�y�s�t�e�m� 

�T�h�i�s� �s�t�u�d�y�,� �1�9�9�0� �1�4�9� �1�.�0�0� �1�.�6�7� �2�2�4� �T�a�n�k�s�,� �(�R�A�S�)�,� �r� 
�S�m�i�t�h� �e�t� �a�l�.� �1�9�8�5� �3�2� �1�.�7�8� �2�.�2�1� �2�8�7� �T�a�n�k�s�,� �(�R�A�S�)�,� �r� 
�W�o�o�d�s� �e�t� �a�l�.� �1�9�8�5� �9�-�1�8� �0�.�9�8�-�1�.�3�0� �1�.�5�6�-�1�.�9�4� �2�2�7� �T�a�n�k�s�,� �o� 
�K�e�r�b�y� �e�t� �a�l�.� �1�9�8�7� �a� �1�.�3�8� �1�.�8�1�-�2�.�4�8� �2�0�0� �P�o�n�d�s�,� �o� 
�K�e�r�b�y� �e�t� �a�l�.� �1�9�8�3� �b� �0�.�9�0�-�1�.�2�0� �1�.�5�8� �3�8�7� �P�o�n�d�s�,� �o� 
�W�i�l�l�i�a�m�s� �e�t� �a�l�.� �1�9�8�1� �6�6� �1�.�3�7� �2�.�1�0� �3�8�0� �N�e�t� �p�e�n�s�,� �o� 

� � 

�a� �-� �1�6�,�5�0�0� �f�i�s�h�/�h�e�c�t�a�r�e� 
�b� �-� �1�0�,�0�0�0�-�1�5�,�0�0�0� �f�i�s�h� �/�h�e�c�t�a�r�e� 
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�o�f� �s�e�v�e�r�e� �r�e�d�n�e�s�s�.� �P�a�t�h�o�l�o�g�i�c�a�l� �e�x�a�m�i�n�a�t�i�o�n�,� �h�o�w�e�v�e�r�,� �r�e�v�e�a�l�e�d� �n�o� �s�i�g�n�s� �o�f� �p�r�o�t�o�z�o�a�n� 

�o�r� �b�a�c�t�e�r�i�a�l� �i�n�f�e�c�t�i�o�n�.� �V�e�r�y� �f�e�w� �m�o�r�t�a�l�i�t�i�e�s� �w�e�r�e� �a�p�p�a�r�e�n�t�l�y� �c�a�u�s�e�d� �b�y� �d�i�s�e�a�s�e� �d�u�r�i�n�g� 

�t�h�i�s� �s�t�u�d�y�.� �A�n� �i�n�f�e�c�t�i�o�n� �o�f� �I�c�t�h�i�o�p�t�h�i�r�i�u�s� �s�p�.� �w�a�s� �e�x�p�e�r�i�e�n�c�e�d�,� �b�u�t� �a�c�c�o�u�n�t�e�d� �f�o�r� �f�e�w� 

�m�o�r�t�a�l�i�t�i�e�s�.� �D�i�s�e�a�s�e�s� �c�a�n� �c�a�u�s�e� �s�e�v�e�r�e� �p�r�o�b�l�e�m�s� �i�n� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �d�u�e� �t�o� �t�h�e� 

�c�l�o�s�e� �c�o�n�f�i�n�e�m�e�n�t� �o�f� �t�h�e� �c�u�l�t�u�r�e�d� �o�r�g�a�n�i�s�m�s�.� �S�e�v�e�r�e� �s�t�r�e�s�s� �b�r�o�u�g�h�t� �o�n� �b�y� �p�o�o�r� �w�a�t�e�r� 

�q�u�a�l�i�t�y� �c�o�n�d�i�t�i�o�n�s� �c�a�n� �c�a�u�s�e� �p�a�t�h�o�g�e�n�s� �t�o� �s�p�r�e�a�d� �v�e�r�y� �r�a�p�i�d�l�y�.� �S�t�r�i�c�t� �m�a�n�a�g�e�m�e�n�t� �o�f� 

�w�a�t�e�r� �q�u�a�l�i�t�y� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �r�e�d�u�c�e� �s�t�r�e�s�s� �a�n�d� �t�o� �p�r�e�v�e�n�t� �p�r�o�l�i�f�e�r�a�t�i�o�n� �o�f� �d�i�s�e�a�s�e�-� 

�c�a�u�s�i�n�g� �o�r�g�a�n�i�s�m�s�.� 

�T�h�e� �r�e�a�c�t�i�v�e� �m�a�n�a�g�e�m�e�n�t� �t�e�c�h�n�i�q�u�e�s� �c�a�r�r�i�e�d� �o�u�t� �i�n� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �n�o�t� �s�u�f�f�i�c�i�e�n�t� 

�f�o�r� �s�u�s�t�a�i�n�i�n�g� �a�n� �o�p�t�i�m�a�l� �c�u�l�t�u�r�e� �e�n�v�i�r�o�n�m�e�n�t�.� �M�a�n�a�g�e�m�e�n�t� �s�t�r�a�t�e�g�i�e�s� �r�e�q�u�i�r�e�d� �f�o�r� 

�R�A�S� �i�n�c�l�u�d�e�:� �1�)� �i�n�t�e�n�s�i�v�e� �m�o�n�i�t�o�r�i�n�g� �o�f� �w�a�t�e�r� �q�u�a�l�i�t�y�,� �2�)� �m�a�i�n�t�a�i�n�i�n�g� �p�H� �a�t� �o�p�t�i�m�a�l� 

�l�e�v�e�l�s� �f�o�r� �t�h�e� �c�u�l�t�u�r�e�d� �o�r�g�a�n�i�s�m�,� �3�)� �c�a�r�e�f�u�l� �m�o�n�i�t�o�r�i�n�g� �o�f� �f�e�e�d� �i�n�p�u�t�,� �4�)� �w�a�t�e�r� 

�e�x�c�h�a�n�g�e� �o�n� �a� �c�o�n�s�i�s�t�e�n�t� �b�a�s�i�s�,� �a�n�d� �5�)� �p�r�e�v�e�n�t�i�o�n� �o�f� �d�i�s�e�a�s�e� �o�r�g�a�n�i�s�m�s� �e�n�t�e�r�i�n�g� �o�r� 

�p�r�o�l�i�f�e�r�a�t�i�n�g� �i�n� �t�h�e� �s�y�s�t�e�m�.� �A�l�l� �o�f� �t�h�e�s�e� �p�r�a�c�t�i�c�e�s� �a�r�e� �r�e�q�u�i�r�e�d� �t�o� �r�e�d�u�c�e� �s�t�r�e�s�s� �o�n� 

�t�h�e� �c�u�l�t�u�r�e�d� �o�r�g�a�n�i�s�m� �a�n�d� �t�o� �a�l�l�o�w� �t�h�e� �a�q�u�a�c�u�l�t�u�r�i�s�t� �t�o� �f�o�r�e�s�e�e� �a�n�d� �p�r�e�v�e�n�t� �p�r�o�b�l�e�m�s� 

�t�h�a�t� �m�a�y� �d�e�v�e�l�o�p�.� 

�T�h�i�s� �g�r�o�w�t�h� �t�r�i�a�l� �w�a�s� �t�h�e� �f�i�r�s�t� �r�e�p�l�i�c�a�t�e�d�,� �c�o�m�m�e�r�c�i�a�l�-�s�c�a�l�e� �t�e�s�t� �o�f� �r�e�c�i�r�c�u�l�a�t�i�n�g� 

�a�q�u�a�c�u�l�t�u�r�e� �s�y�s�t�e�m�s� �t�o� �b�e� �c�o�n�d�u�c�t�e�d� �i�n� �t�h�e� �U�n�i�t�e�d� �S�t�a�t�e�s�.� �T�h�e� �d�a�t�a�-�b�a�s�e� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �t�h�i�s� �p�r�e�l�i�m�i�n�a�r�y� �s�t�u�d�y� �w�a�s� �i�m�p�o�r�t�a�n�t� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �p�o�t�e�n�t�i�a�l� �o�f� �R�A�S� �t�o� 

�p�r�o�d�u�c�e� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �a�n�d� �t�o� �p�r�o�v�i�d�e� �i�n�s�i�g�h�t� �f�o�r� �f�u�t�u�r�e� �r�e�s�e�a�r�c�h� �n�e�e�d�s�.� �T�h�i�s� 

�s�t�u�d�y� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �a� �d�e�n�s�i�t�y� �o�f� �1�4�4� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s�/�m�*� �m�a�y� �b�e� �t�h�e� �m�a�x�i�m�u�m� 
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�d�e�n�s�i�t�y� �s�u�s�t�a�i�n�a�b�l�e� �i�n� �t�h�e� �p�r�e�s�e�n�t� �s�y�s�t�e�m� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� �G�i�v�e�n� �t�h�e� �k�n�o�w�l�e�d�g�e� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�i�s� �s�t�u�d�y�,� �a� �m�o�r�e� �c�o�m�p�r�e�h�e�n�s�i�v�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �w�a�s� �i�m�p�l�e�m�e�n�t�e�d� �t�o� 

�b�e�t�t�e�r� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �p�o�t�e�n�t�i�a�l� �o�f� �r�e�c�i�r�c�u�l�a�t�i�n�g� �a�q�u�a�c�u�l�t�u�r�e� �s�y�s�t�e�m�s� �t�o� �p�r�o�d�u�c�e� 

�h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s�.� 
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�C�H�A�P�T�E�R� �I�I�I� 

�T�R�I�A�L� �2� 

�M�E�T�H�O�D�S� 

�S�t�o�c�k�i�n�g� 

�R�e�s�u�l�t�s� �f�r�o�m� �T�r�i�a�l� �1� �i�n�d�i�c�a�t�e�d� �t�h�e� �n�e�e�d� �f�o�r� �a� �r�e�d�u�c�t�i�o�n� �i�n� �s�t�o�c�k�i�n�g� �d�e�n�s�i�t�y�.� 

�T�h�r�e�e� �s�t�o�c�k�i�n�g� �d�e�n�s�i�t�i�e�s� �o�f� �r�e�c�i�p�r�o�c�a�l� �c�r�o�s�s� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �w�e�r�e� �e�x�a�m�i�n�e�d� �i�n� �t�h�i�s� 

�t�r�i�a�l�.� �D�e�n�s�i�t�i�e�s� �o�f� �4�5�0� �(�3�6� �f�i�s�h�/�m�?�)�,� �9�0�0� �(�7�2� �f�i�s�h�/�m�*�)� �a�n�d� �1�8�0�0� �(�1�4�4� �f�i�s�h�/�m�*�)� �f�i�s�h� �p�e�r� 

�s�y�s�t�e�m� �w�e�r�e� �c�o�m�p�a�r�e�d�.� �D�e�n�s�i�t�i�e�s� �a�r�e� �e�x�p�r�e�s�s�e�d� �a�s� �n�u�m�b�e�r� �o�f� �f�i�s�h� �p�e�r� �t�o�t�a�l� �s�y�s�t�e�m� 

�v�o�l�u�m�e�.� �T�h�e� �t�w�o� �l�o�w�e�s�t� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� �h�a�d� �t�h�r�e�e� �r�e�p�l�i�c�a�t�e�s� �e�a�c�h�,� �a�n�d� �t�h�e� �h�i�g�h�e�s�t� 

�d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �h�a�d� �t�w�o� �r�e�p�l�i�c�a�t�e�s�.� �M�e�a�n� �w�e�i�g�h�t�s� �a�t� �t�h�e� �s�t�a�r�t� �o�f� �t�h�e� �s�t�u�d�y� �w�e�r�e� 

�3�4�.�9� �g� �(�+� �1�.�1�9� �S�E�)�,� �5�0�.�8� �g� �(�+� �1�.�8�8� �S�E�)� �a�n�d� �4�3�.�4� �g� �(�+� �2�.�3�8� �S�E�)� �f�o�r� �t�h�e� �h�i�g�h�,� �m�e�d�i�u�m� 

�a�n�d� �l�o�w� �d�e�n�s�i�t�i�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �h�y�b�r�i�d�s� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �K�e�o� �F�i�s�h� �F�a�r�m�s� 

�(�K�e�o�,� �A�R�)�.� �S�t�o�c�k�i�n�g� �o�f� �t�h�e� �s�y�s�t�e�m�s� �t�o�o�k� �p�l�a�c�e� �i�n� �l�a�t�e� �D�e�c�e�m�b�e�r� �1�9�9�0� �t�h�r�o�u�g�h� �e�a�r�l�y� 

�J�a�n�u�a�r�y� �1�9�9�1�,� �w�i�t�h� �a�n� �a�c�c�l�i�m�a�t�i�o�n� �p�e�r�i�o�d� �o�f� �a�t� �l�e�a�s�t� �t�w�o� �w�e�e�k�s� �b�e�f�o�r�e� �b�e�g�i�n�n�i�n�g� �t�h�e� 

�t�r�i�a�l�.� 

�S�a�m�p�l�i�n�g� 

�T�h�i�s� �s�t�u�d�y� �w�a�s� �i�n�i�t�i�a�t�e�d� �o�n� �J�a�n�u�a�r�y� �1�5�,� �1�9�9�1� �w�i�t�h� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �l�e�n�g�t�h�s� �a�n�d� 

�w�e�i�g�h�t�s� �o�f� �a� �r�a�n�d�o�m� �s�a�m�p�l�e� �o�f� �5�.�5�%� �o�f� �e�a�c�h� �s�y�s�t�e�m�'�s� �p�o�p�u�l�a�t�i�o�n�.� �O�n�c�e� �e�v�e�r�y� �2�8� 

�d�a�y�s�,� �t�o�t�a�l� �l�e�n�g�t�h� �w�a�s� �m�e�a�s�u�r�e�d� �t�o� �t�h�e� �n�e�a�r�e�s�t� �m�i�l�l�i�m�e�t�e�r� �a�n�d� �w�e�t� �w�e�i�g�h�t� �t�o� �0�.�1� �g�r�a�m�.� 
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�B�y� �a�l�l�o�w�i�n�g� �f�o�u�r� �w�e�e�k�s� �b�e�t�w�e�e�n� �s�a�m�p�l�i�n�g� �d�a�t�e�s�,� �h�a�n�d�l�i�n�g� �s�t�r�e�s�s� �w�a�s� �m�i�n�i�m�i�z�e�d�.� �F�i�s�h� 

�w�e�r�e� �p�l�a�c�e�d� �i�n� �a� �1�1�5� �l�i�t�e�r� �h�o�l�d�i�n�g� �t�a�n�k� �c�o�n�t�a�i�n�i�n�g� �4�0�0�0� �m�g�/�1� �N�a�C�l� �a�n�d� �a�n�e�s�t�h�e�t�i�z�e�d� 

�w�i�t�h� �7�0� �m�g�/�l� �M�S�-�2�2�2� �d�u�r�i�n�g� �e�a�c�h� �s�a�m�p�l�i�n�g� �p�r�o�c�e�d�u�r�e�.� �T�h�e� �f�i�s�h� �w�e�r�e� �n�o�t� �f�e�d� �f�o�r� �2�4� 

�h�o�u�r�s� �p�r�i�o�r� �t�o� �s�a�m�p�l�i�n�g�.� 

�M�o�n�t�h�l�y� �s�a�m�p�l�i�n�g� �a�l�l�o�w�e�d� �f�o�r� �m�o�n�i�t�o�r�i�n�g� �o�f� �g�r�o�w�t�h� �r�a�t�e�s�.� �S�p�e�c�i�f�i�c� �g�r�o�w�t�h� �r�a�t�e�s� 

�(�%� �b�o�d�y� �w�e�i�g�h�t� �g�a�i�n�/�p�e�r�i�o�d�)� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �a�t� �e�a�c�h� �s�a�m�p�l�i�n�g� �p�e�r�i�o�d� �a�s�:� 

�S�G� �=� �l�o�g�,� �W�t�-�l�o�g�,� �W�o� �x� �1�0�0� �;� 

�t� 

�w�h�e�r�e� �S�G� �i�s� �t�h�e� �s�p�e�c�i�f�i�c� �g�r�o�w�t�h� �r�a�t�e�,� �W�r� �i�s� �t�h�e� �m�e�a�n� �w�e�i�g�h�t� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �g�r�o�w�t�h� 

�p�e�r�i�o�d�,� �W�o� �i�s� �t�h�e� �m�e�a�n� �w�e�i�g�h�t� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �g�r�o�w�t�h� �p�e�r�i�o�d�,� �a�n�d� �t� �i�s� �t�h�e� 

�t�i�m�e� �i�n� �d�a�y�s� �(�2�8�)� �b�e�t�w�e�e�n� �m�e�a�s�u�r�e�m�e�n�t�s�.� �G�r�o�w�t�h� �r�a�t�e�s� �i�n� �g�r�a�m�s� �g�a�i�n�e�d� �p�e�r� �f�i�s�h� �p�e�r� 

�d�a�y� �w�e�r�e� �a�l�s�o� �c�o�m�p�a�r�e�d�.� 

�C�o�n�d�i�t�i�o�n� �i�n�d�e�x� �v�a�l�u�e�s� �w�e�r�e� �a�l�s�o� �c�a�l�c�u�l�a�t�e�d�.� �R�e�l�a�t�i�v�e� �w�e�i�g�h�t� �(�W�,�;� �W�e�g�e� �a�n�d� 

�A�n�d�e�r�s�o�n� �1�9�7�8�)� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�t� �e�a�c�h� �s�a�m�p�l�i�n�g� �p�e�r�i�o�d� �a�s�:� 

�W�,� �=� �W�/�W�,� �;� 

�w�h�e�r�e� �W� �i�s� �t�h�e� �a�c�t�u�a�l� �w�e�i�g�h�t� �o�f� �a�n� �i�n�d�i�v�i�d�u�a�l� �a�n�d� �W�,� �i�s� �a� �l�e�n�g�t�h�-�s�p�e�c�i�f�i�c� �s�t�a�n�d�a�r�d� 

�w�e�i�g�h�t�.� �S�t�a�n�d�a�r�d� �w�e�i�g�h�t� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �a�n� �e�q�u�a�t�i�o�n� �d�e�v�e�l�o�p�e�d� �s�p�e�c�i�f�i�c�a�l�l�y� �f�o�r� 

�h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �(�B�r�o�w�n� �a�n�d� �M�u�r�p�h�y� �1�9�8�9�)�:� 

�l�o�g�i�o�W�,� �=� �-�5�.�2�0�1� �+� �3�.�1�3�9� �l�o�g�,� �I�L� �;� 

�w�h�e�r�e� �T�L� �i�s� �t�o�t�a�l� �l�e�n�g�t�h�.� �S�t�a�n�d�a�r�d� �w�e�i�g�h�t� �v�a�l�u�e�s� �w�e�r�e� �t�h�e�n� �s�u�b�s�t�i�t�u�t�e�d� �i�n�t�o� �t�h�e� 

�r�e�l�a�t�i�v�e� �w�e�i�g�h�t� �e�q�u�a�t�i�o�n� �t�o� �d�e�r�i�v�e� �c�o�n�d�i�t�i�o�n� �i�n�d�e�x� �v�a�l�u�e�s�.� �W�,� �e�q�u�a�t�i�o�n�s� �r�e�p�r�e�s�e�n�t� 
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�p�o�p�u�l�a�t�i�o�n�s� �i�n� �b�e�t�t�e�r� �t�h�a�n� �a�v�e�r�a�g�e� �c�o�n�d�i�t�i�o�n� �(�A�n�d�e�r�s�o�n� �a�n�d� �G�u�t�r�e�u�t�e�r� �1�9�8�3�)�.� 

�C�o�n�d�i�t�i�o�n� �v�a�l�u�e�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s� �t�o� �a�s�s�e�s�s� �d�e�n�s�i�t�y� �e�f�f�e�c�t�s�.� 

�B�o�t�h� �n�u�m�b�e�r� �a�n�d� �w�e�i�g�h�t� �o�f� �m�o�r�t�a�l�i�t�i�e�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �a�n�d� �t�h�e� �i�n�d�i�v�i�d�u�a�l�s� 

�r�e�p�l�a�c�e�d� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �h�a�l�f� �o�f� �t�h�e� �t�r�i�a�l�.� �P�o�t�e�n�t�i�a�l� �r�e�p�l�a�c�e�m�e�n�t�s�,� �w�h�i�c�h� �c�o�n�s�i�s�t�e�d� �o�f� 

�f�i�s�h� �r�e�m�a�i�n�i�n�g� �a�f�t�e�r� �i�n�i�t�i�a�l� �s�t�o�c�k�i�n�g� �w�a�s� �c�o�m�p�l�e�t�e�d�,� �w�e�r�e� �h�e�l�d� �i�n� �a� �s�e�p�a�r�a�t�e� �s�y�s�t�e�m� 

�a�n�d� �u�s�e�d� �a�s� �n�e�e�d�e�d�.� 

�F�e�e�d�i�n�g� 

�F�e�e�d�i�n�g� �r�a�t�e�s� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �t�r�i�a�l� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �a�s� �3�%� �o�f� �t�h�e� �t�o�t�a�l� 

�b�i�o�m�a�s�s� �i�n� �e�a�c�h� �s�y�s�t�e�m�.� �F�e�e�d�i�n�g� �r�a�t�e�s� �w�e�r�e� �t�h�e�n� �a�d�j�u�s�t�e�d� �w�e�e�k�l�y� �s�o� �t�h�a�t� �t�h�e� �r�a�t�e� 

�o�f� �3�%� �w�a�s� �m�a�i�n�t�a�i�n�e�d�.� �E�s�t�i�m�a�t�e�d� �w�e�e�k�l�y� �w�e�i�g�h�t� �g�a�i�n�s� �w�e�r�e� �b�a�s�e�d� �o�n� �a�n� �a�s�s�u�m�e�d� 

�f�e�e�d� �c�o�n�v�e�r�s�i�o�n� �r�a�t�e� �o�f� �1�.�5�:�1�.� �A�s� �t�h�e� �f�i�s�h� �b�e�c�a�m�e� �l�a�r�g�e�r�,� �f�e�e�d�i�n�g� �r�a�t�e�s� �w�e�r�e� 

�d�e�c�r�e�a�s�e�d� �g�r�a�d�u�a�l�l�y� �t�o� �a� �l�o�w� �o�f� �1�%� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�t�u�d�y�.� �T�h�e� �h�y�b�r�i�d�s� �w�e�r�e� �f�e�d� 

�b�y� �h�a�n�d� �t�w�i�c�e� �e�a�c�h� �d�a�y� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�8�0�0� �a�n�d� �1�7�0�0� �h�o�u�r�s�.� �A� �c�o�m�m�e�r�c�i�a�l� �d�i�e�t�,� 

�"�B�a�s�s� �G�r�o�w�e�r �� �[�4�4�%� �c�r�u�d�e� �p�r�o�t�e�i�n� �(�m�i�n�i�m�u�m�)�,� �8�%� �f�a�t� �(�m�i�n�i�m�u�m�)�,� �3�%� �c�r�u�d�e� �f�i�b�e�r� 

�(�m�i�n�i�m�u�m�)� �a�n�d� �1�3�%� �m�o�i�s�t�u�r�e� �(�m�i�n�i�m�u�m�)�]� �p�r�o�d�u�c�e�d� �b�y� �B�i�o�s�p�o�n�g�e� �A�q�u�a�c�u�l�t�u�r�e� 

�P�r�o�d�u�c�t�s� �C�o�.� �(�S�h�e�r�i�d�a�n�,� �W�Y�)�,� �w�a�s� �u�s�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y�.� �T�h�e� �h�y�b�r�i�d�s� �i�n�i�t�i�a�l�l�y� 

�r�e�c�e�i�v�e�d� �a� �0�.�3� �c�m� �f�l�o�a�t�i�n�g� �p�e�l�l�e�t�.� �W�h�e�n� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �l�a�r�g�e� �e�n�o�u�g�h�,� �t�h�e�y� �w�e�r�e� 

�f�e�d� �a� �0�.�6� �c�m� �p�e�l�l�e�t� �a�n�d�,� �f�i�n�a�l�l�y�,� �a� �1� �c�m� �p�e�l�l�e�t� �w�h�e�n� �a�v�e�r�a�g�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�5�0� 

�g�r�a�m�s�.� 

�F�e�e�d� �i�n�p�u�t� �i�n�t�o� �e�a�c�h� �s�y�s�t�e�m� �w�a�s� �m�o�n�i�t�o�r�e�d� �a�n�d� �c�o�n�t�r�o�l�l�e�d�.� �F�e�e�d� �c�o�n�v�e�r�s�i�o�n�s� 
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�r�a�t�i�o�s� �(�F�C�R�)� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �a�n�d� �w�e�r�e� �e�x�p�r�e�s�s�e�d� �a�s� �d�r�y� �w�e�i�g�h�t� �f�e�e�d� �c�o�n�s�u�m�e�d� 

�d�i�v�i�d�e�d� �b�y� �w�e�t� �w�e�i�g�h�t� �f�i�s�h� �g�a�i�n�.� �F�C�R�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �a�f�t�e�r� �e�a�c�h� �m�o�n�t�h ��s� �s�a�m�p�l�e� 

�a�n�d� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �t�r�i�a�l�.�W�a�t�e�r� �Q�u�a�l�i�t�y� 

�W�a�t�e�r� �Q�u�a�l�i�t�y� 

�W�a�t�e�r� �q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �m�e�a�s�u�r�e�d� �i�n�c�l�u�d�e�d� �t�o�t�a�l� �a�m�m�o�n�i�a�,� �u�n�-�i�o�n�i�z�e�d� 

�a�m�m�o�n�i�a�,� �n�i�t�r�i�t�e�,� �p�H�,� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�,� �n�i�t�r�a�t�e�,� �h�a�r�d�n�e�s�s� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�.� �T�A�N�,� 

�N�H�,�,� �p�H�,� �D�O� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �w�e�r�e� �m�e�a�s�u�r�e�d� �d�a�i�l�y�.� �A�l�k�a�l�i�n�i�t�y�,� �n�i�t�r�i�t�e� �a�n�d� �n�i�t�r�a�t�e� 

�w�e�r�e� �m�e�a�s�u�r�e�d� �a�t� �l�e�a�s�t� �t�w�i�c�e� �e�a�c�h� �w�e�e�k�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e�s�e� �m�e�a�s�u�r�e�m�e�n�t�s� 

�i�n�c�r�e�a�s�e�d� �i�f� �p�r�o�b�l�e�m�s� �i�n� �t�h�e� �n�i�t�r�i�f�i�c�a�t�i�o�n� �p�r�o�c�e�s�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �d�u�r�i�n�g� �d�a�i�l�y� �a�m�m�o�n�i�a� 

�a�n�a�l�y�s�i�s�.� �B�e�c�a�u�s�e� �l�i�t�t�l�e� �c�h�a�n�g�e� �o�c�c�u�r�s� �o�v�e�r� �t�i�m�e�,� �h�a�r�d�n�e�s�s� �w�a�s� �m�e�a�s�u�r�e�d� �o�n�l�y� �o�n�c�e� 

�e�a�c�h� �w�e�e�k�.� �S�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �e�a�c�h� �m�o�r�n�i�n�g� �b�e�f�o�r�e� �t�h�e� �f�i�r�s�t� �f�e�e�d�i�n�g�.� �M�e�t�h�o�d�s� 

�o�f� �w�a�t�e�r� �a�n�a�l�y�s�i�s� �w�e�r�e� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�o�s�e� �u�s�e�d� �i�n� �T�r�i�a�l� �1�.� 

�E�v�e�n� �t�h�o�u�g�h� �t�h�e� �n�i�t�r�i�f�y�i�n�g� �b�a�c�t�e�r�i�a� �l�a�r�g�e�l�y� �c�o�n�t�r�o�l� �w�a�t�e�r� �q�u�a�l�i�t�y�,� �v�a�l�u�e�s� �f�o�r� �e�a�c�h� 

�p�a�r�a�m�e�t�e�r� �m�e�a�s�u�r�e�d� �w�e�r�e� �h�e�l�d�,� �t�h�r�o�u�g�h� �m�a�n�a�g�e�m�e�n�t� �p�r�a�c�t�i�c�e�s�,� �w�i�t�h�i�n� �l�i�m�i�t�s� 

�d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �b�e�n�e�f�i�c�i�a�l� �t�o� �b�o�t�h� �t�h�e� �f�i�s�h� �a�n�d� �t�h�e� �n�i�t�r�i�f�y�i�n�g� �b�a�c�t�e�r�i�a�.� �I�f� �l�e�v�e�l�s� 

�d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �h�a�r�m�f�u�l� �t�o� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �w�e�r�e� �r�e�a�c�h�e�d� �(�T�a�b�l�e� �1�)�,� �t�h�e� �t�r�i�a�l� �w�a�s� 

�i�n�t�e�r�r�u�p�t�e�d� �a�n�d� �t�h�e� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�m�p�r�o�v�e�d� �b�e�f�o�r�e� �p�r�o�c�e�e�d�i�n�g�.� �D�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� 

�l�e�v�e�l�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �a�t� �o�r� �n�e�a�r� �s�a�t�u�r�a�t�i�o�n� �b�y� �c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �a�m�o�u�n�t� �o�f� �p�u�r�e� 

�o�x�y�g�e�n� �b�e�i�n�g� �i�n�j�e�c�t�e�d� �i�n�t�o� �t�h�e� �u�-�t�u�b�e�.� �W�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �c�o�n�t�r�o�l�l�e�d� �b�y� 

�r�e�g�u�l�a�t�i�n�g� �t�h�e� �a�m�b�i�e�n�t� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �m�a�n�i�p�u�l�a�t�i�o�n� �o�f� �a�n�y� �o�t�h�e�r� �p�a�r�a�m�e�t�e�r� 

�5�0� �-



�r�e�q�u�i�r�e�d� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �f�r�e�s�h� �w�a�t�e�r� �a�n�d�/�o�r� �c�h�e�m�i�c�a�l�s� �s�u�c�h� �a�s� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� 

�a�n�d� �c�a�l�c�i�u�m� �c�h�l�o�r�i�d�e�.� 

�F�r�e�s�h� �w�a�t�e�r� �(�m�u�n�i�c�i�p�a�l� �w�a�t�e�r�;� �T�a�b�l�e� �9�)� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �s�y�s�t�e�m� �o�n�l�y� �t�o� �m�a�k�e� 

�u�p� �f�o�r� �e�v�a�p�o�r�a�t�i�v�e� �l�o�s�s�e�s� �o�r� �f�o�r� �f�l�u�s�h�i�n�g� �t�h�e� �s�e�t�t�l�e�d� �s�o�l�i�d�s� �f�r�o�m� �t�h�e� �s�u�m�p�.� �A� �s�u�m�p� 

�w�a�s� �c�l�e�a�n�e�d� �a�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �3� �o�r� �m�o�r�e� �k�i�l�o�g�r�a�m�s� �o�f� �f�e�e�d� �i�n�t�o� �a� �s�y�s�t�e�m�.� �T�h�i�s� 

�a�l�l�o�w�e�d� �f�o�r� �e�a�c�h� �s�y�s�t�e�m� �t�o� �b�e� �e�x�p�o�s�e�d� �t�o� �s�i�m�i�l�a�r� �a�m�o�u�n�t�s� �o�f� �f�r�e�s�h� �w�a�t�e�r�.� �T�h�e� �s�u�m�p� 

�w�a�t�e�r� �v�o�l�u�m�e� �a�c�c�o�u�n�t�e�d� �f�o�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�5�%� �o�f� �t�h�e� �t�o�t�a�l� �v�o�l�u�m�e� �o�f� �t�h�e� �s�y�s�t�e�m�:� 

�t�h�e�r�e�f�o�r�e�,� �n�o� �m�o�r�e� �t�h�a�n� �o�n�e� �c�o�m�p�l�e�t�e� �w�a�t�e�r� �e�x�c�h�a�n�g�e� �p�e�r� �w�e�e�k� �w�a�s� �e�x�p�e�r�i�e�n�c�e�d� �b�y� 

�a�n�y� �g�i�v�e�n� �s�y�s�t�e�m�.� 

�T�h�e� �l�o�w� �a�l�k�a�l�i�n�i�t�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �m�u�n�i�c�i�p�a�l� �w�a�t�e�r� �(�T�a�b�l�e� �1�0�)� �c�o�m�b�i�n�e�d� 

�w�i�t�h� �t�h�e� �a�c�i�d�i�c� �p�r�o�c�e�s�s� �o�f� �n�i�t�r�i�f�i�c�a�t�i�o�n� �r�e�q�u�i�r�e�d� �t�h�e� �m�a�n�a�g�e�m�e�n�t� �p�r�a�c�t�i�c�e� �o�f� 

�m�a�i�n�t�a�i�n�i�n�g� �p�H� �a�n�d� �a�l�k�a�l�i�n�i�t�y�.� �S�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �(�N�a�H�C�O�,�)� �w�a�s� �a�d�d�e�d� �t�o� 

�i�n�c�r�e�a�s�e� �a�l�k�a�l�i�n�i�t�y� �a�n�d� �p�H�.� �C�a�l�c�i�u�m� �c�h�l�o�r�i�d�e� �(�C�a�C�l�)� �w�a�s� �a�d�d�e�d� �t�o� �i�n�c�r�e�a�s�e� �h�a�r�d�n�e�s�s� 

�a�n�d� �t�o� �m�a�i�n�t�a�i�n� �a�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l� �r�a�t�i�o� �o�f� �c�h�l�o�r�i�d�e� �(�C�I�)� �t�o� �s�o�d�i�u�m� �(�N�a�)� �i�o�n�s�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �N�a�H�C�O�,� �a�d�d�e�d� �w�a�s� �b�a�s�e�d� �o�n� �t�w�o� �a�s�s�u�m�p�t�i�o�n�s�;� �1�)� �1� �k�g� �o�f� �4�4�%� 

�p�r�o�t�e�i�n� �f�e�e�d� �p�r�o�d�u�c�e�s� �5�0� �g� �T�A�N�;� �a�n�d� �2�)� �t�h�e� �c�o�n�v�e�r�s�i�o�n� �o�f� �1� �g� �T�A�N� �t�o� �N�O�,� �d�e�s�t�r�o�y�s� 

�7�.�1�3� �g� �a�l�k�a�l�i�n�i�t�y� �(�B�i�s�o�g�n�i� �a�n�d� �T�i�m�m�o�n�s� �1�9�9�1�)�.� �B�a�s�e�d� �o�n� �t�h�e�s�e� �v�a�l�u�e�s� �a�n�d� �t�h�e� 

�a�l�k�a�l�i�n�i�t�y� �p�r�e�s�e�n�t� �i�n� �t�h�e� �m�u�n�i�c�i�p�a�l� �w�a�t�e�r�,� �i�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �a�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� 

�o�f� �3� �k�g� �o�f� �f�e�e�d�,� �1�.�0� �k�g� �o�f� �N�a�H�C�O�,� �w�a�s� �n�e�e�d�e�d� �t�o� �m�a�k�e� �u�p� �f�o�r� �t�h�e� �a�l�k�a�l�i�n�i�t�y� 

�d�e�s�t�r�o�y�e�d�.� �I�t� �w�a�s� �t�h�e�n� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �6�6�0� �g� �o�f� �C�a�C�l� �w�a�s� �n�e�e�d�e�d� �t�o� �b�a�l�a�n�c�e� �t�h�e� �C�l�-� 

�t�o� �N�a�+� �i�o�n� �r�a�t�i�o�.� �T�h�e� �i�n�p�u�t� �o�f� �b�o�t�h� �c�h�e�m�i�c�a�l�s� �w�a�s� �h�e�l�d� �c�o�n�s�t�a�n�t� �(�1� �k�g� �N�a�H�C�O�,�;�:�6�6�0� 

�5�1



�T�a�b�l�e� �9�.� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �m�u�n�i�c�i�p�a�l� �w�a�t�e�r� �u�s�e�d� �a�s� 
�m�a�k�e�u�p� �w�a�t�e�r� �i�n� �T�r�i�a�l� �2�.� 
� � 

� � 

�P�a�r�a�m�e�t�e�r� �C�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�g�/�1�)� 

�A�m�m�o�n�i�a�-�N� �n�d� �*� 
�N�O�,�-�N� �n�d� �*� 
�N�O�,�-�N� �n�d� �*� 
�p�H� �8�.�4� 

�A�l�k�a�l�i�n�i�t�y� �1�2�0� 
�H�a�r�d�n�e�s�s� �1�2�0� 
� � 

�*� �N�o�t� �w�i�t�h�i�n� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t�s�.� 
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�g� �C�a�C�l�/�1�9�0�0� �|� �f�r�e�s�h� �w�a�t�e�r�)� �d�u�r�i�n�g� �m�o�s�t� �o�f� �t�h�e� �s�t�u�d�y� �a�n�d� �w�a�s� �d�o�u�b�l�e�d� �w�h�e�n� �a�l�k�a�l�i�n�i�t�y� 

�v�a�l�u�e�s� �d�r�o�p�p�e�d� �b�e�l�o�w� �1�0�0� �m�g�/�1�.� 

�S�t�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�i�s� 

�A�l�l� �g�r�o�w�t�h� �a�n�d� �w�a�t�e�r� �q�u�a�l�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �w�i�t�h� �a� �R�e�p�e�a�t�e�d� 

�M�e�a�s�u�r�e�s� �A�n�a�l�y�s�i�s� �o�f� �V�a�r�i�a�n�c�e� �t�e�s�t� �(�C�r�o�w�d�e�r� �a�n�d� �H�a�n�d� �1�9�9�0�)� �t�o� �d�e�t�e�c�t� �d�i�f�f�e�r�e�n�c�e�s� 

�w�i�t�h�i�n� �a�n�d� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s�.� �T�h�e� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �t�h�e� �G�e�n�e�r�a�l� �L�i�n�e�a�r� 

�M�o�d�e�l�s� �p�r�o�c�e�d�u�r�e� �(�V�e�r�s�i�o�n� �6�.�0�6�,� �S�A�S� �I�n�s�t�i�t�u�t�e�,� �I�n�c�.�,� �C�a�r�y�,� �N�C�)�.� �S�t�a�n�d�a�r�d� �l�i�n�e�a�r� 

�r�e�g�r�e�s�s�i�o�n� �p�r�o�c�e�d�u�r�e�s� �w�e�r�e� �u�s�e�d� �t�o� �a�s�s�e�s�s� �l�e�n�g�t�h�-�w�e�i�g�h�t� �r�e�l�a�t�i�o�n�s�h�i�p�s�.� �A�l�l� �s�t�a�t�i�s�t�i�c�a�l� 

�c�o�m�p�a�r�i�s�o�n�s� �w�e�r�e� �m�a�d�e� �a�t� �t�h�e� �9�5�%� �c�o�n�f�i�d�e�n�c�e� �l�e�v�e�l� �(�p� �<� �0�.�0�5�)�.� 
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�R�E�S�U�L�T�S� 

�G�r�o�w�t�h� �a�n�d� �S�u�r�v�i�v�a�l� 

�T�o�t�a�l� �b�i�o�m�a�s�s� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �a�m�o�n�g� �t�r�e�a�t�m�e�n�t�s� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �t�r�i�a�l� 

�a�n�d� �a�v�e�r�a�g�e�d� �7�3�3�.�8�2� �k�g� �i�n� �t�h�e� �h�i�g�h�,� �4�8�3�.�2�9� �i�n� �t�h�e� �m�e�d�i�u�m�,� �a�n�d� �2�9�7�.�9�4� �k�g� �i�n� �t�h�e� �l�o�w� 

�t�r�e�a�t�m�e�n�t�s� �(�T�a�b�l�e� �1�0�)�.� �A�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �2�2�4�-�d�a�y� �s�t�u�d�y�,� �m�e�a�n� �w�e�i�g�h�t�s� �w�e�r�e� �4�1�2�.�1� �g� 

�(�+� �7�.�7�8� �S�E�)�,� �5�4�2�.�1� �g� �(�+� �1�1�.�7�6� �S�E�)� �a�n�d� �6�7�6�.�1� �g� �(�+� �1�7�.�0�1� �S�E�)� �f�o�r� �t�h�e� �h�i�g�h�,� �m�e�d�i�u�m� 

�a�n�d� �l�o�w� �t�r�e�a�t�m�e�n�t�s� �r�e�s�p�e�c�t�i�v�e�l�y� �(�T�a�b�l�e� �1�1�)�.� �I�n�d�i�v�i�d�u�a�l� �w�e�i�g�h�t� �g�a�i�n�s� �a�v�e�r�a�g�e�d� �3�7�7�.�2� 

�g� �(�1�.�7� �g�/�d�a�y�)� �f�o�r� �t�h�e� �h�i�g�h�,� �4�9�1�.�3� �g� �(�2�.�2� �g�/�d�a�y�)� �f�o�r� �t�h�e� �m�e�d�i�u�m�,� �a�n�d� �6�3�2�.�7� �g� �(�2�.�8� 

�_� �g�/�d�a�y�)� �f�o�r� �t�h�e� �l�o�w� �t�r�e�a�t�m�e�n�t�s�.� �A�n�a�l�y�s�i�s� �o�f� �g�r�o�w�t�h� �i�n�d�i�c�a�t�e�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� 

�b�e�t�w�e�e�n� �t�h�e� �h�i�g�h� �a�n�d� �m�e�d�i�u�m� �t�r�e�a�t�m�e�n�t�s� �t�h�r�o�u�g�h� �t�h�e� �e�n�t�i�r�e� �p�e�r�i�o�d�.� �T�h�i�s� �i�s� 

�e�x�p�l�a�i�n�e�d� �b�y� �t�h�e� �v�a�r�i�a�t�i�o�n� �i�n� �m�e�a�n� �w�e�i�g�h�t�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �m�e�d�i�u�m� �d�e�n�s�i�t�y� 

�t�r�e�a�t�m�e�n�t�s� �(�i�.�e�.� �f�i�n�a�l� �m�e�a�n� �w�e�i�g�h�t�s� �a�v�e�r�a�g�e�d� �6�0�3�.�5�,� �5�1�3�.�3�,� �a�n�d� �5�0�9�.�2� �g�)�.� �M�e�a�n� 

�w�e�i�g�h�t�s� �i�n� �t�h�e� �l�o�w� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�o�s�e� �i�n� �t�h�e� �h�i�g�h� 

�t�r�e�a�t�m�e�n�t� �a�t� �d�a�y� �8�4�,� �a�n�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �m�e�d�i�u�m� �t�r�e�a�t�m�e�n�t� �a�t� �d�a�y� �1�4�0� 

�a�n�d� �t�h�r�o�u�g�h� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�t�u�d�y� �(�F�i�g�u�r�e� �5�)�.� �O�n�e� �r�e�p�l�i�c�a�t�e� �i�n� �t�h�e� �l�o�w� �d�e�n�s�i�t�y� 

�t�r�e�a�t�m�e�n�t� �h�a�d� �a� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�a�r�g�e�r� �m�e�a�n� �w�e�i�g�h�t� �t�h�a�n� �t�h�e� �r�e�m�a�i�n�i�n�g� �t�w�o� �r�e�p�l�i�c�a�t�e�s�,� 

�a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�t�u�d�y�.� �S�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�i�s� �w�i�t�h� �t�h�i�s� �r�e�p�l�i�c�a�t�e� �r�e�m�o�v�e�d�,� �h�o�w�e�v�e�r�,� �d�i�d� 

�n�o�t� �a�l�t�e�r� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �o�v�e�r�a�l�l� �a�n�a�l�y�s�i�s�.� �T�o�t�a�l� �b�i�o�m�a�s�s� �w�a�s� �i�n�v�e�r�s�e�l�y� �r�e�l�a�t�e�d� �t�o� 

�m�e�a�n� �w�e�i�g�h�t�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y� �f�o�r� �a�l�l� �t�r�e�a�t�m�e�n�t�s� �(�F�i�g�u�r�e� �6�)�.� �F�i�n�a�l� �d�e�n�s�i�t�i�e�s� 

�a�v�e�r�a�g�e�d� �5�9�.�7�1�,� �3�9�.�3�2� �a�n�d� �2�4�.�2�4� �k�g�/�m�?� �i�n� �t�h�e� �h�i�g�h� �m�e�d�i�u�m� �a�n�d� �l�o�w� �t�r�e�a�t�m�e�n�t�s�,� 

�r�e�s�p�e�c�t�i�v�e�l�y� �(�T�a�b�l�e� �1�0�)�.� 
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�T�a�b�l�e� �1�0�.� �T�o�t�a�l� �b�i�o�m�a�s�s�,� �d�e�n�s�i�t�y�,� �f�e�e�d� �c�o�n�v�e�r�s�i�o�n� �a�n�d� �s�u�r�v�i�v�a�l� �f�o�r� �a�l�l� �r�e�p�l�i�c�a�t�e�s� �a�n�d� 
�t�h�e� �m�e�a�n�s� �f�o�r� �e�a�c�h� �t�r�e�a�t�m�e�n�t�.� 
� � 

� � 

� � 

�T�a�n�k� �B�i�o�m�a�s�s� �(�k�g�)� �D�e�n�s�i�t�y� �(�k�g�/�m�*�)� �F�e�e�d� �S�u�r�v�i�v�a�l� 
�T�r�t� �N�o�.� �I�n�i�t�i�a�l� �F�i�n�a�l� �I�n�i�t�i�a�l� �F�i�n�a�l� �C�o�n�v�e�r�s�i�o�n� �(�%�)� 
�H�i�g�h� �2� �6�3�.�1�8� �7�1�6�.�1�9� �5�.�0�5� �5�7�.�2�9� �1�.�2�9� �9�3�.�2� 

�5� �6�2�.�4�6� �7�5�1�.�4�5� �4�.�9�9� �6�0�.�1�2� �1�.�4�4� �9�8�.�4� 
�M�e�a�n� �6�2�.�8�2� �7�3�3�.�8�2� �5�.�0�2� �5�8�.�7�1� �1�.�3�7� �9�5�.�8� 

�M�e�d�.� �3� �4�6�.�1�7� �5�3�6�.�7�8� �3�.�6�9� �4�2�.�9�4� �1�.�3�5� �9�8�.�0� 
�6� �4�4�.�6�4� �4�5�8�.�8�9� �3�.�5�7� �3�6�.�7�1� �1�.�4�1� �9�7�.�9� 
�7� �4�6�.�2�6� �4�5�4�.�2�1� �3�.�5�4� �3�6�.�3�4� �1�.�5�5� �9�8�.�7� 

�M�e�a�n� �4�5�.�6�9� �4�8�3�.�2�9� �3�.�6�0� �3�8�.�6�6� �1�.�4�4� �9�8�.�2� 

�L�o�w� �4� �2�6�.�0�1� �3�4�1�.�5�1� �2�.�0�8� �2�7�.�3�2� �1�.�3�8� �9�9�.�8� 
�8� �1�7�.�6�4� �2�8�6�.�0�8� �1�.�4�1� �2�2�.�8�9� �1�.�4�6� �0�4�.�4� 
�9� �1�4�.�9�9� �2�6�6�.�2�2� �1�.�2�0� �2�1�.�3�0� �1�.�5�4� �9�8�.�0� 

�M�e�a�n� �1�9�.�5�5� �2�9�7�.�9�4� �1�.�5�6� �2�3�.�8�3� �1�.�4�6� �9�7�.�4� 

� � 
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�T�a�b�l�e� �1�1�.� �M�e�a�n� �w�e�i�g�h�t�s�,� �s�t�a�n�d�a�r�d� �e�r�r�o�r�s� �a�n�d� �r�a�n�g�e�s� �f�o�r� �e�a�c�h� �d�e�n�s�i�t�y� 
�t�r�e�a�t�m�e�n�t� �a�t� �e�a�c�h� �s�a�m�p�l�i�n�g� �d�a�y�.� 
� � 

� � 

�D�e�n�s�i�t�y� �D�a�y� �W�e�i�g�h�t� �(�g�)� �S�E� �R�a�n�g�e� 

�H�i�g�h� �0� �3�4�.�9� �1�.�1�9� �1�1�.�6�-�1�5�9�.�3� 
�2�8� �5�3�.�6� �1�.�5�7� �1�7�.�1�-�1�3�0�.�8� 
�5�6� �9�2�.�5� �2�.�6�4� �3�7�.�3�-�2�4�2�.�5� 
�8�4� �1�3�3�.�7� �4�.�1�6� �6�1�.�6�-�3�8�2�.�9� 

�1�1�2� �1�6�3�.�0� �4�.�7�6� �5�2�.�9�-�4�5�9�.�0� 
�1�4�0� �2�3�0�.�6� �6�.�6�1� �5�9�.�2�-�6�2�6�.�3� 
�1�6�8� �2�8�1�.�3� �7�.�4�7� �9�7�.�9�-�7�1�1�.�8� 
�1�9�6� �3�7�6�.�1� �8�.�3�8� �1�5�0�.�3�-�8�0�8�.�0� 
�2�2�4� �4�1�2�.�1� �7�.�7�8� �1�6�5�.�1�-�7�7�4�.�5� 

�M�e�d�i�u�m� �0� �5�0�.�8� �1�.�8�8� �1�5�.�8�-�1�4�0�.�1� 
�2�8� �7�5�.�1� �2�.�3�9� �3�0�.�6�-�2�1�6�.�6� 
�5�6� �1�0�5�.�7� �3�.�7�1� �4�3�.�2�-�3�4�3�.�7� 
�8�4� �1�5�7�.�9� �5�.�0�4� �5�8�.�2�-�5�4�9�.�7� 

�1�1�2� �2�0�8�.�6� �6�.�0�4� �7�2�.�2�-�4�6�9�.�4� 
�1�4�0� �2�8�1�.�2� �7�.�5�5� �7�4�.�2�-�7�2�9�.�4� 
�1�6�8� �3�6�9�.�1� �8�.�1�6� �1�3�0�.�7�-�6�9�6�.�8� 
�1�9�6� �4�7�2�.�9� �9�.�3�0� �2�3�7�.�8�-�9�6�3�.�9� 
�2�2�4� �5�4�2�.�1� �1�1�.�7�6� �2�3�1�.�4�-�1�2�6�6�.�6� 

�L�o�w� �0� �4�3�.�4� �2�.�3�8� �1�6�.�7�-�1�0�2�.�7� 
�2�8� �7�3�.�4� �3�.�0�4� �3�1�.�1�-�1�4�9�.�0� 
�5�6� �1�3�6�.�3� �4�.�8�9� �5�8�.�0�-�2�7�0�.�5� 
�8�4� �2�2�6�.�6� �7�.�6�1� �1�1�9�.�2�-�4�2�8�.�0� 

�1�1�2� �3�1�0�.�3� �1�0�.�3�8� �1�8�4�.�5�-�5�8�6�.�1� 
�1�4�0� �3�9�8�.�1� �1�0�.�7�6� �2�3�1�.�0�-�6�8�6�.�0� 
�1�6�8� �4�7�5�.�3� �1�2�.�8�8� �2�8�1�.�0�-�8�0�5�.�2� 
�1�9�6� �$�7�1�.�2� �1�3�.�0�7� �3�0�3�.�5�-�9�5�9�.�3� 
�2�2�4� �6�7�6�.�1� �1�7�.�0�1� �3�5�6�.�2�-�1�0�8�5�.�4� 
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�0� �2�8� �5�6� �8�4� �1�1�2� �1�4�0� �1�6�8� �1�9�6� �2�2�4� 

�G�r�o�w�t�h� �P�e�r�i�o�d� �(�D�a�y�s�)� 

�F�i�g�u�r�e� �5�.� �D�i�f�f�e�r�e�n�c�e�s� �i�n� �g�r�o�w�t�h� �(�m�e�a�n� �w�e�i�g�h�t�s�)� �o�f� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �b�e�t�w�e�e�n� 
�t�h�e� �t�h�r�e�e� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s�.� 
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�2�0�0� �4� � � � � � � 
� � �0� �7� �|� �|� �|� �|� �7� �[� 

�0� �2�8� �5�6� �8�4� �1�1�2� �1�4�0� �1�6�8� �1�9�6� �2�2�4� 

�G�r�o�w�t�h� �P�e�r�i�o�d� �(�D�a�y�s�)� 

�F�i�g�u�r�e� �6�.� �I�n�c�r�e�a�s�e� �i�n� �m�e�a�n� �t�o�t�a�l� �b�i�o�m�a�s�s� �i�n� �e�a�c�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �o�v�e�r� �t�h�e� �2�2�4� 
�a�y� �s�t�u�d�y�.� 
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�S�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�e�a�n� �l�e�n�g�t�h�s� �b�e�g�a�n� �t�o� �a�p�p�e�a�r� �e�a�r�l�i�e�r� �t�h�a�n� �d�i�f�f�e�r�e�n�c�e�s� 

�i�n� �m�e�a�n� �w�e�i�g�h�t�s�.� �F�i�s�h� �i�n� �t�h�e� �l�o�w� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�o�n�g�e�r� �t�h�a�n� 

�t�h�e� �h�i�g�h� �t�r�e�a�t�m�e�n�t�s� �s�t�a�r�t�i�n�g� �a�t� �d�a�y� �2�8�,� �a�n�d� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�o�n�g�e�r� �t�h�a�n� �t�h�e� �m�e�d�i�u�m� 

�t�r�e�a�t�m�e�n�t� �s�t�a�r�t�i�n�g� �a�t� �d�a�y� �1�1�2� �a�n�d� �t�h�r�o�u�g�h� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�t�u�d�y� �(�T�a�b�l�e� �1�2�;� �F�i�g�u�r�e� �7�)�.� 

�S�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �l�e�n�g�t�h� �w�e�r�e� �a�l�s�o� �f�o�u�n�d� �b�e�t�w�e�e�n� �t�h�e� �h�i�g�h� �a�n�d� �m�e�d�i�u�m� 

�t�r�e�a�t�m�e�n�t�s� �d�u�r�i�n�g� �t�h�e� �l�a�s�t� �t�h�r�e�e� �s�a�m�p�l�i�n�g� �p�e�r�i�o�d�s� �e�v�e�n� �t�h�o�u�g�h� �n�o� �s�i�g�n�i�f�i�c�a�n�c�e� �i�n� 

�m�e�a�n� �w�e�i�g�h�t� �w�a�s� �d�e�t�e�c�t�e�d�.� 

�S�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�i�s� �o�n� �t�h�e� �s�l�o�p�e�s� �o�f� �t�h�e� �l�e�n�g�t�h�-�w�e�i�g�h�t� �r�e�g�r�e�s�s�i�o�n� �l�i�n�e�s� �f�o�r� �a�l�l� �t�h�r�e�e� 

�t�r�e�a�t�m�e�n�t�s� �d�e�t�e�c�t�e�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s�.� �A� �l�e�n�g�t�h�-�w�e�i�g�h�t� �r�e�g�r�e�s�s�i�o�n� �w�a�s� �t�h�e�n� 

�c�a�l�c�u�l�a�t�e�d� �f�o�r� �a�l�l� �s�a�m�p�l�e�s� �c�o�m�b�i�n�e�d� �(�N�=� �3�,�8�2�5�)� �g�i�v�i�n�g� �t�h�e� �f�o�l�l�o�w�i�n�g� �r�e�g�r�e�s�s�i�o�n� 

�e�q�u�a�t�i�o�n�:� 

�l�o�g�,� �W� �=� �-�1�3�.�9�0�3� �+� �3�.�4�9�7� �l�o�g�.� �T�L� 

�T�h�e� �m�o�d�e�l�,� �w�i�t�h� �a� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �d�e�t�e�r�m�i�n�a�t�i�o�n� �(�r ��)� �o�f� �0�.�9�8�,� �i�n�d�i�c�a�t�e�d� �a� �g�o�o�d� �f�i�t� �o�f� �t�h�e� 

�r�e�g�r�e�s�s�i�o�n� �l�i�n�e� �t�o� �t�h�e� �d�a�t�a�.� 

�N�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �s�p�e�c�i�f�i�c� �g�r�o�w�t�h� �r�a�t�e�s� �w�e�r�e� �f�o�u�n�d� �b�e�t�w�e�e�n� �a�l�l� 

�t�r�e�a�t�m�e�n�t�s� �a�f�t�e�r� �t�h�e� �s�e�c�o�n�d� �2�8�-�d�a�y� �g�r�o�w�t�h� �p�e�r�i�o�d� �(�d�a�y� �5�6�)�.� �S�p�e�c�i�f�i�c� �d�a�i�l�y� �g�r�o�w�t�h� 

�r�a�t�e�s� �r�a�n�g�e�d� �f�r�o�m� �1�.�9�3� �t�o� �0�.�3�3� �i�n� �t�h�e� �h�i�g�h�,� �f�r�o�m� �1�.�4�3� �t�o� �0�.�4�9� �i�n� �t�h�e� �m�e�d�i�u�m�,� �a�n�d� �f�r�o�m� 

�2�.�2�0� �t�o� �0�.�6�0� �i�n� �t�h�e� �l�o�w� �t�r�e�a�t�m�e�n�t�s�.� �G�r�o�w�t�h� �r�a�t�e�s� �f�o�r� �a�l�l� �t�h�r�e�e� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� 

�s�o�m�e�w�h�a�t� �v�a�r�i�a�b�l�e� �(�a�l�t�e�r�n�a�t�i�n�g� �f�r�o�m� �a� �h�i�g�h� �v�a�l�u�e� �t�o� �a� �l�o�w� �v�a�l�u�e�)� �f�r�o�m� �m�o�n�t�h� �t�o� 

�m�o�n�t�h� �b�u�t� �f�o�l�l�o�w�e�d� �t�h�e� �g�e�n�e�r�a�l� �d�o�w�n�w�a�r�d� �t�r�e�n�d� �e�x�p�e�c�t�e�d� �o�f� �f�i�s�h� �o�f� �i�n�c�r�e�a�s�i�n�g� �a�g�e� 

�a�n�d� �w�e�i�g�h�t� �(�F�i�g�u�r�e� �8�)�.� �T�h�e� �m�a�x�i�m�u�m� �p�e�r�c�e�n�t� �w�e�i�g�h�t� �g�a�i�n� �p�e�r� �g�r�o�w�t�h� �p�e�r�i�o�d� �w�a�s� 
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�T�a�b�l�e� �1�2�.� �M�e�a�n� �l�e�n�g�t�h�s�,� �s�t�a�n�d�a�r�d� �e�r�r�o�r�s� �a�n�d� �r�a�n�g�e�s� �f�o�r� �e�a�c�h� �d�e�n�s�i�t�y� 
�t�r�e�a�t�m�e�n�t� �a�t� �e�a�c�h� �s�a�m�p�l�i�n�g� �d�a�y�.� 
� � 

� � 

�D�e�n�s�i�t�y� �D�a�y� �L�g�t�h� �(�m�m�)� �S�E� �R�a�n�g�e� �(�m�m�)� 

�H�i�g�h� �0� �1�4�7�.�7� �1�.�4�2� �1�0�7�-�2�3�6� 
�2�8� �1�6�4�.�5� �1�.�4�5� �1�2�2�-�2�1�9� 
�5�6� �1�8�9�.�4� �1�.�4�8� �1�4�9�-�2�7�0� 
�8�4� �2�0�9�.�9� �1�.�7�3� �1�7�0�-�3�0�2� 

�1�1�2� �2�2�3�.�0� �1�.�8�1� �1�6�2�-�3�1�0� 
�1�4�0� �2�4�8�.�8� �2�.�1�4� �1�7�5�-�3�5�0� 
�1�6�8� �2�6�4�.�7� �2�.�1�2� �1�9�8�-�3�6�2� 
�1�9�6� �2�8�4�.�2� �1�.�9�9� �2�1�5�-�3�7�1� 
�2�2�4� �2�9�0�.�0� �1�.�6�9� �2�2�8�-�3�5�3� 

�M�e�d�i�u�m� �0� �1�6�4�.�0� �1�.�9�1� �1�1�4�-�2�3�0� 
�2�8� �1�8�1�.�7� �1�.�7�5� �1�3�6�-�2�5�8� 
�5�6� �2�0�0�.�6� �2�.�0�3� �1�5�5�-�2�9�7� 
�8�4� �2�2�4�.�4� �2�.�1�1� �1�7�0�-�3�5�0� 

�1�1�2� �2�4�0�.�5� �2�.�1�8� �1�7�7�-�3�1�2� 
�1�4�0� �2�6�5�.�4� �2�.�2�6� �1�8�8�-�3�6�7� 
�1�6�8� �2�8�8�.�4� �1�.�9�9� �2�1�5�-�3�6�4� 
�1�9�6� �3�0�8�.�2� �1�.�9�6� �2�5�1�-�4�0�4� 
�2�2�4� �3�1�7�.�1� �2�.�1�5� �2�5�3�-�4�1�6� 

�L�o�w� �0� �1�5�5�.�9� �2�.�4�3� �1�1�9�-�2�0�4� 
�2�8� �1�7�9�.�4� �2�.�4�4� �1�3�1�-�2�2�6� 
�5�6� �2�1�6�.�0� �2�.�3�1� �1�6�7�-�2�7�2� 
�8�4� �2�4�7�.�3� �2�.�7�2� �2�0�2�-�3�0�9� 

�1�1�2� �2�7�0�.�5� �2�.�7�3� �2�3�3�-�3�3�5� 
�1�4�0� �2�9�7�.�0� �2�.�3�8� �2�5�7�-�3�5�0� 
�1�6�8� �3�1�2�.�6� �2�.�6�4� �2�6�6�-�3�7�7� 
�1�9�6� �3�3�0�.�5� �2�.�3�2� �2�7�5�-�3�9�0� 
�2�2�4� �3�4�0�.�8� �2�.�7�3� �2�8�3�-�3�9�7� 
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�f�e�)� �2�8� �5�6� �8�4� �1�1�2� �1�4�0� �1�6�8� �1�9�6� �2�2�4� 

�G�r�o�w�t�h� �p�e�r�i�o�d� �(�D�a�y�s�)� 

�F�i�g�u�r�e� �7�.� �I�n�c�r�e�a�s�e� �i�n� �m�e�a�n� �l�e�n�g�t�h� �o�f� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �i�n� �e�a�c�h� �t�r�e�a�t�m�e�n�t� �o�v�e�r� 
�t�h�e� �2�2�4� �d�a�y� �s�t�u�d�y�.� 
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�2�8� �5�6� �8�4� �1�1�2� �1�4�0� �1�6�8� �1�9�6� �2�2�4� 

�G�r�o�w�t�h� �P�e�r�i�o�d� �(�D�a�y�s�)� 

�F�i�g�u�r�e� �8�.� �M�e�a�n� �s�p�e�c�i�f�i�c� �g�r�o�w�t�h� �r�a�t�e�s� �o�f� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �i�n� �e�a�c�h� �d�e�n�s�i�t�y� 
�t�r�e�a�t�m�e�n�t�.� �V�a�l�u�e�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d� �f�o�r� �e�a�c�h� �2�8� �d�a�y� �g�r�o�w�t�h� �p�e�r�i�o�d�.� 
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�e�x�h�i�b�i�t�e�d� �b�y� �f�i�s�h� �i�n� �t�h�e� �l�o�w� �t�r�e�a�t�m�e�n�t�,� �g�a�i�n�i�n�g� �a�n� �a�v�e�r�a�g�e� �o�f� �8�5�%� �d�u�r�i�n�g� �t�h�e� 

�s�e�c�o�n�d� �m�o�n�t�h�.� �T�o�t�a�l� �p�e�r�c�e�n�t� �b�o�d�y� �w�e�i�g�h�t� �g�a�i�n� �o�v�e�r� �t�h�e� �2�2�4� �d�a�y� �s�t�u�d�y� �a�v�e�r�a�g�e�d� 

�1�0�8�0�%�,� �9�6�7�%� �a�n�d� �1�4�5�7�%� �f�o�r� �t�h�e� �h�i�g�h�,� �m�e�d�i�u�m� �a�n�d� �l�o�w� �t�r�e�a�t�m�e�n�t�s� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�F�e�e�d�i�n�g� �p�e�r�c�e�n�t�a�g�e�s� �w�e�r�e� �h�e�l�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l� �i�n� �a�l�l� �t�h�r�e�e� �t�r�e�a�t�m�e�n�t�s�.� 

�H�o�w�e�v�e�r�,� �b�e�c�a�u�s�e� �t�h�e� �p�e�r�c�e�n�t� �f�e�d� �e�a�c�h� �w�e�e�k� �w�a�s� �b�a�s�e�d� �o�n� �e�s�t�i�m�a�t�e�d� �w�e�i�g�h�t� �g�a�i�n�s� 

�(�a�s�s�u�m�e�d� �F�C�R� �o�f� �1�.�5�)� �a�n�d� �b�e�c�a�u�s�e� �f�i�s�h� �p�e�r�i�o�d�i�c�a�l�l�y� �w�e�n�t� �o�f�f� �f�e�e�d�,� �s�o�m�e� �m�o�n�t�h�l�y� 

�d�i�f�f�e�r�e�n�c�e�s� �i�n� �f�e�e�d� �c�o�n�s�u�m�p�t�i�o�n� �w�e�r�e� �d�e�t�e�c�t�e�d� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s� �(�T�a�b�l�e� �1�3�)�.� �S�i�n�c�e� 

�f�e�e�d�i�n�g� �r�a�t�e�s� �w�e�r�e� �a�d�j�u�s�t�e�d� �w�e�e�k�l�y�,� �f�i�s�h� �w�e�r�e� �c�o�n�s�u�m�i�n�g� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �p�e�r�c�e�n�t� �o�n�l�y� 

�o�n� �t�h�e� �d�a�y� �o�f� �a�d�j�u�s�t�m�e�n�t�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �a�v�e�r�a�g�e� �p�e�r�c�e�n�t� �c�o�n�s�u�m�e�d� �o�v�e�r� �a� �o�n�e� �w�e�e�k� 

�p�e�r�i�o�d� �w�a�s� �l�e�s�s� �t�h�a�n� �t�h�e� �i�n�i�t�i�a�l� �t�a�r�g�e�t� �p�e�r�c�e�n�t�a�g�e�,� �a�n�d� �n�o� �t�r�e�a�t�m�e�n�t� �a�v�e�r�a�g�e�d� �a� 

�f�e�e�d�i�n�g� �r�a�t�e� �o�f� �3�%� �o�f� �t�h�e� �t�o�t�a�l� �b�i�o�m�a�s�s� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �s�t�u�d�y� �(�F�i�g�u�r�e� �9�)�.� �T�h�e� 

�l�o�w� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �h�a�d� �t�h�e� �h�i�g�h�e�s�t� �a�v�e�r�a�g�e� �(�2�.�8�%�)� �d�u�r�i�n�g� �m�o�n�t�h� �2� �(�T�a�b�l�e� �1�3�)�.� 

�F�e�e�d� �c�o�n�v�e�r�s�i�o�n�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �e�a�c�h� �p�e�r�i�o�d�,� �b�u�t� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� 

�w�e�r�e� �d�e�t�e�c�t�e�d� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s�.� �O�v�e�r�a�l�l�,� �f�e�e�d� �c�o�n�v�e�r�s�i�o�n�s� �a�v�e�r�a�g�e�d� �1�.�3�7� �i�n� �t�h�e� 

�h�i�g�h�,� �1�.�4�4� �i�n� �t�h�e� �m�e�d�i�u�m� �a�n�d� �1�.�4�6� �i�n� �t�h�e� �l�o�w� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�.� �S�u�r�v�i�v�a�l� �w�a�s� �h�i�g�h� 

�i�n� �a�l�l� �t�h�r�e�e� �t�r�e�a�t�m�e�n�t�s�,� �a�v�e�r�a�g�i�n�g� �9�5�.�8�%�,� �9�8�.�2�%�,� �a�n�d� �9�7�.�4�%� �i�n� �t�h�e� �h�i�g�h�,� �m�e�d�i�u�m� �a�n�d� 

�l�o�w� �t�r�e�a�t�m�e�n�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�n�a�l�y�s�i�s� �o�f� �f�i�s�h� �c�o�n�d�i�t�i�o�n� �d�e�t�e�c�t�e�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �t�h�r�e�e� �t�r�e�a�t�m�e�n�t�s�.� �C�o�n�d�i�t�i�o�n� �v�a�l�u�e�s� �w�e�r�e� �l�o�w�e�s�t� �i�n� �t�h�e� �f�i�r�s�t� 

�m�o�n�t�h�,� �a�v�e�r�a�g�i�n�g� �0�.�8�4�,� �a�n�d� �i�n�c�r�e�a�s�e�d� �s�t�e�a�d�i�l�y� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y�,� �r�e�a�c�h�i�n�g� �a� 

�m�a�x�i�m�u�m� �o�f� �1�.�1�9� �i�n� �t�h�e� �l�a�s�t� �m�o�n�t�h�.� 

�T�h�e� �s�i�z�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�n� �d�a�y� �2�2�4� �w�a�s� �e�x�a�m�i�n�e�d� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �p�e�r�c�e�n�t� �o�f� 
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�T�a�b�l�e� �1�3�.� �A�v�e�r�a�g�e� �p�e�r�c�e�n�t� �b�o�d�y� �w�e�i�g�h�t� �c�o�n�s�u�m�e�d� �p�e�r� 
�p�e�r�i�o�d� �i�n� �e�a�c�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�.� 
� � 

� � � � 

� � 

�P�e�r�i�o�d� �%� �B�o�d�y� �W�e�i�g�h�t� 
�D�a�y�s� �H�i�g�h� �M�e�d�i�u�m� �L�o�w� 

�0�-�2�8� �2�.�0�5�*� �2�.�2�1�°� �2�.�4�9�?� 

�2�9�-�5�6� �2�.�6�0�*� �2�.�0�6�°� �2�.�7�9�°� 

�5�7�-�8�4� �1�,�8�2�?� �1�.�8�3� �2�.�3�0�°� 

�8�5�-�1�1�2� �1�.�3�0�7� �1�.�3�7�°� �1�,�4�9�*� 

�1�1�3�-�1�4�0� �1�,�3�3�?� �1�.�4�2�?� �1�.�3�7�°� 

�1�4�1�-�1�6�8� �1�.�2�6�°� �1�.�4�5�?� �1�.�2�6�°� 

�1�6�9�-�1�9�6� �1�.�2�6�7� �1�.�3�7�?� �1�.�0�9�°� 

�1�9�7�-�2�2�4� �1�.�0�3� �1�.�0�6�?� �0�.�9�9�7� 
� � 

�*� �M�e�a�n�s� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �i�n� �a� �r�o�w� �a�r�e� �n�o�t� 
�s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s�.� 
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�m�a�r�k�e�t�a�b�l�e�-�s�i�z�e� �f�i�s�h� �i�n� �e�a�c�h� �t�r�e�a�t�m�e�n�t� �(�T�a�b�l�e� �1�4�)�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �a� �4�5�4� �g� �(�1�.�0� �I�b�)� 

�h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �i�s� �m�a�r�k�e�t� �s�i�z�e�,� �9�7�.�3�%� �o�f� �t�h�e� �f�i�s�h� �i�n� �t�h�e� �l�o�w� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �w�e�r�e� 

�h�a�r�v�e�s�t�a�b�l�e�,� �a�s� �c�o�m�p�a�r�e�d� �t�o� �7�0�%� �i�n� �t�h�e� �m�e�d�i�u�m�,� �a�n�d� �2�9�%� �i�n� �t�h�e� �h�i�g�h�.� �I�f� �m�a�r�k�e�t�s� 

�w�o�u�l�d� �a�c�c�e�p�t� �a� �s�m�a�l�l�e�r� �3�4�0� �g� �(�0�.�7�5� �I�b�)� �f�i�s�h�,� �1�0�0�%� �,� �9�5�.�3�%� �a�n�d� �7�4�%� �o�f� �t�h�e� �f�i�s�h� �w�o�u�l�d� 

�h�a�v�e� �b�e�e�n� �h�a�r�v�e�s�t�a�b�l�e� �i�n� �t�h�e� �l�o�w�,� �m�e�d�i�u�m� �a�n�d� �h�i�g�h� �d�e�n�s�i�t�i�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�W�a�t�e�r� �Q�u�a�l�i�t�y� 

�W�a�t�e�r� �q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �w�i�t�h�i�n� �t�h�e� �l�i�m�i�t�s� �e�x�p�e�c�t�e�d� �f�o�r� �g�o�o�d� 

�h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �g�r�o�w�t�h� �(�T�a�b�l�e�s� �1�5�,� �1�6�,� �a�n�d� �1�7�)�.� �O�f� �t�h�e� �n�i�n�e� �w�a�t�e�r� �q�u�a�l�i�t�y� 

�p�a�r�a�m�e�t�e�r�s� �m�e�a�s�u�r�e�d�,� �t�o�t�a�l� �a�m�m�o�n�i�a� �(�T�A�N�)�,� �p�H� �a�n�d� �n�i�t�r�i�t�e� �(�N�O�,�)� �w�e�r�e� �t�h�e� �o�n�l�y� 

�t�h�r�e�e� �f�o�u�n�d� �t�o� �b�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s�.� 

�T�o�t�a�l� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s� �o�v�e�r� 

�t�i�m�e�.� �T�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �h�a�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �T�A�N� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �t�h�a�n� 

�t�h�e� �l�o�w� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y�,� �b�u�t� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� 

�m�e�d�i�u�m� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �o�n�l�y� �d�u�r�i�n�g� �t�h�e� �l�a�s�t� �t�h�r�e�e� �m�o�n�t�h�s�.� �S�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� 

�w�e�r�e� �f�o�u�n�d� �b�e�t�w�e�e�n� �t�h�e� �m�e�d�i�u�m� �a�n�d� �l�o�w� �t�r�e�a�t�m�e�n�t�s� �d�u�r�i�n�g� �t�h�e� �l�a�s�t� �t�w�o� �m�o�n�t�h�s�.� 

�M�e�a�n� �t�o�t�a�l� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n�c�r�e�a�s�e�d� �g�r�a�d�u�a�l�l�y� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y� �i�n� �e�a�c�h� 

�t�r�e�a�t�m�e�n�t� �(�F�i�g�u�r�e� �1�0�)�,� �b�u�t� �w�e�r�e� �n�e�v�e�r� �c�o�n�s�i�d�e�r�e�d� �t�o� �a�f�f�e�c�t� �t�h�e� �g�r�o�w�t�h� �a�n�d� 

�p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �f�i�s�h�.� �T�A�N� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�v�e�r�a�g�e�d� �1�.�0�1�,� �0�.�7�0� �a�n�d� �0�.�5�0� �m�g�/�I� �f�o�r� 

�t�h�e� �h�i�g�h�,� �m�e�d�i�u�m� �a�n�d� �l�o�w� �t�r�e�a�t�m�e�n�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �f�r�a�c�t�i�o�n� �o�f� �t�o�t�a�l� �a�m�m�o�n�i�a� 

�i�n� �t�h�e� �m�o�s�t� �t�o�x�i�c�,� �u�n�-�i�o�n�i�z�e�d� �f�o�r�m� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �p�H�.� �A�n�a�l�y�s�i�s� �o�f� �u�n�-�i�o�n�i�z�e�d� 
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�S�t�r�i�p�e�d� �b�a�s�s� �i�n� �e�a�c�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�.� 
� � 

� � 

� � 

�M�a�r�k�e�t� �S�i�z�e� �%� �o�f� �h�a�r�v�e�s�t�a�b�l�e� �f�i�s�h� �i�n� �e�a�c�h� �t�r�e�a�t�m�e�n�t� 

�(�g�)� �(�I�b�)� �H�i�g�h� �M�e�d�i�u�m� �L�o�w� 

�>� �3�4�0�.�0� �0�.�7�5� �7�4�.�0� �9�5�.�3� �1�0�0�.�0� 

�>� �4�5�4�.�0� �=� �1�.�0�0� �2�9�.�0� �7�0�.�0� �9�7�.�3� 

�>� �5�6�7�.�0� �1�.�2�5� �9�.�5� �4�0�.�7� �7�4�.�7� 

�>� �6�8�0�.�0� �1�.�5�0� �3�.�0� �1�2�.�7� �4�8�.�0� 
� � 

�6�7



�
 
�
 

�
 
�
 

�(�6�0�S�-�1�6�¢�)� �(�O�'�1�6�T�-�0�'�6�6�)� � �(�O�S�O�'�8�-�0�Z�T�'�0�)� 
�~� 

�(�L�9�T�-�L�y�)� �(�6�'�T�T�-�9�°�S�)� �(�9�¢�E�0�'�;�0�- ¬�0�0�'�0�)� 
�~�(�r�6�'�r�- ¬�8�'�0�)� �(�9�'�4�-�9�°�9�)� � �(�#�'�L�Z�-�L�'�7�Z�)� 

�O�r�r� 
 ¬�Z�9�I� 

�O�1�9�'�T� 
�L�6� 

�9�8� 
�1�1�0�0� 

�Z�3�'�T� 
�O

�L� 
�L�'�S�Z� 

�P�7�Z�-�L�6�l� 

�(�6�6�p�-�S�9�e�)� �(�O
�L�O

�T�-�O
�'�6�r�)� �(�O�z�9�'�0�-�0�H�Z�'�0�)� 

�«�3� 
�(�Z�@

�p�z�-�S�p�)� 
�«�=� �C�O�T�I�-�e�'�9�)� �«�(�e�g�0�'�0�-�r�0�0�'�0�)� �~�=�(�T�0�°�Z�-�1�8�'�0�)� 

�|� �(�6�"�L�-�9�'�9�)� �=�:� �(�0�'�8�Z�-�S�"�S�7�Z�)� 
�S�E�P� 

�9�S�T�I� 
�o�o�r�'�0� 

�0�6� 
�S�L� 

�8�Z�0�'�0� 
�9�S�T� 

�t�L� 
�L�'�9�Z� 

�9�6�1�-�6�9�1� 

�(�O�0�r�-�6�L�1�)� �(�o�'�6�r�I�-�p�1�e�)� �(�O
�%

�0�-�0�Z�I�'�0�)� �(�s�o�t�-�p�z�)� �(�T�'�I�T�-�9�'�s�)� �(�6�s�0�°�0�-�6�0�0�°�0�)� 
�(�9�6�1�-�8�r�'�0�)� �(�6�L�-�T�'�L�)� �§� �(�P�'�L�Z�-�T�' ¬�Z�)� 

�6�E�C� 
�v�6

� 
�0�6�¢�'�0� 

�O�z� 
�7�8� 

 ¬�Z�0�'�0� 
�L�T�V� 

�S�L� 
�9�°�S�Z� 

�S�9�O�T�-�I�P�l� 

�(�g�t�¢�e�-�s�o�z�)� �(�Z�I�1�9�- ¬�:�0�z�)� �(�o�l�e� �T�-�9�8�0�°�0�)� � �(�9�r�z�-�4�6�)� 
�(�O�'�6�-�8�'�s�)� �(�6�¢�E�0�°�;�0�-�6�0�0�'�°�0�)� 

�(�S�r� �T�I�-�I�S�'�0�)� 
�(�S�L�-�E�L�)� �(�6�'�9�7�-�9�° ¬�7�Z�)� 

�1�6�Z� 
�L�I�P� 

�S�L�r�'�0� 
�S�o�l� 

�S�L� 
�1�Z�0�°�0� 

 ¬�6�°�0� 
�O�L� 

 ¬�S�7�Z� 
�O

�P�T�- ¬�I�l� 

�(�I�L ¬�-�r�S�@
�)� �(�@

�s�p�r�-�7�1�1�)� �(�o�o�z�¢�e�-�6 ¬�0�'�0�)� �(�P�g�t�-�6�s�)� �(�o�o�r�-�r�9�)� �(�s�z�o�0�-�r�0�0�'�0�)� �(�E�L� �T�-�4�7�'�0�)� �(�6�2�4�-�0�1�)� �(�6�'�°�S�z�-�9�'�1�2�)� 
�O

�O
 ¬� 

�S�6�2� 
�S�E�T�I� 

�8�Z�I� 
�1�'�8� 

 ¬�1�0�'�0� 
�7�3�°�0� 

�S�L� 
�O�'�b�Z� 

�Z�I�I�-�S�8� 

�(�p�L�Z�-�%
�6�1�)� �(�O�'�v�S�-�0�'�8�t�)� 

�~�= ��s�-� �(�O�S�L� �I�-�Z�E�0�'�0�)� �~�= ��s� �(�S�#�z�-�S�6�)� 
�}�§�=�s� �(�z�'�6�-�5�'�9�)� �)�~�= �� �(�S�h�0�'�0�-�1�0�0�°�0�)� 

�-� �(�6�T�'�z�-�s�o�'�o�)� 
�«�=� �(�'�8�-�7�'�L�)� �~ �� �(�h�'�b�2�-�8�°�T�2�)� 

�6�1�Z� 
�9�°�8�7� 

�$�9�0�°�0� 
�1�8�1� 

�6�L� 
�8�1�0�0� 

�L�L� 
�L�L� 

�0�' ¬�Z� 
�H�S�-�L�S� 

�(�6�L�7�-�6�0�@
�)� �(�Z�I�e�-�L�'�9�1�)� � �(�v�e�z�0�-�6�z�0�'�0�)� �§�~�=�(�O�n�z�-�9�S�1�)� �(�9�'�8�- ¬�'�9�)� 

�(�E�s�o�'�0�-�s�0�0�'�0�)� �(�E�r� �T�-�1�z�7�'�0�)� �(�I�'�8�-�9�'�L�)� 
�( ¬�'�9�2�-�1�'�°�Z�2�)� 

�I ¬�Z� 
�6�'�b�Z� 

�O
�O

�T ��O
� 

�0�0�Z� 
�L�L� 

�L�1�0�0� 
�o�s ��0� 

�S�'�L� 
�L�E�Z� 

�9�5�-�6�2� 

�(�g�0 ¬�-�7�L�1�)� �(�L�o�e�-�r�'�I�t�)� 
�(�o�s�r ��z�-�6�0�0�'�0�)� 

�+� 
�(�z�E�z�-�s�s�)� �(�e�8�7�9�)� �(�S�s�o ��o�-�c�o�0�'�0�)� 

�§�=�(�Z�L�'�T�-�6�0�'�0�)� �«�(�1�'�8�-�0�'�L�)� �~�=�(�6�'�b�Z�-�4�°�7�Z�)� 
�p�E�Z� 

�9�'�0�Z� 
 ¬�r�l�'�Z� 

�8�Z�I� 
�C�L� 

�Z�1�0�'�0� 
�L�r�v�0� 

�O�L� 
�S�E�Z� 

�8�7�-�0� 
�[�s�u� 

�e�u� 
�s�u� 

�/�s�u� 
�/�s�u� 

�[�/�s�u�l� 
�s�w� 

�2� 
�d

�u
�v�H

� 
 ¬�O

�N
� 

�Z�O
�N

� 
�W

�I�V
� 

�o�d� 
 ¬�H

�N
� 

�N
�V

�L
� 

�H
�d� 

�d�W
�A�L�L� 

�A�e�q� 
�
 
�
 

�6�8� 

 ��A�[�J�O
�O

�M
� 

�P
�O

�I�N
�S

�P
�O

�U
� 

�S�E�M
� 

�S�S�o�U
�p�I�e�Y� 

�p�u�e�  ��y�o�o�m
� 

�Y�o�u�d� 
�D�O

�L�M
�)� 

�p�o�I�N
�s�e�o�U

�l� 
�9�1�9�M

� 
�E

�O
�N

� 
�p�u�e� �Z

�O
�N

� 
 ��A�j�u�l�p�e�y�x�T�y� 

 ��A�[�l�e�p� �p�o�u�n�s�e�o�u�l� 
�9�1�9�M

� 
�O

�C
� �p�u�e� �C

�H
�N

� 
 ��N

�V
�  ��H

�d�  ��o�i�n�j�e�r�o�d�w
�a�y�,� 

 ��p�o�t�i�a�d� �y�y�o
�l�s� �A�e�p� �9�7� �y�o�r�a� �J�O�}� �o�r�e� �s�a�n�j�e�,�  ��s�j�u�a�u�T�j�e�a�d� 

�A�y�I�S�U
�S�p� 
�Y�S�I�Y� �d�y�}� �J�O�J� �s�a�d�u�e�s� 

�p�u�e� �s�o�n�y�e�a� 
�A

�y�y�e�n�b� 
�J�a�y�e�m

� 
�a�d�e�I�a�a�y� 

 ��S�T� �2
�I�G

�e
�]



�
 
�
 

�
 
�
 

�( ¬�I�p�- ¬�6�z�)� �(�O�'�9�8�T�-�0�'�S�6�)� � �(�8�8�r�'�0�-�0�8�0�'�0�)� �(�O�L�T�-�8�s�)� �(�Z�z�I�-�7�9�)� �(�S�e�o ��o�-�r�0�0�'�0�)� �(�0�9�°�1�-�z�9�'�0�)� 
�«�=� �(�8�°�2�-�8�°�9�)� 

�=� �(�9�'�L�Z�-�¥�'�7�Z�)� 
�1�9 ¬� 

�L�' ¬ ¬�l� 
�I�L�Z�0� 

�Z�O�l� 
�9�8� 

�6�0�0�°�0� 
�o�l�l� 

�V�L� 
�S�'�S�Z� 

�v�7�Z�-�L�6�1� 

�(�L�S�P�-�E�L�I�)� �(�O�'�6�I�T�-�0�'�S�9�)� �(�O
�9�S�0�-�O

�r�T�'�0�)� 
�(�T�g�I�-�9�5�)� �(�8�'�Z�I�-�r�'�9�)� �(�9�8�0�'�°�0�-�s�0�0�'�0�)� �(�Z�r� �T�-�0�9�'�0�)� �(�0�8�-�6�9�)� �(�8�°�8�Z�- ¬�'�S�7�)� 

�9�9 ¬� 
 ¬�'�r�6� 

�6�7�0� 
�Z�I� 

�v�'�8� 
�6�Z�0�'�0� 

�L�O�T� 
�O

�L� 
�9�°�9�7� 

�9�6�1�-�6�9�1� 

�(�9�6 ¬�-�9�L�Z�)� �(�O�'�6�T�T�-�7�'�L�Z�)� �(�O�8�s�e�0�-�0�¢�0�'�0�)� 
�(�L�O�Z�-�0�1�1�)� �(�9�'�°�0�T�-�0�'�9�)� �(�E�P�o�'�0�-�s�0�0�'�°�0�)� 

�(�O�L� �T�-�9�¢�'�0�)� �(�1�8�-�6�9�)� �(�9�°�L�Z�-�3�'�7�Z�)� 
�6�7� 

�T�E�L� 
 ¬�8�T�'�0� 

�9�S�T� 
�1�3� 

 ¬�Z�0�'�0� 
 ¬�3�'�0� 

�L�L� 
�p�'�S�Z� 

�S�9�l�-�I�r�l� 

�(�s�e�e�-�9�S�z�)� �(�0�9�9�-�2�6�1�)� �(�O
�S

�E
� 

�T�-�O�Z�I�'�0�)� �(�I�r�z�-�%
�6�)� �(�S

�6�0�9�)� �(�Z�S�0�0�-�8�0�0�°�0�)� 
�(�U�Z�T�-�z�r�'�0�)� �(�8�-�7�1�)� �(�V�L�2�-�L�' ¬�2�)� 

�L�6�Z� 
�6�C�P� 

�S�E�S ��0� 
 ¬�S�I� 

�0�8� 
�0�Z�0�'�0� 

�E�L�'�0� 
�O

�L� 
�S

�Z
� 

�O
�r�I�- ¬�I�T� 

�(�z�e�e�-�s�r�t�)� 
� �(�o�r�o�r�-�8�'�°�9�)� �=

� �(�0�z�S�°�7�-�0�9�0�'�0�)�_ ��«�s� �(�I�p�T�-�L�z�)� �«�=� �(�7�6�-�6�'�S�)� �»�=� �(�p�Z�0�'�0�-�L�0�0�'�°�0�)� �(�I�T� �1�-�6 ¬�'�0�)� �(�6�L�- ¬�L�)� 
�©�(�0�'�9�7�-�#�'� 

�T�Z�)� 
�$�9�2� 

�7�8�7� 
�I�S�L�'�0� 

�9�0�1� 
�0�'�s� 

�7�1�0�0� 
�9�9�°�0� 

�S�L� 
�T�P�Z� 

�Z�I�I�-�S�8� 

�(�g�z�z�-�z�s�t�)� � �(�o�s�r�-�9�'�s�)� 
� �(�g�0�9�°�0�-�8�T�0�'�0�)� 

�+� �(�Z�I�Z�-�L�o�1�)� �(�9�6�-�8�9�)� �(�s�s�t ��o�-�9�0�0�'�°�0�)� �(�e�9�°�7�-�7�7�'�0�)� �(�7�8�-�7�4�)� 
�«�=� �(�6� �P�Z�-�L�'�T�Z�)� 

�0�0�2� 
�7�9�7� 

 ¬�S�Z�'�0� 
�Z�L�I� 

�1�8� 
�0�Z�0�'�0� 

�¢�S�'�0� 
�S�L� 

 ¬ ¬�Z� 
�P�8�-�L�S� 

�(�c�o�Z�-�S�L�1�)� �(�9�L�Z�-�P� 
�P�I�)� 

�(�Z�E�E�O
�-�8�I�0�'�0�)� 

�(�O�Z�Z�-�S�s�L�T�)� �(�9�6�-�9�9�)� �(�I�I�T ��0�-�8�0�0�'�°�0�)� �(�P�6�E�'�l�-�Z�1�'�0�)� �(�T�'�8�-�9�°�L�)� �( ¬�'�9�7�-�6�'�T�Z�)� 
�9�1�Z� 

�V
�7� 

�6�9�0�'�0� 
�L�6�I� 

�6�L� 
�L�1�0�0� 

�L ¬�0� 
�0�8� 

�6�' ¬�Z� 
�9�S�-�6�7�Z� 

�(�1�6�Z�-�1�0�Z�)� �(�Z�Z�-�O
�'�1�1�)� 

�=� �(�r�r�r�'�o�-�e�T�0�'�0�)� 
�=� �(�1�S�z�-�z�8�)� �(�6�8�-�7�9�)� �(�S�6�t�O

�-�1�0�0�°�0�)� 
�(�I�T�'�I�-�1�0�0�)� �(�Z�'�s�-�r�L�)� �=� �(�L�'�b�Z�- ¬�'�7�Z�)� 

�9�b�Z� 
�L�L� 

�r�r�0�'�0� 
�Z�S�T� 

�O�L� 
�$�0�0�°�0� 

�L�Z�0� 
�S�L� 

�L�Z
� 

�8�7�-�0� 
�s�u� 

�s�u� 
�/�s�u� 

�/�o�u� 
�[�/�o�w� 

�[�s�u�r� 
�/�s�w� 

�2� 
�d

�u
�v�H

� 
 ¬�O

�N
� 

�Z�O
�N

� 
�W

�I�V
� 

�o�d� 
 ¬�H

�N
� 

�N
�V�.�L� 

�H�d� 
�d�W

�A
�L� 

�k�e�q� 
�
 
�
 

�6�9� 

 ��A�P�Y�O
�O

�M
� 

�P
�A

�I�N
�S

�B
�O

�U
� 

�S�E�M
� 

�S�S�o�U�p�I�e�Y�y� 
�p�u�e�  ��Y�I�O�A�i� �Y�O

�R�I� 
�D�O�I�M

�}� 
�P�O

�I�N�S�e�d�U�l� 
�B�J�O

�M
� 

�E
�O

�N
� 

�p�u�r�e� �Z
�O

�N
� 

 ��A�p�r�u�l�T�e�Y�T�Y� 
 ��A�j�l�e�p� �p�a�n�s�e�s�w

� 
�3�1�9�M

� 
�O

�C
� �p�u�k�e� �¢�H

�N
� 

 ��N
�V� 

�L�  ��H�d�  ��o�n�j�e�s�o�d�w
�i�a�y�,� 

 ��p�o�i�o�d� �y�o
�u

�s
� 

�A�e�p� �9�7� �Y�o�u�s� �1�0�}� �a�J�e� �S�a�n�j�e�A� 
 ��s�}�U�D�W

�}�e�I�I�)� 
�A�I�s�U

�S�P� 
�W

�I�P
� 

�d�y�}� �J�O�J� �s�a�d�u�e�s� 
�p�u�e� �s�o�n�y�e�a� 

�A�y�y�p�e�n�b� 
�J�a�y�e�m

� 
�a�3�e�1�o�a�y� 

 ��Q�]� �2
�[�G

�L



�
 
�
 

�
 
�
 

�(�6�L ¬�-�9�6�2�)� �(�O�'�8�S�T�-�0�'�8�3�)� � �(�O�T�9�°�0�-�0�8�0�'�°�0�)� � �(�6�r�I�-�I�S�)� 
�(�s�°�0�I�-�9�'�9�)� �(�z�z�0�'�0�-�r�0�0�'�0�)� �(�6�0�'�T�-�8�s�°�0�)� �(�Z�:�L�-�0�'�L�)� �(�O�'�L�Z�-�L�'�T�Z�)� 

�6�r�e� 
�S�'�9�C�I� 

�v�1�Z�0� 
�6�8� 

�6�8� 
�6�0�0�°�0� 

�6�L�'�0� 
�E�L� 

�Z�'�S�7�Z� 
�v�7�7�-�L�6�I� 

�(�6�9�r�-�I�b�z�)� �(�O�'�6�P�I�-�0�'�S�9�)� �(�O
�E�L�O

�-�O
�r�T�'�O

�)� 
�(�E�I�z�-�6�r�)� �(�E�0�T�-�9�°�9�)� �(�T�L�O�'�0�-�s�o�0�'�O�)� 

�(�r�o�'�T�-�e�s�'�0�)� �§� �(�7�8�-�0�°�L�)� 
�=� �(�L ��L�Z�-�T�'�S�Z�)� 

�E�L�E� 
�9�°�6�6� 

�1�8�Z�'�0� 
�O�1�T� 

�7�8� 
�T ¬�0�°�0� 

�8�L�'�0� 
�S�L� 

 ¬�9�7� 
�9�6�1�-�6�9�1� 

�(�6�s�¢�-�L�9�@
�)� �(�o�'�s�e�t�-�9�'�8�s�z�)� �(�o�t�e� �t�-�o�c�o�'�0�)� 

�§�~�=�(�1�9�T�-�z�¢�)� 
�§�=� �(�9�6�-�0�9�)� �~�= ��s� �(�8�e�0�'�0�-�L�0�0�'�0�)� �(�e�z� �T�-�9�¢�0�)� �(�7�8�-�1�1�)� �(�T�'�L�Z�-�0�' ¬�7�Z�)� 

�6�Z�E� 
�L�L�B� 

�L�8�7�0� 
 ¬�l�l� 

�7�8� 
�6�1�0�0� 

�O�L�'�0� 
�L�L� 

 ¬�S�7� 
�S�O

�T�-�I�b�T� 

�(�o�z ¬�-�0�7�Z�)� �(�o�'�v�9�e�-�9�'�°�6�1�)� � �(�O�I�Z�T�-�O�1�0�'�0�)� � �(�O�T�Z�-�L�6�)� �(�e�T�I�-�2�°�9�)� �(�O�s�o�'�0�-�s�0�0�'�:�0�)� �(�8�T�T�-�0�¢�'�0�)� �(�T�'�s�- ¬�'�L�)� �(�6�'�9�7�-�S�" ¬�Z�)� 
�6�L�Z� 

�O
�L�E� 

�1�S�Z ��0� 
�I�s�l� 

�7�8� 
�1�Z�0�°�0� 

�8�S�°�0� 
�S�'�L� 

 ¬�S�7� 
�O�p�T�- ¬�I�l� 

�(�9�z�¢�e�-�8�¢�z�)� �(�o�s�e�-�9�'�p�)� 
� �(�o�s�o�'�o�-�s�e�o�'�0�)� �(�g�9�T�-�8�z�)� �(�9�'�6�-�0�°�9�)� �(�£�z�0�'�0�-�E�0�0�'�0�)� �(�1�8�0�-�4�7�0�)� �(�O�'�8�-�T�'�L�)� �«�=� �(�9�°�S�Z�-�0�'�1�Z�)� 

�O�L�Z� 
 ¬�9�Z� 

�9 ¬�1�'�0� 
�L�U�I� 

�1�8� 
�Z�1�0�°�0� 

�9�r�'�0� 
�L�L� 

�O�'�r�Z� 
�Z�I�I�-�S�8� 

�(�Z�L�Z�-�S�s�1�)� �(�o�'�o�r�-�9�'�7�1�)� �=� �(�T�E�T ��0�-�9�T�0�'�0�)� 
�+�=� �(�6�T�Z�-�r�0�T�)� �(�e�o�t�-�8�°�9�)� �( ¬�e�z�o�'�o�-�c�0�0�'�0�)� 

�~�(�E�s�o�-�s�T�'�O�)� �(�7�8�-�1�)� �~�=� �(�0�'�S�Z�-�S�'�1�Z�)� 
�L�I�Z� 

�7�'�S�Z� 
�8�r�0�'�0� 

�I�L�I� 
�l�'�8� 

�p�0�0� 
�r�e� 

�6�L� 
�Z�E�Z� 

�H�8�-�L�S� 

�(�S�L�z�- ¬�8�1�)� �(�p�'�6�z�-�9�'�0�1�)� 
 �� �(�o�T�T ��0�-�9�0�0�°�0�)� 

�+�=� �(�z�I�z�-�8�s�T�)� �(�1�6�-�5�9�)� �(�6�z�T�'�0�-�r�0�0�'�0�)� �~�=�(�9�0�°�7�-�6�0�'�0�)� 
�§�= �� �(�Z�'�8�-�8�°�L�)� �=�~� �(�1�9�7�-�8�1�2�)� 

�8�0�7� 
�V�6�I� 

�$�z�0�'�0� 
�L�8�1� 

�S�'�L� 
 ¬�1�0�'�0� 

 ¬�Z�'�0� 
�1�8� 

�S�E�Z� 
�9�6�-�6�2� 

�(�O�p�e�-�9�S�T�)� � �(�9�'�s�T�-�¢�'�0�)� 
� �(�O�S�S�'�T�-�O�T�0�'�0�)� 

�(�9�6�7�-�8�2�1�)� �(�9�6�-�6�9�)� �(�S�e�o�'�0�-�T�0�0�'�0�)� 
�(�6�E�0�-�T�O

�'�O
�)� �(�r�8�-�s�1�)� �(�L�'�P�Z�-�0�'�7�Z�)� 

�I ¬�Z� 
�3�8� 

�6�0�1�'�0� 
�I�L�I� 

�S�L� 
�8�0�0�'�0� 

�9�1�0� 
�0�'�s� 

�L�' ¬�Z� 
�8�2�-�0� 

�[�/�o�u� 
�y�/�o� 

�y�e�u� 
�/�s�u� 

�y�e�w� 
�|�/�s�u� 

�[�s�u�r� 
�9� 

�d
�u

�v�H
� 

 ¬�O
�N

� 
�Z�O

�N
� 

�W
�I�V

� 
�o�d� 

 ¬�H
�N

� 
�N

�V
�.�L� 

�H
�d� 

�d�W
�a�A�L� 

�A�e�q� 
�
 
�
 

�7�0� 

 ��A�P�J�I�O
�M

� 
�P�a�I�N

�s�e�o�u�l� 
�s�e�m

� �s�s�o�u�p�s�e�y� 
�p�u�e�  ��y�o�o�m

� 
�Y�o�u�s� �O

�I�)� �p�o�u�N
�s�e�o�u�l� 

�2�J�O
�M

� 
�E

�C
�O

�N
� 

�P�u�e� �Z
�O

�N
� 

 ��A
�U

�l�e
�y

�Y
� 

 ��A�[�l�e�p� �p�o�I�n�s�e�o�u�w
�l� 

�o�J�a�M
� 

�O
�G

� 
�p�u�e� �C

�H
�N

� 
 ��N

�V
�.�L� 

 ��H
�d�  ��o�u�n�j�e�s�a�d�w

�a�y�,� 

 ��p�o�r�i�o�d� �y�y�m
�o�l�s� 

�A�e�p� �9�7� �y�o�r�d� �J�O�J� �o�l�e� �s�a�n�e�,� 
 ��s�j�u�a�w

�}�e�a�)� 
�A�y�I�s�U�S�p� 

�M
�O

�]� �D�Y�)� �J�O�J� �s�o�d�u�e�s� 
�p�u�e� �s�a�n�z�e�a� 

�A�y�r�y�e�n�b� 
�J�a�y�e�m

� 
�a�d�e�V�s�o�a�y� 

�*�/�]� �B
�G

�R
�]�,



� � 

� � 

� � � � � � 

� � � � � � � � �0� �7� �|� �|�  �� �|� �1� �|� �|� 
�2�8� �5�6� �8�4� �1�1�2� �1�4�0� �1�6�8� �1�9�6� �2�2�4� 

�G�r�o�w�t�h� �P�e�r�i�o�d� �(�D�a�y�s�)� 

�F�i�g�u�r�e� �1�0�.� �I�n�c�r�e�a�s�e� �i�n� �m�e�a�n� �(�2�8� �d�a�y�)� �T�o�t�a�l� �A�m�m�o�n�i�a�-�N�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 
�o�b�s�e�r�v�e�d� �i�n� �e�a�c�h� �t�r�e�a�t�m�e�n�t�.� 

�7�1



�a�m�m�o�n�i�a� �r�e�v�e�a�l�e�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s� �(�F�i�g�u�r�e� �1�1�)�,� 

�r�e�f�l�e�c�t�i�n�g� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �p�H�.� 

�W�h�e�n� �a�n�a�l�y�z�i�n�g� �m�o�n�t�h�l�y� �p�H� �m�e�a�n�s�,� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �f�o�u�n�d�,� �b�u�t� �w�e�r�e� 

�s�p�o�r�a�d�i�c� �d�u�r�i�n�g� �t�h�e� �s�t�u�d�y�.� �S�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� �t�h�e� �h�i�g�h� 

�a�n�d� �l�o�w� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� �w�i�t�h� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �h�a�v�i�n�g� �a� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�l�o�w�e�r� �p�H�.� �T�h�i�s� �w�a�s� �d�u�e� �t�o� �t�h�e� �h�i�g�h�e�r� �l�o�a�d�i�n�g� �r�a�t�e�s� �(�i�.�e�.� �i�n�c�r�e�a�s�e�d� �r�a�t�e�s� �o�f� 

�n�i�t�r�i�f�i�c�a�t�i�o�n�)� �e�x�p�e�r�i�e�n�c�e�d� �b�y� �t�h�e� �R�B�C� �i�n� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�.� �A� �d�e�c�r�e�a�s�e� �i�n� 

�p�H� �o�c�c�u�r�r�e�d� �o�v�e�r� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�e� �s�t�u�d�y� �i�n� �a�l�l� �t�r�e�a�t�m�e�n�t�s� �(�F�i�g�u�r�e� �1�2�)�,� �r�e�f�l�e�c�t�i�n�g� �t�h�e� 

�t�y�p�i�c�a�l� �p�H� �d�e�c�l�i�n�e�s� �o�b�s�e�r�v�e�d� �i�n� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s�.� �p�H� �v�a�l�u�e�s� �a�v�e�r�a�g�e�d� �7�.�5�,� �7�.�6� 

�a�n�d� �7�.�8� �f�o�r� �t�h�e� �h�i�g�h�,� �m�e�d�i�u�m� �a�n�d� �l�o�w� �t�r�e�a�t�m�e�n�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�A�l�k�a�l�i�n�i�t�y� �d�r�o�p�p�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�u�r�i�n�g� �t�h�e� �l�a�s�t� �h�a�l�f� �o�f� �t�h�e� �s�t�u�d�y� �p�e�r�i�o�d�.� �T�h�e� 

�d�e�c�r�e�a�s�e� �i�n� �a�l�k�a�l�i�n�i�t�y� �o�v�e�r� �t�i�m�e� �r�e�f�l�e�c�t�e�d� �t�h�e� �a�c�i�d�i�f�y�i�n�g� �p�r�o�c�e�s�s� �o�f� �n�i�t�r�i�f�i�c�a�t�i�o�n�.� �T�h�e� 

�a�v�e�r�a�g�e� �a�l�k�a�l�i�n�i�t�y� �v�a�l�u�e� �f�o�r� �a�l�l� �t�r�e�a�t�m�e�n�t�s� �w�a�s� �1�3�2�.�8� �m�g�/�1�.� 

�N�i�t�r�i�t�e� �(�N�O�,�-�N�)� �v�a�l�u�e�s� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �a�m�o�n�g� �t�r�e�a�t�m�e�n�t�s� �i�n� �o�n�l�y� �t�h�e� 

�f�i�r�s�t� �a�n�d� �l�a�s�t� �m�o�n�t�h�s� �o�f� �t�h�e� �s�t�u�d�y�.� �T�h�e� �h�i�g�h� �a�n�d� �m�e�d�i�u�m� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� �h�a�d� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �N�O�,�-�N� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �t�h�a�n� �t�h�e� �l�o�w� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �d�u�r�i�n�g� �t�h�e� 

�f�i�r�s�t� �m�o�n�t�h�.� �N�O�,�-�N� �v�a�l�u�e�s� �i�n� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� 

�t�h�a�n� �b�o�t�h� �t�h�e� �m�e�d�i�u�m� �a�n�d� �l�o�w� �t�r�e�a�t�m�e�n�t�s� �d�u�r�i�n�g� �t�h�e� �l�a�s�t� �m�o�n�t�h�.� �N�i�t�r�i�t�e� �v�a�l�u�e�s�,� 

�h�o�w�e�v�e�r�,� �w�e�r�e� �n�e�v�e�r� �c�o�n�s�i�d�e�r�e�d� �l�i�m�i�t�i�n�g� �i�n� �a�n�y� �t�r�e�a�t�m�e�n�t�.� �N�i�t�r�i�t�e� �v�a�l�u�e�s� �i�n� �t�h�e� �h�i�g�h�,� 

�m�e�d�i�u�m� �a�n�d� �l�o�w� �t�r�e�a�t�m�e�n�t�s� �a�v�e�r�a�g�e�d� �1�.�0�5�0�,� �0�.�3�3�2� �a�n�d� �0�.�1�7�3� �m�g�/�I�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�W�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �h�e�l�d� �f�a�i�r�l�y� �c�o�n�s�t�a�n�t�,� �w�i�t�h� �m�i�n�i�m�a�l� �f�l�u�c�t�u�a�t�i�o�n�s� �o�c�c�u�r�r�i�n�g� 
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�G�r�o�w�t�h� �P�e�r�i�o�d� �(�D�a�y�s�)� 

�F�i�g�u�r�e� �1�2�.� �M�e�a�n� �p�H� �v�a�l�u�e�s� �d�u�r�i�n�g� �e�a�c�h� �2�8� �d�a�y� �p�e�r�i�o�d� �f�o�r� �e�a�c�h� �t�r�e�a�t�m�e�n�t�.� 
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�t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y� �p�e�r�i�o�d�.� �T�h�e� �a�v�e�r�a�g�e� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �a�l�l� �t�r�e�a�t�m�e�n�t�s� �w�a�s� �2�4�.�7� 

�C� �(�F�i�g�u�r�e� �1�3�)�.� �D�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �m�a�n�i�p�u�l�a�t�e�d� �b�y� �a�d�j�u�s�t�i�n�g� �t�h�e� 

�a�m�o�u�n�t� �o�f� �p�u�r�e� �o�x�y�g�e�n� �e�n�t�e�r�i�n�g� �t�h�e� �U�-�t�u�b�e� �a�e�r�a�t�o�r�s� �a�n�d� �w�a�s�,� �t�h�e�r�e�f�o�r�e�,� �s�i�m�i�l�a�r� �i�n� 

�a�l�l� �t�r�e�a�t�m�e�n�t�s�.� �T�h�e� �m�e�a�n� �o�v�e�r�a�l�l� �D�O� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �8�.�1� �m�g�/�l�.� �S�i�g�n�i�f�i�c�a�n�t� �2�4�-�h� 

�D�O� �f�l�u�c�t�u�a�t�i�o�n�s� �d�i�d� �o�c�c�u�r�,� �h�o�w�e�v�e�r�.� �D�O� �d�r�o�p�p�e�d� �a�s� �m�u�c�h� �a�s� �3�.�5� �m�g�/�]� �a�f�t�e�r� �t�h�e� �f�i�r�s�t� 

�f�e�e�d�i�n�g�,� �b�e�g�a�n� �t�o� �i�n�c�r�e�a�s�e�,� �a�n�d� �t�h�e�n� �d�r�o�p�p�e�d� �a�g�a�i�n� �a�f�t�e�r� �t�h�e� �s�e�c�o�n�d� �f�e�e�d�i�n�g� �(�F�i�g�u�r�e� 

�1�4�)�.� 

�N�i�t�r�a�t�e� �a�n�d� �h�a�r�d�n�e�s�s� �b�o�t�h� �i�n�c�r�e�a�s�e�d� �g�r�a�d�u�a�l�l�y� �o�v�e�r� �t�i�m�e�.� �N�i�t�r�a�t�e� �v�a�l�u�e�s� �f�o�r� �a�l�l� 

�t�r�e�a�t�m�e�n�t�s� �r�a�n�g�e�d�,� �o�n� �a�v�e�r�a�g�e�,� �f�r�o�m� �1�5�.�7� �m�g�/�l� �t�o� �1�4�4�.�2� �m�g�/�l� �i�n� �t�h�e� �f�i�r�s�t� �a�n�d� �l�a�s�t� 

�m�o�n�t�h�s� �r�e�s�p�e�c�t�i�v�e�l�y�.� �N�i�t�r�a�t�e� �b�u�i�l�d�u�p� �c�a�n� �b�e� �e�x�p�l�a�i�n�e�d� �b�y� �t�h�e� �a�b�s�e�n�c�e� �o�f� �a� �d�e�v�i�c�e� 

�c�a�p�a�b�l�e� �o�f� �s�t�r�i�p�p�i�n�g� �N�O�,�-�N�.� �H�a�r�d�n�e�s�s� �i�n�c�r�e�a�s�e�d� �i�n� �r�e�l�a�t�i�o�n� �t�o� �t�h�e� �i�n�c�r�e�a�s�i�n�g� 

�f�r�e�q�u�e�n�c�y� �o�f� �f�r�e�s�h� �w�a�t�e�r� �a�n�d� �C�a�C�l�,� �a�d�d�i�t�i�o�n�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �t�r�i�a�l�.� �O�v�e�r�a�l�l�,� �h�a�r�d�n�e�s�s� 

�a�v�e�r�a�g�e�d� �3�2�0�,� �2�9�3� �a�n�d� �2�9�0� �m�g�/�]� �f�o�r� �t�h�e� �h�i�g�h�,� �m�e�d�i�u�m� �a�n�d� �l�o�w� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� 
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�T�i�m�e� �(�H�o�u�r�s�)� 

�F�i�g�u�r�e� �1�4�.� �R�e�p�r�e�s�e�n�t�a�t�i�v�e� �f�l�u�c�t�u�a�t�i�o�n� �i�n� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �o�v�e�r� �a�n� �1�8� �h�o�u�r� 
�p�e�r�i�o�d� �i�n� �a� �h�i�g�h� �d�e�n�s�i�t�y� �s�y�s�t�e�m�.� 
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�D�I�S�C�U�S�S�I�O�N� 

�G�o�o�d� �g�r�o�w�t�h� �w�a�s� �e�x�h�i�b�i�t�e�d� �b�y� �f�i�s�h� �i�n� �e�a�c�h� �o�f� �t�h�e� �t�h�r�e�e� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y�.� �N�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �g�r�o�w�t�h� �r�a�t�e�s� �b�e�t�w�e�e�n� �t�h�e� �h�i�g�h� 

�a�n�d� �m�e�d�i�u�m� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �d�e�t�e�c�t�e�d�.� �T�h�e� �f�i�n�a�l� �m�e�a�n� �w�e�i�g�h�t� �i�n� �t�h�e� 

�m�e�d�i�u�m� �d�e�n�s�i�t�y� �w�a�s� �1�3�0� �g� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y�.� �T�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�s� 

�i�m�p�o�r�t�a�n�t� �f�r�o�m� �a� �p�r�o�d�u�c�t�i�o�n� �s�t�a�n�d�p�o�i�n�t� �i�n� �t�h�a�t� �i�t� �w�o�u�l�d� �h�a�v�e� �t�a�k�e�n� �a�n� �e�x�t�r�a� �5�6� �t�o� 

�8�4� �d�a�y�s� �f�o�r� �t�h�e� �f�i�s�h� �i�n� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �t�o� �g�a�i�n� �a�n� �a�d�d�i�t�i�o�n�a�l� �1�3�0� �g�.� �F�i�s�h� 

�i�n� �t�h�e� �l�o�w� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �g�r�e�w� �m�o�r�e� �r�a�p�i�d�l�y� �t�h�a�n� �t�h�o�s�e� �i�n� �t�h�e� �m�e�d�i�u�m� �a�n�d� �h�i�g�h� 

�d�e�n�s�i�t�i�e�s�.� �J�e�n�k�i�n�s� �e�t� �a�l�.� �(�1�9�8�8�)� �c�o�m�p�a�r�e�d� �t�h�e� �g�r�o�w�t�h� �o�f� �j�u�v�e�n�i�l�e� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� 

�s�t�o�c�k�e�d� �a�t� �d�i�f�f�e�r�e�n�t� �d�e�n�s�i�t�i�e�s� �i�n� �p�o�n�d�s� �a�n�d� �f�o�u�n�d� �n�o� �r�e�d�u�c�t�i�o�n� �i�n� �w�e�i�g�h�t� �g�a�i�n� �a�t� �t�h�e� 

�h�i�g�h�e�s�t� �d�e�n�s�i�t�i�e�s� �s�t�o�c�k�e�d�,� �w�h�i�c�h� �c�o�m�p�a�r�e�s� �t�o� �t�h�e� �g�r�o�w�t�h� �o�b�s�e�r�v�e�d� �a�m�o�n�g� �t�r�e�a�t�m�e�n�t�s� 

�i�n� �t�h�i�s� �s�t�u�d�y� �t�h�r�o�u�g�h� �d�a�y� �1�1�2�.� �I�n�c�r�e�a�s�e�d� �g�r�o�w�t�h� �i�n� �t�h�e� �l�o�w� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �a�f�t�e�r� 

�d�a�y� �1�1�2� �s�u�g�g�e�s�t�s� �t�h�a�t� �a�s� �m�e�a�n� �w�e�i�g�h�t� �a�n�d� �t�o�t�a�l� �b�i�o�m�a�s�s� �i�n�c�r�e�a�s�e�d�,� �d�e�n�s�i�t�y� �h�a�d� �a� 

�s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �g�r�o�w�t�h�.� 

�I�t� �w�a�s� �f�e�l�t� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �s�t�u�d�y� �t�h�a�t� �w�a�t�e�r� �q�u�a�l�i�t�y� �w�o�u�l�d� �b�e� �t�h�e� �p�r�i�m�a�r�y� 

�f�a�c�t�o�r� �l�i�m�i�t�i�n�g� �g�r�o�w�t�h� �i�n� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s�.� �O�f� �t�h�e� �n�i�n�e� �w�a�t�e�r� �q�u�a�l�i�t�y� 

�p�a�r�a�m�e�t�e�r�s� �m�e�a�s�u�r�e�d�,� �n�i�t�r�i�t�e�,� �p�H�,� �a�n�d� �t�o�t�a�l� �a�m�m�o�n�i�a� �w�e�r�e� �t�h�e� �o�n�l�y� �o�n�e�s� �f�o�u�n�d� �t�o� 

�d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s�.� �N�i�t�r�i�t�e� �a�n�d� �p�H� �w�e�r�e� �a�l�w�a�y�s� �w�i�t�h�i�n� �l�i�m�i�t�s� 

�e�x�p�e�c�t�e�d� �f�o�r� �g�o�o�d� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �g�r�o�w�t�h� �(�T�a�b�l�e�s� �1�,� �1�4�,� �1�5�,� �1�6�)�.� �T�h�e� �t�o�x�i�c�i�t�y� �o�f� 

�a�m�m�o�n�i�a� �t�o� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �i�s� �n�o�t� �w�e�l�l� �d�o�c�u�m�e�n�t�e�d�.� �M�e�a�d�e� �(�1�9�8�5�)�,� �i�n� �a� 
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�l�i�t�e�r�a�t�u�r�e� �r�e�v�i�e�w�,� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�r�u�l�y� �s�a�f�e�,� �m�a�x�i�m�u�m� �a�c�c�e�p�t�a�b�l�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� 

�u�n�-�i�o�n�i�z�e�d�,� �o�r� �t�o�t�a�l� �a�m�m�o�n�i�a� �f�o�r� �f�i�s�h� �c�u�l�t�u�r�e� �s�y�s�t�e�m�s� �a�r�e� �u�n�k�n�o�w�n�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� 

�d�i�f�f�i�c�u�l�t� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �r�a�n�g�e� �w�i�t�h�i�n� �w�h�i�c�h� �a�n� �a�q�u�a�c�u�l�t�u�r�e� 

�s�y�s�t�e�m� �s�h�o�u�l�d� �o�p�e�r�a�t�e�.� �T�o�t�a�l� �a�m�m�o�n�i�a� �v�a�l�u�e�s� �i�n� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �i�n� �a�l�l� 

�t�r�e�a�t�m�e�n�t�s�,� �a�v�e�r�a�g�i�n�g� �1�.�0� �m�g�/�l� �o�r� �l�e�s�s�,� �a�n�d� �n�o� �i�n�d�i�v�i�d�u�a�l� �s�y�s�t�e�m� �e�x�p�e�r�i�e�n�c�e�d� �v�a�l�u�e�s� 

�h�i�g�h�e�r� �t�h�a�n� �5� �m�g�/�l�.� 

�U�n�-�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �(�N�H�)� �i�s� �m�u�c�h� �m�o�r�e� �t�o�x�i�c� �t�h�a�n� �t�h�e� �i�o�n�i�z�e�d� �f�o�r�m� �(�N�H�,�*�)� 

�a�l�t�h�o�u�g�h� �s�t�u�d�i�e�s� �h�a�v�e� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �N�H�,�*� �a�t� �v�e�r�y� �h�i�g�h� �l�e�v�e�l�s� �c�a�n� �b�e� �t�o�x�i�c� �(�H�i�l�l�a�b�y� 

�a�n�d� �R�a�n�d�a�l�l� �1�9�7�9�;� �C�o�l�t� �a�n�d� �A�r�m�s�t�r�o�n�g� �1�9�8�1�)�.� �T�h�u�r�s�t�o�n� �e�t� �a�l�.� �(�1�9�8�1�)� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� 

�b�e�l�o�w� �2�0� �m�g�/�I� �t�o�t�a�l� �a�m�m�o�n�i�a�,� �t�h�e� �e�f�f�e�c�t� �o�f� �N�H�,�*� �t�o�x�i�c�i�t�y� �t�o� �r�a�i�n�b�o�w� �t�r�o�u�t� �w�a�s� 

�n�e�g�l�i�g�i�b�l�e�,� �a�n�d� �t�h�e�y� �s�p�e�c�u�l�a�t�e�d� �t�h�a�t� �N�H�,� �i�s� �3�0�0�-�4�0�0� �t�i�m�e�s� �a�s� �t�o�x�i�c� �a�s� �N�H�,�*�.� �T�h�e� 

�f�r�a�c�t�i�o�n� �o�f� �t�o�t�a�l� �a�m�m�o�n�i�a� �i�n� �t�h�e� �N�H�,� �f�o�r�m� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �p�H�.� �T�h�e� �m�e�a�n� 

�u�n�-�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �e�a�c�h� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y�.� �T�h�e� �a�b�s�e�n�c�e� �o�f� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �c�a�n� �b�e� �e�x�p�l�a�i�n�e�d� �b�y� �t�h�e� 

�c�o�n�s�i�s�t�e�n�t�l�y� �l�o�w�e�r� �p�H� �v�a�l�u�e�s� �f�o�u�n�d� �i�n� �t�h�e� �h�i�g�h�e�r� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s�.� �L�e�v�e�l�s� �o�f� �u�n�-� 

�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �t�h�a�t� �a�r�e� �t�o�x�i�c� �t�o� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �a�r�e� �n�o�t� �k�n�o�w�n�.� �H�o�w�e�v�e�r�,� �t�h�e� 

�N�H�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�o�w�e�r� �(�a�v�e�r�a�g�i�n�g� �0�.�0�1�8� �m�g�/�l� 

�o�v�e�r�a�l�l�)� �t�h�a�n� �t�h�o�s�e� �r�e�p�o�r�t�e�d� �t�o� �i�n�h�i�b�i�t� �t�h�e� �g�r�o�w�t�h� �o�f� �c�h�a�n�n�e�l� �c�a�t�f�i�s�h�.� �R�o�b�i�n�e�t�t�e� 

�(�1�9�7�6�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �r�e�d�u�c�e�d� �g�r�o�w�t�h� �o�c�c�u�r�r�e�d� �w�h�e�n� �c�h�a�n�n�e�l� �c�a�t�f�i�s�h� �w�e�r�e� �e�x�p�o�s�e�d� �t�o� 

�N�H�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �0�.�1�2�-�0�.�1�3� �m�g�/�1�,� �b�u�t� �f�o�u�n�d� �t�h�a�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �0�.�0�6� �m�g�/�1� �h�a�d� 

�n�o� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �g�r�o�w�t�h�.� 
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�C�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�o�t�a�l� �o�r� �u�n�-�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�s�i�d�e�r�e�d� �t�o�x�i�c� �v�a�r�y� �w�i�t�h� �s�p�e�c�i�e�s� 

�a�n�d� �w�i�t�h� �t�h�e� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�u�l�t�u�r�e� �w�a�t�e�r�.� �B�e�c�a�u�s�e� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �g�r�o�w�t�h� �w�a�s� �o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� �t�h�e� �h�i�g�h� �a�n�d� �m�e�d�i�u�m� �d�e�n�s�i�t�i�e�s�,� �i�t� �c�o�u�l�d� 

�n�o�t� �b�e� �d�e�t�e�r�m�i�n�e�d� �i�f� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�o�t�a�l� �a�m�m�o�n�i�a� �c�o�n�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �g�r�o�w�t�h� �p�a�t�t�e�r�n�s� 

�o�b�s�e�r�v�e�d�.� �H�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �i�n� �t�h�i�s� �s�t�u�d�y� �g�r�e�w� �a�t� �m�e�a�n� �t�o�t�a�l� �a�n�d� �u�n�-�i�o�n�i�z�e�d� 

�a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �l�e�s�s� �t�h�a�n� �2�.�0� �m�g�/�l� �a�n�d� �0�.�0�2� �m�g�/�I�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�E�a�s�t�e�r� �(�1�9�9�2�)�,� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �c�h�a�r�a�c�t�e�r�i�z�e�d� �a�d�d�i�t�i�o�n�a�l� �w�a�t�e�r� �q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� 

�i�n� �t�h�e� �s�a�m�e� �e�i�g�h�t� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �u�s�e�d� �i�n� �t�h�i�s� �g�r�o�w�t�h� �t�r�i�a�l�.� �A�n�a�l�y�s�e�s� �i�n�c�l�u�d�e�d� 

�b�i�o�c�h�e�m�i�c�a�l� �o�x�y�g�e�n� �d�e�m�a�n�d� �(�B�O�D�)�,� �c�h�e�m�i�c�a�l� �o�x�y�g�e�n� �d�e�m�a�n�d� �(�C�O�D�)�,� �d�i�s�s�o�l�v�e�d� 

�o�r�g�a�n�i�c� �c�a�r�b�o�n� �(�D�O�C�)�,� �s�u�s�p�e�n�d�e�d� �a�n�d� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �s�e�l�e�c�t�e�d� 

�a�n�i�o�n�s� �a�n�d� �c�a�t�i�o�n�s�,� �a�n�d� �e�f�f�l�u�e�n�t� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n�.� �G�r�a�p�h�i�c�a�l� �a�n�a�l�y�s�e�s� �d�i�d� �n�o�t� 

�d�e�m�o�n�s�t�r�a�t�e� �c�o�r�r�e�l�a�t�i�o�n�s� �o�f� �t�h�e�s�e� �p�a�r�a�m�e�t�e�r�s� �w�i�t�h� �g�r�o�w�t�h� �r�a�t�e�s�.� 

�T�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �w�a�s� �s�i�m�i�l�a�r� �i�n� �e�a�c�h� �t�r�e�a�t�m�e�n�t� �a�n�d� 

�e�n�h�a�n�c�e�d� �r�e�l�a�t�i�v�e� �t�o� �t�h�a�t� �i�n� �t�h�e� �f�i�r�s�t� �t�r�i�a�l� �b�y� �t�h�e� �a�l�t�e�r�e�d� �m�a�n�a�g�e�m�e�n�t� �p�l�a�n� �i�n�s�t�i�t�u�t�e�d� 

�d�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �t�r�i�a�l�.� �B�a�s�i�n�g� �w�a�t�e�r� �e�x�c�h�a�n�g�e� �r�a�t�e�s� �a�n�d� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �s�o�d�i�u�m� 

�b�i�c�a�r�b�o�n�a�t�e� �a�n�d� �c�a�l�c�i�u�m� �c�h�l�o�r�i�d�e� �o�n� �f�e�e�d� �c�o�n�s�u�m�p�t�i�o�n� �w�a�s� �e�f�f�e�c�t�i�v�e� �a�t� �m�a�i�n�t�a�i�n�i�n�g� 

�a�d�e�q�u�a�t�e� �l�e�v�e�l�s� �o�f� �p�H� �a�n�d� �a�l�k�a�l�i�n�i�t�y�.� �T�h�e� �q�u�a�n�t�i�t�y� �o�f� �c�h�e�m�i�c�a�l�s� �a�d�d�e�d� �w�a�s� �c�o�n�s�i�s�t�e�n�t� 

�b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s�,� �b�u�t� �t�h�e� �i�n�i�t�i�a�l� �p�l�a�n� �o�f� �r�e�m�o�v�i�n�g� �s�o�l�i�d�s� �f�r�o�m� �t�h�e� �s�u�m�p� �a�f�t�e�r� �t�h�e� 

�a�d�d�i�t�i�o�n� �o�f� �3� �k�g� �o�f� �f�e�e�d� �w�a�s� �a�l�t�e�r�e�d� �d�u�r�i�n�g� �t�h�e� �s�t�u�d�y�.� �W�h�e�n� �f�e�e�d�i�n�g� �r�a�t�e�s� �i�n� �a� �g�i�v�e�n� 

�s�y�s�t�e�m� �r�e�a�c�h�e�d� �l�e�v�e�l�s� �a�t� �o�r� �a�b�o�v�e� �3�.�0� �k�g�/�d�a�y�,� �t�h�e� �s�u�m�p� �w�a�t�e�r� �w�a�s� �e�x�c�h�a�n�g�e�d�.� 

�H�o�w�e�v�e�r�,� �n�o� �s�y�s�t�e�m� �e�x�p�e�r�i�e�n�c�e�d� �m�o�r�e� �t�h�a�n� �o�n�e� �s�u�m�p� �w�a�t�e�r� �e�x�c�h�a�n�g�e� �p�e�r� �d�a�y� 
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�r�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �a�m�o�u�n�t� �o�f� �f�e�e�d� �a�d�m�i�n�i�s�t�e�r�e�d�.� �T�h�e�r�e�f�o�r�e�,� �a�l�t�h�o�u�g�h� �t�h�e� �t�o�t�a�l� �v�o�l�u�m�e� 

�e�x�c�h�a�n�g�e�d� �i�n� �e�a�c�h� �s�y�s�t�e�m� �w�a�s� �s�i�m�i�l�a�r�,� �t�h�e� �w�a�t�e�r� �e�x�c�h�a�n�g�e� �t�o� �f�e�e�d� �c�o�n�s�u�m�p�t�i�o�n� �r�a�t�i�o� 

�w�a�s� �d�i�f�f�e�r�e�n�t�.� �T�h�e� �t�o�t�a�l� �w�e�i�g�h�t� �o�f� �f�e�e�d� �i�n�p�u�t� �i�n�t�o� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� �w�a�s� 

�t�w�i�c�e� �t�h�a�t� �o�f� �t�h�e� �l�o�w� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�t�u�d�y�,� �b�u�t� �r�e�c�e�i�v�e�d� �t�h�e� 

�s�a�m�e� �v�o�l�u�m�e� �o�f� �f�r�e�s�h�w�a�t�e�r�.� 

�T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �w�a�t�e�r� �e�x�c�h�a�n�g�e� �r�a�t�e�s� �w�a�s� �r�e�f�l�e�c�t�e�d� �i�n� �t�h�e� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� 

�i�n� �T�A�N� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s�.� �T�h�e� �b�u�i�l�d�u�p� �o�f� �o�t�h�e�r� 

�p�a�r�a�m�e�t�e�r�s� �s�u�c�h� �a�s� �D�O�C� �a�n�d� �B�O�D� �i�n� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� �m�a�y� �a�l�s�o� �b�e� 

�s�i�g�n�i�f�i�c�a�n�t� �(�E�a�s�t�e�r� �1�9�9�2�)�.� �H�i�r�a�y�a�m�a� �e�t� �a�l�.� �(�1�9�8�8�)� �e�x�a�m�i�n�e�d� �t�h�e� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� 

�o�r�g�a�n�i�c�s� �i�n� �f�o�u�r� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s�,� �a�n�d� �f�o�u�n�d� �t�h�a�t� �t�i�l�a�p�i�a� �(�S�a�r�o�t�h�e�r�o�d�o�n� �n�i�l�o�t�i�c�u�s�)� 

�g�r�e�w� �m�o�r�e� �r�a�p�i�d�l�y� �i�n� �t�h�e� �s�y�s�t�e�m� �w�h�e�r�e� �t�h�e� �f�i�l�t�e�r� �b�e�d� �w�a�s� �w�a�s�h�e�d� �m�o�r�e� �f�r�e�q�u�e�n�t�l�y�.� 

�T�h�e�y� �a�l�s�o� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c� �s�u�b�s�t�a�n�c�e�s� �m�i�g�h�t� �h�a�v�e� �b�e�e�n� 

�o�n�e� �o�f� �t�h�e� �c�a�u�s�e�s� �l�e�a�d�i�n�g� �t�o� �t�h�e� �s�u�p�p�r�e�s�s�i�o�n� �i�n� �g�r�o�w�t�h� �o�b�s�e�r�v�e�d� �i�n� �s�y�s�t�e�m�s� �w�h�e�r�e� 

�f�i�l�t�e�r�s� �w�e�r�e� �l�e�s�s� �f�r�e�q�u�e�n�t�l�y� �w�a�s�h�e�d�.� �T�h�e�i�r� �r�e�s�u�l�t�s� �w�e�r�e� �c�o�m�p�a�r�a�b�l�e� �t�o� �t�h�e� �r�e�s�u�l�t�s� �o�f� 

�t�h�i�s� �s�t�u�d�y�,� �a�n�d� �t�h�e� �s�a�m�e� �c�o�n�c�l�u�s�i�o�n� �c�o�u�l�d� �b�e� �d�r�a�w�n�.� 

�H�i�g�h� �o�r�g�a�n�i�c� �l�e�v�e�l�s� �l�i�k�e�l�y� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� �n�o�t�a�b�l�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �w�a�t�e�r� �c�o�l�o�r� �a�n�d� 

�c�l�a�r�i�t�y� �o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s�.� �T�h�e� �y�e�l�l�o�w�i�s�h�-�b�r�o�w�n� �w�a�t�e�r� �c�o�l�o�r� �o�f�t�e�n� 

�o�b�s�e�r�v�e�d� �i�n� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �(�O�t�t�e� �a�n�d� �R�o�s�e�n�t�h�a�l� �1�9�7�9�)�,� �w�a�s� �m�u�c�h� �m�o�r�e� 

�n�o�t�i�c�e�a�b�l�e� �i�n� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� �t�h�a�n� �i�n� �t�h�e� �l�o�w� �a�n�d� �m�e�d�i�u�m� �d�e�n�s�i�t�i�e�s� �i�n� 

�t�h�i�s� �s�t�u�d�y�.� �W�a�t�e�r� �i�n� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� �w�a�s� �a�l�s�o� �m�o�r�e� �c�l�o�u�d�y� �t�h�a�n� �t�h�e� 

�m�e�d�i�u�m� �a�n�d� �l�o�w� �t�r�e�a�t�m�e�n�t�s� �t�o�w�a�r�d� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�t�u�d�y�.� �B�a�c�t�e�r�i�a�l� �b�l�o�o�m�s� �p�r�o�b�a�b�l�y� 
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�c�o�n�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �l�o�w� �w�a�t�e�r� �c�l�a�r�i�t�y�,� �h�o�w�e�v�e�r�,� �t�h�e�y� �w�e�r�e� �n�o�t� �q�u�a�n�t�i�f�i�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� 

�T�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �s�i�g�n�i�f�i�c�a�n�t� �b�a�c�t�e�r�i�a�l� �g�r�o�w�t�h� �i�s� �c�o�m�m�o�n� �i�n� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �h�a�s� 

�(�C�o�l�l�i�n�s� �e�t� �a�l�.� �1�9�7�5�;� �J�o�h�n�s�o�n� �1�9�9�1�)�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �l�a�r�g�e� �b�a�c�t�e�r�i�a�l� �p�o�p�u�l�a�t�i�o�n�s� 

�p�o�t�e�n�t�i�a�l�l�y� �c�o�u�l�d� �i�n�c�r�e�a�s�e� �t�h�e� �i�n�c�i�d�e�n�c�e� �o�f� �d�i�s�e�a�s�e�,� �i�n�d�u�c�e� �s�t�r�e�s�s�,� �a�n�d� �u�l�t�i�m�a�t�e�l�y� 

�i�n�h�i�b�i�t� �g�r�o�w�t�h�.� 

�B�e�c�a�u�s�e� �t�h�e� �n�i�n�e� �w�a�t�e�r� �q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �m�e�a�s�u�r�e�d� �a�n�d� �f�e�e�d�i�n�g� �r�a�t�e�s� �w�e�r�e� 

�s�i�m�i�l�a�r� �i�n� �e�a�c�h� �t�r�e�a�t�m�e�n�t�,� �i�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�a�t� �f�a�c�t�o�r�s� �i�n�h�i�b�i�t�e�d� �g�r�o�w�t�h� 

�i�n� �t�h�e� �h�i�g�h�e�r� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s�.� �G�r�o�w�t�h� �r�a�t�e�s� �i�n� �t�h�i�s� �s�t�u�d�y� �c�o�m�p�a�r�e�d� �f�a�v�o�r�a�b�l�y� �w�i�t�h� 

�t�h�o�s�e� �r�e�p�o�r�t�e�d� �b�y� �o�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�o�r�s� �f�o�r� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s�.� �S�m�i�t�h� �e�t� �a�l�.� �(�1�9�8�5�)� 

�o�b�t�a�i�n�e�d� �a� �g�r�o�w�t�h� �r�a�t�e� �o�f� �1�.�7�4� �g�/�d�a�y� �f�o�r� �h�y�b�r�i�d�s� �w�h�e�n� �s�t�o�c�k�e�d� �a�t� �3�1�.�6� �f�i�s�h�/�m�?� �i�n� 

�i�n�t�e�n�s�i�v�e� �t�a�n�k� �s�y�s�t�e�m�s�.� �H�y�b�r�i�d�s� �s�t�o�c�k�e�d� �a�t� �s�i�m�i�l�a�r� �d�e�n�s�i�t�i�e�s� �(�3�6� �f�i�s�h�/�m�*�)� �i�n� �t�h�e� 

�p�r�e�s�e�n�t� �s�t�u�d�y� �g�r�e�w� �a�t� �a� �r�a�t�e� �o�f� �2�.�8� �g�/�d�a�y�,� �h�i�g�h�e�r� �t�h�a�n� �a�n�y� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.� 

�S�m�i�t�h� �e�t� �a�l�.� �(�1�9�8�5�)�,� �i�n� �a�n� �u�n�r�e�p�l�i�c�a�t�e�d� �s�t�u�d�y�,� �s�t�o�c�k�e�d� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �i�n� �b�r�a�c�k�i�s�h� 

�w�a�t�e�r� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �a�t� �a� �d�e�n�s�i�t�y� �o�f� �6�5�.�8� �f�i�s�h�/�m�°� �a�n�d� �o�b�t�a�i�n�e�d� �a� �m�e�a�n� �g�r�o�w�t�h� 

�r�a�t�e� �o�f� �2�.�6�1� �g�/�d�a�y�.� �T�h�e� �m�e�d�i�u�m� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �i�n� �t�h�i�s� �s�t�u�d�y� �a�p�p�r�o�x�i�m�a�t�e�d� �t�h�i�s� 

�d�e�n�s�i�t�y� �(�7�2� �f�i�s�h�/�m�*�)�,� �a�n�d� �f�i�s�h� �g�r�e�w� �a�t� �a� �r�a�t�e� �o�f� �2�.�2�0� �g�/�d�a�y�.� �W�o�o�d�s� �e�t� �a�l�.� �(�1�9�8�3�)� 

�r�e�p�o�r�t�e�d� �a� �g�r�o�w�t�h� �r�a�t�e� �o�f� �1�.�4� �g�/�d�a�y� �f�o�r� �h�y�b�r�i�d�s� �s�t�o�c�k�e�d� �i�n� �e�s�t�u�a�r�i�n�e� �c�a�g�e�s� �a�t� �a� �d�e�n�s�i�t�y� 

�o�f� �1�0�0� �f�i�s�h�/�m�*�.� �T�h�e� �g�r�o�w�t�h� �r�a�t�e� �i�n� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �(�1�4�4� �f�i�s�h�/�m ��)� �i�n� �t�h�i�s� 

�s�t�u�d�y� �c�o�m�p�a�r�e�d� �f�a�v�o�r�a�b�l�y� �(�1�.�6�8� �g�/�d�a�y�)� �t�o� �W�o�o�d�s� �e�t� �a�l�.� �(�1�9�8�3�)� �a�n�d� �w�a�s� �h�i�g�h�e�r� �t�h�a�n� 

�t�h�o�s�e� �r�e�p�o�r�t�e�d� �b�y� �K�e�r�b�y� �e�t� �a�l�.� �(�1�9�8�7�)� �i�n� �p�o�n�d�s� �(�1�.�3�8� �g�/�d�a�y�)� �a�n�d� �W�i�l�l�i�a�m�s� �e�t� �a�l�.� 

�(�1�9�8�1�)� �i�n� �n�e�t� �p�e�n�s� �(�1�.�3�7� �g�/�d�a�y�)�.� 
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�F�e�e�d� �c�o�n�v�e�r�s�i�o�n�s� �w�e�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s� �b�u�t� �w�e�r�e� 

�l�o�w�e�s�t� �i�n� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �(�1�.�3�7�)�.� �F�e�e�d� �c�o�n�v�e�r�s�i�o�n�s� �a�s� �l�o�w� �a�s� �1�.�3� �h�a�v�e� �b�e�e�n� 

�r�e�p�o�r�t�e�d� �b�y� �o�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�o�r�s� �f�o�r� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �(�C�a�r�l�b�e�r�g� �e�t� �a�l�.� �1�9�8�4�)�,� �b�u�t� �t�h�e�y� 

�t�y�p�i�c�a�l�l�y� �r�a�n�g�e� �f�r�o�m� �1�.�5� �t�o� �2�.�4� �(�W�o�o�d�s� �e�t� �a�l�.� �1�9�8�3�;� �S�m�i�t�h� �e�t� �a�l�.� �1�9�8�5�;� �K�e�r�b�y� �e�t� �a�l�.� 

�1�9�8�7�)�.� 

�T�h�e� �t�o�l�e�r�a�n�c�e� �o�f� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �t�o� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� 

�i�s� �r�e�f�l�e�c�t�e�d� �i�n� �t�h�e� �g�o�o�d� �s�u�r�v�i�v�a�l� �r�a�t�e�s� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.� �S�u�r�v�i�v�a�l� �o�f� �h�y�b�r�i�d�s� 

�i�n� �t�h�i�s� �s�t�u�d�y� �w�a�s� �h�i�g�h� �(�9�7�.�1�%�)� �a�n�d� �c�o�m�p�a�r�a�b�l�e� �t�o� �r�e�p�o�r�t�e�d� �s�u�r�v�i�v�a�l�s� �i�n� �e�s�t�u�a�r�i�n�e� 

�c�a�g�e�s� �o�f� �9�5�%� �(�W�o�o�d�s� �e�t� �a�l�.� �1�9�8�5�)� �a�n�d� �8�8�%� �(�W�i�l�l�i�a�m�s� �e�t� �a�l�.� �1�9�8�1�)�.� �S�m�i�t�h� �e�t� �a�l�.� 

�(�1�9�8�5�)� �r�e�p�o�r�t�e�d� �1�0�0�%� �s�u�r�v�i�v�a�l� �i�n� �i�n�t�e�n�s�i�v�e� �t�a�n�k� �s�y�s�t�e�m�s�.� �K�e�r�b�y� �e�t� �a�l�.� �(�1�9�8�7�)� �r�e�p�o�r�t�e�d� 

�a� �s�u�r�v�i�v�a�l� �o�f� �8�3�.�9�%� �i�n� �p�o�n�d�s�.� �M�o�s�t� �o�f� �t�h�e� �m�o�r�t�a�l�i�t�i�e�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �o�c�c�u�r�r�e�d� 

�a�f�t�e�r� �s�a�m�p�l�i�n�g�,� �a�n�d� �s�e�v�e�r�a�l� �m�o�r�t�a�l�i�t�i�e�s� �w�e�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �f�i�s�h� �l�e�a�p�i�n�g� �f�r�o�m� �t�h�e� �t�a�n�k�s�.� 

�T�h�e� �l�a�r�g�e�s�t� �t�o�t�a�l� �b�i�o�m�a�s�s�,� �7�3�3�.�8�2� �k�g�,� �w�a�s� �a�t�t�a�i�n�e�d� �i�n� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� 

�w�h�i�c�h� �w�a�s� �2�5�0�.�5�3� �k�g� �a�n�d� �4�3�5�.�8�8� �k�g� �h�i�g�h�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �m�e�d�i�u�m� �a�n�d� �l�o�w� �d�e�n�s�i�t�y� 

�t�r�e�a�t�m�e�n�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �B�e�c�a�u�s�e� �o�f� �t�h�e� �h�i�g�h� �c�o�s�t�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �r�e�c�i�r�c�u�l�a�t�i�n�g� 

�s�y�s�t�e�m�s�,� �d�e�n�s�i�t�i�e�s� �m�u�s�t� �b�e� �o�p�t�i�m�i�z�e�d� �t�o� �a�t�t�a�i�n� �m�a�x�i�m�u�m� �p�r�o�d�u�c�t�i�o�n� �r�a�t�e�s�.� �B�a�s�e�d� �o�n� 

�t�o�t�a�l� �b�i�o�m�a�s�s�,� �t�h�e� �s�t�o�c�k�i�n�g� �d�e�n�s�i�t�y� �o�f� �1�4�4� �f�i�s�h�/�m�*� �w�o�u�l�d� �b�e� �o�p�t�i�m�a�l� �f�o�r� �c�o�m�m�e�r�c�i�a�l� 

�p�r�o�d�u�c�t�i�o�n�,� �b�u�t� �t�h�e� �g�r�o�w�o�u�t� �p�e�r�i�o�d� �w�o�u�l�d� �h�a�v�e� �t�o� �b�e� �e�x�t�e�n�d�e�d� �f�o�r� �t�h�e� �f�i�s�h� �t�o� �r�e�a�c�h� 

�m�a�r�k�e�t� �s�i�z�e�.� �T�h�e� �p�r�e�s�e�n�t� �m�a�r�k�e�t� �f�o�r� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �t�e�n�d�s� �t�o�w�a�r�d� �a� �l�a�r�g�e�r�-�s�i�z�e�d� 

�f�i�s�h�,� �t�y�p�i�c�a�l�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �4�5�4� �g� �(�1�.�0� �l�b�)�.� �T�h�e� �s�i�z�e� �d�i�s�t�r�i�b�u�t�i�o�n� �a�t� �h�a�r�v�e�s�t� �r�e�v�e�a�l�e�d� 

�t�h�a�t� �t�h�e� �l�o�w� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �h�a�d� �t�h�e� �h�i�g�h�e�s�t� �p�e�r�c�e�n�t�a�g�e� �(�9�7�.�3�%�)� �o�f� �i�n�d�i�v�i�d�u�a�l�s� �i�n� 
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�t�h�i�s� �s�i�z�e� �r�a�n�g�e�.� �M�e�a�n� �w�e�i�g�h�t� �i�n� �t�h�e� �l�o�w� �a�n�d� �m�e�d�i�u�m� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� �a�v�e�r�a�g�e�d� 

�4�5�4� �g� �o�n� �d�a�y�s� �1�6�8� �(�5�.�6� �m�o�n�t�h�s�)� �a�n�d� �1�9�6� �(�6�.�5� �m�o�n�t�h�s�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �B�a�s�e�d� �o�n� �a� �4�5�4� 

�g� �m�a�r�k�e�t� �s�i�z�e�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�w�o� �c�r�o�p�s� �p�e�r� �y�e�a�r� �a�t� �d�e�n�s�i�t�i�e�s� �o�f� �3�6� �a�n�d� �7�2� �f�i�s�h�/�m�*� 

�c�o�u�l�d� �b�e� �h�a�r�v�e�s�t�e�d� �f�r�o�m� �a� �s�i�n�g�l�e� �s�y�s�t�e�m�.� �T�h�i�s� �t�y�p�e� �o�f� �p�r�o�d�u�c�t�i�o�n� �s�c�h�e�d�u�l�e� �w�o�u�l�d� 

�p�e�r�m�i�t� �m�o�r�e� �f�r�e�q�u�e�n�t� �h�a�r�v�e�s�t�s� �a�n�d� �c�o�u�l�d� �p�o�s�s�i�b�l�y� �y�i�e�l�d� �t�h�e� �g�r�e�a�t�e�s�t� �r�e�t�u�r�n�s�.� �A�s� 

�m�a�r�k�e�t� �p�r�i�c�e�s� �v�a�r�i�e�d� �f�o�r� �d�i�f�f�e�r�e�n�t� �s�i�z�e� �h�y�b�r�i�d�s�,� �d�e�n�s�i�t�i�e�s� �s�t�o�c�k�e�d� �a�n�d� �p�r�o�d�u�c�t�i�o�n� 

�s�c�h�e�d�u�l�e�s� �c�o�u�l�d� �b�e� �a�d�j�u�s�t�e�d� �a�c�c�o�r�d�i�n�g�l�y�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �s�t�u�d�y� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �c�a�n� �g�r�o�w� �f�r�o�m� 

�f�i�n�g�e�r�l�i�n�g� �t�o� �m�a�r�k�e�t� �s�i�z�e� �i�n� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �i�n� �l�e�s�s� �t�h�a�n� �2�2�4� �d�a�y�s� �(�7�.�5� �m�o�n�t�h�s�)� 

�a�t� �d�e�n�s�i�t�i�e�s� �o�f� �3�6� �a�n�d� �7�2� �f�i�s�h�/�m�*�.� �A�l�t�h�o�u�g�h� �t�h�e� �f�a�s�t�e�s�t� �g�r�o�w�t�h� �r�a�t�e�s� �w�e�r�e� �a�c�h�i�e�v�e�d� 

�i�n� �t�h�e� �l�o�w�e�s�t� �d�e�n�s�i�t�y� �(�3�6� �f�i�s�h�/�m�?�)�,� �t�h�i�s� �d�e�n�s�i�t�y� �m�a�y� �n�o�t� �b�e� �e�c�o�n�o�m�i�c�a�l�l�y� �f�e�a�s�i�b�l�e� �f�o�r� 

�c�o�m�m�e�r�c�i�a�l� �p�r�o�d�u�c�t�i�o�n�,� �b�e�c�a�u�s�e� �o�f� �t�h�e� �l�o�w� �t�o�t�a�l� �b�i�o�m�a�s�s� �a�t� �h�a�r�v�e�s�t�.� �T�h�e� �m�e�d�i�u�m� 

�d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �(�7�2� �f�i�s�h�/�m�*�)� �i�s� �m�o�r�e� �r�e�a�l�i�s�t�i�c� �f�o�r� �c�o�m�m�e�r�c�i�a�l� �p�r�o�d�u�c�t�i�o�n�,� �a�n�d� �i�t� �i�s� 

�a�n�t�i�c�i�p�a�t�e�d� �t�h�a�t� �a� �d�e�n�s�i�t�y� �b�e�t�w�e�e�n� �7�2� �a�n�d� �1�4�4� �f�i�s�h�/�m�?� �c�o�u�l�d� �r�e�a�c�h� �m�a�r�k�e�t� �s�i�z�e� �i�n� �t�h�e� 

�s�a�m�e� �t�i�m�e� �p�e�r�i�o�d� �i�f� �f�a�v�o�r�a�b�l�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d�.� 
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�C�H�A�P�T�E�R� �I�V� 

�S�U�M�M�A�R�Y� �D�I�S�C�U�S�S�I�O�N� 

�(�T�R�I�A�L� �1� �v�s�.� �T�R�I�A�L� �2�)� 

�A�l�l� �f�i�s�h� �c�u�l�t�u�r�e� �s�y�s�t�e�m�s� �h�a�v�e� �a� �d�e�n�s�i�t�y�,� �e�i�t�h�e�r� �i�n� �w�e�i�g�h�t� �o�r� �n�u�m�b�e�r�s�,� �a�t� �w�h�i�c�h� �f�i�s�h� 

�p�r�o�d�u�c�t�i�o�n� �i�s� �a�t� �a� �m�a�x�i�m�u�m� �(�B�r�o�u�s�s�a�r�d� �a�n�d� �S�i�m�c�o� �1�9�7�6�)�.� �A�b�o�v�e� �t�h�i�s� �d�e�n�s�i�t�y�,� �g�r�o�w�t�h� 

�i�s� �s�u�p�p�r�e�s�s�e�d�,� �f�e�e�d� �c�o�n�v�e�r�s�i�o�n� �i�n�c�r�e�a�s�e�s� �a�n�d� �t�h�e� �i�n�c�i�d�e�n�c�e� �o�f� �d�i�s�e�a�s�e� �a�n�d� �m�o�r�t�a�l�i�t�y� 

�i�n�c�r�e�a�s�e�s�.� �T�h�e� �r�e�l�a�t�i�v�e�l�y� �s�l�o�w� �g�r�o�w�t�h� �a�n�d� �l�o�w� �s�u�r�v�i�v�a�l� �r�a�t�e�s� �o�b�s�e�r�v�e�d� �i�n� �T�r�i�a�l� �1� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �a� �d�e�n�s�i�t�y� �o�f� �1�4�9� �f�i�s�h�/�m�*� �m�a�y� �h�a�v�e� �e�x�c�e�e�d�e�d� �t�h�e� �o�p�t�i�m�u�m� �c�a�p�a�c�i�t�y� �o�f� 

�t�h�e� �s�y�s�t�e�m�.� �T�h�e� �l�o�w� �o�v�e�r�a�l�l� �s�u�r�v�i�v�a�l�,�7�2�.�8�%�,� �i�n� �T�r�i�a�l� �1� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �o�f� 

�o�n�l�y� �f�o�u�r� �o�f� �t�h�e� �n�i�n�e� �s�y�s�t�e�m�s� �o�v�e�r� �t�h�e� �e�n�t�i�r�e� �2�2�4�-�d�a�y� �s�t�u�d�y� �p�e�r�i�o�d�.� �T�h�e�s�e� �f�o�u�r� 

�s�y�s�t�e�m�s� �h�a�d� �a�n� �a�v�e�r�a�g�e� �s�u�r�v�i�v�a�l� �r�a�t�e� �c�o�m�p�a�r�a�b�l�e� �t�o� �t�h�a�t� �o�b�t�a�i�n�e�d� �a�t� �s�i�m�i�l�a�r� �d�e�n�s�i�t�i�e�s� 

�(�1�4�4� �f�i�s�h�/�m�?�)� �i�n� �t�h�e� �s�e�c�o�n�d� �t�r�i�a�l�.� �H�o�w�e�v�e�r�,� �g�r�o�w�t�h� �a�n�d� �f�e�e�d� �c�o�n�v�e�r�s�i�o�n� �i�n� �T�r�i�a�l� �2� 

�i�m�p�r�o�v�e�d� �c�o�n�s�i�d�e�r�a�b�l�y� �(�T�a�b�l�e� �1�8�)�.� 

�T�h�e� �v�a�r�i�a�t�i�o�n� �i�n� �r�e�s�u�l�t�s� �b�e�t�w�e�e�n� �t�r�i�a�l�s� �m�a�y� �p�a�r�t�i�a�l�l�y� �b�e� �e�x�p�l�a�i�n�e�d� �b�y� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�e�t�h�o�d�o�l�o�g�y�.� �T�h�e� �p�r�i�m�a�r�y� �d�i�f�f�e�r�e�n�c�e� �i�n� �m�e�t�h�o�d�s� �b�e�t�w�e�e�n� �t�r�i�a�l�s� �w�a�s� 

�t�h�e� �w�a�y� �i�n� �w�h�i�c�h� �t�h�e� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �w�e�r�e� �m�a�n�a�g�e�d�.� �T�r�i�a�l� �1� �w�a�s� �a� �p�r�e�l�i�m�i�n�a�r�y� 

�s�t�u�d�y� �a�n�d� �t�h�e� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �w�e�r�e� �n�e�w� �a�n�d� �u�n�t�e�s�t�e�d�.� �T�h�e� �p�r�o�b�l�e�m�s� �f�a�c�e�d� 

�d�u�r�i�n�g� �T�r�i�a�l� �1� �p�r�o�m�p�t�e�d� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �m�a�n�a�g�e�m�e�n�t� �g�u�i�d�e�l�i�n�e�s� �f�o�r� �t�h�e� �p�i�l�o�t�-� 

�s�c�a�l�e� �s�y�s�t�e�m�s�.� �I�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �t�h�e�s�e� �g�u�i�d�e�l�i�n�e�s� �i�n�t�o� �t�h�e� �s�e�c�o�n�d� �t�r�i�a�l� �r�e�s�u�l�t�e�d� �i�n� 
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�T�a�b�l�e� �1�8�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �g�r�o�w�t�h�,� �f�e�e�d� �c�o�n�v�e�r�s�i�o�n� �a�n�d� �s�u�r�v�i�v�a�l� �o�f� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �b�e�t�w�e�e�n� �t�h�e� �f�o�u�r� 
�s�y�s�t�e�m�s� �i�n� �T�r�i�a�l� �1� �a�n�d� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �i�n� �T�r�i�a�l� �2�.� 
� � 

� � 

� � 

�M�e�a�n� �W�t� �T�t�l� �B�i�o�m�a�s�s� �D�e�n�s�i�t�y� �(�k�g�/�m�?�)� �G�r�o�w�t�h� �R�a�t�e� �F�e�e�d� �S�u�r�v�i�v�a�l� 

�T�r�i�a�l� �I�n�i�t�i�a�l� �F�i�n�a�l� �I�n�i�t�i�a�l� �F�i�n�a�l� �[�I�n�i�t�i�a�l� �F�i�n�a�l� �g�/�d�a�y� �C�o�n�v�.� �(�%�)� 

�1� �4�0�.�6� �2�6�2�.�1� �7�4�.�8�8� �4�5�2�.�5�7� �5�.�9�9� �3�6�.�2�0� �1�.�0�0� �1�.�6�7� �9�3�.�5� 
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�d�e�c�r�e�a�s�e�d� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �w�a�t�e�r� �q�u�a�l�i�t�y� �a�n�d� �i�n�c�r�e�a�s�e�d� �l�e�v�e�l�s� �o�f� �f�e�e�d�i�n�g�.� 

�T�h�e� �c�h�a�n�g�e� �i�n� �m�e�t�h�o�d�s� �o�f� �s�u�m�p� �w�a�t�e�r� �e�x�c�h�a�n�g�e� �c�o�m�b�i�n�e�d� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� 

�s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �a�n�d� �c�a�l�c�i�u�m� �c�h�l�o�r�i�d�e� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �t�h�e� �m�o�s�t� �i�n�f�l�u�e�n�t�i�a�l� 

�m�a�n�a�g�e�m�e�n�t� �p�r�a�c�t�i�c�e�s� �i�n�s�t�i�t�u�t�e�d� �i�n� �t�h�e� �s�e�c�o�n�d� �t�r�i�a�l�.� �I�n� �T�r�i�a�l� �2�,� �s�u�m�p� �w�a�t�e�r� �w�a�s� 

�e�x�c�h�a�n�g�e�d� �w�h�e�n� �a� �m�i�n�i�m�u�m� �o�f� �3� �k�g� �o�f� �f�e�e�d� �w�a�s� �a�d�m�i�n�i�s�t�e�r�e�d� �t�o� �a� �s�y�s�t�e�m�.� �I�n� �T�r�i�a�l� 

�1�,� �w�a�t�e�r� �e�x�c�h�a�n�g�e� �w�a�s� �n�o�t� �b�a�s�e�d� �o�n� �f�e�e�d� �i�n�p�u�t�,� �b�u�t� �r�a�t�h�e�r� �o�n� �t�h�e� �v�i�s�u�a�l� �a�s�s�e�s�s�m�e�n�t� 

�o�f� �w�a�t�e�r� �q�u�a�l�i�t�y� �d�e�g�r�a�d�a�t�i�o�n�.� �T�h�i�s� �s�u�b�j�e�c�t�i�v�e� �a�n�d� �i�n�c�o�n�s�i�s�t�e�n�t� �m�a�y� �h�a�v�e� �l�e�d� �t�o� �t�h�e� 

�a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �a�n� �i�n�h�i�b�i�t�o�r�y� �l�e�v�e�l� �o�f� �d�i�s�s�o�l�v�e�d� �o�r�g�a�n�i�c� �s�u�b�s�t�a�n�c�e�s�.� �T�h�e� �a�v�e�r�a�g�e� 

�a�m�o�u�n�t� �o�f� �f�e�e�d� �i�n�p�u�t� �i�n�t�o� �e�a�c�h� �s�y�s�t�e�m� �p�e�r� �l�i�t�e�r� �o�f� �w�a�t�e�r� �e�x�c�h�a�n�g�e�d� �w�a�s� �h�i�g�h�e�r� �i�n� 

�t�r�i�a�l� �1� �(�5�.�1� �g�)� �t�h�a�n� �i�n� �t�r�i�a�l� �2� �(�1�.�7� �g�)�.� �O�r�g�a�n�i�c� �l�e�v�e�l�s� �w�e�r�e� �n�o�t� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �f�i�r�s�t� 

�t�r�i�a�l�,� �b�u�t� �t�h�e�y� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� �t�h�e� �c�u�m�u�l�a�t�i�v�e� �a�m�o�u�n�t� �o�f� �f�o�o�d� �i�n� 

�o�t�h�e�r� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �(�H�i�r�a�y�a�m�a� �e�t�.� �a�l�.� �1�9�8�8�)�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �w�a�t�e�r� 

�e�x�c�h�a�n�g�e� �b�e�t�w�e�e�n� �t�r�i�a�l�s� �w�a�s� �n�o�t� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �g�r�o�w�t�h� �r�a�t�e�s�,� �h�o�w�e�v�e�r�,� �t�h�e� �i�n�c�r�e�a�s�e�d� 

�v�o�l�u�m�e� �o�f� �w�a�t�e�r� �e�x�c�h�a�n�g�e�d� �i�n� �T�r�i�a�l� �2� �a�i�d�e�d� �i�n� �s�t�a�b�i�l�i�z�i�n�g� �p�H� �a�n�d� �a�l�k�a�l�i�n�i�t�y�.� 

�O�v�e�r�a�l�l� �a�v�e�r�a�g�e� �w�a�t�e�r� �q�u�a�l�i�t�y� �v�a�l�u�e�s� �w�e�r�e� �c�o�m�p�a�r�a�b�l�e� �i�n� �e�a�c�h� �t�r�i�a�l� �a�n�d� �d�i�d� �n�o�t� 

�r�e�f�l�e�c�t� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �w�a�t�e�r� �e�x�c�h�a�n�g�e� �r�a�t�e�s� �(�T�a�b�l�e� �1�9�)�.� �T�h�e� �a�v�e�r�a�g�e�s� �v�a�l�u�e�s�,� 

�h�o�w�e�v�e�r�,� �d�i�d� �n�o�t� �r�e�f�l�e�c�t� �t�h�e� �s�i�g�n�i�f�i�c�a�n�t� �d�a�i�l�y� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �p�H� �a�n�d� �a�l�k�a�l�i�n�i�t�y� 

�o�b�s�e�r�v�e�d� �d�u�r�i�n�g� �T�r�i�a�l� �1�.� �S�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �(�N�a�H�C�O�,�)� �w�a�s� �a�d�d�e�d� �i�n� �e�a�c�h� �t�r�i�a�l� �t�o� 

�m�a�i�n�t�a�i�n� �d�e�s�i�r�e�d� �l�e�v�e�l�s� �o�f� �p�H� �a�n�d� �a�l�k�a�l�i�n�i�t�y�.� �I�n� �T�r�i�a�l� �1�,� �N�a�H�C�O�,� �w�a�s� �a�d�d�e�d� �w�h�e�n� 

�p�H� �v�a�l�u�e�s� �f�e�l�l� �b�e�l�o�w� �7�.�0�.� �I�n� �T�r�i�a�l� �2�,� �N�a�H�C�O�,� �a�d�d�i�t�i�o�n�s� �w�e�r�e� �b�a�s�e�d� �o�n� �t�h�e� �e�s�t�i�m�a�t�e�d� 

�t�o�t�a�l� �a�m�m�o�n�i�a� �p�r�o�d�u�c�e�d� �a�n�d� �o�n� �t�h�e� �a�m�o�u�n�t� �o�f� �a�l�k�a�l�i�n�i�t�y� �d�e�s�t�r�o�y�e�d� �d�u�r�i�n�g� �t�h�e� 
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�T�a�b�l�e� �1�9�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �a�v�e�r�a�g�e� �w�a�t�e�r� �q�u�a�l�i�t�y� �v�a�l�u�e�s� �a�n�d� �r�a�n�g�e�s� �b�e�t�w�e�e�n� �t�h�e� �f�o�u�r� 
�s�y�s�t�e�m�s� �i�n� �T�r�i�a�l� �1� �a�n�d� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t� �i�n� �T�r�i�a�l� �2�.� 
� � 

� � 

�W�a�t�e�r� �Q�u�a�l�i�t�y� 
�P�a�r�a�m�e�t�e�r� �T�r�i�a�l� �1� �R�a�n�g�e� �T�r�i�a�l� �2� �R�a�n�g�e� 

�T�e�m�p�e�r�a�t�u�r�e� �(�C�)� �2�4�.�2� �=�1�7�.�0�-�2�7�.�4� �2�4�.�7� �2�1�.�6�-�2�8�.�0� 

�p�H� �7�.�3� �6�.�1�-�8�.�5� �7�.�5� �6�.�6�-�8�.�1� 

�T�o�t�a�l� �A�m�m�o�n�i�a� �(�m�g�/�1�)� �1�.�0�9� �0�.�0�5�-�5�.�5�0� �1�.�0�1� �0�.�0�5�-�4�.�9�4� 

�U�n�-�i�o�n�i�z�e�d� �A�m�m�o�n�i�a� �(�m�g�/�1�)� �0�.�0�1�3� �0�.�0�0�1�-�0�.�1�2�3� �0�.�0�1�8� � �0�.�0�0�1�-�0�.�0�8�4� 

�D�i�s�s�o�l�v�e�d� �O�x�y�g�e�n� �(�m�g�/�l�)� �7�.�2� �4�.�6�-�9�.�5� �8�.�1� �5�.�6�-�1�1�.�9� 

�A�l�k�a�l�i�n�i�t�y� �(�m�g�/�1�)� �8�3� �4�-�3�5�1� �1�3�3�.� �4�5�-�2�4�6� 

�N�i�t�r�i�t�e� �(�m�g�/�l�)� �0�.�9�3�2� �0�.�0�2�-�1�6�.�0�0� �1�.�0�5�0� �0�.�0�0�9�-�8�.�0�5�0� 

�N�i�t�r�a�t�e� �(�m�g�/�1�)� �8�9� �=�:� �1�8�.�0�-�1�5�5�.�0� �6�4� �1�1�.�2�-�1�9�1�.�0� 

�H�a�r�d�n�e�s�s� �(�m�g�/�l�)� �3�8�7�.� �~�= ��1�0�1�-�5�7�0� �3�2�0� �=�.� �1�1�7�2�-�5�0�9� 
� � 
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�c�o�n�v�e�r�s�i�o�n� �o�f� �t�o�t�a�l� �a�m�m�o�n�i�a� �t�o� �n�i�t�r�a�t�e�.� �T�h�i�s� �m�e�t�h�o�d�,� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �m�e�t�h�o�d� �u�s�e�d� 

�i�n� �T�r�i�a�l� �1�,� �p�r�o�v�e�d� �t�o� �b�e� �m�o�r�e� �e�f�f�e�c�t�i�v�e� �a�t� �m�a�i�n�t�a�i�n�i�n�g� �p�H� �a�n�d� �a�l�k�a�l�i�n�i�t�y� �w�i�t�h�i�n� 

�d�e�s�i�r�e�d� �r�a�n�g�e�s� �a�n�d� �r�e�d�u�c�e�d� �t�h�e� �f�l�u�c�t�u�a�t�i�o�n� �i�n� �v�a�l�u�e�s� �o�b�s�e�r�v�e�d� �i�n� �T�r�i�a�l� �1� �(�F�i�g�u�r�e�s� �1�5� 

�a�n�d� �1�6�)�.� �A�v�e�r�a�g�e� �a�l�k�a�l�i�n�i�t�y� �v�a�l�u�e�s� �i�n� �T�r�i�a�l� �1� �r�a�n�g�e�d� �f�r�o�m� �4� �m�g�/�]� �t�o� �2�7�4� �m�g�/�l�,� �a�n�d� 

�a�v�e�r�a�g�e� �p�H� �v�a�l�u�e�s� �r�a�n�g�e�d� �f�r�o�m� �6�.�1� �t�o� �8�.�4�.� �I�n� �T�r�i�a�l� �2�,� �a�l�k�a�l�i�n�i�t�y� �n�e�v�e�r� �f�e�l�l� �b�e�l�o�w� �4�5� 

�m�g�/�l�,� �a�n�d� �p�H� �w�a�s� �n�e�v�e�r� �l�o�w�e�r� �t�h�a�n� �6�.�6�.� �T�h�e� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �p�H� �a�n�d� �a�l�k�a�l�i�n�i�t�y� 

�f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �e�f�f�e�c�t�i�n�g� �g�r�o�w�t�h� �c�o�u�l�d� �n�o�t� �b�e� �d�e�t�e�r�m�i�n�e�d�,� �b�u�t� �b�y� �m�a�i�n�t�a�i�n�i�n�g� �a� �s�t�a�b�l�e� 

�c�u�l�t�u�r�e� �e�n�v�i�r�o�n�m�e�n�t� �t�h�e� �b�i�o�l�o�g�i�c�a�l� �i�m�p�a�c�t� �o�n� �t�h�e� �f�i�s�h� �s�h�o�u�l�d� �b�e� �r�e�d�u�c�e�d�.� 

�S�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �w�a�s� �c�h�o�s�e�n� �t�o� �m�a�i�n�t�a�i�n� �p�H� �b�e�c�a�u�s�e� �o�f� �i�t�s� �s�o�l�u�b�i�l�i�t�y� �i�n� �w�a�t�e�r�.� 

�T�h�e� �a�d�d�i�t�i�o�n� �o�f� �N�a�H�C�O�,�,� �h�o�w�e�v�e�r�,� �c�o�n�t�r�i�b�u�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �o�f� �N�a�*� �i�o�n�s� �t�o� 

�t�h�e� �c�u�l�t�u�r�e� �w�a�t�e�r�.� �I�n� �T�r�i�a�l� �2�,� �c�a�l�c�i�u�m� �c�h�l�o�r�i�d�e� �w�a�s� �a�d�d�e�d� �t�o� �m�a�i�n�t�a�i�n� �a�n� 

�a�p�p�r�o�x�i�m�a�t�e� �b�a�l�a�n�c�e� �o�f� �s�o�d�i�u�m� �a�n�d� �c�h�l�o�r�i�d�e� �i�o�n�s�;� �a� �p�r�a�c�t�i�c�e� �n�o�t� �c�o�n�s�i�d�e�r�e�d� �d�u�r�i�n�g� 

�t�h�e� �f�i�r�s�t� �t�r�i�a�l�.� �A�n�a�l�y�s�e�s� �o�f� �i�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �T�r�i�a�l� �2� �r�e�v�e�a�l�e�d� �a�n� �a�v�e�r�a�g�e� �r�a�t�i�o� �o�f� 

�1�.�7�6� �m�o�l�e� �N�a�*�:� �1� �m�o�l�e� �C�l�,� �w�h�i�c�h� �d�i�d� �n�o�t� �a�p�p�r�o�a�c�h� �t�h�e� �1� �t�o� �1� �r�a�t�i�o� �e�x�p�e�c�t�e�d�.� �I�o�n�s� 

�w�e�r�e� �m�e�a�s�u�r�e�d� �o�n�l�y� �t�w�i�c�e� �i�n� �T�r�i�a�l� �1�,� �w�h�e�n� �w�a�t�e�r� �s�a�m�p�l�e�s� �f�r�o�m� �t�a�n�k�s� �e�x�p�e�r�i�e�n�c�i�n�g� 

�s�e�v�e�r�e� �m�o�r�t�a�l�i�t�i�e�s� �w�e�r�e� �s�e�n�t� �f�o�r� �l�a�b�o�r�a�t�o�r�y� �a�n�a�l�y�s�i�s�.� �T�h�e� �r�a�t�i�o�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e�s�e� 

�a�n�a�l�y�s�e�s� �w�e�r�e� �a�c�t�u�a�l�l�y� �n�e�a�r�e�r� �t�o� �t�h�e� �d�e�s�i�r�e�d� �r�a�t�i�o�,� �a�v�e�r�a�g�i�n�g� �1�.�1�2� �m�o�l�e�s� �N�a�*�:� �1� �m�o�l�e� 

�C�l�.� �I�f� �a�n�a�l�y�s�e�s� �f�r�o�m� �b�o�t�h� �t�r�i�a�l�s� �a�r�e� �a�c�c�u�r�a�t�e�,� �t�h�e� �o�n�l�y� �e�x�p�l�a�n�a�t�i�o�n� �t�o� �t�h�e� �i�m�p�r�o�v�e�d� 

�r�a�t�i�o� �i�n� �t�h�e� �f�i�r�s�t� �t�r�i�a�l� �i�s� �t�h�a�t� �t�h�e� �s�a�l�t� �t�r�e�a�t�m�e�n�t�s� �a�d�m�i�n�i�s�t�e�r�e�d� �d�u�r�i�n�g� �t�h�e� �t�r�i�a�l� 
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�i�n� �t�h�e� �f�i�r�s�t� �t�r�i�a�l�.� 

�T�h�e� �c�h�a�n�g�e� �i�n� �f�e�e�d�i�n�g� �m�e�t�h�o�d�s� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n� �t�h�e� �s�e�c�o�n�d� �t�r�i�a�l� �a�l�s�o� �w�a�s� 

�i�m�p�o�r�t�a�n�t� �i�n� �s�t�a�b�i�l�i�z�i�n�g� �w�a�t�e�r� �q�u�a�l�i�t�y� �a�n�d� �i�m�p�r�o�v�i�n�g� �g�r�o�w�t�h�.� �F�e�e�d�i�n�g� �r�a�t�e�s� �i�n� �T�r�i�a�l� 

�1� �w�e�r�e� �b�a�s�e�d� �o�n� �b�i�o�f�i�l�t�e�r� �p�e�r�f�o�r�m�a�n�c�e� �a�n�d� �w�a�t�e�r� �q�u�a�l�i�t�y�.� �A�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� 

�t�r�i�a�l�,� �f�e�e�d�i�n�g� �r�a�t�e�s� �w�e�r�e� �l�i�m�i�t�e�d� �d�u�e� �t�o� �t�h�e� �s�t�a�r�t�-�u�p� �t�i�m�e� �r�e�q�u�i�r�e�d� �o�f� �t�h�e� �n�e�w� 

�b�i�o�f�i�l�t�e�r�s�.� �P�e�r�i�o�d�s� �o�f� �h�i�g�h� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�e�r�e� �o�b�s�e�r�v�e�d�,� �a�n�d� �b�e�c�a�u�s�e� �o�f� 

�t�h�i�s�,� �f�e�e�d� �i�n�p�u�t� �w�a�s� �r�e�s�t�r�i�c�t�e�d� �w�h�i�c�h� �i�n� �t�u�r�n� �l�i�m�i�t�e�d� �g�r�o�w�t�h�.� �T�h�e� �s�a�m�e� �b�i�o�f�i�l�t�e�r�s� �w�e�r�e� 

�u�t�i�l�i�z�e�d� �i�n� �t�h�e� �s�e�c�o�n�d� �t�r�i�a�l�,� �a�n�d� �a�f�t�e�r� �o�n�e� �y�e�a�r� �i�n� �o�p�e�r�a�t�i�o�n� �w�e�r�e� �w�e�l�l� �e�s�t�a�b�l�i�s�h�e�d� �w�i�t�h� 

�n�i�t�r�i�f�y�i�n�g� �b�a�c�t�e�r�i�a� �a�t� �t�h�e� �s�t�a�r�t� �o�f� �t�h�e� �s�t�u�d�y�.� �T�h�i�s� �p�e�r�m�i�t�t�e�d� �a� �h�i�g�h�e�r� �i�n�i�t�i�a�l� �f�e�e�d�i�n�g� 

�r�a�t�e� �t�h�a�n� �w�a�s� �p�o�s�s�i�b�l�e� �i�n� �t�h�e� �f�i�r�s�t� �t�r�i�a�l�.� �I�n� �T�r�i�a�l� �2�,� �f�e�e�d� �w�a�s� �a�d�m�i�n�i�s�t�e�r�e�d� �o�n� �a� 

�p�e�r�c�e�n�t� �b�o�d�y� �w�e�i�g�h�t� �b�a�s�i�s� �a�n�d� �f�e�e�d� �r�a�t�e�s� �w�e�r�e� �a�d�j�u�s�t�e�d� �w�e�e�k�l�y�.� �B�y� �a�d�j�u�s�t�i�n�g� �f�e�e�d� 

�l�e�v�e�l�s� �i�n� �i�n�c�r�e�m�e�n�t�s�,� �t�h�e� �b�i�o�f�i�l�t�e�r�s� �w�e�r�e� �a�b�l�e� �t�o� �g�r�a�d�u�a�l�l�y� �a�d�j�u�s�t� �t�o� �i�n�c�r�e�a�s�e�d� 

�a�m�m�o�n�i�a� �l�o�a�d�s�,� �a�n�d� �a�m�m�o�n�i�a� �a�n�d� �n�i�t�r�i�t�e� �f�l�u�c�t�u�a�t�i�o�n�s� �w�e�r�e� �m�i�n�i�m�i�z�e�d�.� �T�h�e� 

�i�n�c�r�e�m�e�n�t�a�l� �a�d�j�u�s�t�m�e�n�t�s� �a�l�s�o� �a�l�l�o�w�e�d� �a� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�a�r�g�e�r� �a�m�o�u�n�t� �o�f� �f�e�e�d� �t�o� �b�e� 

�a�d�m�i�n�i�s�t�e�r�e�d� �o�v�e�r� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�e� �s�t�u�d�y� �(�F�i�g�u�r�e� �1�7�)�.� �I�n� �T�r�i�a�l� �2�,� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�y� 

�t�r�e�a�t�m�e�n�t�s� �c�o�n�s�u�m�e�d� �a�n� �a�v�e�r�a�g�e� �o�f� �9�0�9� �k�g� �o�f� �f�e�e�d� �o�v�e�r� �t�h�e� �e�n�t�i�r�e� �p�e�r�i�o�d�,� �a�s� 

�c�o�m�p�a�r�e�d� �t�o� �a�n� �a�v�e�r�a�g�e� �o�f� �o�n�l�y� �5�7�2� �k�g� �f�e�d� �t�o� �t�h�e� �f�o�u�r� �s�y�s�t�e�m�s� �i�n� �T�r�i�a�l� �1�.� 

�T�h�e� �a�b�i�l�i�t�y� �t�o� �m�a�i�n�t�a�i�n� �h�i�g�h� �r�a�t�e�s� �o�f� �f�e�e�d�i�n�g� �i�n� �t�h�e� �s�e�c�o�n�d� �t�r�i�a�l� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� 

�i�m�p�r�o�v�e�d� �g�r�o�w�t�h�.� �A�l�l� �o�f� �t�h�e� �c�h�a�n�g�e�s� �i�n� �m�a�n�a�g�e�m�e�n�t� �d�e�s�c�r�i�b�e�d� �c�o�n�t�r�i�b�u�t�e�d� �t�o� �t�h�e� 

�s�u�s�t�a�i�n�e�d� �f�e�e�d�i�n�g� �r�a�t�e�s� �a�n�d� �c�o�n�s�e�q�u�e�n�t�l�y� �t�o� �g�r�o�w�t�h�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �T�r�i�a�l� �2� 

�c�o�n�c�l�u�s�i�v�e�l�y� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �w�e�l�l� �p�l�a�n�n�e�d� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m� 

�9�2



� � �2�0�0� 
� � 

�T�r�i�a�l� �1� �T�r�i�a�l� �2� �e�c�w� �c�o�r�c�e�n�e�s�:� 

� � � � � � � � �1�7�5� �-� 

�1�5�0� �4� 

�1�2�5� �-� 

�F
�e

�e
�d

� �(�k
�g�

)� 

� � 

� � � � 
� � �0� �7�4� �|� �l� �|� �|�  �� �a� �J� 

�2�8� �5�6� �8�4� �1�1�2� �1�4�0� �1�6�8� �1�9�6� �2�2�4� 
�G�r�o�w�t�h� �P�e�r�i�o�d� �(�d�a�y�s�)� 

�F�i�g�u�r�e� �1�7�.� �A�v�e�r�a�g�e� �a�m�o�u�n�t� �o�f� �f�e�e�d� �c�o�n�s�u�m�e�d� �o�v�e�r� �e�a�c�h� �2�8� �d�a�y� �p�e�r�i�o�d� �i�n� �e�a�c�h� 
�t�r�i�a�l�.� 
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�m�a�n�a�g�e�m�e�n�t�.� �B�y� �t�a�k�i�n�g� �a�d�v�a�n�t�a�g�e� �o�f� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�t�r�o�l� �p�r�o�v�i�d�e�d� �b�y� 

�r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s�,� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �c�a�n� �b�e� �s�u�c�c�e�s�s�f�u�l�l�y� �c�u�l�t�u�r�e�d� �a�t� �h�i�g�h� 

�d�e�n�s�i�t�i�e�s�.� 
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�C�H�A�P�T�E�R� �V� 

�C�O�N�C�L�U�S�I�O�N�S� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �s�e�c�o�n�d� �t�r�i�a�l� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �h�a�v�e� 

�e�x�c�e�l�l�e�n�t� �p�o�t�e�n�t�i�a�l� �f�o�r� �p�r�o�d�u�c�t�i�o�n� �i�n� �r�e�c�i�r�c�u�l�a�t�i�n�g� �a�q�u�a�c�u�l�t�u�r�e� �s�y�s�t�e�m�s� �(�R�A�S�)�.� 

�H�y�b�r�i�d�s� �g�r�e�w� �f�r�o�m� �f�i�n�g�e�r�l�i�n�g� �t�o� �m�a�r�k�e�t� �s�i�z�e� �(�4�5�4� �g�)� �i�n� �R�A�S� �i�n� �l�e�s�s� �t�h�a�n� �2�2�4� �d�a�y�s� �a�t� 

�d�e�n�s�i�t�i�e�s� �o�f� �3�6� �a�n�d� �7�2� �f�i�s�h�/�m�?�.� �T�h�e� �l�o�w�e�s�t� �d�e�n�s�i�t�i�e�s� �e�x�a�m�i�n�e�d� �(�3�6� �f�i�s�h�/�m�*�)� �e�x�h�i�b�i�t�e�d� 

�t�h�e� �f�a�s�t�e�s�t� �g�r�o�w�t�h� �r�a�t�e�s�,� �b�u�t� �a�l�s�o� �h�a�d� �t�h�e� �l�o�w�e�s�t� �t�o�t�a�l� �b�i�o�m�a�s�s� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�t�u�d�y�.� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �h�i�g�h� �c�o�s�t�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s�,� �d�e�n�s�i�t�i�e�s� �m�u�s�t� �b�e� 

�o�p�t�i�m�i�z�e�d� �t�o� �m�a�i�n�t�a�i�n� �m�a�x�i�m�u�m� �p�r�o�d�u�c�t�i�o�n� �r�a�t�e�s�.� �T�h�e� �h�i�g�h� �d�e�n�s�i�t�y� �t�r�e�a�t�m�e�n�t�s� �(�1�4�4� 

�f�i�s�h�/�m�°�)� �e�x�h�i�b�i�t�e�d� �t�h�e� �s�l�o�w�e�s�t� �g�r�o�w�t�h� �r�a�t�e�s� �a�n�d� �d�i�d� �n�o�t� �r�e�a�c�h� �m�a�r�k�e�t� �s�i�z�e� �w�i�t�h�i�n� �t�h�e� 

�s�t�u�d�y� �p�e�r�i�o�d�.� �H�o�w�e�v�e�r�,� �t�h�e� �h�i�g�h�e�s�t� �t�o�t�a�l� �b�i�o�m�a�s�s� �w�a�s� �a�t�t�a�i�n�e�d� �a�t� �t�h�i�s� �d�e�n�s�i�t�y�.� �A�t� �l�o�w� 

�d�e�n�s�i�t�i�e�s�,� �R�A�S� �p�r�o�d�u�c�t�i�o�n� �m�a�y� �n�o�t� �b�e� �e�c�o�n�o�m�i�c�a�l�l�y� �f�e�a�s�i�b�l�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �h�i�g�h�e�s�t� 

�d�e�n�s�i�t�i�e�s� �e�x�a�m�i�n�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �m�a�y� �w�e�l�l� �b�e� �e�c�o�n�o�m�i�c�a�l�.� �B�e�c�a�u�s�e� �t�h�e� �h�i�g�h� �d�e�n�s�i�t�i�e�s� 

�w�e�r�e� �n�e�a�r� �m�a�r�k�e�t� �s�i�z�e� �(�4�1�2�.�1� �g�)� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�t�u�d�y�,� �i�t� �i�s� �f�e�l�t� �t�h�a�t� �a� �d�e�n�s�i�t�y� 

�b�e�t�w�e�e�n� �7�2� �a�n�d� �1�4�4� �f�i�s�h�/�m�*� �c�o�u�l�d� �r�e�a�c�h� �m�a�r�k�e�t� �s�i�z�e� �a�n�d� �h�e�n�c�e� �m�a�x�i�m�i�z�e� �p�r�o�d�u�c�t�i�o�n� 

�i�n� �t�h�e� �s�a�m�e� �t�i�m�e� �p�e�r�i�o�d�.� 

�G�r�o�w�t�h� �a�n�d� �s�u�r�v�i�v�a�l� �o�f� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �w�a�s� �e�n�h�a�n�c�e�d� �i�n� �T�r�i�a�l� �2� �t�h�r�o�u�g�h� �w�e�l�l� 

�p�l�a�n�n�e�d� �m�a�n�a�g�e�m�e�n�t� �o�f� �t�h�e� �r�e�c�i�r�c�u�l�a�t�i�n�g� �a�q�u�a�c�u�l�t�u�r�e� �s�y�s�t�e�m�s�.� �T�h�e� �b�i�o�f�i�l�t�e�r�s� �i�n� �b�o�t�h� 

�t�r�i�a�l�s� �m�a�i�n�t�a�i�n�e�d� �a�m�m�o�n�i�a� �a�n�d� �n�i�t�r�i�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�i�t�h�i�n� �a�c�c�e�p�t�a�b�l�e� �l�i�m�i�t�s� �f�o�r� 
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�h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �r�e�c�i�r�c�u�l�a�t�i�n�g� 

�s�y�s�t�e�m� �a�l�o�n�e� �t�o� �m�a�i�n�t�a�i�n� �w�a�t�e�r� �q�u�a�l�i�t�y� �w�i�t�h�i�n� �a�c�c�e�p�t�a�b�l�e� �r�a�n�g�e�s� �w�a�s� �l�i�m�i�t�e�d�.� �T�h�e� 

�m�o�s�t� �s�i�g�n�i�f�i�c�a�n�t� �o�u�t�c�o�m�e� �o�f� �t�r�i�a�l� �1� �w�a�s� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �m�a�n�a�g�e�m�e�n�t� �g�u�i�d�e�l�i�n�e�s� 

�f�o�r� �t�h�e� �p�i�l�o�t�-�s�c�a�l�e� �s�y�s�t�e�m�s�.� �M�a�n�a�g�e�m�e�n�t� �g�u�i�d�e�l�i�n�e�s� �r�e�q�u�i�r�e�d� �f�o�r� �R�A�S� �i�n�c�l�u�d�e�:� �1�)� 

�i�n�t�e�n�s�i�v�e� �m�o�n�i�t�o�r�i�n�g� �o�f� �w�a�t�e�r� �q�u�a�l�i�t�y�,� �2�)� �m�a�i�n�t�a�i�n�i�n�g� �p�H� �a�t� �o�p�t�i�m�a�l� �l�e�v�e�l�s� �f�o�r� �t�h�e� 

�c�u�l�t�u�r�e�d� �o�r�g�a�n�i�s�m�,� �3�)� �c�a�r�e�f�u�l� �m�o�n�i�t�o�r�i�n�g� �o�f� �f�e�e�d� �i�n�p�u�t�,� �4�)� �w�a�t�e�r� �e�x�c�h�a�n�g�e� �o�n� �a� 

�c�o�n�s�i�s�t�e�n�t� �b�a�s�i�s�,� �a�n�d� �5�)� �p�r�e�v�e�n�t�i�o�n� �o�f� �d�i�s�e�a�s�e� �o�r�g�a�n�i�s�m�s� �f�r�o�m� �e�n�t�e�r�i�n�g� �o�r� �p�r�o�l�i�f�e�r�a�t�i�n�g� 

�i�n� �t�h�e� �s�y�s�t�e�m�.� 

�T�h�e� �i�n�t�e�n�s�i�v�e� �m�o�n�i�t�o�r�i�n�g� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �w�a�t�e�r� �q�u�a�l�i�t�y� �b�e�c�a�m�e� �m�o�r�e� 

�i�m�p�o�r�t�a�n�t� �a�s� �d�e�n�s�i�t�i�e�s� �i�n�c�r�e�a�s�e�d�.� �I�n�c�r�e�a�s�e�d� �l�e�v�e�l�s� �o�f� �f�e�e�d� �i�n�p�u�t� �a�t� �t�h�e� �h�i�g�h�e�s�t� 

�d�e�n�s�i�t�i�e�s� �r�e�s�u�l�t�e�d� �i�n� �a�n� �e�s�c�a�l�a�t�e�d� �r�a�t�e� �o�f� �w�a�t�e�r� �q�u�a�l�i�t�y� �d�e�g�r�a�d�a�t�i�o�n�.� �T�h�e� �c�h�e�m�i�c�a�l� 

�a�n�d� �b�i�o�l�o�g�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �c�u�l�t�u�r�e� �w�a�t�e�r� �i�n� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �a�r�e� 

�c�o�m�p�l�e�x� �a�n�d� �n�o�t� �f�u�l�l�y� �u�n�d�e�r�s�t�o�o�d�.� �T�h�e� �u�n�u�s�u�a�l� �m�o�r�t�a�l�i�t�i�e�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �f�i�r�s�t� �t�r�i�a�l� 

�e�m�p�h�a�s�i�z�e�s� �t�h�i�s� �c�o�m�p�l�e�x�i�t�y�.� �M�o�n�i�t�o�r�i�n�g� �t�h�e� �n�i�n�e� �w�a�t�e�r� �q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �d�u�r�i�n�g� 

�e�a�c�h� �s�t�u�d�y� �w�a�s� �i�m�p�o�r�t�a�n�t� �i�n� �a�s�s�e�s�s�i�n�g� �t�h�e� �h�e�a�l�t�h� �o�f� �t�h�e� �f�i�s�h�,� �b�u�t� �t�h�e� �l�a�c�k� �o�f� 

�c�o�r�r�e�l�a�t�i�o�n� �o�f� �t�h�e�s�e� �p�a�r�a�m�e�t�e�r�s� �t�o� �g�r�o�w�t�h� �a�n�d� �s�u�r�v�i�v�a�l� �r�a�t�e�s� �r�e�f�l�e�c�t�e�d� �a� �n�e�e�d� �f�o�r� �a� 

�m�o�r�e� �i�n� �d�e�p�t�h� �a�n�a�l�y�s�i�s�.� �A�d�d�i�t�i�o�n�a�l� �w�a�t�e�r� �q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �m�e�a�s�u�r�e�d� �b�y� �E�a�s�t�e�r� 

�(�1�9�9�2�)�,� �s�u�c�h� �a�s� �d�i�s�s�o�l�v�e�d� �o�r�g�a�n�i�c�s� �a�n�d� �B�O�D�,� �m�a�y� �p�r�o�v�e� �t�o� �b�e� �a�n� �i�m�p�o�r�t�a�n�t� �p�a�r�t� �o�f� 

�r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m� �m�a�n�a�g�e�m�e�n�t�.� 

�W�i�t�h� �i�n�t�e�n�s�i�v�e� �m�a�n�a�g�e�m�e�n�t� �a�p�p�l�i�e�d�,� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �c�a�n� �b�e� �s�u�c�c�e�s�s�f�u�l�l�y� 

�c�u�l�t�u�r�e�d� �a�t� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �d�e�n�s�i�t�i�e�s� �i�n� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s�.� �B�e�c�a�u�s�e� �o�f� �t�h�e� �r�e�l�a�t�i�v�e�l�y� 
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�l�a�r�g�e� �s�i�z�e� �o�f� �t�h�e� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �s�h�o�u�l�d� 

�b�e� �d�i�r�e�c�t�l�y� �a�p�p�l�i�c�a�b�l�e� �t�o� �c�o�m�m�e�r�c�i�a�l�-�s�c�a�l�e� �p�r�o�d�u�c�t�i�o�n�.� �T�h�e� �h�i�g�h� �c�o�s�t� �a�n�d� �l�i�m�i�t�e�d� 

�k�n�o�w�l�e�d�g�e� �o�f� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m� �p�e�r�f�o�r�m�a�n�c�e� �h�a�s� �p�r�o�l�o�n�g�e�d� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� 

�c�o�m�m�e�r�c�i�a�l� �p�r�o�d�u�c�t�i�o�n�.� �W�i�t�h� �i�n�c�r�e�a�s�i�n�g� �k�n�o�w�l�e�d�g�e� �a�n�d� �t�h�e� �a�b�i�l�i�t�y� �t�o� �r�e�d�u�c�e� �w�a�t�e�r� 

�u�s�e�,� �t�o� �c�o�n�t�r�o�l� �e�n�v�i�r�o�n�m�e�n�t�a�l� �p�a�r�a�m�e�t�e�r�s� �a�n�d� �t�o� �a�t�t�a�i�n� �y�e�a�r�-�r�o�u�n�d� �p�r�o�d�u�c�t�i�o�n� 

�s�c�h�e�d�u�l�e�s�,� �t�h�e� �b�e�n�e�f�i�t�s� �o�f� �R�A�S� �m�a�y� �s�o�o�n� �o�u�t�w�e�i�g�h� �t�h�e� �c�o�s�t�s�,� �m�a�k�i�n�g� �r�e�c�i�r�c�u�l�a�t�i�n�g� 

�a�q�u�a�c�u�l�t�u�r�e� �s�y�s�t�e�m�s� �e�c�o�n�o�m�i�c�a�l�l�y� �j�u�s�t�i�f�i�a�b�l�e�.� 
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�L�I�T�E�R�A�T�U�R�E� �C�I�T�E�D� 

�A�n�d�e�r�s�o�n�,� �R�.�O�.�,� �a�n�d� �S�.�J�.� �G�u�t�r�e�u�t�e�r�.� �1�9�8�3�.� �L�e�n�g�t�h�,� �w�e�i�g�h�t�,� �a�n�d� �a�s�s�o�c�i�a�t�e�d� �s�t�r�u�c�t�u�r�a�l� 
�i�n�d�i�c�e�s�.� �P�a�g�e�s� �2�8�3�-�3�0�0� �i�n� �L�.�A�.� �N�i�e�l�s�e�n� �a�n�d� �D�.�L�.� �J�o�h�n�s�o�n�,� �e�d�s�.� �F�i�s�h�e�r�i�e�s� 
�T�e�c�h�n�i�q�u�e�s�.� �A�m�e�r�i�c�a�n� �F�i�s�h�e�r�i�e�s� �S�o�c�i�e�t�y�,� �B�e�t�h�e�s�d�a�,� �M�D�.� 

�A�n�t�o�n�i�e�,� �R�.�L�.� �1�9�7�6�.� �F�i�x�e�d� �b�i�o�l�o�g�i�c�a�l� �s�u�r�f�a�c�e�s�-�w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �T�h�e� �r�o�t�a�t�i�n�g� 
�b�i�o�l�o�g�i�c�a�l� �c�o�n�t�a�c�t�o�r�.� �C�R�C� �P�r�e�s�s� �I�n�c�.�,� �C�l�e�v�e�l�a�n�d�,� �O�h�i�o�.� 

�A�r�m�s�t�r�o�n�g�,� �D�.�A�.�,� �D�.� �C�h�i�p�p�e�n�d�a�l�e�,� �A�.�W�.� �K�n�i�g�h�t�,� �a�n�d� �J�.�E�.� �C�o�l�t�.� �1�9�7�8�.� �I�n�t�e�r�a�c�t�i�o�n� �o�f� 
�i�o�n�i�z�e�d� �a�n�d� �u�n�-�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �o�n� �s�h�o�r�t�-�t�e�r�m� �s�u�r�v�i�v�a�l� �a�n�d� �g�r�o�w�t�h� �o�f� �p�r�a�w�n� 
�l�a�r�v�a�e�,� �M�a�c�h�r�o�b�r�a�c�h�i�u�m� �r�o�s�e�n�b�e�r�g�i�i�.� �B�i�o�l�o�g�y� �B�u�l�l�e�t�i�n� �1�5�4�(�1�)�:�1�5�-�3�1�.� 

�B�a�l�d�e�r�s�t�o�n�,� �W�.�L�.�,� �a�n�d� �J�.�M�.� �S�e�i�b�u�r�t�h�.� �1�9�7�6�.� �N�i�t�r�a�t�e� �r�e�m�o�v�a�l� �i�n� �c�l�o�s�e�d�-�s�y�s�t�e�m� 
�a�q�u�a�c�u�l�t�u�r�e� �b�y� �c�o�l�u�m�n�a�r� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n�.� �A�p�p�l�i�e�d� �E�n�v�i�r�o�n�m�e�n�t�a�l� �M�i�c�r�o�b�i�o�l�o�g�y� 
�1�9�7�6�:�8�0�8�-�8�1�8�.� 

�B�a�y�l�e�s�s�,� �J�.�D�.� �1�9�7�2�.� �A�r�t�i�f�i�c�i�a�l� �p�r�o�p�a�g�a�t�i�o�n� �a�n�d� �h�y�b�r�i�d�i�z�a�t�i�o�n� �o�f� �s�t�r�i�p�e�d� �b�a�s�s�,� �M�o�r�o�n�e� 
�s�a�x�a�t�i�l�i�s� �(�W�a�l�b�a�u�m�)�.� �S�o�u�t�h� �C�a�r�o�l�i�n�a� �W�i�l�d�l�i�f�e� �a�n�d� �M�a�r�i�n�e� �R�e�s�o�u�r�c�e�s� �D�e�p�a�r�t�m�e�n�t�,� 
�C�o�l�u�m�b�i�a�,� �S�C�.� 

�B�i�s�h�o�p�,� �R�.�D�.� �1�9�6�8�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �s�t�r�i�p�e�d� �b�a�s�s� �(�R�o�c�c�u�s� �s�a�x�a�t�i�l�i�s�)� �a�n�d� �w�h�i�t�e� �b�a�s�s� 
�(�R�.� �c�h�r�y�s�o�p�s�)� �h�y�b�r�i�d�s� �a�f�t�e�r� �t�w�o� �y�e�a�r�s�.� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �A�n�n�u�a�l� �C�o�n�f�e�r�e�n�c�e� 
�S�o�u�t�h�e�a�s�t�e�r�n� �A�s�s�o�c�i�a�t�i�o�n� �o�f� �G�a�m�e� �a�n�d� �F�i�s�h� �C�o�m�m�i�s�s�i�o�n�e�r�s� �2�1�:�2�4�5�-�2�5�4�.�,� 

�B�i�s�o�g�n�i�,� �J�.�J�.�,� �J�r�.�,� �a�n�d� �M�.�B�.� �T�i�m�m�o�n�s�.� �1�9�9�1�.� �C�o�n�t�r�o�l� �o�f� �p�H� �i�n� �c�l�o�s�e�d� �c�y�c�l�e� �a�q�u�a�c�u�l�t�u�r�e� 
�s�y�s�t�e�m�s�.� �P�a�g�e�s� �3�3�3�-�3�2�8� �i�n� �E�n�g�i�n�e�e�r�i�n�g� �a�s�p�e�c�t�s� �o�f� �i�n�t�e�n�s�i�v�e� �a�q�u�a�c�u�l�t�u�r�e�.� 

�P�r�o�c�e�e�d�i�n�g�s� �f�r�o�m� �t�h�e� �a�q�u�a�c�u�l�t�u�r�e� �s�y�m�p�o�s�i�u�m�.� �C�o�r�n�e�l�l� �U�n�i�v�e�r�s�i�t�y�,� �I�t�h�a�c�a�,� �N�e�w� 
�Y�o�r�k�.� 

�B�o�n�n�,� �E�.�W�.�,� �W�.�M�.� �B�a�i�l�e�y�,� �J�.�D�.� �B�a�y�l�e�s�s�,� �K�.�E�.� �E�r�i�c�k�s�o�n�,� �a�n�d� �R�.�E�.� �S�t�e�v�e�n�s�,� �e�d�i�t�o�r�s�.� 
�1�9�7�6�.� �G�u�i�d�e�l�i�n�e�s� �f�o�r� �s�t�r�i�p�e�d� �b�a�s�s� �c�u�l�t�u�r�e�.� �S�t�r�i�p�e�d� �B�a�s�s� �C�o�m�m�i�t�t�e�e�,� �S�o�u�t�h�e�r�n� 
�D�i�v�i�s�i�o�n�,� �A�m�e�r�i�c�a�n� �F�i�s�h�e�r�i�e�s� �S�o�c�i�e�t�y�,� �B�e�t�h�e�s�d�a�,� �M�D�.� 

�B�r�o�u�s�s�a�r�d�,� �M�.�C�.�,� �a�n�d� �B�.�A�.� �S�i�m�c�o�.� �1�9�7�6�.� �H�i�g�h� �d�e�n�s�i�t�y� �c�u�l�t�u�r�e� �o�f� �c�h�a�n�n�e�l� �c�a�t�f�i�s�h� �i�n� �a� 
�r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�.� �T�h�e� �P�r�o�g�r�e�s�s�i�v�e� �F�i�s�h�-�C�u�l�t�u�r�i�s�t� �3�8�:�1�3�8�-�1�4�1�.� 

�B�r�o�w�n�,� �M�.�L�.�,� �a�n�d� �B�.�R�.� �M�u�r�p�h�y�.� �I�n� �p�r�e�s�s�.� �S�t�a�n�d�a�r�d� �w�e�i�g�h�t� �(�W�,�)� �d�e�v�e�l�o�p�m�e�n�t� �f�o�r� 
�s�t�r�i�p�e�d� �b�a�s�s�,� �w�h�i�t�e� �b�a�s�s�,� �a�n�d� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s�.� �N�o�r�t�h� �A�m�e�r�i�c�a�n� �J�o�u�r�n�a�l� �o�f� 
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�F�i�s�h�e�r�i�e�s� �M�a�n�a�g�e�m�e�n�t�.� 

�B�r�u�i�n�,� �W�.�,� �J�.�W�.� �N�i�g�h�t�i�n�g�a�l�e�,� �L�.� �M�u�m�a�w�,� �a�n�d� �D�.� �L�e�o�n�a�r�d�.� �1�9�8�1�.� �P�r�e�l�i�m�i�n�a�r�y� �r�e�s�u�l�t�s� 
�a�n�d� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a� �f�o�r� �a�n� �o�n�-�l�i�n�e� �z�e�o�l�i�t�e� �a�m�m�o�n�i�a� �r�e�m�o�v�a�l� �f�i�l�t�e�r� �i�n� �a� �s�e�m�i�-� 
�c�l�o�s�e�d� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�.� �P�a�g�e�s� �9�2�-�9�6� �i�n� �L�.�J�.� �A�l�l�e�n� �a�n�d� �E�.�C�.� �K�i�n�n�e�y�,� �e�d�i�t�o�r�s�.� 
�P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �b�i�o�-�e�n�g�i�n�e�e�r�i�n�g� �s�y�m�p�o�s�i�u�m� �f�o�r� �f�i�s�h� �c�u�l�t�u�r�e�.� �F�i�s�h� �C�u�l�t�u�r�e� 
�S�e�c�t�i�o�n�,� �A�m�e�r�i�c�a�n� �F�i�s�h�e�r�i�e�s� �S�o�c�i�e�t�y�,� �,� �B�e�t�h�e�s�d�a�,� �M�D�.� 

�B�r�u�n�e�,� �D�.�E�.�,� �a�n�d� �D�.�C�.� �G�u�n�t�h�e�r�.� �1�9�8�1�.� �T�h�e� �d�e�s�i�g�n� �o�f� �a� �h�i�g�h� �r�a�t�e� �n�i�t�r�i�f�i�c�a�t�i�o�n� �f�i�l�t�e�r� �f�o�r� 
�a�q�u�a�c�u�l�t�u�r�e� �w�a�t�e�r� �r�e�u�s�e�.� �J�o�u�r�n�a�l� �o�f� �t�h�e� �W�o�r�l�d� �M�a�r�i�c�u�l�t�u�r�e� �S�o�c�i�e�t�y� �1�2�(�1�)�:�2�0�-�3�1�.� 

�B�u�r�r�o�w�s�,� �R�.�E�.�,� �a�n�d� �B�.�D�.� �C�o�m�b�s�.� �1�9�6�8�.� �C�o�n�t�r�o�l�l�e�d� �e�n�v�i�r�o�n�m�e�n�t�s� �f�o�r� �s�a�l�m�o�n� 
�p�r�o�p�a�g�a�t�i�o�n�.� �T�h�e� �P�r�o�g�r�e�s�s�i�v�e� �F�i�s�h�-�C�u�l�t�u�r�i�s�t� �3�0�:�1�2�3�-�1�3�6�.� 

�C�a�r�m�i�g�n�a�n�i�,� �G�.�M�.�,� �a�n�d� �J�.�P�.� �B�e�n�n�e�t�t�.� �1�9�7�7�.� �R�a�p�i�d� �s�t�a�r�t�-�u�p� �o�f� �a� �b�i�o�l�o�g�i�c�a�l� �f�i�l�t�e�r� �i�n� �a� 
�c�l�o�s�e�d� �a�q�u�a�c�u�l�t�u�r�e� �s�y�s�t�e�m�.� �A�q�u�a�c�u�l�t�u�r�e� �1�1�:�8�5�-�8�8�.� 

�C�o�l�l�i�n�s�,� �M�.�T�.�,� �J�.�B�.� �G�r�a�t�z�e�k�,� �E�.�B�.� �S�h�o�t�t�s�,� �J�r�.�,� �D�.�L�.� �D�a�w�e�,� �L�.�M�.� �C�a�m�p�b�e�l�l�,� �a�n�d� �D�.�R�.� 
�S�e�n�n�.� �1�9�7�5�.� �N�i�t�r�i�f�i�c�a�t�i�o�n� �i�n� �a�n� �a�q�u�a�t�i�c� �r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m�.� �J�o�u�r�n�a�l� �o�f� �t�h�e� 
�F�i�s�h�e�r�i�e�s� �R�e�s�e�a�r�c�h� �B�o�a�r�d� �o�f� �C�a�n�a�d�a� �3�2�:�2�0�2�5�-�2�0�3�1�.� 

�C�o�l�l�i�n�s�,� �C�.�M�.�,� �G�.�L�.� �B�u�r�t�o�n�,� �a�n�d� �R�.�L�.� �S�c�h�w�e�i�n�f�o�r�t�h�.� �1�9�8�4�.� �H�i�g�h� �d�e�n�s�i�t�y� �c�u�l�t�u�r�e� �o�f� 
�w�h�i�t�e� �b�a�s�s� �X� �s�t�r�i�p�e�d� �b�a�s�s� �f�i�n�g�e�r�l�i�n�g�s� �i�n� �r�a�c�e�w�a�y�s� �u�s�i�n�g� �p�o�w�e�r� �p�l�a�n�t� �h�e�a�t�e�d� 
�e�f�f�l�u�e�n�t�.� �P�a�g�e�s� �1�2�9�-�1�4�2� �i�n� �J�.�P�.� �M�c�C�r�a�r�e�n�,� �e�d�i�t�o�r�.� �T�h�e� �a�q�u�a�c�u�l�t�u�r�e� �o�f� �s�t�r�i�p�e�d� �b�a�s�s�:� 
�a� �p�r�o�c�e�e�d�i�n�g�s�.� �M�a�r�y�l�a�n�d� �S�e�a� �G�r�a�n�t� �P�u�b�l�i�c�a�t�i�o�n� �U�M�-�S�G�-�M�A�P�-�8�4�-�0�1�.� �U�n�i�v�e�r�s�i�t�y� 
�o�f� �M�a�r�y�l�a�n�d�,� �C�o�l�l�e�g�e� �P�a�r�k�.� 

�C�o�l�t�,� �J�.�E�.�,� �a�n�d� �D�.�A�.� �A�r�m�s�t�r�o�n�g�.� �1�9�8�1�.� �N�i�t�r�o�g�e�n� �t�o�x�i�c�i�t�y� �t�o� �c�r�u�s�t�a�c�e�a�n�s�,� �f�i�s�h� �a�n�d� 
�m�o�l�l�u�s�c�s�.� �P�a�g�e�s� �3�4�-�4�7� �i�n� �L�.�J�.� �A�l�l�e�n� �a�n�d� �E�.�C�.� �K�i�n�n�e�y�,� �e�d�i�t�o�r�s�.� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� 
�B�i�o�-�e�n�g�i�n�e�e�r�i�n�g� �s�y�m�p�o�s�i�u�m� �f�o�r� �f�i�s�h� �c�u�l�t�u�r�e�.� �F�i�s�h� �C�u�l�t�u�r�e� �S�e�c�t�i�o�n�,� �A�m�e�r�i�c�a�n� 
�F�i�s�h�e�r�i�e�s� �S�o�c�i�e�t�y�,� �B�e�t�h�e�s�d�a�,� �M�D�.� 

�C�o�l�t�,� �J�.�E�.�,� �a�n�d� �G�.� �T�c�h�o�b�a�n�o�g�l�o�u�s�.� �1�9�7�6�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �s�h�o�r�t�-�t�e�r�m� �t�o�x�i�c�i�t�y� �o�f� 
�n�i�t�r�o�g�e�n�o�u�s� �c�o�m�p�o�u�n�d�s� �t�o� �c�h�a�n�n�e�l� �c�a�t�f�i�s�h� �(�I�c�t�a�l�u�r�u�s� �p�u�n�c�t�a�t�u�s�)�.� �A�q�u�a�c�u�l�t�u�r�e� 
�8�:�2�0�9�-�2�2�4�.� 

�C�o�l�t�,� �J�.�E�.�,� �a�n�d� �G�.� �T�c�h�o�b�a�n�o�g�l�o�u�s�.� �1�9�8�1�.� �D�e�s�i�g�n� �o�f� �a�e�r�a�t�i�o�n� �s�y�s�t�e�m�s� �f�o�r� �a�q�u�a�c�u�l�t�u�r�e�.� 
�P�a�g�e�s� �1�3�8�-�1�4�8� �i�n� �L�.�J�.� �A�l�l�e�n� �a�n�d� �E�.�C�.� �K�i�n�n�e�y�,� �e�d�i�t�o�r�s�.� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �B�i�o�-� 
�e�n�g�i�n�e�e�r�i�n�g� �s�y�m�p�o�s�i�u�m� �f�o�r� �f�i�s�h� �c�u�l�t�u�r�e�.� �F�i�s�h� �C�u�l�t�u�r�e� �S�e�c�t�i�o�n�,� �A�m�e�r�i�c�a�n� �F�i�s�h�e�r�i�e�s� 
�S�o�c�i�e�t�y�,� �B�e�t�h�e�s�d�a�,� �M�a�r�y�l�a�n�d�.� 
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�C�r�o�w�d�e�r�,� �M�.�J�.�,� �a�n�d� �D�.�J�.� �H�a�n�d�.� �1�9�9�0�.� �A�n�a�l�y�s�i�s� �o�f� �r�e�p�e�a�t�e�d� �m�e�a�s�u�r�e�s�.� �1�s�t� �e�d�i�t�i�o�n�.� 
�C�h�a�p�m�a�n� �a�n�d� �H�a�l�l�,� �N�e�w� �Y�o�r�k�,� �N�Y�.� 

�D�i�c�k�s�,� �M�.�,� �a�n�d� �D�.� �H�a�r�v�e�y�.� �1�9�9�0�.� �A�q�u�a�c�u�l�t�u�r�e� �s�i�t�u�a�t�i�o�n� �a�n�d� �o�u�t�l�o�o�k� �r�e�p�o�r�t�.� �E�c�o�n�o�m�i�c� 
�R�e�s�e�a�r�c�h� �S�e�r�v�i�c�e�,� �U�n�i�t�e�d� �S�t�a�t�e�s� �D�e�p�a�r�t�m�e�n�t� �o�f� �A�g�r�i�c�u�l�t�u�r�e�.� �A�q�u�a�-�1�,� �S�e�p�t�.�,� �p�.�1�1�.� 

�E�a�s�t�e�r�,� �C�.�C�.� �1�9�9�2�.� �W�a�t�e�r� �c�h�e�m�i�s�t�r�y� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �a�n�d� �c�o�m�p�o�n�e�n�t� �p�e�r�f�o�r�m�a�n�c�e� �o�f� 
�a� �r�e�c�i�r�c�u�l�a�t�i�n�g� �a�q�u�a�c�u�l�t�u�r�e� �s�y�s�t�e�m� �p�r�o�d�u�c�i�n�g� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s�.� �M�.�S�.� �T�h�e�s�i�s�,� 
�V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�.� �I�n� �p�r�e�p�.� 

�E�m�e�r�s�o�n�,� �K�.�,� �R�.�C�.� �R�u�s�s�o�,� �R�.�E�.� �L�u�n�d�,� �a�n�d� �R�.�V�.� �T�h�u�r�s�t�o�n�.� �1�9�7�5�.� �A�q�u�e�o�u�s� �a�m�m�o�n�i�a� 
�e�q�u�i�l�i�b�r�i�u�m� �c�a�l�c�u�l�a�t�i�o�n�s�:� �E�f�f�e�c�t� �o�f� �p�H� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�.� �J�o�u�r�n�a�l� �o�f� �t�h�e� �F�i�s�h�e�r�i�e�s� 
�R�e�s�e�a�r�c�h� �B�o�a�r�d� �o�f� �C�a�n�a�d�a� �3�2�:�2�3�7�9�-�2�3�8�3�.� 

�H�a�r�r�e�l�l�,� �R�.�M�.� �a�n�d� �J�.� �B�u�k�o�w�s�k�i�.� �1�9�9�0�.� �T�h�e� �c�u�l�t�u�r�e�,� �z�o�o�p�l�a�n�k�t�o�n� �d�y�n�a�m�i�c�s� �a�n�d� 
�p�r�e�d�a�t�o�r�-�p�r�e�y� �i�n�t�e�r�a�c�t�i�o�n�s� �o�f� �C�h�e�s�a�p�e�a�k�e� �B�a�y� �s�t�r�i�p�e�d� �b�a�s�s�,� �M�o�r�o�n�e� �s�a�x�a�t�i�l�i�s� 
�(�W�a�l�b�a�u�m�)�,� �i�n� �e�s�t�u�a�r�i�n�e� �p�o�n�d�s�.� �A�q�u�a�c�u�l�t�u�r�e� �a�n�d� �F�i�s�h�e�r�i�e�s� �M�a�n�a�g�e�m�e�n�t� �2�1�:�1�9�5�-� 
�2�1�2�.� 

�H�a�u�g�,� �R�.�T�.�,� �a�n�d� �P�.�L�.� �M�c�C�a�r�t�y�.� �1�9�7�2�.� �N�i�t�r�i�f�i�c�a�t�i�o�n� �w�i�t�h� �s�u�b�m�e�r�g�e�d� �f�i�l�t�e�r�s�.� �J�o�u�r�n�a�l� �o�f� 
�t�h�e� �W�a�t�e�r� �P�o�l�l�u�t�i�o�n� �C�o�n�t�r�o�l� �F�e�d�e�r�a�t�i�o�n� �4�4�(�1�1�)�:�2�0�8�6�-�2�1�0�2�.� 

�H�a�z�e�l�,� �C�.�R�.�,� �W�.� �T�h�o�m�s�e�n�,� �a�n�d� �S�.�J�.� �M�e�i�t�h�.� �1�9�7�1�.� �S�e�n�s�i�t�i�v�i�t�y� �o�f� �s�t�r�i�p�e�d� �b�a�s�s� �a�n�d� 
�s�t�i�c�k�l�e�b�a�c�k� �t�o� �a�m�m�o�n�i�a� �i�n� �r�e�l�a�t�i�o�n� �t�o� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �s�a�l�i�n�i�t�y�.� �C�a�l�i�f�o�r�n�i�a� �F�i�s�h� 
�a�n�d� �G�a�m�e� �5�7�:�1�3�8�-�1�5�3�.� 

�H�i�r�a�y�a�m�a�,� �K�.�,� �H�.� �M�i�z�u�m�a�,� �a�n�d� �Y�.� �M�i�z�u�e�.� �1�9�8�8�.� �T�h�e� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �d�i�s�s�o�l�v�e�d� 
�o�r�g�a�n�i�c� �s�u�b�s�t�a�n�c�e�s� �i�n� �c�l�o�s�e�d� �c�u�l�t�u�r�e� �s�y�s�t�e�m�s�.� �A�g�r�i�c�u�l�t�u�r�e� �E�n�g�i�n�e�e�r�i�n�g� �7�:�7�3�-�8�7�.� 

�H�i�l�l�a�b�y�,� �B�.�A�.� �a�n�d� �D�.�J�.� �R�a�n�d�a�l�l�.� �1�9�7�9�.� �A�c�u�t�e� �a�m�m�o�n�i�a� �t�o�x�i�c�i�t�y� �a�n�d� �a�m�m�o�n�i�a� �e�x�c�r�e�t�i�o�n� 
�i�n� �r�a�i�n�b�o�w� �t�r�o�u�t� �(�S�a�l�m�o� �g�a�i�r�d�n�e�r�i�)�.� �J�o�u�r�n�a�l� �o�f� �t�h�e� �F�i�s�h�e�r�i�e�s� �R�e�s�e�a�r�c�h� �B�o�a�r�d� �o�f� 
�C�a�n�a�d�a� �3�6�:�6�2�1�-�6�2�9�.� 

�J�e�n�k�i�n�s�,� �W�.�E�.�,� �T�.�I�.�J�.� �S�m�i�t�h�,� �A�.�D�.� �S�t�o�k�e�s�,� �a�n�d� �R�.�A�.� �S�m�i�l�e�y�.� �1�9�8�8�.� �E�f�f�e�c�t� �o�f� �s�t�o�c�k�i�n�g� 
�d�e�n�s�i�t�y� �o�n� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �a�d�v�a�n�c�e�d� �j�u�v�e�n�i�l�e� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s�.� �P�r�o�c�e�e�d�i�n�g�s� 
�o�f� �t�h�e� �A�n�n�u�a�l� �C�o�n�f�e�r�e�n�c�e� �S�o�u�t�h�e�a�s�t�e�r�n� �A�s�s�o�c�i�a�t�i�o�n� �o�f� �F�i�s�h� �a�n�d� �W�i�l�d�l�i�f�e� 
�A�g�e�n�c�i�e�s� �4�2�:�5�6�-�6�5�.� 

�J�o�h�n�s�o�n�,� �W�.�P�.�,� �I�I�.� �1�9�9�1�.� �A�n� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� �e�f�f�e�c�t�s� �o�f� �o�z�o�n�e� �i�n� �a� �r�e�c�i�r�c�u�l�a�t�i�n�g� 
�a�q�u�a�c�u�l�t�u�r�a�l� �p�r�o�d�u�c�t�i�o�n� �s�y�s�t�e�m�.� �M�.�S�.� �T�h�e�s�i�s�,� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� 
�S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�.� �4�6� �p�p�.� 
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�K�a�i�s�e�r�,� �G�.�E�.�,� �a�n�d� �F�.�W�.� �W�h�e�a�t�o�n�.� �1�9�8�3�.� �N�i�t�r�i�f�i�c�a�t�i�o�n� �f�i�l�t�e�r�s� �f�o�r� �a�q�u�a�t�i�c� �c�u�l�t�u�r�e� 
�s�y�s�t�e�m�s�:� �S�t�a�t�e� �o�f� �t�h�e� �a�r�t�.� �J�o�u�r�n�a�l� �o�f� �t�h�e� �W�o�r�l�d� �M�a�r�i�c�u�l�t�u�r�e� �S�o�c�i�e�t�y� �1�4�:�3�0�2�-�3�2�4�.� 

�K�e�r�b�y�,� �J�.�H�.�,� �a�n�d� �E�.�B�.� �J�o�s�e�p�h�.� �1�9�7�9�.� �G�r�o�w�t�h� �a�n�d� �s�u�r�v�i�v�a�l� �o�f� �s�t�r�i�p�e�d� �b�a�s�s� �a�n�d� �s�t�r�i�p�e�d� 
�b�a�s�s� �x� �w�h�i�t�e� �p�e�r�c�h� �h�y�b�r�i�d�s�.� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �A�n�n�u�a�l� �C�o�n�f�e�r�e�n�c�e� �S�o�u�t�h�e�a�s�t�e�r�n� 
�A�s�s�o�c�i�a�t�i�o�n� �o�f� �F�i�s�h� �a�n�d� �W�i�l�d�l�i�f�e� �A�g�e�n�c�i�e�s� �3�2�:�7�1�5�-�7�2�6�.� 

�K�e�r�b�y�,� �J�.�H�.�,� �L�.�C�.� �W�o�o�d�s� �I�I�I�,� �a�n�d� �M�.�T�.� �H�u�i�s�h�.� �1�9�8�3�.� �P�o�n�d� �c�u�l�t�u�r�e� �o�f� �s�t�r�i�p�e�d� �b�a�s�s� �x� 
�w�h�i�t�e� �b�a�s�s� �h�y�b�r�i�d�s�.� �J�o�u�r�n�a�l� �o�f� �t�h�e� �W�o�r�l�d� �M�a�r�i�c�u�l�t�u�r�e� �S�o�c�i�e�t�y� �1�4�:�6�1�3�-�6�2�3�.� 

�K�e�r�b�y�,� �J�.�H�.�,� �J�.�M�.� �H�i�n�s�h�a�w�,� �a�n�d� �M�.�T�.� �H�u�i�s�h�.� �1�9�8�7�.� �I�n�c�r�e�a�s�e�d� �g�r�o�w�t�h� �a�n�d� �p�r�o�d�u�c�t�i�o�n� 
�o�f� �s�t�r�i�p�e�d� �b�a�s�s� �x� �w�h�i�t�e� �b�a�s�s� �h�y�b�r�i�d�s� �i�n� �e�a�r�t�h�e�n� �p�o�n�d�s�.� �J�o�u�r�n�a�l� �o�f� �t�h�e� �W�o�r�l�d� 
�A�q�u�a�c�u�l�t�u�r�e� �S�o�c�i�e�t�y� �1�8�:�3�5�-�4�3�.� 

�K�n�e�p�p�,� �G�.�I�,� �a�n�d� �G�.�F�.� �A�r�k�i�n�.� �1�9�7�3�.� �A�m�m�o�n�i�a� �t�o�x�i�c�i�t�y� �l�e�v�e�l�s� �a�n�d� �n�i�t�r�a�t�e� �t�o�l�e�r�a�n�c�e� �o�f� 
�c�h�a�n�n�e�l� �c�a�t�f�i�s�h�.� �T�h�e� �P�r�o�g�r�e�s�s�i�v�e� �F�i�s�h� �C�u�l�t�u�r�i�s�t� �3�5�(�4�)�:�2�2�1�-�2�2�4�.� 

�K�r�a�e�u�t�e�r�,� �J�.�N�.�,� �a�n�d� �L�.�C�.� �W�o�o�d�s� �I�I�I�.� �1�9�8�7�.� �C�u�l�t�u�r�e� �o�f� �s�t�r�i�p�e�d� �b�a�s�s� �a�n�d� �i�t�s� �h�y�b�r�i�d�s�:� �f�i�r�s�t� 
�f�e�e�d�i�n�g� �t�o� �s�i�x� �m�o�n�t�h�s�.� �P�a�g�e�s� �2�3�-�3�2� �i�n� �R�.� �H�o�d�s�o�n�,� �T�.� �S�m�i�t�h�,� �J�.� �M�c�V�e�y�,� �R�.� �H�a�r�r�e�l�l�,� 
�a�n�d� �N�.� �D�a�v�i�s�,� �e�d�i�t�o�r�s�.� �H�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �c�u�l�t�u�r�e�:� �s�t�a�t�u�s� �a�n�d� �p�e�r�s�p�e�c�t�i�v�e�.� �U�N�C� 
�S�e�a� �G�r�a�n�t� �P�u�b�l�i�c�a�t�i�o�n� �U�N�C�-�S�G�-�8�7�-�0�3�.� �N�o�r�t�h� �C�a�r�o�l�i�n�a� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�,� �R�a�l�e�i�g�h�.� 

�L�e�w�i�s�,� �W�.�M�.�,� �a�n�d� �G�.�L�.� �B�u�y�n�a�k�.� �1�9�7�6�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �a� �r�e�v�o�l�v�i�n�g� �p�l�a�t�e� �t�y�p�e� �b�i�o�f�i�l�t�e�r� 
�f�o�r� �u�s�e� �i�n� �r�e�c�i�r�c�u�l�a�t�e�d� �f�i�s�h� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �h�o�l�d�i�n�g� �u�n�i�t�s�.� �T�r�a�n�s�a�c�t�i�o�n�s� �o�f� �t�h�e� 
�A�m�e�r�i�c�a�n� �F�i�s�h�e�r�i�e�s� �S�o�c�i�e�t�y� �1�0�5�:�7�0�4�-�7�0�8�.� 

�L�e�w�i�s�,� �W�.�M�.�,� �R�.�C�.� �H�e�i�d�i�n�g�e�r�,� �a�n�d� �B�.�L�.� �T�e�t�z�l�a�f�f�.� �1�9�8�1�.� �T�a�n�k� �c�u�l�t�u�r�e� �o�f� �s�t�r�i�p�e�d� �b�a�s�s� 
�p�r�o�d�u�c�t�i�o�n� �m�a�n�u�a�l�.� �I�l�l�i�n�o�i�s� �S�t�r�i�p�e�d� �B�a�s�s� �P�r�o�j�e�c�t� �I�D�C� �F�-�2�6�-�R�.� �F�i�s�h�e�r�i�e�s� �R�e�s�e�a�r�c�h� 
�L�a�b�o�r�a�t�o�r�y�,� �S�o�u�t�h�e�r�n� �I�l�l�i�n�o�i�s� �U�n�i�v�e�r�s�i�t�y�,� �C�a�r�b�o�n�d�a�l�e�,� �I�L�.� 

�L�o�g�a�n�,� �H�.�J�.� �1�9�6�8�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �g�r�o�w�t�h� �a�n�d� �s�u�r�v�i�v�a�l� �r�a�t�e�s� �o�f� �s�t�r�i�p�e�d� �b�a�s�s� �a�n�d� �s�t�r�i�p�e�d� 
�b�a�s�s� �X� �w�h�i�t�e� �b�a�s�s� �h�y�b�r�i�d�s� �u�n�d�e�r� �c�o�n�t�r�o�l�l�e�d� �e�n�v�i�r�o�n�m�e�n�t�s�.� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� 
�A�n�n�u�a�l� �C�o�n�f�e�r�e�n�c�e� �S�o�u�t�h�e�a�s�t�e�r�n� �A�s�s�o�c�i�a�t�i�o�n� �o�f� �G�a�m�e� �a�n�d� �F�i�s�h� �C�o�m�m�i�s�s�i�o�n�e�r�s� 
�2�1�:�2�6�0�-�2�6�3�.� 

�L�u�c�c�h�e�t�t�i�,� �G�.�L�.�,� �a�n�d� �G�.�A�.� �G�r�a�y�.� �1�9�8�8�.� �W�a�t�e�r� �r�e�u�s�e� �s�y�s�t�e�m�s�:� �A� �r�e�v�i�e�w� �o�f� �p�r�i�n�c�i�p�a�l� 
�c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �P�r�o�g�r�e�s�s�i�v�e� �F�i�s�h�-�C�u�l�t�u�r�i�s�t� �5�0�:�1�-�6�.� 

�M�a�z�i�k�,� �P�.�M�.�,� �M�.�L�.� �H�i�n�m�a�n�,� �D�.�A�.� �W�i�n�k�l�e�m�a�n�n�,� �S�.�J�.� �K�l�a�i�n�e�,� �B�.�A�.� �S�i�m�c�o�,� �a�n�d� �N�.�C�.� 
�P�a�r�k�e�r�.� �1�9�9�1�.� �I�n�f�l�u�e�n�c�e� �o�f� �n�i�t�r�i�t�e� �a�n�d� �c�h�l�o�r�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�n� �s�u�r�v�i�v�a�l� �a�n�d� 
�h�e�m�a�t�o�l�o�g�i�c�a�l� �p�r�o�f�i�l�e�s� �o�f� �s�t�r�i�p�e�d� �b�a�s�s�.� �T�r�a�n�s�a�c�t�i�o�n�s� �o�f� �t�h�e� �A�m�e�r�i�c�a�n� �F�i�s�h�e�r�i�e�s� 
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�S�o�c�i�e�t�y� �1�2�0�:�2�4�7�-�2�5�4�.� 

�M�e�a�d�e�,� �J�.�W�.� �1�9�8�5�.� �A�l�l�o�w�a�b�l�e� �a�m�m�o�n�i�a� �f�o�r� �f�i�s�h� �c�u�l�t�u�r�e�.� �T�h�e� �P�r�o�g�r�e�s�s�i�v�e� �F�i�s�h� 
�C�u�l�t�u�r�i�s�t� �4�7�(�3�)�:�1�3�5�-�1�4�5�.� 

�M�i�l�l�e�r�,� �G�.�E�.�,� �a�n�d� �G�.�S�.� �L�i�b�e�y�.� �1�9�8�4�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �a� �t�r�i�c�k�l�i�n�g� �b�i�o�f�i�l�t�e�r� �i�n� �a� 
�r�e�c�i�r�c�u�l�a�t�i�n�g� �a�q�u�a�c�u�l�t�u�r�e� �s�y�s�t�e�m� �(�R�A�S�)� �c�o�n�t�a�i�n�i�n�g� �c�h�a�n�n�e�l� �c�a�t�f�i�s�h�.� �A�q�u�a�c�u�l�t�u�r�a�l� 
�E�n�g�i�n�e�e�r�i�n�g� �3�:�3�9�-�5�7�.� 

�M�i�l�l�e�r�,� �G�.�E�.�,� �a�n�d� �G�.�S�.� �L�i�b�e�y�.� �1�9�8�5�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �t�h�r�e�e� �b�i�o�l�o�g�i�c�a�l� �f�i�l�t�e�r�s� �s�u�i�t�a�b�l�e� �f�o�r� 
�a�q�u�a�c�u�l�t�u�r�e� �a�p�p�l�i�c�a�t�i�o�n�s�.� �J�o�u�r�n�a�l� �o�f� �t�h�e� �W�o�r�l�d� �M�a�r�i�c�u�l�t�u�r�e� �S�o�c�i�e�t�y� �1�6�:�1�5�8�-�1�6�8�.� 

�N�i�c�h�o�l�s�o�n�,� �L�.�C�.�,� �L�.�C�.� �W�o�o�d�s� �I�I�I�,� �a�n�d� �J�.�G�.� �W�o�i�w�o�d�e�.� �1�9�9�0�.� �I�n�t�e�n�s�i�v�e� �c�u�l�t�u�r�e� 
�t�e�c�h�n�i�q�u�e�s� �f�o�r� �t�h�e� �s�t�r�i�p�e�d� �b�a�s�s� �a�n�d� �i�t�s� �h�y�b�r�i�d�s�.� �P�a�g�e�s� �1�4�1�-�1�5�7� �i�n� �R�.�M�.� �H�a�r�r�e�l�l�,� 
�J�.�H�.� �K�e�r�b�y� �a�n�d� �R�.�V�.� �M�i�n�t�o�n�,� �e�d�i�t�o�r�s�.� �C�u�l�t�u�r�e� �a�n�d� �p�r�o�p�a�g�a�t�i�o�n� �o�f� �s�t�r�i�p�e�d� �b�a�s�s� �a�n�d� 
�i�t�s� �h�y�b�r�i�d�s�.� �S�t�r�i�p�e�d� �B�a�s�s� �C�o�m�m�i�t�t�e�e�,� �S�o�u�t�h�e�r�n� �D�i�v�i�s�i�o�n�,� �A�m�e�r�i�c�a�n� �F�i�s�h�e�r�i�e�s� 
�S�o�c�i�e�t�y�,� �B�e�t�h�e�s�d�a�,� �M�D�.� 

�O�t�t�e�,� �G�.�,� �a�n�d� �H�.� �R�o�s�e�n�t�h�a�l�.� �1�9�7�9�.� �M�a�n�a�g�e�m�e�n�t� �o�f� �a� �c�l�o�s�e�d� �b�r�a�c�k�i�s�h� �w�a�t�e�r� �s�y�s�t�e�m� 
�f�o�r� �h�i�g�h� �d�e�n�s�i�t�y� �f�i�s�h� �c�u�l�t�u�r�e� �b�y� �b�i�o�l�o�g�i�c�a�l� �a�n�d� �c�h�e�m�i�c�a�l� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t�.� 
�A�q�u�a�c�u�l�t�u�r�e� �1�8�:�1�6�9�-�1�8�1�.� 

�P�a�l�l�e�r�,� �M�.�H�.�,� �a�n�d� �W�.�M�.� �L�e�w�i�s�.� �1�9�8�2�.� �R�e�c�i�p�r�o�c�a�t�i�n�g� �b�i�o�f�i�l�t�e�r� �f�o�r� �w�a�t�e�r� �r�e�u�s�e� �i�n� 
�a�q�u�a�c�u�l�t�u�r�e�.� �A�q�u�a�c�u�l�t�u�r�a�l� �E�n�g�i�n�e�e�r�i�n�g� �1�:�1�3�9�-�1�5�1�.� 

�R�o�b�i�n�e�t�t�e�,� �R�.�H�.�,� �1�9�7�6�.� �E�f�f�e�c�t� �o�f� �s�e�l�e�c�t�e�d� �s�u�b�l�e�t�h�a�l� �l�e�v�e�l�s� �o�f� �a�m�m�o�n�i�a� �o�n� �t�h�e� �g�r�o�w�t�h� 
�o�f� �c�h�a�n�n�e�l� �c�a�t�f�i�s�h� �(�I�c�t�a�l�u�r�u�s� �p�u�n�c�t�a�t�u�s�)�.� �T�h�e� �P�r�o�g�r�e�s�s�i�v�e� �F�i�s�h�-�C�u�l�t�u�r�i�s�t� �3�8�(�1�)�:�2�6�-� 
�1�4�1�.� 

�R�o�g�e�r�s�,� �G�.�L�.�,� �a�n�d� �S�.�L�.� �K�l�e�m�e�t�s�o�n�.� �1�9�8�5�.� �A�m�m�o�n�i�a� �r�e�m�o�v�a�l� �i�n� �s�e�l�e�c�t�e�d� �a�q�u�a�c�u�l�t�u�r�e� 
�w�a�t�e�r� �r�e�u�s�e� �b�i�o�f�i�l�t�e�r�s�.� �A�q�u�a�c�u�l�t�u�r�e� �E�n�g�i�n�e�e�r�i�n�g� �4�:�1�3�5�-�1�5�4�.� 

�S�h�a�r�m�a�,� �B�.�,� �a�n�d� �R�.�C�.� �A�h�l�e�r�t�.� �1�9�7�7�.� �N�i�t�r�i�f�i�c�a�t�i�o�n� �a�n�d� �n�i�t�r�o�g�e�n� �r�e�m�o�v�a�l�.� �W�a�t�e�r� 
�R�e�s�o�u�r�c�e�s� �1�1�:�8�7�9�-�9�2�5�.� 

�S�l�o�a�n�,� �W�.�J�.�,� �D�.�B�.� �J�e�s�t�e�r�,� �a�n�d� �P�.�R�.� �T�u�r�n�e�r�.� �1�9�8�1�.� �A� �c�l�o�s�e�d� �v�e�r�t�i�c�a�l� �r�a�c�e�w�a�y� �f�i�s�h� 
�c�u�l�t�u�r�a�l� �s�y�s�t�e�m� �c�o�n�t�a�i�n�i�n�g� �c�l�i�n�o�p�t�o�l�i�t�e� �a�s� �a�n� �a�m�m�o�n�i�a� �s�t�r�i�p�p�e�r�.� �P�a�g�e�s� �1�0�4�-�1�1�5� �i�n� 
�L�J�.� �A�l�l�e�n� �a�n�d� �E�.�C�.� �K�i�n�n�e�y�,� �e�d�i�t�o�r�s�.� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �b�i�o�-�e�n�g�i�n�e�e�r�i�n�g� 
�s�y�m�p�o�s�i�u�m� �f�o�r� �f�i�s�h� �c�u�l�t�u�r�e�.� �F�i�s�h� �C�u�l�t�u�r�e� �S�e�c�t�i�o�n�,� �A�m�e�r�i�c�a�n� �F�i�s�h�e�r�i�e�s� �S�o�c�i�e�t�y�,� 
�B�e�t�h�e�s�d�a�,� �M�a�r�y�l�a�n�d�.� 
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�S�m�i�t�h�,� �T�.�I�.�J�.�,� �a�n�d� �W�.�E�.� �J�e�n�k�i�n�s�.� �1�9�8�4�.� �C�o�n�t�r�o�l�l�e�d� �s�p�a�w�n�i�n�g� �o�f� �F�,� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� 
�(�M�o�r�o�n�e� �s�a�x�a�t�i�l�i�s� �x� �M�o�r�o�n�e� �c�h�r�y�s�o�p�s�)� �a�n�d� �r�e�a�r�i�n�g� �o�f� �F�,� �p�r�o�g�e�n�y�.� �J�o�u�r�n�a�l� �o�f� �t�h�e� 
�W�o�r�l�d� �M�a�r�i�c�u�l�t�u�r�e� �S�o�c�i�e�t�y� �1�5�:�1�4�7�-�1�6�1�.� 

�S�m�i�t�h�,� �T�.�I�.�J�.�,� �W�.�E�.� �J�e�n�k�i�n�s�,� �a�n�d� �J�.�F�.� �S�n�e�v�e�l�.� �1�9�8�5�.� �P�r�o�d�u�c�t�i�o�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� 
�s�t�r�i�p�e�d� �b�a�s�s� �(�M�o�r�o�n�e� �s�a�x�a�t�i�l�i�s�)� �a�n�d� �F�,�,� �F�,� �h�y�b�r�i�d�s� �(�M�.� �s�a�x�a�t�i�l�i�s� �a�n�d� �M�.� �c�h�r�y�s�o�p�s�)� 
�r�e�a�r�e�d� �i�n� �i�n�t�e�n�s�i�v�e� �t�a�n�k� �s�y�s�t�e�m�s�.� �J�o�u�r�n�a�l� �o�f� �t�h�e� �W�o�r�l�d� �M�a�r�i�c�u�l�t�u�r�e� �S�o�c�i�e�t�y� �1�6�:�5�7�-� 
�7�0�.� 

�S�m�i�t�h�,� �T�.�L�.�J�.�,� �W�.�E�.� �J�e�n�k�i�n�s�,� �a�n�d� �R�.�W�.� �H�a�g�g�e�r�t�y�.� �1�9�8�6�.� �G�r�o�w�t�h� �a�n�d� �s�u�r�v�i�v�a�l� �o�f� �j�u�v�e�n�i�l�e� 
�s�t�r�i�p�e�d� �b�a�s�s� �(�M�o�r�o�n�e� �s�a�x�a�t�i�l�i�s�)� �x� �w�h�i�t�e� �b�a�s�s� �(�M�.� �c�h�r�y�s�o�p�s�)� �h�y�b�r�i�d�s� �r�e�a�r�e�d� �a�t� 
�d�i�f�f�e�r�e�n�t� �s�a�l�i�n�i�t�i�e�s�.� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �A�n�n�u�a�l� �C�o�n�f�e�r�e�n�c�e� �S�o�u�t�h�e�a�s�t�e�r�n� 
�A�s�s�o�c�i�a�t�i�o�n� �o�f� �F�i�s�h� �a�n�d� �W�i�l�d�l�i�f�e� �A�g�e�n�c�i�e�s� �4�0�:�1�4�3�-�1�5�1�.� 

�S�m�i�t�h�,� �T�.�I�.�J�.�,� �W�.�E�.� �J�e�n�k�i�n�s�,� �A�.�D�.� �S�t�o�k�e�s�,� �a�n�d� �R�.�A�.� �S�m�i�l�e�y�.� �1�9�8�9�.� �S�e�m�i�-�i�n�t�e�n�s�i�v�e� �p�o�n�d� 
�p�r�o�d�u�c�t�i�o�n� �o�f� �m�a�r�k�e�t�-�s�i�z�e� �s�t�r�i�p�e�d� �b�a�s�s� �(�M�o�r�o�n�e� �s�a�x�a�t�i�l�i�s�)� �x� �w�h�i�t�e� �b�a�s�s� �(�M�.� 
�c�h�r�y�s�o�p�s�)� �h�y�b�r�i�d�s�.� �W�o�r�l�d� �A�q�u�a�c�u�l�t�u�r�e� �2�0�(�1�)�:�8�1�-�8�3�.� 

�S�p�e�e�c�e�,� �R�.�E�.� �1�9�8�1�.� �M�a�n�a�g�e�m�e�n�t� �o�f� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �a�n�d� �n�i�t�r�o�g�e�n� �i�n� �f�i�s�h� �h�a�t�c�h�e�r�y� 
�w�a�t�e�r�s�.� �P�a�g�e�s� �5�3�-�6�2� �i�n� �L�.�J�.� �A�l�l�e�n� �a�n�d� �E�.�C�.� �K�i�n�n�e�y�,� �e�d�i�t�o�r�s�.� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� 
�b�i�o�-�e�n�g�i�n�e�e�r�i�n�g� �s�y�m�p�o�s�i�u�m� �f�o�r� �f�i�s�h� �c�u�l�t�u�r�e�.� �F�i�s�h� �C�u�l�t�u�r�e� �S�e�c�t�i�o�n�,� �A�m�e�r�i�c�a�n� 
�F�i�s�h�e�r�i�e�s� �S�o�c�i�e�t�y�,� �B�e�t�h�e�s�d�a�,� �M�D�.� 

�S�p�o�t�t�e�,� �S�.� �1�9�7�9�.� �F�i�s�h� �a�n�d� �i�n�v�e�r�t�e�b�r�a�t�e� �c�u�l�t�u�r�e�:� �W�a�t�e�r� �m�a�n�a�g�e�m�e�n�t� �i�n� �c�l�o�s�e�d� �s�y�s�t�e�m�s�,� 
�2�n�d� �e�d�i�t�i�o�n�.� �W�i�l�e�y� �I�n�t�e�r�s�c�i�e�n�c�e�,� �N�e�w� �Y�o�r�k�.� 

�S�t�i�c�k�n�e�y�,� �R�.�R�.� �1�9�9�0�.� �A� �g�l�o�b�a�l� �o�v�e�r�v�i�e�w� �o�f� �a�q�u�a�c�u�l�t�u�r�e� �p�r�o�d�u�c�t�i�o�n�.� �F�o�o�d� �R�e�v�i�e�w�s� 
�I�n�t�e�r�n�a�t�i�o�n�a�l� �6�(�3�)�:�2�9�9�-�3�1�5�.� 

�T�h�u�r�s�t�o�n�.� �R�.�V�.�,� �G�.�R�.� �P�h�i�l�l�i�p�s�,� �R�.�C�.� �R�u�s�s�,� �a�n�d� �$�.�M�.� �H�i�n�k�i�n�s�.� �1�9�8�1�.� �I�n�c�r�e�a�s�i�n�g� �t�o�x�i�c�i�t�y� 
�o�f� �a�m�m�o�n�i�a� �t�o� �r�a�i�n�b�o�w� �t�r�o�u�t� �(�S�a�l�m�o� �g�a�i�r�d�n�e�r�i�)� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �r�e�d�u�c�e�d� 
�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�.� �C�a�n�a�d�i�a�n� �J�o�u�r�n�a�l� �o�f� �F�i�s�h�e�r�i�e�s� �a�n�d� �A�q�u�a�t�i�c� 
�S�c�i�e�n�c�e�s� �3�8�:�9�8�3�-�9�8�8�.� 

�V�a�n� �G�o�r�d�e�r�,� �S�.�D�.�,� �a�n�d� �J�.�D�.� �F�r�i�t�c�h�.� �1�9�8�2�.� �F�i�l�t�r�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �f�o�r� �s�m�a�l�l�-�s�c�a�l�e� 
�a�q�u�a�c�u�l�t�u�r�e� �i�n� �a� �c�l�o�s�e�d� �s�y�s�t�e�m�.� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �A�n�n�u�a�l� �C�o�n�f�e�r�e�n�c�e� �o�f� �t�h�e� 
�S�o�u�t�h�e�a�s�t�e�r�n� �A�s�s�o�c�i�a�t�i�o�n� �o�f� �F�i�s�h� �a�n�d� �W�i�l�d�l�i�f�e� �A�g�e�n�c�i�e�s� �3�4�:�5�9�-�6�6�.� 

�V�a�n� �O�l�s�t�,� �J�.�C�.�,� �a�n�d� �J�.�M�.� �C�a�r�l�b�e�r�g�.� �1�9�9�0�.� �C�o�m�m�e�r�c�i�a�l� �c�u�l�t�u�r�e� �o�f� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s�:� 
�S�t�a�t�u�s� �a�n�d� �p�o�t�e�n�t�i�a�l�.� �A�q�u�a�c�u�l�t�u�r�e� �M�a�g�a�z�i�n�e� �1�6�(�1�)�:�4�9�-�5�9�.� 
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�W�e�n�g�,� �C�.�,� �a�n�d� �A�.� �M�o�l�o�f�.� �1�9�7�4�.� �N�i�t�r�i�f�i�c�a�t�i�o�n� �i�n� �t�h�e� �f�i�x�e�d�-�f�i�l�m� �r�o�t�a�t�i�n�g� �d�i�s�k� �s�y�s�t�e�m�.� 
�J�o�u�r�n�a�l� �o�f� �t�h�e� �W�a�t�e�r� �P�o�l�l�u�t�i�o�n� �C�o�n�t�r�o�l� �F�e�d�e�r�a�t�i�o�n� �4�6�:�1�6�7�4�-�1�6�8�5�.� 

�W�i�l�l�i�a�m�s�,� �J�.�E�.�,� �P�.�A�.� �S�a�n�d�i�f�e�r�,� �a�n�d� �J�.�M�.� �L�i�n�d�b�e�r�g�h�.� �1�9�8�1�.� �N�e�t�-�p�e�n� �c�u�l�t�u�r�e� �o�f� �s�t�r�i�p�e�d� 
�b�a�s�s� �x� �w�h�i�t�e� �b�a�s�s� �h�y�b�r�i�d�s� �i�n� �e�s�t�u�a�r�i�n�e� �w�a�t�e�r�s� �o�f� �S�o�u�t�h� �C�a�r�o�l�i�n�a�:� �a� �p�i�l�o�t� �s�t�u�d�y�.� 
�J�o�u�r�n�a�l� �o�f� �t�h�e� �W�o�r�l�d� �M�a�r�i�c�u�l�t�u�r�e� �S�o�c�i�e�t�y� �1�2�:�9�8�-�1�1�0�.� 

�W�o�i�w�o�d�e�,� �J�.�G�.�,� �a�n�d� �I�.�R�.� �A�d�l�e�m�a�n�.� �1�9�8�4�.� �G�r�o�w�t�h�,� �f�o�o�d� �c�o�n�v�e�r�s�i�o�n� �e�f�f�i�c�i�e�n�c�y� �a�n�d� 
�s�u�r�v�i�v�a�l� �o�f� �h�y�b�r�i�d� �w�h�i�t�e� �b�a�s�s� �x� �s�t�r�i�p�e�d� �b�a�s�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e�.� �P�a�g�e�s� 
�1�4�3�-�1�5�0� �i�n� �J�.�P�.� �M�c�C�r�a�r�e�n�,� �e�d�i�t�o�r�.� �T�h�e� �a�q�u�a�c�u�l�t�u�r�e� �o�f� �s�t�r�i�p�e�d� �b�a�s�s�:� �a� �p�r�o�c�e�e�d�i�n�g�s�.� 
�M�a�r�y�l�a�n�d� �S�e�a� �G�r�a�n�t� �P�u�b�l�i�c�a�t�i�o�n� �U�M�-�S�G�-�M�A�P�-�8�4�-�0�1�.� �U�n�i�v�e�r�s�i�t�y� �o�f� �M�a�r�y�l�a�n�d�,� 
�C�o�l�l�e�g�e� �P�a�r�k�,� �M�D�.� 

�W�o�o�d�s�,� �L�.�C�.� �I�I�I�,� �J�.�H�.� �K�e�r�b�y�,� �a�n�d� �M�.�T�.� �H�u�i�s�h�.� �1�9�8�3�.� �E�s�t�u�a�r�i�n�e� �c�a�g�e� �c�u�l�t�u�r�e� �o�f� �h�y�b�r�i�d� 
�s�t�r�i�p�e�d� �b�a�s�s�.� �J�o�u�r�n�a�l� �o�f� �t�h�e� �W�o�r�l�d� �A�q�u�a�c�u�l�t�u�r�e� �S�o�c�i�e�t�y� �1�4�:�5�9�5�-�6�1�2�.� 

�W�o�o�d�s�,� �L�.�C�.� �I�I�I�,� �J�-�H�.� �K�e�r�b�y�,� �a�n�d� �M�.�T�.� �H�u�i�s�h�.� �1�9�8�5�.� �C�u�l�t�u�r�e� �o�f� �h�y�b�r�i�d� �s�t�r�i�p�e�d� �b�a�s�s� �t�o� 
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