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(ABSTRACT) 

Intensive fish production in a recirculating aquaculture system facility is a 

complex bioengineering operation involving a sensitive balance among physiological, 

water quality, and management components of the overall system. Warm and 

nutrient-rich wastewater discharged from controlled-environment fish production 

facilities is a loss of heat energy and nutrients in addition to being potentially 

harmful to the environment. The operators of such systems need sophisticated 

management tools if the operation is to be both commercially successful and 

environmentally friendly. Effluent heat and nutrients can be recovered using 

hydroponics ina greenhouse attached to the recirculating aquaculture system facility. 

A computer model was developed to simulate system performance and to help 

determine design parameters for an integrated fish production-hydroponics system. 

The aquaculture component of the model predicts (a) fish growth-dependent feeding,



(b) diurnal metabolic waste production/accumulation in the fish culture water, and 

(c) quality, quantity and frequency of wastewater discharge. The hydroponics 

component computes optimum greenhouse size and models the performance of 

vegetable plants in terms of nutrient-uptake, water use, and growth. SUCROS and 

TOMGRO, plant growth models with modifications for water use and nutrient 

uptake, were used to simulate lettuce and tomato performance, respectively. To 

validate the plant models, experiments were conducted in a greenhouse utilizing 

aquacultural wastewater as the hydroponic solution to produce lettuce and tomatoes. 

Plant growth, water quality (nutrient-uptake), water use, and environmental 

conditions were monitored. Lettuce and tomato growth was accompanied with 

significant reductions in nitrogen and phosphorus levels of the wastewater. Water 

use by plants strongly depended on solar radiation and plant growth stage. At 

harvest, nine-week-old lettuce weighed 160 g/plant (average) at a density of 40 

plants/m 7. Tomato yielded 2.4 kg/m?’ after 17 weeks. However, the tomato fruits 

did not reach maturity during this time. After 20 weeks, the tomato yield was 3.1 

kg/m * and some fruits showed maturity. 

The use of the model as a management tool for making decisions on optimum 

greenhouse area for a given recirculating aquaculture system size is demonstrated. 

The effect of fish stocking density and greenhouse heat loss factor on the optimum 

greenhouse size are also demonstrated. For an optimum greenhouse . size, water use 

and nutrient-recovery from the effluent by lettuce and tomato plants are quantified.
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1. INTRODUCTION 

The design complexity and effluent discharge are two major problems that 

beset intensive fish production in water re-use aquaculture systems. Traditional, 

less-intensive aquaculture systems, such as ponds, exhibit relatively stable behavior 

following imposed dynamic changes; these systems are fairly well understood by 

managers in the industry. However, personnel trained for semi-intensive or pond 

aquaculture lack an understanding of the complex interactions that take place 

among components within an intensive system. 

Design and operational complexities associated with intensive water re-use 

system facilities require higher technical skills in their managers. Intensive water 

re-use operations need to be recognized as complex bioengineering systems and 

their managers need to be equipped with sophisticated tools for evaluating the 

effects of management actions on the dynamic response of the system. 

Knowledge of water chemistry, fish physiology, and water treatment engineering is 

a prerequisite to commercially successful operation of such facilities, and can be 

coded in the form of a user-friendly management tool. Such a tool would enable 

managers to make both short- and long-term decisions concerning stocking and 

feeding strategies to optimize production and minimize effluent discharge. 

One of the fundamental objectives of a recirculating aquaculture system 

(RAS) is the conservation of water quality and quantity. In RAS, high density fish



culture coupled with continuous water recirculation causes an accumulation of 

several nutrients and pollutants in the system water. The extent of water 

recirculation is determined by the capacity of biofilter and particulate removal 

devices to restore water quality. However, in most situations, it is not possible to 

achieve 100% water recirculation due to performance limitations of water 

treatment devices. 

Periodically, the system water is partially exchanged with fresh supply water 

to avoid the build-up of toxic levels of pollutants and to remove suspended 

particles so that the water quality remains within an acceptable range for fish 

growth. In most RAS, this water exchange takes place in a particulate-removal 

device where the settled solids are flushed out along with some system water. 

Makeup water must account for this cleaning loss as well as evaporation and 

splash-out losses. However, evaporation and splash-out losses are negligible 

compared to cleaning losses. The frequency of cleaning and amount of water 

used per cleaning depend on the type of fish culture, amount and frequency of 

feeding, desired water quality parameters, and the type of particulate removal 

device. 

Effluent discharge from a RAS facility represents a loss of water, heat 

energy, and several nutrients. Some characteristics of the effluent are toxic to the 

surrounding environment and therefore, the government establishes standards for 

effluent discharges from aquaculture facilities. Considering the current emphasis



on pollution, the cost of environmental compliance may become very significant 

for commercial aquaculture operations in the near future. 

The answer to this multi-dimensional aquaculture effluent problem may lie 

in the observed behavior of natural aquatic ecosystems, where biological diversity 

makes the system more stable in terms of acceptable water quality being 

maintained over a long period of time. Primarily, this is achieved by the 

utilization of waste from one culture as nutrients by another culture in the same 

system. Hydroponic plant culture, pond aquaculture, and algal, water hyacinth, 

and duckweed cultures have been suggested and widely practiced as large-scale 

natural systems for the treatment of industrial and agricultural wastewater (Jewell, 

1994; Huntley, 1989; Dinges, 1982; Reed et al., 1988). The use of a nutrient 

recycling principle within RAS demands extending the functions of RAS to 

include productive utilization of effluent within the system without adversely 

affecting the culture water quality for fish growth. 

Hydroponic culture, a technique of growing plants, is based on the 

capability of plants to extract dissolved chemical nutrients from an aqueous 

solution to support their growth. Most often, hydroponic systems are located in 

greenhouses, where they directly utilize solar energy for plant growth. The use of 

aquacultural effluent as hydroponic culture solution qualifies as a potential 

complementary function of RAS. This can make the RAS technology biologically 

sustainable through almost 100% water recirculation, transformation of toxic



chemicals into their useful form, and efficient utilization of nutrients directly 

available in the effluent. Also, it can help RAS evolve as diversified and 

commercially viable enterprises through additional economic activity in the form 

of hydroponic culture of commercial plants. 

Rakocy and Hargreaves (1993), in a thorough review of literature on 

various aspects of integrated systems (aquaculture-hydroponics), characterize past 

research efforts on integrated systems as feasibility studies with less emphasis on 

quantitative relationships. Tomato and lettuce plants have been widely evaluated 

for their suitability with the aquaculture effluent. With regard to future research 

needs, Rakocy and Hargreaves (1993) identify rational system design and 

performance analysis among the most critical areas. Singh and Marsh (1994) 

quantified the potential increase in overall energy output/input ratio of an RAS 

considering the nutrient and heat recovery from RAS wastewater. 

The overall goal of this research was to develop an analytical tool in the 

form of a computer model for design and component-wise performance simulation 

of a recirculating aquaculture system integrated with’a greenhouse hydroponic 

vegetable culture system. Broadly speaking, the model has two major interacting 

components, aquaculture and hydroponics. The aquaculture component has fish 

growth, waste production, and effluent water quality as its sub-models. The 

aquaculture component of the model can predict the quantity and quality of 

effluent discharge from the aquaculture facility over a fish-production cycle. The



hydroponics component first determines an optimum greenhouse size for the given 

size of RAS facility and then combines plant growth and greenhouse environment 

sub-models to predict the performance of vegetable plants in terms of nutrient 

and water uptake as well as plant biomass growth under the influence of 

simulated greenhouse environmental conditions. 

From simple input information regarding fish species, stocking density, 

feeding strategy, feed composition, type/size of water treatment units, operating 

temperature, pH, and dissolved oxygen concentration, an aquacultural manager 

can predict fish growth, water quality, and effluent discharge on a daily basis for 

an entire production cycle. The model can also be useful for design analysis of 

integrated configuration for a range of stocking scenarios and greenhouse heat 

loss factors.



2. OBJECTIVES 

The main focus of this research was to develop a computer model for 

design and performance simulation of integrated fish production-hydroponics 

systems. The study also focussed on determining the potential role that 

hydroponic vegetable cultures can play in minimizing effluent discharge from a 

RAS facility while maintaining water quality suitable for fish growth. In addition, 

the productive aspects of integrated fish production-hydroponic culture were also 

considered. The specific objectives of this research were as follows: 

(1) to develop a computer simulation model of the performance of 

recirculating aquaculture system and validate it; 

(2) to establish a methodology for design of an integrated fish production- 

hydroponics system; and 

(3) to characterize nutrient, heat, and water balances of the integrated system 

under a range of production scenarios.



3. REVIEW OF LITERATURE 

3.1. Feasibility Studies of Integrated Systems 

Libey (1993), Easter (1992), Nunley (1992), Wood (1991), and Singh (1993) 

provided detailed information on hybrid striped bass and tilapia production in 

RAS, overall RAS and component performances, aeration, and the chemical and 

thermal nature of effluent available from the RAS facility of Virginia Tech. 

Table 3.1 shows the average characteristics of effluent discharged from the RAS 

facility at Virginia Tech. This information can be used to quantify both the 

nutritional and the heat content of the RAS effluent available for hydroponics. 

The average aquacultural effluent from the RAS facility at Virginia Tech has 

nutrient characteristics similar to those of domestic wastewater (Libey, 1993). 

Further, Libey (1993) mentioned that the nitrogen (TKN and nitrate) and 

phosphorus levels in the effluent seemed adequate for hydroponics. 

Rakocy and Hargreaves (1993) reviewed the literature on various aspects 

of integration of vegetable hydroponics with fish culture. Several aquatic plants 

and vegetable cultures have been studied for their suitability to the aquacultural 

effluent (MacKay and Van Toever, 1981; Rakocy and Allison, 1981; Fedler, 1993; 

Subandar and Petrell, 1991; Rakocy and Hargreaves, 1993; Seawright, 1993; 

Rakocy et al., 1993; Dontje and Clanton, 1992; Lewis et al., 1978; McMurtry et



TABLE 3.1. Wastewater characteristics of RAS facility at Virginia Tech during 

striped bass production. (Sources: Previous studies by Libey, Easter, and Nunley) 

  

  

  

  

  

  

  

  

  

  

  

    
  

  

  

  

  

  

  

  

  

  

  

Parameter Average | Minimum | Maximum St. Dev. 

Temperature (C) 23.9 21.6 25.9 1.11 

pH 7.2 6.9 7.5 0.2 

Alkalinity (mg/L) 80.7 13.0 173.0 48.9 

Dissolved O, (mg/L) 8.9 5.6 12.6 1.6 

Hardness (mg/L) 196.6 128.0 273.0 48.7 

TKN (mg/L) 25.0 11.8 43.4 11.0 

TAN (mg/L) 2.05 1.11 6.75 1.48 

NH ;-N (mg/L) 0.02 0.01 0.09 0.22 

NON (mg/L) 0.91 0.10 1.90 0.59 

NO ;-N (mg/L) 99.8 63.3 140.0 35.4 

Total PO, (mg/L) 85.0 64.5 105.0 15.0 

Dissolved PO, (mg/L) 25.0 20.2 36.8 6.0 

Potassium (mg/L) 46.4 2.6 90.2 - 

Calcium (mg/L) 123.8 40.0 207.5 - 

Sulphate (mg/L) 39.5 25.7 53.4 - 

Magnesium (mg/L) 13.2 6.9 19.4 - 

Copper (mg/L) 0.01 0.0 — 0.02 - 

TSS (mg/L) 371.0 155.2 909.0 180.0 

VSS (mg/L) 277.0 85.0 628.0 131.0 

FSS (mg/L) 94.0 33.0 281.0 56.0 

CBOD , (mg/L) 125.0 51.7 264.3 46.0 

COD (mg/L) 320.0 164.0 528.0 102.0           
  

   



al., 1990; Sutton and Lewis, 1982; and Watten and Busch, 1984). Almost all of 

these efforts can be classified as preliminary feasibility study of integrated systems. 

Pilot scale integrated systems, with a variety of design configurations, have been 

reported in these studies. Geographic location, type of fish culture, and the 

quality and quantity of available water seem to be the determining factors for 

design configurations. 

Algal blooms tend to occur in waters with inorganic nitrogen and 

phosphate levels above 0.3 mg/L and 0.01 mg/L, respectively (Metcalf and Eddy, 

1991). However, algae requires a combination of high lighting intensity (optimum 

range: 30 - 40 Klux) and high temperature (optimum range: 35 to 42 TC) to grow 

at its fullest potential (Fedler et al., 1993). At present, the algal growth is kept 

under control by maintaining low light intensity in the Virginia Tech RAS facility 

(Nunley, 1992). Fedler et al. (1993) listed the special qualities of algae that make 

it suitable for mass culture as: high growth rate, high protein content, high 

nitrogen fixing capacity, and commercial value as human food, animal feed, and 

fine chemicals. 

Fedler et al. (1993) successfully integrated livestock waste recycling with 

production of microalgae. Nitrate-N, orthophosphate-P, and inorganic carbon 

were added to the cattle waste to achieve higher growth rate of microalgae. 

Optimum conditions in terms of temperature (36 TC), illumination (34 Klux), pH 

(9.2), and aeration were maintained.



Naegel (1977) examined the preliminary feasibility of combined production 

of fish, tomatoes, and lettuce in a greenhouse using a small aquaria. In addition 

to nitrogen uptake by plants, the water quality was also restored in nitrification, 

denitrification, and conical sedimentation tanks. Daily makeup water volume 

averaged 2 - 3% of total system volume (2000 L). The fish (tilapia and carp) and 

plants showed significant weight gain over the 22-week study period. Tomato and 

lettuce indicated continuous substantial nitrate-N uptake during the first 8 weeks. 

In the later part of the experiment, algae culture was added to the system for 

additional denitrification. 

MacKay and Van Toever (1981) combined the algae culture with 

hydroponic vegetable production in a greenhouse to recondition the recirculating 

aquaculture water for salmonids. Their short-run experiment resulted in slow fish 

growth (less than 2% per day) and high mortality rate (42%) due to low oxygen 

levels. However, they reported that the water chemistry remained within 

acceptable limits for rainbow trout with the exception of nitrite concentration and 

no mortalities were attributable to nitrite toxicity. They concluded that almost 

100% water recycling is possible in a salmonid hatchery provided adequate oxygen 

levels in culture water are maintained. 

Rakocy and Allison (1981) conducted outdoor experiments using aquatic 

macrophyte production as a supplementary wastewater treatment process in the 

culture of tilapia in large concrete tanks. Dissolved oxygen appeared to be the 

10



only limiting water quality variable in their experiments. The aquatic macrophyte 

plants removed 15.8%, 13.4%, and 12.0% of the waste nitrogen in the low, 

intermediate, and high density experiments, respectively. 

Zweig et al. (1981) developed specially designed solar-algae ponds 

(translucent fiberglass cylinders five feet in diameter and height) for tilapia 

culture. The algal cells in water columns were useful (1) as a feed for 

phytophagous organisms, (2) in the oxygenation of the water through 

photosynthesis, (3) as micro-heat exchangers absorbing solar energy, and (4) in 

the purification of the water through directly metabolizing toxic fish wastes. 

Zweig et al. reported that fish productivity in this specially designed solar-algae 

system exceeded ten times that previously documented in still water. 

Subandar and Petrell (1991) demonstrated significant nitrogen uptake by 

macroalgae or kelp grown in netpen salmon culture effluent. The kelp culture 

also enhanced oxygen concentration in the water by photosynthesis. Channel 

catfish production, biofiltration using revolving plate-type biofilter, and hydroponic 

tomato production were linked to maintain quality of water in an integrated 

system by Lewis et al. (1978). Fish survival was high; however, the growth was 

found to be below maximum due to sub-optimum water temperature during the 

experiments. However, tomato yields were approximately twice that either 

demonstrated or expected in field production of the same varieties. Supplemental 

fertilizers were periodically added in the hydroponic subsystem. Because of 

11



leakage from the hydroponic tanks, the amount of makeup water added per day 

was relatively high (6.6% of the total volume). The low temperature problem was 

eliminated by improving the system design (Sutton and Lewis, 1982) and 

production trials were repeated in another season. The required daily makeup 

water decreased to an average of 6% of total system volume and better growth of 

fish and tomatoes were observed. 

Savings in energy expenditure and daily water (2.6% of the total volume) 

use were realized in an outdoor integrated system design having trickling-type 

biofilter tested by Watten and Busch (1984) for tilapia and hydroponic tomato 

cultures in the US Virgin Islands. Results indicated better water quality, fish 

survival, and tomato growth as compared to fish culture alone. The economic 

analysis of their integrated system showed it to be a profitable investment. 

Capital costs for the complete system were estimated at $612 at 1979 dollar 

values. The system was equipped with a rotating biological filter and several 

types of vegetables (tomato, lettuce, pac choi, and chinese cabbage) were tried 

(Rakocy, 1989). Daily makeup water volume dropped to 1% of the total system 

volume and consistently good growth for both fish and vegetables was observed. 

McMurtry et al. (1990) investigated the use of sand culture of bush bean, 

cucumber, and tomato with recirculating water from blue tilapia culture. 

Simultaneously, these vegetables were also grown on soil medium. The bush bean 

and cucumber harvests in the sand culture were significantly higher as compared 

12



to those obtained in sandy loam soil. No supplemental fertilizers were added to 

the fish culture effluent, which served as the irrigation water for both crops. 

Interestingly, no biological filtration and solids removal devices were used. The 

drained water from the sand beds was recirculated to the fish tanks. The sand 

beds retained a significant part of the suspended solids. Water quality was 

maintained within acceptable limits. However, makeup water requirements 

averaged 7% of the system volume per day. 

Another effort of sand culture of vegetables and plants (tomato, cattails, 

and reed canarygrass) with tilapia was reported by Dontje and Clanton (1992). 

They added swine waste at various strengths to fish tanks and the water treatment 

performance of recirculating aquaculture system was evaluated. In general, the 

fish and plant growths were not impressive during the reported period of study (16 

weeks). 

Seawright (1993) studied dynamic inorganic nutrient relationships within a 

detailed experiment on a completely closed tilapia culture coupled with a 

hydroponic romaine lettuce culture. The integrated system was located in a 

glasshouse. Preliminary results of yield and nutrient recovery indicated that the 

system was biologically feasible and water quality parameters were acceptable for 

tilapia. 

Rakocy et al. (1993) observed daily makeup water volume of less than 1% 

of total system volume in an integrated system that did not have any biological 
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filtration device. A cylindro-conical clarifier was used to remove settled fish fecal 

solids. Nutrient recovery was achieved by two hydroponic (leafy green vegetables 

and tomato) systems attached to each fish rearing tank. 

Bender (1984) constructed an integrated system of aquaculture, vegetable 

production and solar home heating in an urban environment (downtown Atlanta, 

Georgia). Tilapia were grown in a solar pond located in the basement of the 

house. The system avoided the use of commercial fertilizer for broccoli, carrots, 

lettuce and kale plants grown in a home greenhouse. The economic analysis of 

the system indicated a payback period of approximately 7 years. 

Olsen et al. (1993), and Ghate and Burtle (1993) studied the potential use 

of aquacultural effluent from ponds as irrigation water for cotton and soybean 

crops, respectively. Significant decreases in irrigation water and fertilizer costs 

were found feasible by using aquacultural effluent as irrigation water. Ismond 

(1993) provides a general framework for designing the aquaculture-agriculture 

systems and discusses governing factors in the management of such systems. 

3.2. Fish Growth Models and Waste Production 

This research required a fish growth model for two purposes; first to 

simulate the fish growth in the RAS and second to predict waste production due 

to feeding and physiological activities of fish. Fish growth was used in overall 
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performance evaluation of the integrated aquaculture-hydroponics system. Waste 

production during fish growth was used in the water quality model of the RAS 

that predicts the quality and quantity of effluent discharge. 

There are several approaches to model fish growth. Growth in fish weight 

has a direct relation with the amount of feed (Royce, 1972). Feed conversion 

ratios (FCR) are widely used to represent this relationship. Also, for fish, there 

exists a power relation between length and weight (Royce, 1972). Fish growth, in 

terms of length, approaching to an asymptotic size, is usually represented by Von 

Bertalanffy’s equation (Siegwarth and Summerfelt, 1993; Cloren and Nichols, 

1978). Many different models of fish growth have been derived from the Von 

Bertalanffy’s equation for fisheries applications (Springborn ef al., 1994). For 

specific applications, statistical regression is also applied with fish weight or length 

as the dependent variable (Soderberg, 1992). However, these black-box 

approaches are purely empirical and have limited use in general applications. 

Also, these approaches completely neglect the waste production aspect of fish. 

Machiels and Henken (1986) used a dynamic simulation model (written in 

Continuous System Modeling Program or CSMP language) for african catfish 

growth to study the effect of feeding level on growth and energy metabolism by 

taking into account various intermediate biochemical pathways of consumed food. 

This model is quite explanatory; however, it suffers from a lack of parameter 

values for different fish species and different feed types. 
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At present, the bioenergetics principle of partitioning the feed consumed 

by a fish into growth, metabolism, and excretion is the most widely used approach 

for fish growth modeling (Brandt and Hartman, 1993). Several applications of 

bioenergetics modeling were reviewed by Brandt and Hartman (1993) and Ney 

(1993). Based on the work of Kitchell et al. (1974) and several other researchers, 

Hewett and Johnson (1987 and 1992) developed microcomputer software of a 

generalized bioenergetics fish growth model. Ney (1993), in a review of 

bioenergetics models, claimed that this software (known as the Wisconsin Model) 

is the most popular model in North American fisheries research. Moore eft al. 

(1993) and Hartman and Brandt (1993) provided up-to-date parameter values for 

striped bass for use with the Wisconsin model. 

Forster and Goldstein (1969) discussed the biochemical pathways of 

formation of excretory products in fish. Ammonia and urea are the two main 

nitrogenous end-products. Ammonia, owing to its toxicity to fish, is a more 

important consideration in the design of intensive aquaculture systems. Several 

other elements are also released through egestion and excretion in complex 

chemical forms. Brett and Groves (1979), Pillay (1992), and Steffens (1989) 

characterized and quantified the feed-dependent composition of fecal and non- 

fecal discharges of different fish species including largemouth bass. Beamish 

(1972) also explored the relationship between fecal losses and feeding strategy for 

largemouth bass in significant detail. 
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3.3. Aquaculture Water Quality Models 

Several quantitative relationships among aquaculture water quality 

variables (Liao and Mayo, 1974; Wheaton, 1977; Muir, 1982; Tchobanoglous and 

Schoeder, 1985; Boyd, 1990; Losordo, 1991; Timmons, 1991) have been developed 

for intensive aquaculture system component design purposes. Most of these 

relationships were developed from empirical studies on pilot-scale recirculating 

aquaculture systems. However, fish-growth-dependent water quality simulation 

models for RAS have not evolved at a significant pace. 

Only recently, modeling efforts for simulating water quality in intensive or 

semi-intensive aquaculture systems have started to appear in print (Kochba et al., 

1994; Weatherley et al., 1993; Wheaton et al., 1991; Colt and Orwicz, 1991; 

Heinsbroek and Kamstra, 1990; Bovendeur and Henken, 1987; Piedrahita, 1986). 

Most of these models with the exception of Weatherley (1993), assumed steady 

state conditions, relied entirely on empirical relationships among water quality 

and environmental variables, and did not take into consideration the dynamics of 

fish growth. Weatherley (1993) developed a dynamic model of ammonia 

concentration ina laboratory size recirculating system and tested it through 

experiments with varying ammonia inputs. 

Kochba et al. (1994) simulated internal nitrogen transformation in an 

intensively aerated fish pond with the objective of designing an optimum water 
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exchange rate. Piedrahita (1986) developed a rather comprehensive model with 

21 state variables for an aquaculture pond taking into account the effects of 

phytoplankton growth and respiration rates, particulate organic matter 

decomposition rate, and dissolved organic matter decomposition rate. However, 

pond fish production differs significantly from recirculating aquaculture system in 

terms of stocking density, feeding strategy, waste production, aeration, 

temperature, and water treatment. 

Weatherley (1982) attempted to use a dynamic response analysis assuming 

a simple first order kinetic equation for ammonia concentration in a recirculating 

aquaculture system to demonstrate how the distribution of ammonia throughout 

the system may be predicted following dynamic changes in ammonia input. This 

approach was further refined (Weatherley et al., 1993), and a process model, 

written in Advanced Continuous Simulation Language (ACSL), describing the 

unsteady behavior of recirculating aquaculture system, was developed. However, 

only ammonia concentration was considered in the model. 

Bovendeur and Henken (1987) used simple empirical relationships to 

establish a design procedure for water recirculating systems for high-density 

culture of the african catfish. The quantitative relationships were either taken 

from the literature or developed experimentally. The design procedure involved 

identifying the relationships between waste production and waste removal kinetics 

as affected by hydraulic loading, dimensions of the biological fixed-film reactor, 
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water recirculation rate, and water exchange rate. Heinsbroek and Kamstra 

(1990) modified the above design procedure for eel culture by including 

considerations for suspended solids removal and aeration. 

Colt and Orwicz (1991) modeled production capacity of aquatic culture 

under freshwater conditions. Based on several criteria for water quality standards 

in aquaculture as reported in the literature, they proposed a simple calculation to 

determine production capacity of a salmonid hatchery. Carbon dioxide 

concentration, pH, dissolved oxygen, and unionized ammonia interactions were 

discussed for both open and close systems and presented as major design criteria. 

3.4. Plant Growth Models 

There are a wide variety of models available for greenhouse plant growth 

prediction in terms of various physiological variables and effect of different 

environmental variables. However, this research, with its emphasis on wastewater 

management in a RAS, needed lettuce and tomato models that paid special 

attention to water and nutrient uptake performance of the plant but did not 

exclude plant biomass growth in the final output. Therefore, studies on water and 

nutrient uptake, transpiration, and plant biomass growth were reviewed. 

Six commonly used approaches for biomass allocation in a plant were 

reviewed by Marcelis (1993): (1) descriptive allometry, proposing a predetermined 
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�m�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �c�r�o�p� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �v�a�r�i�a�b�l�e�s�.� �T�h�e� 

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

�f�u�n�c�t�i�o�n� �o�f� �t�i�m�e�.� 

�J�o�l�l�i�e�t� �e�t� �a�l�.� �(�1�9�9�3�)� �d�e�v�e�l�o�p�e�d� �a� �s�i�m�p�l�e� �p�r�e�d�i�c�t�i�v�e� �m�o�d�e�l� �r�e�l�a�t�i�n�g� 
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�g�r�e�e�n�h�o�u�s�e� �t�o�m�a�t�o� �y�i�e�l�d� �t�o� �b�o�t�h� �a�i�r� �h�u�m�i�d�i�t�y� �a�n�d� �t�r�a�n�s�p�i�r�a�t�i�o�n�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� 

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

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

�t�h�a�t� �8�9�%� �o�f� �t�h�e� �y�i�e�l�d� �v�a�r�i�a�b�i�l�i�t�y� �w�a�s� �a�c�c�o�u�n�t�e�d� �f�o�r� �b�y� �t�h�e� �a�b�o�v�e� �m�o�d�e�l�.� 

�B�a�t�t�a� �(�1�9�8�9�)� �m�o�d�e�l�e�d� �t�h�e� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �a�n�d� �w�a�t�e�r� �u�p�t�a�k�e� �r�a�t�e� �o�f� 

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

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

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

�B�r�u�g�g�i�n�k� �e�t� �a�l�.� �(�1�9�8�8�)� �d�e�v�e�l�o�p�e�d� �a� �d�y�n�a�m�i�c� �m�o�d�e�l� �t�h�a�t� �p�r�e�d�i�c�t�s� �w�a�t�e�r� 

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

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

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

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

�O�k�u�y�a� �a�n�d� �O�k�u�y�a� �(�1�9�8�8�)� �c�a�l�c�u�l�a�t�e�d� �t�r�a�n�s�p�i�r�a�t�i�o�n� �o�f� �g�r�e�e�n�h�o�u�s�e� �t�o�m�a�t�o� 

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

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

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

�t�r�a�n�s�p�i�r�a�t�i�o�n� �o�n� �a�n� �h�o�u�r�l�y� �b�a�s�i�s�.� 

�M�o�r�r�i�s� �e�t� �a�l�.� �(�1�9�5�7�)� �s�h�o�w�e�d� �a� �d�i�r�e�c�t� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�r�a�n�s�p�i�r�a�t�i�o�n� �r�a�t�e� �o�n� 

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

�G�r�a�a�f� �(�1�9�8�8�)� �d�e�v�e�l�o�p�e�d� �l�i�n�e�a�r� �s�t�a�t�i�s�t�i�c�a�l� �r�e�g�r�e�s�s�i�o�n� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �d�a�i�l�y� 
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�t�r�a�n�s�p�i�r�a�t�i�o�n� �a�n�d� �d�a�i�l�y� �t�o�t�a�l� �o�f� �t�h�e� �g�l�o�b�a�l� �r�a�d�i�a�t�i�o�n� �f�o�r� �t�o�m�a�t�o� �a�n�d� �l�e�t�t�u�c�e� �p�l�a�n�t�s� 

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

�p�r�e�s�e�n�t�e�d� �f�o�r� �t�h�e� �t�w�o� �c�r�o�p�s�.� 

�F�e�d�l�e�r� �e�t� �a�l�.� �(�1�9�9�3�)� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �n�i�t�r�a�t�e�,� 

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

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

�e�t� �a�l�.�,� �1�9�9�1�)�,� �r�e�p�r�e�s�e�n�t�i�n�g� �a� �S�-�s�h�a�p�e�d� �c�u�r�v�e�,� �w�a�s� �u�s�e�d� �t�o� �m�o�d�e�l� �m�i�c�r�o�a�l�g�a�e� �g�r�o�w�t�h� 

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

�d�a�i�l�y� �g�r�o�w�t�h� �r�a�t�e� �o�f� �a�l�g�a�e� �(�c�h�l�o�r�o�p�h�y�l�l�-�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�)�,� �d�a�i�l�y� �n�u�t�r�i�e�n�t� �u�t�i�l�i�z�a�t�i�o�n� 

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

�t�o� �p�r�e�d�i�c�t� �a�l�g�a�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�e�r�m�s� �o�f� �c�h�l�o�r�o�p�h�y�l�l�-�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �P�r�e�d�i�c�t�e�d� 

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

�I�n�c�r�o�p�e�r�a� �a�n�d� �T�h�o�m�a�s� �(�1�9�7�8�)� �c�o�m�b�i�n�e�d� �a� �k�i�n�e�t�i�c� �m�o�d�e�l� �o�f� �l�i�g�h�t� 

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

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

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

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

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

�R�a�v�e�n� �(�1�9�8�8�)� �d�i�s�c�u�s�s�e�d� �v�a�r�i�o�u�s� �n�u�t�r�i�t�i�o�n�a�l� �(�s�u�b�s�t�r�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�)� �a�n�d� 

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

�g�r�o�w�t�h� �r�a�t�e� �o�f� �a�l�g�a�e�.� 
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�4�.� �M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�4�.�1�.� �M�o�d�e�l� �D�e�v�e�l�o�p�m�e�n�t� 

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

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

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

�s�y�s�t�e�m�,� �t�h�e� �t�e�r�m� �d�e�s�i�g�n� �r�e�f�e�r�s� �t�o� �s�y�s�t�e�m� �c�o�m�p�o�n�e�n�t� �s�i�z�e�s� �(�o�p�t�i�m�u�m� �g�r�e�e�n�h�o�u�s�e� 

�s�i�z�e� �f�o�r� �a� �g�i�v�e�n� �s�i�z�e� �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� �f�a�c�i�l�i�t�y�)� �a�n�d� �p�e�r�f�o�r�m�a�n�c�e� �r�e�f�e�r�s� 

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

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

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

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

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

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

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

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

�g�i�v�e� �d�a�i�l�y� �o�u�t�p�u�t�.� �F�i�g�.� �4�.�1� �d�e�p�i�c�t�s� �a� �s�i�m�p�l�e� �f�l�o�w� �c�h�a�r�t� �o�f� �t�h�e� �c�o�m�p�u�t�e�r� �m�o�d�e�l�.� 

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

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

�r�e�g�a�r�d�i�n�g� �f�i�s�h� �s�p�e�c�i�e�s�,� �s�t�o�c�k�i�n�g� �d�e�n�s�i�t�y�,� �f�e�e�d� �c�o�m�p�o�s�i�t�i�o�n�,� �f�e�e�d�i�n�g� �s�t�r�a�t�e�g�y�,� �a�n�d� �t�h�e� 
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�F�l�o�w� �c�h�a�r�t� �o�f� �t�h�e� �c�o�m�p�u�t�e�r� �m�o�d�e�l� �F�i�g�.� �4�.�1�.� 
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�d�e�s�i�g�n�/�p�e�r�f�o�r�m�a�n�c�e� �o�f� �R�A�S� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �h�y�d�r�o�p�o�n�i�c�s� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� 

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

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

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

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

�4�.�1�.�1�.�F�i�s�h� �a�n�d� �W�a�s�t�e� �P�r�o�d�u�c�t�i�o�n� �M�o�d�u�l�e� 

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

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

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

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

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

�J�o�h�n�s�o�n�,� �1�9�8�7� �a�n�d� �1�9�9�2�)� �w�a�s� �e�m�p�l�o�y�e�d� �b�e�c�a�u�s�e� �i�t� �a�l�l�o�w�s� �p�a�r�t�i�t�i�o�n�i�n�g� �o�f� �f�e�e�d� �i�n�t�o� 

�i�t�s� �v�a�r�i�o�u�s� �f�a�t�e�s�.� �A�l�s�o�,� �s�p�e�c�i�e�s�-�s�p�e�c�i�f�i�c� �p�a�r�a�m�e�t�e�r� �v�a�l�u�e�s� �f�o�r� �u�s�e� �w�i�t�h� �t�h�e� 

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

�i�n�c�l�u�d�i�n�g� �s�t�r�i�p�e�d� �b�a�s�s�.� 

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

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

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

�(�W�)� �p�e�r� �d�a�y�.� �T�h�e� �f�e�e�d�i�n�g� �s�t�r�a�t�e�g�y� �c�h�a�n�g�e�s� �w�i�t�h� �t�h�e� �g�r�o�w�t�h� �i�n� �f�i�s�h� �w�e�i�g�h�t�/�s�i�z�e� 
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�d�u�r�i�n�g� �a� �p�r�o�d�u�c�t�i�o�n� �c�y�c�l�e�.� �T�h�e� �f�e�e�d� �o�f�f�e�r�e�d� �t�o� �a� �f�i�s�h� �c�a�n� �b�e� �p�a�r�t�i�t�i�o�n�e�d� �i�n�t�o� 

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

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

�b�i�o�e�n�e�r�g�e�t�i�c�s� �p�r�o�c�e�d�u�r�e� �d�e�s�c�r�i�b�e�d� �h�e�r�e� �i�s� �a�d�a�p�t�e�d� �f�r�o�m� �K�i�t�c�h�e�l�l� �e�t� �a�l�.� �(�1�9�7�4� �a�n�d� 

�1�9�7�7�)�,� �N�e�y� �(�1�9�9�3�)�,� �a�n�d� �M�o�o�r�e� �e�t� �a�l�.� �(�1�9�9�3�)�.� �F�o�l�l�o�w�i�n�g� �w�i�d�e�l�y� �u�s�e�d� �s�y�m�b�o�l�,� �t�h�e� 

�c�o�n�s�u�m�e�d� �p�a�r�t� �o�f� �t�h�e� �d�a�i�l�y� �f�e�e�d� �i�s� �p�a�r�t�i�t�i�o�n�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �E�q�.� �[�4�.�1�]�:� 

�C� �=� �G�+�R�+�S�D�A� �+�F�+�U� �[�4�.�1�]� 

�w�h�e�r�e�,� 

�C� �=� �c�o�n�s�u�m�e�d� �f�e�e�d� 

�G� �=� �g�r�o�w�t�h� 

�R� �=� �m�e�t�a�b�o�l�i�c� �c�o�s�t� 

�S�D�A� �_� �=� �s�p�e�c�i�f�i�c� �d�y�n�a�m�i�c� �a�c�t�i�o�n� �c�o�s�t� 

�F� �=� �e�g�e�s�t�i�o�n� 

�U� �=� �e�x�c�r�e�t�i�o�n� 

�C�o�n�s�u�m�p�t�i�o�n� �(�C�)�.� �T�h�e� �f�e�e�d� �c�o�n�s�u�m�p�t�i�o�n� �r�a�t�e� �(�C�)� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �b�o�t�h� �f�i�s�h� 

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

�c�o�n�s�u�m�p�t�i�o�n� �(�C�,�,�,�)�.� �T�h�e� �t�e�r�m� �C�,�,�,�,�i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �a�,�;�W ��,� �w�h�e�r�e� �a�,� �a�n�d� �b�,� �a�r�e� 

�a�l�l�o�m�e�t�r�i�c� �c�o�n�s�t�a�n�t�s� �a�n�d� �W� �i�s� �w�e�t� �w�e�i�g�h�t� �i�n� �g�r�a�m�s�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �C� 
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�a�n�d� �C�,�,�,�,� �1�s� �o�f� �t�h�e� �f�o�r�m� �s�h�o�w�n� �b�y� �E�q�.� �[�4�.�2�]�.� 

�C� �=� �C�u�a� �*� �P� �*� �1�,� �[�4�.�2�]� 

�w�h�e�r�e�,� 

�C�u�a�x� �=� �M�a�x�i�m�u�m� �c�o�n�s�u�m�p�t�i�o�n� �a�t� �t�h�e� �o�p�t�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �(�T� �,�,�)�,� 

�P� �=� �p�r�o�p�o�r�t�i�o�n�a�l�i�t�y� �c�o�n�s�t�a�n�t� �o�f� �m�a�x�i�m�u�m� �r�a�t�i�o�n� �(�0� �t�o� �1�)�,� �a�n�d� 

�I�,� �=� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �p�r�o�p�o�r�t�i�o�n�a�l� �s�c�a�l�a�r� �o�f� �c�o�n�s�u�m�p�t�i�o�n� 

�r�a�t�e� �e�q�u�i�v�a�l�e�n�t� �t�o� �(�(�V� �)�*�(�e� �(�1�-�V�)�)�)� �s�u�c�h� �t�h�a�t�:� 

�V�i�o� �=� �(�T�y�e� �-� �T�C�T� �m�e� �-� �T�o�)� �[�4�.�3�]� 

�x� �=� �(�W�X�1�+�(�1�+�4�0�/�y�)� �©�4�4�0�0� �[�4�.�4�]� 

�W� �=� � �(�n�Q�)�*�(�T�,�.�-�T�.�)� �[�4�.�5�]� 

�y� �=� � �(�I�n�Q�)�*�(�T�a�e�-� �T�e� �+� �2�)� �[�4�.�6�]� 

�T�h�e� �f�u�n�c�t�i�o�n� �r�,� �i�n�c�r�e�a�s�e�s� �t�o� �a� �m�a�x�i�m�u�m� �v�a�l�u�e� �o�f� �1�.�0� �a�t� �t�h�e� �o�p�t�i�m�u�m� 

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

�c�o�n�s�u�m�p�t�i�o�n� �(�T�,�,�.�)�.� �A�S� �t�h�e� �v�a�l�u�e� �o�f� �r�,�i�n�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �u�p� �t�o� 

�T� �.�.� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �f�u�n�c�t�i�o�n� �Q�.� �a�p�p�r�o�x�i�m�a�t�e�s� �a� �Q�,�,� �f�o�r� �t�h�e� �r�a�t�e�.� �T�h�e� �Q�,�i�s�a� 

�t�e�m�p�e�r�a�t�u�r�e� �c�o�e�f�f�i�c�i�e�n�t� �u�s�e�d� �t�o� �d�e�s�c�r�i�b�e� �a� �c�h�a�n�g�e� �i�n� �r�a�t�e� �w�i�t�h� �a� �1�0� �i�n�c�r�e�a�s�e� �i�n� 

�t�e�m�p�e�r�a�t�u�r�e�.� �T�,�,�i�s� �t�h�e� �g�i�v�e�n� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e�.� 
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�R�e�s�p�i�r�a�t�i�o�n� �(�R�)�.� �S�i�m�i�l�a�r� �t�o� �c�o�n�s�u�m�p�t�i�o�n� �r�a�t�e� �(�C�)�,� �t�h�e� �m�e�t�a�b�o�l�i�c� �(�r�e�s�p�i�r�a�t�i�o�n�)� �c�o�s�t� 

�o�f� �s�t�a�n�d�a�r�d� �p�l�u�s� �a�c�t�i�v�e� �m�e�t�a�b�o�l�i�s�m� �(�R�)� �d�e�p�e�n�d�s� �o�n� �f�i�s�h� �s�i�z�e� �a�n�d� �w�a�t�e�r� 

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

�c�o�n�s�u�m�p�t�i�o�n� �r�a�t�e�.� �R�e�s�p�i�r�a�t�i�o�n� �r�a�t�e� �(�R�)� �i�s� �r�e�l�a�t�e�d� �t�o� �s�t�a�n�d�a�r�d� �r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e� 

�(�R� �.�)� �a�c�c�o�r�d�i�n�g� �t�o� �E�q�.� �[�4�.�7�]�:� 

�R� �=� � �R�,�*�A�*�r�t�,� �[�4�.�7�]� 

�w�h�e�r�e�,� 

�s�t�a�n�d�a�r�d� �r�e�s�p�i�r�a�t�i�o�n� �r�a�t�e� �e�q�u�i�v�a�l�e�n�t� �t�o� �a�,�W!"�,� �w�h�e�r�e� �a�,� �a�n�d� �A
� �l�l� 

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

�w�e�i�g�h�t� �i�n� �g�r�a�m�s�,� 

�A� �=� �a�c�t�i�v�i�t�y� �m�u�l�t�i�p�l�i�e�r� �o�f� �R�,�t�o� �a�c�c�o�u�n�t� �f�o�r� �a�c�t�i�v�i�t�y� �c�o�s�t�,� �a�n�d� 

�r�,� �=� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �p�r�o�p�o�r�t�i�o�n�a�l� �a�d�j�u�s�t�m�e�n�t� �o�f� �r�e�s�p�i�r�a�t�i�o�n� 

�r�a�t�e� �(�s�i�m�i�l�a�r� �t�o� �r�,�)� �r�a�n�g�i�n�g� �f�r�o�m� �0� �t�o� �1�.� 

�T�h�e� �v�a�l�u�e� �o�f� �r�,�i�s� �d�e�r�i�v�e�d� �w�i�t�h� �t�h�e� �s�a�m�e� �e�q�u�a�t�i�o�n�s� �(�{�4�.�3�]� �t�h�r�o�u�g�h� �[�4�.�6�]�)� 

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

�r�e�p�l�a�c�e� �T�,�,� �a�n�d� �T�,�,�,�,� �a�n�d� �(�2�)� �Q�,�,� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�-�d�e�p�e�n�d�e�n�c�e� 

�f�u�n�c�t�i�o�n�,� �r�e�p�l�a�c�e�s� �Q�.�.� 
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�D�i�g�e�s�t�i�o�n� �M�e�t�a�b�o�l�i�s�m� �(�S�D�A�)�.� �T�h�e� �m�e�t�a�b�o�l�i�c� �c�o�s�t�s� �o�f� �d�i�g�e�s�t�i�o�n�,� �a�b�s�o�r�p�t�i�o�n�,� �a�n�d� 

�a�s�s�i�m�i�l�a�t�i�o�n� �o�f� �f�o�o�d� �p�l�u�s� �s�p�e�c�i�f�i�c� �d�y�n�a�m�i�c� �a�c�t�i�o�n� �(�S�D�A�)� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �a�d�d�i�t�i�o�n�a�l� 

�r�e�s�p�i�r�a�t�o�r�y� �c�o�s�t�s� �a�n�d� �d�e�f�i�n�e�d� �a�s� �a�p�p�a�r�e�n�t� �S�D�A�.� �A�p�p�a�r�e�n�t� �S�D�A� �i�s� �m�o�d�e�l�e�d� �a�s� �a� 

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

�[�4�.�8�]�:� 

�S�D�A� �=� � �s�*�(�C� �-�F�)� �[�4�.�8�]� 

�E�g�e�s�t�i�o�n� �a�n�d� �E�x�c�r�e�t�i�o�n� �(�F� �a�n�d� �U�)�.� �I�n� �b�i�o�e�n�e�r�g�e�t�i�c�s� �m�o�d�e�l�s�,� �e�g�e�s�t�i�o�n� �a�n�d� 

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

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

�e�x�c�r�e�t�i�o�n�)� �o�f� �c�o�n�s�u�m�e�d� �f�e�e�d� �(�C�)� �a�s� �s�h�o�w�n� �b�y� �E�q�s�.� �[�4�.�9�]� �a�n�d� �[�4�.�1�0�]�:� 

�F� �=� �f�*�C� �[�4�.�9�]� 

�U� �=� �u�*�C� �[�4�.�1�0�]� 

�E�q�s�.� �[�4�.�9�]� �a�n�d� �[�4�.�1�0�]� �g�i�v�e� �t�h�e� �w�e�i�g�h�t� �o�f� �w�a�s�t�e� �p�r�o�d�u�c�e�d� �t�h�r�o�u�g�h� �e�g�e�s�t�i�o�n� 

�a�n�d� �e�x�c�r�e�t�i�o�n�.� �B�e�a�m�i�s�h� �(�1�9�7�2�)� �s�h�o�w�s� �a� �s�o�m�e�w�h�a�t� �l�i�n�e�a�r� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� 

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

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

�a�n�d� �p�r�o�t�e�i�n�)�,� �a�m�m�o�n�i�a�,� �u�r�e�a�,� �b�i�c�a�r�b�o�n�a�t�e�,� �p�h�o�s�p�h�a�t�e�,� �v�i�t�a�m�i�n�s�,� �t�h�e�r�a�p�e�u�t�a�n�t�s� �a�n�d� 
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�p�i�g�m�e�n�t�s� �(�P�i�l�l�a�y�,� �1�9�9�2�)�.� �N�i�t�r�o�g�e�n�o�u�s� �e�n�d� �p�r�o�d�u�c�t�s� �e�s�p�e�c�i�a�l�l�y� �t�o�t�a�l� �a�m�m�o�n�i�a� 

�n�i�t�r�o�g�e�n� �(�T�A�N�)�,� �a�n�d� �p�h�o�s�p�h�o�r�u�s� �a�r�e� �o�f� �p�a�r�t�i�c�u�l�a�r� �i�m�p�o�r�t�a�n�c�e� �i�n� �t�h�i�s� �r�e�s�e�a�r�c�h�.� 

�S�e�v�e�r�a�l� �s�t�u�d�i�e�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �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� �p�r�o�d�u�c�t�i�o�n� 

�i�n�c�r�e�a�s�e�s� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�h�e� �f�e�e�d�i�n�g� �r�a�t�e� �(�E�a�s�t�e�r�,� �1�9�9�3�;� �P�i�l�l�a�y�,� �1�9�9�2�)�.� �T�h�e� 

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

�P�i�l�l�a�y� �(�1�9�9�2�)�,� �S�t�e�f�f�e�n�s� �(�1�9�8�9�)�,� �B�r�e�t�t� �a�n�d� �G�r�o�v�e�s� �(�1�9�7�9�)�,� �a�n�d� �B�e�a�m�i�s�h� �(�1�9�7�2�)�.� 

�S�t�e�f�f�e�n�s� �(�1�9�8�9�)� �p�r�e�s�e�n�t�s� �a� �l�i�n�e�a�r� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �N� �c�o�n�t�e�n�t� �o�f� �f�e�e�d� �a�n�d� 

�a�m�m�o�n�i�a� �e�x�c�r�e�t�i�o�n� �r�a�t�e�.� �P�i�l�l�a�y� �(�1�9�9�2�)� �h�a�s� �c�o�m�p�i�l�e�d� �b�a�s�i�c� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �f�e�e�d� 

�a�n�d� �f�i�s�h� �i�n� �t�e�r�m�s� �o�f� �p�r�o�t�e�i�n�,� �f�a�t�,� �c�a�r�b�o�h�y�d�r�a�t�e�s�,� �n�i�t�r�o�g�e�n�,� �p�h�o�s�p�h�o�r�u�s�,� �a�n�d� �B�O�D� 

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

�W�e�a�t�h�e�r�l�e�y� �e�t� �a�l�.� �(�1�9�9�3�)� �a�n�d� �W�e�a�t�h�e�r�l�e�y� �(�1�9�8�2�)� �i�l�l�u�s�t�r�a�t�e� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �a�n�d� 

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

�r�e�s�p�o�n�s�e� �o�f� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �a� �c�o�m�p�l�e�t�e�l�y� �c�l�o�s�e�d� �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�.� �M�a�c�h�i�e�l�s� �a�n�d� �H�e�n�k�e�n� �(�1�9�8�6�)� �d�i�s�c�u�s�s� �b�i�o�c�h�e�m�i�c�a�l� �p�a�t�h�w�a�y�s� �o�f� 

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

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

�T�h�e� �i�n�f�o�r�m�a�t�i�o�n� �f�r�o�m� �a�b�o�v�e� �s�o�u�r�c�e�s� �o�n� �w�a�s�t�e� �c�o�m�p�o�s�i�t�i�o�n� �c�a�n� �b�e� 

�i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �E�q�s�.� �[�4�.�9�]�a�n�d� �[�4�.�1�0�]�t�o� �d�e�r�i�v�e� �n�i�t�r�o�g�e�n� �(�a�m�m�o�n�i�a� �a�n�d� �t�o�t�a�l� 

�n�i�t�r�o�g�e�n�)� �a�n�d� �p�h�o�s�p�h�o�r�u�s� �p�r�o�d�u�c�t�i�o�n� �r�a�t�e�s� �i�n� �t�h�i�s� �m�o�d�u�l�e�.� �M�o�o�r�e� �e�t� �a�i�.� �(�1�9�9�3�)�,� 

�a�n�d� �H�a�r�t�m�a�n� �a�n�d� �B�r�a�n�d�t� �(�1�9�9�3�)� �g�i�v�e� �u�p�-�t�o�-�d�a�t�e� �v�a�l�u�e�s� �o�f� �a�l�l� �p�a�r�a�m�e�t�e�r�s� �u�s�e�d� �i�n� 

�E�q�s�.� �[�4�.�2�]� �t�h�r�o�u�g�h� �[�4�.�1�0�]� �f�o�r� �s�t�r�i�p�e�d� �b�a�s�s� �f�o�r� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �g�r�o�w�t�h� �(�G�)�.� �T�h�e�s�e� 
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�v�a�l�u�e�s� �a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e� �4�.�1�.� �T�h�e� �c�a�l�c�u�l�a�t�e�d� �g�r�o�w�t�h� �(�G�)� �i�s� �a�d�d�e�d� �t�o� �t�h�e� �f�i�s�h� 

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

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

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

�c�a�r�b�o�h�y�d�r�a�t�e�,� �a�n�d� �f�i�b�r�e� �c�o�n�t�e�n�t�s�.� 
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�T�a�b�l�e� �4�.�1�.� �P�a�r�a�m�e�t�e�r� �v�a�l�u�e�s� �f�o�r� �f�i�s�h� �g�r�o�w�t�h� �m�o�d�e�l� �f�o�r� �s�t�r�i�p�e�d� �b�a�s�s�.� 
�S�o�u�r�c�e�s�:� �M�o�o�r�e� �e�t�.� �a�l�.� �(�1�9�9�3�)�;� �H�a�r�t�m�a�n� �a�n�d� �B�r�a�n�d�t� �(�1�9�9�3�)� 
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�S�y�m�b�o�l� �|� �P�a�r�a�m�e�t�e�r� �V�a�l�u�e� 

�a�y� �C�o�e�f�f�i�c�i�e�n�t� �f�o�r� �w�e�i�g�h�t� �r�e�l�a�t�i�o�n�s�h�i�p� �t�o� �m�a�x�i�m�u�m� �0�.�3�3� 
�c�o�n�s�u�m�p�t�i�o�n� 

�b�,�;� �E�x�p�o�n�e�n�t� �f�o�r� �w�e�i�g�h�t� �r�e�l�a�t�i�o�n�s�h�i�p� �t�o� �m�a�x�i�m�u�m� �-�0�.�3�0� 
�c�o�n�s�u�m�p�t�i�o�n� 

�o� �O�p�t�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �c�o�n�s�u�m�p�t�i�o�n� �(�C�)� �2�5� 

�m�e� �M�a�x�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �c�o�n�s�u�m�p�t�i�o�n� �(�C�)� �3�0� 

�Q�.� �S�l�o�p�e� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �c�o�n�s�u�m�p�t�i�o�n� �2�.�2�6� 

�a�,� �C�o�e�f�f�i�c�i�e�n�t� �f�o�r� �w�e�i�g�h�t� �r�e�l�a�t�i�o�n�s�h�i�p� �o�f� �s�t�a�n�d�a�r�d� �0�.�0�2�1�9�2� 
�m�e�t�a�b�o�l�i�s�m� 

�b�,� �E�x�p�o�n�e�n�t� �f�o�r� �w�e�i�g�h�t� �r�e�l�a�t�i�o�n�s�h�i�p� �o�f� �s�t�a�n�d�a�r�d� �-�0�.�2�3�4� 
�m�e�t�a�b�o�l�i�s�m� 

�T�o� �O�p�t�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �s�t�a�n�d�a�r�d� �m�e�t�a�b�o�l�i�s�m� �(�C�)� �{�|� �3�0� 

�T� �a�w� �M�a�x�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �s�t�a�n�d�a�r�d� �m�e�t�a�b�o�l�i�s�m� �(�C�)� �|� �3�5� 

�Q�,� �S�l�o�p�e� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �s�t�a�n�d�a�r�d� �2�.�5� 
�m�e�t�a�b�o�l�i�s�m� 

�A� �A�c�t�i�v�i�t�y� �m�e�t�a�b�o�l�i�s�m� �m�u�l�t�i�p�l�i�e�r� �o�f� �s�t�a�n�d�a�r�d� �2�.�0� 
�m�e�t�a�b�o�l�i�s�m� 

�S� �C�o�e�f�f�i�c�i�e�n�t� �f�o�r� �a�p�p�a�r�e�n�t� �s�p�e�c�i�f�i�c� �d�y�n�a�m�i�c� �a�c�t�i�o�n� �0�.�1�7�2� 

�f� �C�o�e�f�f�i�c�i�e�n�t� �f�o�r� �p�r�o�p�o�r�t�i�o�n� �o�f� �c�o�n�s�u�m�e�d� �f�o�o�d� �e�g�e�s�t�e�d� �|� �0�.�1�0�4� 

�u� �C�o�e�f�f�i�c�i�e�n�t� �f�o�r� �p�r�o�p�o�r�t�i�o�n� �o�f� �a�s�s�i�m�i�l�a�t�e�d� �f�o�o�d� �0�.�0�6�8� 
�e�x�c�r�e�t�e�d� 
� � 

�3�3� 
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� � � 



�4�.�1�.�2�.� �E�f�f�l�u�e�n�t� �D�i�s�c�h�a�r�g�e� �M�o�d�u�l�e� 

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

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

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

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

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

�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �s�t�a�t�e� �(�N�H� �3�)� �a�n�d� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �a�r�e� �t�h�e� �t�w�o� �m�o�s�t� �i�m�p�o�r�t�a�n�t� 

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

�s�y�s�t�e�m�s�.� �N�i�t�r�i�t�e� �(�N�O�N�)� �i�s� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �p�r�o�d�u�c�t� �o�f� �b�i�o�l�o�g�i�c�a�l� �f�i�l�t�r�a�t�i�o�n�.� 

�F�i�g�.� �4�.�2� �s�h�o�w�s� �t�h�e� �s�c�h�e�m�a�t�i�c� �o�f� �V�i�r�g�i�n�i�a� �T�e�c�h ��s� �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�r�r�o�w�s� �i�n�d�i�c�a�t�e� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �w�a�t�e�r� �f�l�o�w� �i�n� �t�h�e� �s�y�s�t�e�m�.� �P�r�o�t�e�i�n� 

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

�I�n�o�r�g�a�n�i�c� �n�i�t�r�o�g�e�n� �i�n� �t�h�e� �f�o�r�m� �o�f� �a�m�m�o�n�i�a� �1�s� �t�h�e� �m�o�s�t� �c�r�i�t�i�c�a�l� �v�a�r�i�a�b�l�e�.� �U�n�e�a�t�e�n� 

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

�T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�o�t�a�l� �a�m�m�o�n�i�a� �n�i�t�r�o�g�e�n� �o�r� �T�A�N� �(�N�H�;� �+� �N�H�,�)� �i�n� �t�h�e� 

�c�u�l�t�u�r�e� �w�a�t�e�r� �p�e�a�k�e�d� �4� �t�o� �6� �h�o�u�r�s� �a�f�t�e�r� �m�o�r�n�i�n�g� �a�n�d� �e�v�e�n�i�n�g� �f�e�e�d�i�n�g�s� �(�E�a�s�t�e�r�,� 

�1�9�9�2�)� �f�o�r� �a�l�l� �s�t�o�c�k�i�n�g� �d�e�n�s�i�t�i�e�s� �s�t�u�d�i�e�d� �d�u�r�i�n�g� �a� �p�r�o�d�u�c�t�i�o�n� �t�r�i�a�l� �a�t� �t�h�e� �V�i�r�g�i�n�i�a� 

�T�e�c�h� �R�A�S� �f�a�c�i�l�i�t�y� �(�F�i�g�.� �4�.�3�)�.� �I�t� �r�e�m�a�i�n�e�d� �q�u�i�t�e� �s�t�a�b�l�e� �d�u�r�i�n�g� �t�h�e� �r�e�m�a�i�n�i�n�g� �h�o�u�r�s� 

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

�b�i�o�l�o�g�i�c�a�l� �f�i�l�t�e�r� �a�s� �c�a�n� �b�e� �s�e�e�n� �f�r�o�m� �t�h�e� �d�i�u�r�n�a�l� �T�A�N� �c�y�c�l�e�s� �p�l�o�t� �i�n� �F�i�g�.� �4�.�3�.� 
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�S�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �(�S�)� �h�a�v�e� �a�d�v�e�r�s�e� �e�f�f�e�c�t�s� �o�n� �b�o�t�h� �f�i�s�h� �h�e�a�l�t�h� �a�n�d� 

�b�i�o�l�o�g�i�c�a�l� �f�i�l�t�e�r� �o�p�e�r�a�t�i�o�n�.� �E�a�s�t�e�r� �(�1�9�9�2�)� �s�h�o�w�s� �a�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �l�i�n�e�a�r� 

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

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

�s�o�l�i�d�s� �(�p�a�r�t�i�c�l�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �a� �c�e�r�t�a�i�n� �s�i�z�e�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�l�s�o� �p�e�a�k�e�d� �s�e�v�e�r�a�l� 

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

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

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

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

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

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

�h�o�u�r�s� �(�4�-�6� �h�o�u�r�s�)� �o�f� �f�e�e�d�i�n�g�.� �I�n� �f�a�c�t�,� �a�n�y� �m�a�t�h�e�m�a�t�i�c�a�l� �p�a�t�t�e�r�n� �o�f� �a�m�m�o�n�i�a�/�s�o�l�i�d�s� 

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

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

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

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

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

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

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

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

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

�A�m�m�o�n�i�a� �M�a�s�s� �B�a�l�a�n�c�e�.� �A�m�m�o�n�i�a� �(�T�A�N�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �f�i�s�h� �t�a�n�k� 

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

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

�m�a�s�s� �b�a�l�a�n�c�e� �c�a�n� �b�e� �w�r�i�t�t�e�n� �a�s� �f�o�l�l�o�w�s�:� 

�v�n� �=� �F�R�(�N�,�-�N�)� �+� �N�P� �[�4�.�1�1�]� 

�w�h�e�r�e�,� 

�N� �=� �A�v�e�r�a�g�e� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �f�i�s�h� �t�a�n�k� �(�m�g�/�L�)�,� 

�N�,� �=� �A�v�e�r�a�g�e� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �b�i�o�f�i�l�t�e�r� �(�m�g�/�L�)�,� 

�N�P� �=� �A�v�e�r�a�g�e� �a�m�m�o�n�i�a� �p�r�o�d�u�c�t�i�o�n� �i�n� �t�h�e� �f�i�s�h� �t�a�n�k� �(�m�g�/�t�i�m�e�)�,� 

�V�v� �=� �C�u�l�t�u�r�e� �w�a�t�e�r� �v�o�l�u�m�e� �(�L�)�,� 

�F�R� �=� �F�l�o�w� �r�a�t�e� �o�f� �w�a�t�e�r� �(�L�/�t�i�m�e�)�,� 

�t� �=� �t�i�m�e� �(�h�)�.� 

�R�e�a�r�r�a�n�g�i�n�g� �E�q�.� �[�4�.�1�1�]� �y�i�e�l�d�s�:� 

�=� �F�R� �(�n�,�m� �+� �3�P� �[�4�.�1�2�]� 

�A�m�m�o�n�i�a� �p�r�o�d�u�c�t�i�o�n� �r�a�t�e� �(�N�P�)� �c�a�n� �h�a�v�e� �t�h�e� �f�o�r�m� �o�f� �a� �m�a�t�h�e�m�a�t�i�c�a�l� 

�f�u�n�c�t�i�o�n� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�i�m�e�.� �T�h�e� �s�o�l�u�t�i�o�n� �o�f� �E�q�.� �[�4�.�1�2�]�c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �a� 
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�n�u�m�e�r�i�c�a�l� �t�e�c�h�n�i�q�u�e� �o�r� �L�a�p�l�a�c�e� �t�r�a�n�s�f�o�r�m� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �f�o�r�m� �o�f� �N�P�.� �F�o�r� �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�,� �N� �a�n�d� �N�,�a�r�e� �i�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� 

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

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

�N�,� �f�o�r� �a� �g�i�v�e�n� �b�i�o�f�i�l�t�e�r�.� �H�o�w�e�v�e�r�,� �f�o�r� �V�i�r�g�i�n�i�a� �T�e�c�h ��s� �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� �E�a�s�t�e�r� �(�1�9�9�2�)� �c�o�u�l�d� �n�o�t� �v�a�l�i�d�a�t�e� �a� �t�h�e�o�r�e�t�i�c�a�l� �r�e�l�a�t�i�o�n�s�h�i�p�.� �E�m�p�i�r�i�c�a�l� 

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

�s�t�e�a�d�y�-�s�t�a�t�e� �N� �w�e�r�e� �d�e�v�e�l�o�p�e�d� �f�o�r� �t�h�i�s� �r�e�s�e�a�r�c�h� �a�n�d� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �5�.� 

�K�o�c�h�b�a� �e�t� �a�l�.� �(�1�9�9�4�)� �q�u�a�n�t�i�f�i�e�d� �t�h�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �o�f� �n�i�t�r�o�g�e�n� �a�v�a�i�l�a�b�l�e� �i�n� 

�t�h�e� �f�i�s�h� �f�e�e�d� �i�n�t�o� �i�t�s� �o�r�g�a�n�i�c� �a�n�d� �i�n�o�r�g�a�n�i�c� �f�a�t�e�s�.� �A�c�c�o�r�d�i�n�g� �t�o� �t�h�e�i�r� �s�t�u�d�y� �(�a�)� �f�i�s�h� 

�f�e�e�d� �p�r�o�t�e�i�n� �c�o�n�t�a�i�n�s� �1�5�.�5�%� �n�i�t�r�o�g�e�n�;� �(�b�)� �f�i�s�h� �c�o�n�t�a�i�n�s� �1�8�%� �p�r�o�t�e�i�n� �w�i�t�h� �n�e�t� 

�p�r�o�t�e�i�n� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �4�0�%�;� �a�n�d� �(�c�)� �t�h�e� �o�r�g�a�n�i�c� �n�i�t�r�o�g�e�n� �a�d�d�e�d� �i�n� �t�h�e� �c�u�l�t�u�r�e� �w�a�t�e�r� 

�i�s� �m�i�n�e�r�a�l�i�z�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �f�i�r�s�t�-�o�r�d�e�r� �k�i�n�e�t�i�c�s� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �r�a�t�e� �c�o�n�s�t�a�n�t� �o�f� �0�.�1� 

�p�e�r� �d�a�y�.� �B�o�v�e�n�d�e�u�r� �e�t� �a�l�.� �(�1�9�8�7�)� �e�s�t�i�m�a�t�e�d� �1�1�.�0� �g� �N�O�;�N� �p�r�o�d�u�c�t�i�o�n� �p�e�r� �k�g� �o�f� 

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

�S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �M�a�s�s� �B�a�l�a�n�c�e�.� �A� �s�i�m�i�l�a�r� �p�r�o�c�e�d�u�r�e� �f�o�r� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �g�i�v�e�s� 

�E�q�.� �[�4�.�1�3�]� �w�h�i�c�h� �c�a�n� �b�e� �s�o�l�v�e�d� �t�o� �o�b�t�a�i�n� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�i�t�h� 

�r�e�s�p�e�c�t� �t�o� �t�i�m�e� �i�n� �t�h�e� �f�i�s�h� �t�a�n�k�.� 
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�a�s� �_� �<�%� �(�5�,�-�S�)� �+� �S�P� �[�4�.�1�3�]� 
�d�t� �V� 

�w�h�e�r�e�,� 

�S� �=� �S�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �f�i�s�h� �t�a�n�k� �(�m�g�/�L�)�,� 

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

�d�e�v�i�c�e� �o�r� �s�o�l�i�d�s� �c�l�a�r�i�f�i�e�r� �(�m�g�/�L�)�,� 

�S�P� �=� �S�o�l�i�d�s� �p�r�o�d�u�c�t�i�o�n� �r�a�t�e� �i�n� �t�h�e� �f�i�s�h� �t�a�n�k� �(�m�g�/�t�i�m�e�)�,� 

�V�,� �F�R�,� �a�n�d� �t� �a�r�e� �a�l�r�e�a�d�y� �d�e�f�i�n�e�d� �i�n� �E�q�.� �[�4�.�1�1�]�.� 

�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�,� �S� �a�n�d� �S�,� �a�r�e� �i�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� 

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

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

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

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

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

�o�t�h�e�r� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� �o�f� �a�n� �R�A�S�.� 

�4�.�1�.�3�.� �G�r�e�e�n�h�o�u�s�e� �M�o�d�u�l�e� 

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

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

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

�g�r�e�e�n�h�o�u�s�e� �s�i�z�e� �f�o�r� �a� �g�i�v�e�n� �R�A�S� �f�a�c�i�l�i�t�y� �o�p�e�r�a�t�i�n�g� �u�n�d�e�r� �a� �g�i�v�e�n� �s�e�t� �o�f� �c�o�n�d�i�t�i�o�n�s� 

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

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

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

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

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

�d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �n�e�x�t� �s�e�c�t�i�o�n�.� 

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

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

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

�a�n� �R�A�S� �f�a�c�i�l�i�t�y� �a�n� �i�m�p�o�r�t�a�n�t� �c�r�i�t�e�r�i�o�n� �f�o�r� �m�a�k�i�n�g� �a� �d�e�c�i�s�i�o�n� �t�o� �i�n�t�e�g�r�a�t�e�.� 

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

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

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

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

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

�P�r�e�l�i�m�i�n�a�r�y� �C�a�l�c�u�l�a�t�i�o�n�s�:� �A� �g�r�e�e�n�h�o�u�s�e� �t�h�e�r�m�a�l� �m�o�d�e�l�,� �b�a�s�e�d� �u�p�o�n� �a� �s�t�e�p�-�w�i�s�e� 

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

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

�h�o�u�r� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s�:� 

�q� �c�h� 

�w�h�e�r�e�,� 

�q� �s�h� 

�T�a�u� 

�(�(�U� �,�*�(�t�,� �-� �t�)�/�1�0�0�0�)� �-� �T�a�u�*�b� �*�S� �[�4�.�1�5�]� 

�h�e�a�t� �e�n�e�r�g�y� �r�e�q�u�i�r�e�d� �b�y� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �(�k�W� �-�h�/�m� �4�,� 

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

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

�w�a�v�e� �r�a�d�i�a�t�i�o�n� �l�o�s�s�e�s� �(�W�/�m� �7�K�)�,� 

�g�r�e�e�n�h�o�u�s�e� �s�e�t� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �b�e� �m�a�i�n�t�a�i�n�e�d� �( ��C�)�,� �c�a�l�c�u�l�a�t�e�d� 

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

�(�t�,�a�n�d� �t�,�,� �r�e�s�p�e�c�t�i�v�e�l�y�)�,� 

�o�u�t�s�i�d�e� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e� �( ��C�)�,� 

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

�g�r�e�e�n�h�o�u�s�e� �(�k�W�/�m� �9�,� 

�t�h�e� �a�v�e�r�a�g�e� �t�r�a�n�s�m�i�s�s�i�v�i�t�y� �o�f� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �g�l�a�z�i�n�g�,� 

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

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

�t�o� �z�e�r�o�.� �A� �n�e�g�a�t�i�v�e� �h�e�a�t� �r�e�q�u�i�r�e�m�e�n�t� �i�n�d�i�c�a�t�e�d� �t�h�e� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �t�h�e� 

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

�r�e�q�u�i�r�e�m�e�n�t�s� �w�e�r�e� �i�n�t�e�g�r�a�t�e�d� �t�o� �y�i�e�l�d� �d�a�i�l�y� �h�e�a�t� �r�e�q�u�i�r�e�m�e�n�t� �(�q�,�)�.� �D�a�i�l�y� �w�e�a�t�h�e�r� 

�d�a�t�a� �f�o�r� �t�h�e� �l�o�c�a�t�i�o�n� �(�B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�)� �w�e�r�e� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �w�e�a�t�h�e�r� 

�g�e�n�e�r�a�t�o�r� �"�W�G�E�N�"� �d�e�v�e�l�o�p�e�d� �b�y� �R�i�c�h�a�r�d�s�o�n� �a�n�d� �W�r�i�g�h�t� �(�1�9�8�4�)�.� �T�h�e� �d�a�i�l�y� �s�o�l�a�r� 

�r�a�d�i�a�t�i�o�n�,� �a�n�d� �m�a�x�i�m�u�m� �a�n�d� �m�i�n�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e�s� �g�e�n�e�r�a�t�e�d� �b�y� �"�W�G�E�N�"� �w�e�r�e� 

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

�u�s�i�n�g� �t�h�e� �m�e�t�h�o�d� �d�e�s�c�r�i�b�e�d� �b�y� �K�i�m�b�a�l�l� �a�n�d� �B�e�l�l�a�m�y� �(�1�9�8�6�)�.� 

�F�i�g�.� �4�.�4� �s�h�o�w�s� �d�a�i�l�y� �t�o�t�a�l�,� �d�a�y�-�t�i�m�e�,� �a�n�d� �n�i�g�h�t�-�t�i�m�e� �h�e�a�t�i�n�g� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� 

�3�6�5� �d�a�y�s� �o�f� �a� �y�e�a�r� �f�o�r� �a� �u�n�i�t� �a�r�e�a� �o�f� �g�r�e�e�n�h�o�u�s�e� �(�a�s�s�u�m�i�n�g� �a� �h�e�a�t� �l�o�s�s� �f�a�c�t�o�r� �o�f� 

�7�.�0� �W�/�m� �*�K�)� �l�o�c�a�t�e�d� �i�n� �B�l�a�c�k�s�b�u�r�g�.� �O�n� �x�-�a�x�i�s� �J�u�l�i�a�n� �D�a�y� �i�s� �p�l�o�t�t�e�d� �f�r�o�m� �D�a�y� �2�5�5� 

�t�o� �3�6�5� �a�n�d� �t�h�e�n� �f�r�o�m� �1� �t�h�r�o�u�g�h� �2�5�5� �t�o� �s�h�o�w� �y�-�v�a�l�u�e� �a�s� �a� �c�o�n�t�i�n�u�o�u�s� �c�u�r�v�e�.� 

�G�r�e�e�n�h�o�u�s�e� �h�e�a�t�i�n�g� �i�s� �n�e�e�d�e�d� �f�r�o�m� �J�u�l�i�a�n� �D�a�y� �2�5�5� �t�o� �J�u�l�i�a�n� �D�a�y� �1�4�0� �(�a� �t�o�t�a�l� �o�f� 

�2�5�0� �d�a�y�s� �p�e�r� �y�e�a�r�)�.� �G�r�e�e�n�h�o�u�s�e� �h�e�a�t�i�n�g� �r�e�q�u�i�r�e�m�e�n�t� �d�u�r�i�n�g� �a� �c�o�m�p�l�e�t�e� �y�e�a�r�,� 

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

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

�r�e�q�u�i�r�e�m�e�n�t� �(�f�r�o�m� �0�.�0� �t�o� �2�.�1�6� �k�W�-�h�/�m�  �� �f�l�o�o�r� �a�r�e�a�)�.� 

�U�s�i�n�g� �t�h�e� �g�i�v�e�n� �R�A�S� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �(�t�,�)� �a�n�d� �t�h�e� �a�m�o�u�n�t� �o�f� �d�a�i�l�y� 

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

�p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�,� �t�h�e� �a�m�o�u�n�t� �o�f� �a�v�a�i�l�a�b�l�e� �h�e�a�t� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �a� �g�i�v�e�n� �g�r�e�e�n�h�o�u�s�e� 
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�C�e�r� �e�e� �1�0� �e�e� �a� �a� �O�o� �t�O� �t�y�r� �D�O�D� �e�a�n� 
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�J�u�l�i�a�n� �D�a�y� 

 � �� �T�o�t�a�l�  � �� �N�i�g�h�t� �-�- ��-� �D�a�y� 

�F�i�g�.� �4�.�4�.� �D�a�i�l�y� �h�e�a�t� �r�e�q�u�i�r�e�m�e�n�t� �o�f� �a� �u�n�i�t�-�a�r�e�a� �g�r�e�e�n�h�o�u�s�e� �w�i�t�h� �a� �h�e�a�t� �l�o�s�s� 

�f�a�c�t�o�r� �o�f� �7�.�0� �W�/�m� �7�K�,� �l�o�c�a�t�e�d� �i�n� �B�l�a�c�k�s�b�u�r�g� 
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�s�e�t� �t�e�m�p�e�r�a�t�u�r�e� �(�t�,�)� �w�a�s� �c�a�l�c�u�l�a�t�e�d�.� �T�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �a�v�a�i�l�a�b�l�e� �h�e�a�t� �i�s� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �e�q�u�a�t�i�o�n� �[�4�.�1�4�]�.� 

�q� �e�t�t� �=� �C�o�w� �*� �M� �c�e�p� �*� �(�t�,�,� �-� �t�,�)� �[�4�.�1�4�]� 

�w�h�e�r�e�,� 

�C� �e�t�t� �=� �A�v�a�i�l�a�b�l�e� �h�e�a�t� �f�r�o�m� �t�h�e� �e�f�f�l�u�e�n�t� �(�k�J�/�d�a�y�)�,� 

�C�o�w� �=� �S�p�e�c�i�f�i�c� �h�e�a�t� �o�f� �w�a�t�e�r� �(�k�J�/�k�g�  ��K�)� �=� �4�.�1�8�4�,� 

�M� �.� �=� �M�a�s�s� �o�f� �d�a�i�l�y� �e�f�f�l�u�e�n�t� �d�i�s�c�h�a�r�g�e� �(�k�g�)�,� 

�t�y� �=� �E�f�f�l�u�e�n�t� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �( ��C�)�,� 

�t� �=� �G�r�e�e�n�h�o�u�s�e� �s�e�t� �t�e�m�p�e�r�a�t�u�r�e� �(�T�C�)�.� �g� 

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

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

�D�a�y� �2�5�5� �t�o� �1�4�0�.� �T�h�i�s� �s�u�m� �r�e�p�r�e�s�e�n�t�e�d� �t�h�e� �t�o�t�a�l� �u�s�e�f�u�l� �e�f�f�l�u�e�n�t� �h�e�a�t� �a�v�a�i�l�a�b�l�e�.� 

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

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

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

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

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

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

�D�e�f�i�n�i�t�i�o�n� �o�f� �O�p�t�i�m�u�m� �G�r�e�e�n�h�o�u�s�e� �S�i�z�e�:� �T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �m�o�d�u�l�e� 

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

�u�t�i�l�i�z�a�t�i�o�n� �o�f� �e�f�f�l�u�e�n�t� �h�e�a�t� �a�v�a�i�l�a�b�l�e� �f�r�o�m� �t�h�e� �R�A�S� �a�s� �t�h�e� �s�u�p�p�l�e�m�e�n�t�a�l� �h�e�a�t� �t�o� 

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

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

�h�e�a�t� �e�n�e�r�g�y� �r�e�q�u�i�r�e�m�e�n�t� �o�f� �t�h�e� �g�r�e�e�n�h�o�u�s�e�.� 

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

�o�f� �e�f�f�l�u�e�n�t� �h�e�a�t�,� �i�d�e�a�l�l�y�,� �a� �v�a�r�i�a�b�l�e� �s�i�z�e� �g�r�e�e�n�h�o�u�s�e� �t�h�a�t� �a�d�j�u�s�t�s� �i�t�s� �s�i�z�e� �e�v�e�r�y� �d�a�y� 

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

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

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

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

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

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

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

�c�a�n� �b�e� �d�e�f�i�n�e�d� �a�s� �f�o�l�l�o�w�s�:� 

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

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

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

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

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

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

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

�i�n� �c�o�m�m�e�r�c�i�a�l� �h�e�a�t� �r�e�q�u�i�r�e�m�e�n�t� �f�r�o�m� �s�t�e�p� �1� �t�o� �i�t�+�1� �e�x�c�e�e�d�s� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� 

�e�f�f�l�u�e�n�t� �h�e�a�t� �u�t�i�l�i�z�a�t�i�o�n� �f�r�o�m� �s�t�e�p� �1� �t�o� �i�+�1�,� �t�h�e�n� �t�h�e� �a�r�e�a� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �s�t�e�p� �i� 

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

�m�i�n�i�m�u�m� �d�a�i�l�y� �e�f�f�l�u�e�n�t� �h�e�a�t� �a�v�a�i�l�a�b�l�e� �b�y� �m�a�x�i�m�u�m� �d�a�i�l�y� �h�e�a�t� �r�e�q�u�i�r�e�m�e�n�t� �o�f� 

�u�n�i�t�-�a�r�e�a� �g�r�e�e�n�h�o�u�s�e�.� �T�h�i�s� �i�n�i�t�i�a�l� �v�a�l�u�e� �o�f� �g�r�e�e�n�h�o�u�s�e� �a�r�e�a� �r�e�p�r�e�s�e�n�t�s� �z�e�r�o� 

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

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

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

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

�G�r�e�e�n�h�o�u�s�e� �a�r�e�a� �c�a�l�c�u�l�a�t�i�o�n� �i�n� �t�h�i�s� �m�a�n�n�e�r� �a�s�s�u�m�e�s� �t�h�a�t� �t�h�e� �h�e�a�t� �a�v�a�i�l�a�b�l�e� 

�i�n� �t�h�e� �e�f�f�l�u�e�n�t� �c�a�n� �b�e� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �a�i�r� �w�i�t�h� �1�0�0�%� �e�f�f�i�c�i�e�n�c�y�.� 

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

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

�e�x�a�m�p�l�e� �i�f� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �i�s� �0�.�5� �t�h�e�n� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �w�o�u�l�d� �b�e� �h�a�l�f� �t�h�e� �s�i�z�e� �o�f� �t�h�a�t� 

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

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

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

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

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

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

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

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

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

�4�.�1�.�4�.� �P�l�a�n�t� �P�e�r�f�o�r�m�a�n�c�e� �M�o�d�u�l�e� 

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

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

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

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

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

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

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

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

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

�P�l�a�n�t� �p�h�y�s�i�o�l�o�g�y� �b�a�s�e�d� �m�o�d�e�l�s�,� �S�U�C�R�O�S� �a�n�d� �T�O�M�G�R�O� �f�o�r� �l�e�t�t�u�c�e� �a�n�d� 
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�t�o�m�a�t�o�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �h�a�v�e� �b�e�e�n� �e�x�t�e�n�s�i�v�e�l�y� �t�e�s�t�e�d� �a�n�d� �a�r�e� �c�u�r�r�e�n�t�l�y� �p�o�p�u�l�a�r�.� 

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

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

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

�S�U�C�R�O�S� �(�v�a�n� �K�e�u�l�e�n� �e�t� �a�l�.�,� �1�9�8�2�)� �u�s�e�s� �a� �s�o�u�r�c�e�-�s�i�n�k� �a�p�p�r�o�a�c�h� �o�f� �g�r�o�s�s� 

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

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

�p�h�e�n�o�l�o�g�i�c�a�l� �a�g�e� �o�f� �t�h�e� �p�l�a�n�t�.� �M�a�r�s�h� �a�n�d� �A�l�b�r�i�g�h�t� �(�1�9�9�1�)� �i�l�l�u�s�t�r�a�t�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� 

�S�U�C�R�O�S� �t�o� �p�r�e�d�i�c�t� �l�e�t�t�u�c�e� �g�r�o�w�t�h� �b�y� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �d�a�i�l�y� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� 

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

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

�P�a�r�a�m�e�t�e�r� �v�a�l�u�e�s� �r�e�q�u�i�r�e�d� �b�y� �S�U�C�R�O�S� �t�o� �p�r�e�d�i�c�t� �l�e�t�t�u�c�e� �g�r�o�w�t�h� �d�e�s�c�r�i�b�e�d� �i�n� 

�d�e�t�a�i�l�s� �b�y� �M�a�r�s�h� �a�n�d� �A�l�b�r�i�g�h�t� �(�1�9�9�1�)� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �4�.�2�.� 
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�T�a�b�l�e� �4�.�2�.� �P�a�r�a�m�e�t�e�r� �e�s�t�i�m�a�t�i�o�n� �f�o�r� �l�e�t�t�u�c�e� �g�r�o�w�t�h� �p�r�e�d�i�c�t�i�o�n� �b�y� �S�U�C�R�O�S� 
�(�S�o�u�r�c�e�:� �M�a�r�s�h� �a�n�d� �A�l�b�r�i�g�h�t� �(�1�9�9�1�)�)� 

� � 

�P�a�r�a�m�e�t�e�r� �V�a�l�u�e� 
� � 

�C�O�,� �a�s�s�i�m�i�l�a�t�i�o�n� �r�a�t�e� �o�f� �l�i�g�h�t� �s�a�t�u�r�a�t�e�d� �l�e�a�f�,� 

�A� �m�a�w� �(�k�g�/�(�h�a� �-�h�r�)�)� 
� � 

� � 

�C�o�n�v�e�r�s�i�o�n� �f�a�c�t�o�r� �o�f� �g�l�u�c�o�s�e� �i�n�t�o� �b�i�o�m�a�s�s� �0�.�7�2� 
�(�k�g�/�k�g�)� 
�E�f�f�i�c�i�e�n�c�y� �o�f� �l�i�g�h�t� �u�s�e� �o�f� �a�b�s�o�r�b�e�d� �v�i�s�i�b�l�e� �0�.�5�0� 
�r�a�d�i�a�t�i�o�n� �f�o�r� �C�O�,� �a�s�s�i�m�i�l�a�t�i�o�n� �a�t� �l�o�w� �l�i�g�h�t� �l�e�v�e�l�s� 
�(�(�k�g� �-�m�*�:�s�)�/�(�h�a�  ��J�)�)� 
� � 

�M�a�i�n�t�e�n�a�n�c�e� �r�e�q�u�i�r�e�m�e�n�t� �o�f� �r�o�o�t� �a�n�d� �s�h�o�o�t� �e�e� 
�(�k�g�/�(�h�a� �-�d�a�y�)�)� 
� � 

� � � � 
� � � � �R�a�t�i�o� �o�f� �l�e�a�f� �a�r�e�a� �t�o� �d�r�y� �w�e�i�g�h�t� �(�m�7�/�k�g�)� �a�a� 

�R�a�t�i�o� �o�f� �r�o�o�t� �d�r�y� �w�e�i�g�h�t� �t�o� �s�h�o�o�t� �d�r�y� �w�e�i�g�h�t� �0�.�2� 

�(�k�g�/�k�g�)� 
�R�e�f�l�e�c�t�i�v�i�t�y� �o�f� �c�a�n�o�p�y� �(�d�i�m�e�n�s�i�o�n�l�e�s�s�)� �0�.�1� � � � � 
� � 

�*� �A� �a�x� �4�.�4�3� �+� �2�.�1�1� �(�T�,�)� �-� �0�.�0�4�3�8� �(�T�j�)�?� 

�*�*� �M�a�i�n�t�e�n�a�n�c�e� �r�e�s�p�i�r�a�t�i�o�n� �=� �(�0�.�0�3� �W�,� �+� �0�.�0�1� �W�,�.�)�*�(�2� �O�U�T�?�»� 

�*�e�*� �L�A�R� �=� �1�2�.�0� �+� �0�.�7�2�(�L�A�R� �,�)� �+� �0�.�4�0�(�T�,�,�)� �-� �0�.�0�0�0�5�1�(�S�,�)� 

�T�i�n� �=� �G�r�e�e�n�h�o�u�s�e� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e� �( ��C�)� 
�W�,� �=� �D�r�y� �w�e�i�g�h�t� �o�f� �s�h�o�o�t� �(�k�g�/�h�a�)� 
�W� �=� �D�r�y� �w�e�i�g�h�t� �o�f� �r�o�o�t� �(�k�g�/�h�a�)� 
�L�A�R� �=� �L�e�a�f� �a�r�e�a� �r�a�t�i�o� �(�m�7�/�k�g�)� 
�L�A�R�,� �=� �L�e�a�f� �a�r�e�a� �r�a�t�i�o� �p�r�e�v�i�o�u�s� �d�a�y� �(�g� �d�r�y� �w�e�i�g�h�t�/�m� �7�)� 
�S�,� �=� �T�o�t�a�l� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �p�r�e�v�i�o�u�s� �d�a�y� �(�k�J�/�m�  ��)� 

�5�0



�P�h�y�s�i�o�l�o�g�i�c�a�l� �m�o�d�e�l� �o�f� �t�o�m�a�t�o� �p�l�a�n�t� �d�e�v�e�l�o�p�m�e�n�t� �T�O�M�G�R�O� �(�J�o�n�e�s� �e�t� �a�l�.� 

�1�9�9�1�)� �u�s�e�s� �a� �s�e�t� �o�f� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n�s� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� �c�h�a�n�g�e�s� �i�n� �n�u�m�b�e�r�s� �a�n�d� 

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

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

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

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

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

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

�d�i�o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �J�o�n�e�s� �e�t� �a�l�.� �(�1�9�9�1�)� �p�r�o�v�i�d�e� �t�h�e� �p�a�r�a�m�e�t�e�r� �v�a�l�u�e�s� �t�o� �b�e� 

�u�s�e�d� �w�i�t�h� �T�O�M�G�R�O�.� �T�h�e�s�e� �v�a�l�u�e�s� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �4�.�3�.� 

�5�1



�T�a�b�l�e� �4�.�3�.� 
�(�S�o�u�r�c�e�:� �J�o�n�e�s� �e�f� �a�l�.� �(�1�9�9�1�)�)� 
�P�a�r�a�m�e�t�e�r� �v�a�l�u�e�s� �r�e�q�u�i�r�e�d� �f�o�r� �s�i�m�u�l�a�t�i�n�g� �t�o�m�a�t�o� �g�r�o�w�t�h� �a�n�d� �y�i�e�l�d� 
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�P�a�r�a�m�e�t�e�r� �V�a�l�u�e� 

�C�o�e�f�f�i�c�i�e�n�t� �t�o� �c�o�n�v�e�r�t� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �r�a�t�e� �2�.�5�9�3� 

�O�v�e�r�a�l�l� �c�o�n�v�e�r�s�i�o�n� �e�f�f�i�c�i�e�n�c�y� �f�o�r� �C�H�O� �0�.�7�0� 

�N�o�.� �o�f� �n�o�d�e�s� �a�f�t�e�r� �w�h�i�c�h� �f�i�r�s�t� �f�l�o�w�e�r� �d�e�v�e�l�o�p�s� �6� 

�R�a�t�i�o� �o�f� �p�e�t�i�o�l�e� �w�e�i�g�h�t� �t�o� �l�e�a�f� �b�l�a�d�e� �w�e�i�g�h�t� �0�.�4�9� 

�R�a�t�i�o� �o�f� �s�t�e�m� �s�e�g�m�e�n�t� �t�o� �l�e�a�f� �g�r�o�w�t�h� �r�a�t�e�s� �0�.�3�3� 

�N�o�d�e� �a�t� �w�h�i�c�h� �f�i�r�s�t� �f�r�u�i�t�i�n�g� �t�r�u�s�s� �i�s� �f�o�r�m�e�d� �1�2� 

�M�a�x�i�m�u�m� �r�a�t�e� �o�f� �n�o�d�e� �i�n�i�t�i�a�t�i�o�n� �0�.�5� 

�L�i�g�h�t� �e�x�t�i�n�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �0�.�5�8� 

�L�e�a�f� �l�i�g�h�t� �t�r�a�n�s�m�i�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �0�.�1� 

�S�e�n�s�i�t�i�v�i�t�y� �t�o� �t�e�m�p�e�r�a�t�u�r�e� �1�.�4� 

�Q�u�a�n�t�u�m� �e�f�f�i�c�i�e�n�c�y� �0�.�0�6�4�5� 

�O�v�e�r�a�l�l� �r�a�t�e� �o�f� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �l�e�a�v�e�s� �0�.�0�1�5� 

�O�v�e�r�a�l�l� �r�a�t�e� �o�f� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �f�r�u�i�t�s� �0�.�0�1�0� 

�C�o�e�f�f�i�c�i�e�n�t� �t�o� �a�d�j�u�s�t� �r�a�t�e� �f�o�r� �C�O�,� �0�.�0�0�0�3� 

�M�i�n�i�m�u�m� �s�p�e�c�i�f�i�c� �l�e�a�f� �a�r�e�a� �0�.�0�2�4� 

�M�a�x�i�m�u�m� �s�p�e�c�i�f�i�c� �l�e�a�f� �a�r�e�a� �0�.�0�7�5� 

�N�o�.� �o�f� �f�r�u�i�t�i�n�g� �t�r�u�s�s�e�s� �p�e�r� �l�e�a�f� �i�n�i�t�i�a�t�e�d� �o�n� �m�a�i�n� �0�.�3�3� 
�s�t�e�m� 

�L�e�a�f� �a�r�e�a� �i�n�d�e�x� �f�o�r� �o�l�d�e�s�t� �a�g�e� �c�l�a�s�s� �o�f� �l�e�a�f� �5�.�0�0� 

�C�h�a�n�g�e� �i�n� �s�p�e�c�i�f�i�c� �l�e�a�f� �w�e�i�g�h�t� �p�e�r� �p�p�m� �C�O�,� �0�.�0�0�0�8�5� 

�C�h�a�n�g�e� �i�n� �s�p�e�c�i�f�i�c� �l�e�a�f� �w�e�i�g�h�t� �p�e�r� �°�C� �t�e�m�p�e�r�a�t�u�r�e� �|� �0�.�0�8�5� 

�C�O�,� �u�s�e� �e�f�f�i�c�i�e�n�c�y� �0�.�0�6�9�3� � � 
� � 

�5�2� 

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

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

�e�q�u�a�t�i�o�n�.� �G�o�u�d�r�i�a�a�n� �(�1�9�8�2�)� �d�e�s�c�r�i�b�e�s� �t�h�i�s� �s�i�m�u�l�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�.� �T�h�e� �a�b�s�o�r�b�e�d� 

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

�a�s� �s�h�o�w�n� �b�y� �E�q�.� �[�4�.�1�4�]�,� �w�h�i�c�h� �i�s� �c�a�l�l�e�d� �t�h�e� �P�e�n�m�a�n� �e�q�u�a�t�i�o�n�.� 

�A�R�-�S�H�L�-�L�H�L� �=� �0� �[�4�.�1�4�]� 

�w�h�e�r�e�,� 

�A�R� �=� �A�b�s�o�r�b�e�d� �r�a�d�i�a�t�i�o�n� �(�W�/�m� �2�)�,� 

�S�H�L� �=� �S�e�n�s�i�b�l�e� �h�e�a�t� �l�o�s�s� �(�W�/�m� �?�)�,� �a�n�d� 

�L�H�L� �=� �L�a�t�e�n�t� �h�e�a�t� �l�o�s�s� �(�W�/�m� �?�.� 

�L�a�t�e�n�t� �h�e�a�t� �l�o�s�s�,� �L�H�L�,� �e�x�p�r�e�s�s�e�d� �a�s� �t�h�e� �p�r�o�d�u�c�t� �o�f� �h�e�a�t� �o�f� �v�a�p�o�r�i�z�a�t�i�o�n� �o�f� �w�a�t�e�r� 

�(�2�3�9�0� �J�/�g�)�,� �®�,� �a�n�d� �t�h�e� �t�r�a�n�s�p�i�r�a�t�i�o�n� �r�a�t�e� �(�7�)�,� �i�s� �g�i�v�e�n� �b�y�:� 

�_� �@�.�A�R�+�8� �o�.�t� �=� �E�B� �[�4�.�1�5�]� 

�w�h�e�r�e�,� 

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

�5�3



�t�e�m�p�e�r�a�t�u�r�e� �i�n� �m�b�a�r�/�K�,� 

�6� �=� �d�r�y�i�n�g� �p�o�w�e�r� �o�f� �a�i�r� �(�g�i�v�e�n� �b�e�l�o�w�)�,� �a�n�d� 

�8� �=� �a�p�p�a�r�e�n�t� �p�s�y�c�h�r�o�m�e�t�e�r� �c�o�n�s�t�a�n�t�.� 

�T�h�e� �d�r�y�i�n�g� �p�o�w�e�r� �o�f� �t�h�e� �a�i�r� �i�s� �d�e�f�i�n�e�d� �b�y�:� 

�3� �=� �(�e�,�-�e�,�) ¬�.�C�,� �[�4�.�1�6�]� 

�T�p� 

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

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

�1�2�0�0� �J�/�m� �°�K�)�,� �r�,�i�s� �t�h�e� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �r�e�s�i�s�t�a�n�c�e�.� �T�h�e� �a�p�p�a�r�e�n�t� �p�s�y�c�h�r�o�m�e�t�e�r� 

�c�o�n�s�t�a�n�t� �i�s� �d�e�f�i�n�e�d� �b�y�:� 

�r�p�t�+�r� �p�=�0�.�6�3 ��2� �1� �[�4�.�1�7�]� 

�T�h�e� �c�o�n�s�t�a�n�t� �0�.�6�3� �h�a�s� �t�h�e� �u�n�i�t�s� �o�f� �m�b�a�r�/�K� �a�n�d� �r�,�i�s� �t�h�e� �l�e�a�f� �r�e�s�i�s�t�a�n�c�e� �t�o� �w�a�t�e�r� 

�v�a�p�o�r�.� �G�o�u�d�r�i�a�a�n� �(�1�9�8�2�)� �p�r�o�v�i�d�e�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n� �t�o� �c�a�l�c�u�l�a�t�e� �e�,�a�t� �a� 

�g�i�v�e�n� �t�e�m�p�e�r�a�t�u�r�e� �(�T�)�:� 

�5�4



�e�,�(�T�)� �=� �6�.�1�1� �e�x�p�(�1�7�.�4�T�/� �(�T�+�2�3�9�)� �)� �[�4�.�1�8�]� 

�T�h�e� �s�e�n�s�i�b�l�e� �h�e�a�t� �l�o�s�s�,� �S�H�L�,� �i�s� �c�a�l�c�u�l�a�t�e�d� �a�s�:� 

�S�H�L� �=� �{�T�)�-�T�,�)�  ¬�-� �C�p� �[�4�.�1�9�]� 

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

�u�s�i�n�g� �a�n� �i�t�e�r�a�t�i�v�e� �t�e�c�h�n�i�q�u�e� �o�n� �s�i�m�u�l�t�a�n�e�o�u�s� �E�g�s�.� �[�4�.�1�4�]�,� �[�4�.�1�5�]�,� �[�4�.�1�8�]�,�a�n�d� �[�4�.�1�9�]�.� 

�A�l�s�o�,� �s�e�v�e�r�a�l� �e�m�p�i�r�i�c�a�l� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �7� �a�n�d� �t�h�e� �n�g�h�t� �h�a�n�d� �s�i�d�e� �o�f� �E�q�.� 

�[�4�.�1�5�]� �a�r�e� �a�v�a�i�l�a�b�l�e� �f�o�r� �l�e�t�t�u�c�e� �a�n�d� �t�o�m�a�t�o� �p�l�a�n�t�s� �g�r�o�w�n� �i�n� �g�r�e�e�n�h�o�u�s�e�s�.� �T�a�b�l�e� �4�.�4� 

�s�h�o�w�s� �t�h�e�s�e� �r�e�l�a�t�i�o�n�s�h�i�p�s�.� 

�3�5



�T�a�b�l�e� �4�.�4�.� �R�e�l�a�t�i�o�n�s�h�i�p� �B�e�t�w�e�e�n� �S�o�l�a�r� �R�a�d�i�a�t�i�o�n� �a�n�d� �T�r�a�n�s�p�i�r�a�t�i�o�n� �R�a�t�e� �f�o�r� 
�L�e�t�t�u�c�e� �a�n�d� �T�o�m�a�t�o� �P�l�a�n�t�s� 

� � 

� � 

� � 

� � 
� � 

� � 

� � 

� � 

� � � � � � � � � � 

�P�l�a�n�t� �T�r�a�n�s�p�i�r�a�t�i�o�n� �R�a�t�e� �R�e�f�e�r�e�n�c�e� 
�(�m�g�/�m� �7�/�s�)� 

�T�o�m�a�t�o� �(�0�.�1�4�*�A�R�)�+�(�2�8�.�1�*�D�,�)� �J�o�l�l�i�e�t� �a�n�d� �B�a�i�l�e�y� �(�1�9�9�2�)� 

�T�o�m�a�t�o� �*� �(�0�.�1�9�*�A�R�)�+�6�.�0� �V�a�n� �d�e�r� �P�o�s�t� �e�t� �a�l�.� 
�(�M�o�d�e�l� �1�)� �(�1�9�7�4�)� 
�T�o�m�a�t�o� �*� �(�0�.�2�3�*�A�R�)�+�7�.�0� �d�e� �G�r�a�a�f� �a�n�d� �v�a�n� �d�e�n� 

�(�M�o�d�e�l� �2�)� �E�n�d�e� �(�1�9�8�1�)� 

�T�o�m�a�t�o� �°� �(�0�.�2�7�*�A�R�)� �d�e� �V�i�l�l�e�l�e� �(�1�9�7�2�)� 
�(�M�o�d�e�l� �3�)� 

�T�o�m�a�t�o� �(�0�.�0�9�*�A�R�)�+�(�9�.�2�*�D� �,�)�-�1�.�0� �O�k�u�y�a� �a�n�d� �O�k�u�y�a� 
�(�1�9�8�8�)� 

�T�o�m�a�t�o� �(�0�.�2�2�*�A�R�)�+�(�1�2�.�7�*�D�,�)� �P�e�n�m�a�n� �(�F�A�O�,� �1�9�7�7�)� 

�L�e�t�t�u�c�e� �*� �(�0�.�1�5�*�A�R�)�+�0�.�1� �d�e� �G�r�a�a�f� �e�t� �a�l�.� �(�1�9�8�1�)� � � 
� � 

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

�b�e�e�n� �r�e�p�o�r�t�e�d� �b�y� �s�e�v�e�r�a�l� �r�e�s�e�a�r�c�h�e�r�s�.� �T�a�b�l�e� �4�.�5�,�c�o�m�p�i�l�e�d� �f�r�o�m� �t�h�e�s�e� �s�o�u�r�c�e�s�,� 

�s�u�m�m�a�r�i�z�e�s� �t�h�e� �r�e�p�o�r�t�e�d� �N�,� �P�,� �a�n�d� �K� �u�p�t�a�k�e� �r�a�t�e�s�,� �t�o�t�a�l� �p�l�a�n�t� �u�p�t�a�k�e�,� �a�n�d� �r�a�n�g�e� 

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

�s�y�s�t�e�m�s�.� 

�S�o�m�e� �o�f� �t�h�e�s�e� �s�o�u�r�c�e�s� �a�l�s�o� �r�e�p�o�r�t�e�d� �C�a� �a�n�d� �M�g� �u�p�t�a�k�e� �r�a�t�e�s� �a�n�d� �c�o�n�t�e�n�t� 

�i�n� �d�r�y� �m�a�t�t�e�r�.� �A�t�t�e�n�b�u�r�r�o�w� �a�n�d� �W�a�l�k�e�r� �(�1�9�8�0�)� �o�b�s�e�r�v�e�d� �i�n� �N�F�T� �g�r�o�w�n� �t�o�m�a�t�o� 

�p�l�a�n�t�s� �5�7�-�7�1� �m�g� �C�a� �p�e�r� �p�l�a�n�t� �p�e�r� �d�a�y� �a�n�d� �1�2�-�1�4� �m�g� �M�g� �p�e�r� �p�l�a�n�t� �p�e�r� �d�a�y� �u�p�t�a�k�e� 

�r�a�t�e�s�,� �a�n�d� �4�.�2�-�4�.�7�%� �C�a� �a�n�d� �0�.�5�3�-�0�.�8�5� �%� �M�g� �i�n� �t�h�e� �p�l�a�n�t� �d�r�y� �m�a�t�t�e�r�.� �W�i�l�c�o�x� �(�1�9�8�4�)� 

�f�o�u�n�d� �6�9� �m�g� �p�e�r� �p�l�a�n�t� �p�e�r� �d�a�y� �u�p�t�a�k�e� �o�f� �C�a� �a�n�d� �M�g� �f�o�r� �N�F�T� �t�o�m�a�t�o� �p�l�a�n�t�s�.� 

�F�e�i�g�i�n� �e�t� �a�l�.� �(�1�9�8�0�)� �r�e�p�o�r�t�e�d� �1�.�2�-�2�.�5�%� �C�a� �a�n�d� �0�.�3�9�-�0�.�6�5� �%� �M�g� �i�n� �t�h�e� �d�r�y� �m�a�t�t�e�r� 

�c�o�n�t�e�n�t� �o�f� �N�F�T� �t�o�m�a�t�o� �p�l�a�n�t�s�.� 

�T�o�t�a�l� �w�a�t�e�r� �u�s�e� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� �r�a�n�g�e�s� �o�f� �8�0�-�1�5�0� �L�/�p�l�a�n�t� �a�n�d� �3�-� 

�1�8� �L�/�p�l�a�n�t�,� �r�e�s�p�e�c�t�i�v�e�l�y� �(�M�a�s�s�e�y� �a�n�d� �W�i�n�s�o�r�,� �1�9�8�0�;� �M�o�o�r�b�y� �a�n�d� �G�r�a�v�e�s�,� �1�9�8�0�)� �f�o�r� 

�t�o�m�a�t�o� �a�n�d� �l�e�t�t�u�c�e� �p�l�a�n�t�s�,� �g�r�o�w�n� �h�y�d�r�o�p�o�n�i�c�a�l�l�y�.� �D�a�i�l�y� �w�a�t�e�r� �u�p�t�a�k�e� �o�f� �0�.�4�-�1�.�0� 

�L�/�t�o�m�a�t�o� �p�l�a�n�t�/�d�a�y� �a�n�d� �0�.�0�5�-�0�.�3�L�/�l�e�t�t�u�c�e� �p�l�a�n�t�/�d�a�y� �w�e�r�e� �o�b�s�e�r�v�e�d� �b�y� �A�d�a�m�s� 

�(�1�9�9�2�)�,� �W�i�l�c�o�x� �(�1�9�8�4�)�,� �a�n�d� �B�u�r�r�a�g�e� �a�n�d� �V�a�r�l�e�y� �(�1�9�8�0�)�.� 

�N�u�t�r�i�e�n�t� �u�p�t�a�k�e� �r�a�t�e�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �n�e�x�t� 

�c�h�a�p�t�e�r�.� 
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�T�a�b�l�e� �4�.�5�.� �N�u�t�r�i�e�n�t� �U�p�t�a�k�e� �R�a�t�e�s� �f�o�r� �L�e�t�t�u�c�e� �a�n�d� �T�o�m�a�t�o� �P�l�a�n�t�s� 
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� � � � � � � � � � � � � � � � � � � � 

�*� �V�a�r�i�a�b�l�e� �N� �P� �K� �R�e�f�e�r�e�n�c�e� 

�T� �|� �U�p�t�a�k�e� �(�m�g�/�p�l�a�n�t�/�d�a�y�)� �9�7�-�1�4�6� �3�1�-�5�8� �|� �2�0�2�-�2�2�0� �|� �W�i�l�c�o�x� 
�(�1�9�8�4�)� 

�T� �|� �L�e�a�f�-�C�o�n�t�e�n�t� �(�%�D�M�)� �3�.�3�-�5�.�1� �|� �A�d�a�m�s� �&� 
�T�o�t�a�l� �U�p�t�a�k�e� �(�g�/�p�l�a�n�t�)� �5�0�-�8�0� �|� �G�r�i�m�m�e�t�t� 
�W�e�e�k�l�y� �U�p�t�a�k�e� �(�g�/�p�l�a�n�t�)� �0�.�5�-�3�.�0� �|� �(�1�9�8�6�)� 

�T� �|� �L�e�a�f�-�C�o�n�t�e�n�t� �(�m�g�/�L�e�a�f�)� �2�1�-�4�1� �6�-�1�3� �1�2�-�3�1� �A�d�a�m�s� 
�U�p�t�a�k�e� �(�m�g�/�p�l�a�n�t�/�d�a�y�)� �1�1�5� �2�5� �2�9�0� �(�1�9�9�2�)� 

�T� �|� �L�e�a�f�-�C�o�n�t�e�n�t� �(�%�7�D�M�)� �3�-�5� �0�.�4�-�0�.�5� �|� �5�.�5�-�6�.�0� �|� �M�a�s�s�e�y� �&� 
�T�o�t�a�l� �U�p�t�a�k�e� �(�g�/�p�l�a�n�t�)� �1�1�-�1�6� �W�i�n�s�o�r� 
�R�a�n�g�e� �(�m�g�/�L� �i�n� �1�0�-�3�2�0� �3�0�-�4�0� �3�0�-�2�0�0� �|� �(�1�9�8�0�)� 
�S�o�l�u�t�i�o�n�)� 

�T� �|� �T�o�t�a�l� �U�p�t�a�k�e� �(�g�/�p�l�a�n�t�)� �0�.�1�-�1�5� �0�.�1�-�1�0� �0�.�1�-�3�0� �|� �M�o�o�r�b�y� �&� 
�G�r�a�v�e�s� 
�(�1�9�8�0�)� 

�T� �|� �U�p�t�a�k�e� �(�m�g�/�p�l�a�n�t�/�d�a�y�)� �1�0�0� �3�5� �1�8�0� �S�c�h�i�p�p�e�r�s� 
�T�o�t�a�l� �U�p�t�a�k�e� �(�g�/�p�l�a�n�t�)� �1�0�-�1�2� �4�-�5� �1�8�-�2�2� �(�1�9�8�0�)� 

�T� �|� �D�M�-�C�o�n�t�e�n�t� �(�%�)� �2�.�4�-�3�.�5� �|� �0�.�3�-�0�.�4� �|� �2�.�5�-�3�.�3� �|� �F�e�i�g�i�n� �e�t� �a�l�.� 
�(�1�9�8�0�)� 

�T� �|� �U�p�t�a�k�e� �(�m�g�/�p�l�a�n�t�/�d�a�y�)� �1�2�5�-�1�4�4� �|� �2�4�-�2�8� �|� �2�1�5�-�2�5�4� �|� �A�t�t�e�n�b�u�r�r�o�w� 
�D�M�-�C�o�n�t�e�n�t� �(�%�)� �3�.�4�-�3�.�5� �|� �0�.�6�-�0�.�8� �|� �3�.�6�-�4�.�8� �|� �&� �W�a�l�l�e�r� 

�(�1�9�8�0�)� 

�L� �|� �N�O�,�;�C�o�n�t�e�n�t� �(�m�g�/�k�g�F�W�)� �1�0�0�0� �C�a�r�r�a�s�c�o� �&� 
�t�o� �B�u�r�r�a�g�e� 

�5�0�0�0� �(�1�9�9�2�)� 

�L� �|� �N�O�,� �N�-�C�o�n�t�e�n�t� �1�3�3� �K�a�n�a�a�n� �&� 
�(�m�g�/�k�g�F�W�)� �t�o� �E�c�o�n�o�m�a�k�i�s� 

�7�7�5� �(�1�9�9�2�)� 

�L�_� �|� �U�p�t�a�k�e� �(�m�g�/�p�l�a�n�t�/�d�a�y�)� �8�-�1�6� �2�.�5�-�5� �1�1�.�5�-�2�3� �|� �S�c�h�i�p�p�e�r�s� 
�T�o�t�a�l� �U�p�t�a�k�e� �(�g�/�p�l�a�n�t�)� �0�.�4�5� �0�.�1�5� �0�.�6�5� �(�1�9�8�0�)� 

�N�o�t�e�:� �*� �T� �=� �T�o�m�a�t�o�,� �L� �=� �L�e�t�t�u�c�e�,� �D�M� �=� �D�r�y� �M�a�t�t�e�r�,� �F�W� �=� �F�r�e�s�h� �W�e�i�g�h�t� 
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�4�.�2�.� �D�a�t�a� �C�o�l�l�e�c�t�i�o�n� 

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

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

�p�r�o�d�u�c�t�i�o�n� �i�n� �t�h�e� �V�i�r�g�i�n�i�a� �T�e�c�h� �R�A�S� �f�a�c�i�l�i�t�y� �b�y� �p�r�e�v�i�o�u�s� �r�e�s�e�a�r�c�h�e�r�s� �a�n�d� �a�u�t�h�o�r� 

�(�L�i�b�e�y�,� �1�9�9�3�;� �S�i�n�g�h�,� �1�9�9�3�;� �E�a�s�t�e�r�,� �1�9�9�2�;� �N�u�n�l�e�y�,� �1�9�9�2�;� �W�o�o�d�,� �1�9�9�1�)�.� �D�a�t�a� 

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

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

�c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �m�o�d�e�l�.� 

�4�.�3�.� �E�x�p�e�r�i�m�e�n�t�a�l� �S�e�t�-�u�p� 

�H�y�d�r�o�p�o�n�i�c� �p�l�a�n�t� �g�r�o�w�t�h� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �i�n� �a� �1�2� �m� �x� �6� �m� �a�i�r�-� 

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

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

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

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

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

�l�a�m�p�s�.� 

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

�s�y�s�t�e�m� �c�o�n�s�i�s�t�e�d� �o�f� �5� �P�V�C� �p�i�p�e�s� �(�e�a�c�h� �7�.�5� �c�m� �d�i�a�.� �x� �3� �m� �l�o�n�g�)� �a�n�d� �a� �c�a�l�i�b�r�a�t�e�d� 

�5�5�0� �L� �c�a�p�a�c�i�t�y� �s�u�m�p� �t�a�n�k� �t�h�a�t� �c�o�u�l�d� �a�c�c�o�m�m�o�d�a�t�e� �a� �l�e�t�t�u�c�e� �d�e�n�s�i�t�y� �o�f� �4�0� �p�l�a�n�t�s� 

�5�9



�p�e�r� �m ��a�t� �m�a�t�u�r�a�t�i�o�n� �(�a� �t�o�t�a�l� �o�f� �1�2�0� �p�l�a�n�t�s�)�.� �A� �s�u�m�p� �p�u�m�p� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� 

�c�y�c�l�e�-�t�i�m�e�r� �p�r�o�v�i�d�e�d� �a� �2� �L�p�m� �f�l�o�w� �r�a�t�e� �i�n� �e�a�c�h� �p�i�p�e�.� �O�A�S�I�S� �r�o�o�t� �c�u�b�e�s� �p�l�a�c�e�d� �i�n� 

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

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

�t�r�o�u�g�h�s� �(�e�a�c�h� �3� �m� �l�o�n�g� �x� �0�.�8�m� �w�i�d�e� �x� �2�5� �c�m� �h�i�g�h�)�,� �a� �c�a�l�i�b�r�a�t�e�d� �5�5�0� �L� �c�a�p�a�c�i�t�y� 

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

�w�a�t�e�r� �f�l�o�w� �r�a�t�e� �o�f� �5� �L�p�m� �i�n� �e�a�c�h� �t�r�o�u�g�h�.� �T�h�e� �t�o�m�a�t�o� �h�y�d�r�o�p�o�n�i�c� �s�y�s�t�e�m� �w�a�s� 

�s�t�a�r�t�e�d� �w�i�t�h� �a�b�o�u�t� �1�0� �p�l�a�n�t�s� �p�e�r� �m�/ �� �(�a� �t�o�t�a�l� �o�f� �5�0� �p�l�a�n�t�s�)� �i�n� �G�R�O�D�A�N� �a�n�d� 

�R�I�C�H�G�R�O�W� �t�o�m�a�t�o� �g�r�o�w�i�n�g� �m�e�d�i�a�.� �A�f�t�e�r� �1�2�0� �d�a�y�s� �o�f� �g�r�o�w�t�h�,� �p�l�a�n�t� �d�e�n�s�i�t�y� �w�a�s� 

�a�d�j�u�s�t�e�d� �t�o� �5� �p�l�a�n�t�s� �p�e�r� �m�*�.� �T�h�r�e�e� �t�y�p�e�s� �o�f� �d�a�t�a� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�s�:� �(�1�)� �w�a�t�e�r� �q�u�a�l�i�t�y� �a�n�d� �q�u�a�n�t�i�t�y� �(�n�u�t�r�i�e�n�t� �a�n�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �p�H�,� 

�d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�,� �a�m�o�u�n�t� �o�f� �w�a�t�e�r� �u�s�e�d�,� �a�n�d� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e�)�,� �(�2�)� �p�l�a�n�t� 

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

�a�r�e�a�)�,� �(�3�)� �e�n�v�i�r�o�n�m�e�n�t�a�l� �(�t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �r�a�d�i�a�t�i�o�n�)�.� �A� �d�a�t�a� �l�o�g�g�e�r� �(�C�a�m�p�b�e�l�l� 

�M�o�d�e�l� �C�R�-�2�1�X�)� �w�a�s� �u�s�e�d� �t�o� �c�o�l�l�e�c�t� �2�0�-�m�i�n�u�t�e� �a�v�e�r�a�g�e�s� �o�f� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n�,� �a�n�d� 

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

�(�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�)� �a�n�d� �p�H� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �d�a�i�l�y� �u�s�i�n�g� �O�M�E�G�A ��s� 

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

�H�A�C�H� �W�a�t�e�r� �A�n�a�l�y�s�i�s� �k�i�t� �a�n�d� �Y�S�I� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �m�e�t�e�r�.� �L�e�t�t�u�c�e� �g�r�o�w�t�h� �w�a�s� 

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

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

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

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

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

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

�s�u�c�h� �a�s� �f�l�o�w�e�r� �i�n�i�t�i�a�t�i�o�n� �a�n�d� �f�r�u�i�t�-�s�e�t�t�i�n�g� �w�e�r�e� �a�l�s�o� �r�e�c�o�r�d�e�d�.� �A�f�t�e�r� �1�2�0� �a�n�d� �1�4�0� 

�d�a�y�s�,� �5� �p�l�a�n�t� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �(�e�a�c�h� �t�i�m�e�)� �a�n�d� �a�n�a�l�y�z�e�d� �i�n� �d�e�t�a�i�l�s� �f�o�r� �l�e�a�f� �a�r�e�a� 

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

�f�l�o�w�e�r�s�,� �a�n�d� �f�r�u�i�t�s� �w�e�r�e� �a�l�s�o� �r�e�c�o�r�d�e�d� �f�o�r� �t�h�e� �5� �t�o�m�a�t�o� �p�l�a�n�t� �s�a�m�p�l�e�s� �t�a�k�e�n� �e�a�c�h� 

�t�i�m�e�.� 
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�5�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�5�.�1�.� �A�q�u�a�c�u�l�t�u�r�e� �C�o�m�p�o�n�e�n�t� 

�5�.�1�.�1�.� �F�i�s�h� �G�r�o�w�t�h� 

�U�s�i�n�g� �e�q�u�a�t�i�o�n�s� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �4�.�1�.�1� �w�i�t�h� �p�a�r�a�m�e�t�e�r� �v�a�l�u�e�s� �f�o�r� �h�y�b�r�i�d� 

�s�t�r�i�p�e�d� �b�a�s�s� �(�T�a�b�l�e� �4�.�1�)� �a�n�d� �m�o�d�e�l� �i�n�p�u�t� �v�a�l�u�e�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �5�.�1�,� �d�a�i�l�y� �f�i�s�h� 

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

�8�4� �f�i�s�h�/�m� �?� �a�n�d� �t�h�e�n� �f�o�r� �i�n�d�i�v�i�d�u�a�l� �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� �*�.� �I�n� �t�h�e� 

�V�i�r�g�i�n�i�a� �T�e�c�h� �R�A�S� �f�a�c�i�l�i�t�y�,� �t�h�e� �a�m�o�u�n�t� �o�f� �f�e�e�d� �o�f�f�e�r�e�d� �a�s� �a� �p�e�r�c�e�n�t�a�g�e� �o�f� �b�o�d�y� 

�w�e�i�g�h�t� �v�a�r�i�e�d� �f�r�o�m� �3�%� �d�u�r�i�n�g� �t�h�e� �e�a�r�l�y� �g�r�o�w�t�h� �p�e�r�i�o�d� �t�o� �1�%� �d�u�r�i�n�g� �t�h�e� �l�a�t�e�r� �p�a�r�t� 

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

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

�d�e�c�l�i�n�i�n�g� �f�u�n�c�t�i�o�n� �t�h�a�t� �h�a�d� �a�n� �i�n�i�t�i�a�l� �v�a�l�u�e� �o�f� �3�%� �a�n�d� �d�e�c�l�i�n�e�d� �t�o� �1�%� �t�o�w�a�r�d�s� �t�h�e� 

�e�n�d� �o�f� �f�i�s�h� �g�r�o�w�t�h� �t�r�i�a�l�.� �M�o�r�t�a�l�i�t�y� �r�a�t�e� �w�a�s� �a�s�s�u�m�e�d� �a�t� �5�%� �o�v�e�r� �t�h�e� �e�n�t�i�r�e� 

�p�r�o�d�u�c�t�i�o�n� �c�y�c�l�e� �f�o�r� �a�l�l� �s�y�s�t�e�m�s�.� �D�i�f�f�e�r�e�n�t� �v�a�l�u�e�s� �o�f� �a�c�t�i�v�i�t�y� �m�u�l�t�i�p�l�i�e�r� �(�A�)� �w�e�r�e� 

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

�d�e�n�s�i�t�y� �d�i�f�f�e�r�e�n�c�e�s�.� �A�l�l� �s�e�l�e�c�t�e�d� �v�a�l�u�e�s� �o�f� �A� �w�e�r�e� �l�o�w�e�r� �t�h�a�n� �2�.�0� �(�t�h�e� �v�a�l�u�e� �f�o�r� 

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

�F�o�r� �a�v�e�r�a�g�e� �d�e�n�s�i�t�y� �(�8�4� �f�i�s�h�/�m� �>�,� �a�c�t�i�v�i�t�y� �m�u�l�t�i�p�l�i�e�r� �o�f� �1�.�2�5� �g�a�v�e� �t�h�e� �b�e�s�t� 

�a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �o�b�s�e�r�v�e�d� �a�n�d� �t�h�e� �p�r�e�d�i�c�t�e�d� �f�i�s�h� �w�e�i�g�h�t�s� �(�F�i�g�.� �5�.�1�)�.� �T�o� 
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�t�h�e� �T�A�N� �g�e�n�e�r�a�t�e�d� �(�g�/�d�a�y�)�,� �t�h�e� �a�v�e�r�a�g�e� �T�A�N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�g�/�L�)�,� �a�n�d� �t�h�e� 

�m�a�x�i�m�u�m� �T�A�N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�g�/�L�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�T�A�N�)� �g�e�n�e�r�a�t�e�d� �=� �2�3�.�3�4�x� �F�E�E�D� �[�5�.�1�]� 

�(�T�A�N�)� �a�v�e�r�a�g�e� �=� � �0�.�2�6�x� �F�E�E�D� �[�5�.�2�]� 

�(�T�A�N�)� �s�n�a�x�i�m�u�m� �=� �0�.�3�2�x� �F�E�E�D� �[�5�.�3�]� 

�T�o� �m�o�d�e�l� �t�h�e� �d�i�u�r�n�a�l� �c�y�c�l�e� �o�f� �T�A�N� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �a� �p�o�s�i�t�i�v�e� �h�a�l�f�-�s�i�n�e� 

�c�u�r�v�e� �w�a�s� �S�e�l�e�c�t�e�d� �t�o� �b�e�s�t� �r�e�p�r�e�s�e�n�t� �t�h�e� �i�n�s�t�a�n�t�a�n�e�o�u�s� �T�A�N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�b�o�v�e� 

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

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

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

�o�n�l�y� �o�n�e�.� �T�h�e� �p�e�r�i�o�d� �f�o�r� �t�h�e� �f�i�r�s�t� �h�a�l�f�-�s�i�n�e� �c�u�r�v�e� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �9� �h�o�u�r�s� �a�n�d� 

�f�o�r� �t�h�e� �s�e�c�o�n�d� �h�a�l�f�-�s�i�n�e� �c�u�r�v�e� �t�o� �b�e� �8� �h�o�u�r�s� �a�s� �e�v�i�d�e�n�t� �f�r�o�m� �t�h�e� �F�i�g�.� �4�.�3�.� �F�o�r� �l�o�w� 

�d�e�n�s�i�t�y� �s�y�s�t�e�m� �o�n�l�y� �o�n�e� �h�a�l�f�-�s�i�n�e� �c�u�r�v�e� �o�f� �9� �h�o�u�r� �p�e�r�i�o�d� �w�a�s� �u�s�e�d�.� �T�o� �m�a�k�e� �t�h�e� 

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

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

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

�F�i�g�.� �5�.�7�.� �T�h�i�s� �a�p�p�r�o�a�c�h� �o�f� �m�o�d�e�l�i�n�g� �d�i�u�r�n�a�l� �v�a�r�i�a�t�i�o�n� �i�n� �T�A�N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�r� 

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

�v�a�r�i�a�t�i�o�n� �a�s� �d�e�m�o�n�s�t�r�a�t�e�d� �b�y� �F�i�g�s�.� �5�.�7� �t�h�r�o�u�g�h� �5�.�9� �f�o�r� �h�i�g�h�,� �m�e�d�i�u�m�,� �a�n�d� �l�o�w� 
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�9� �1�1� �1�3� �1�5� �1�7� �1�9� �2�1� �2�3� �#�1� �3�.� �5� �7� �9� 
�T�i�m�e� �o�f� �D�a�y� �(�H�o�u�r�)� 
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�d�e�n�s�i�t�y� �s�y�s�t�e�m�s�.� �T�h�e� �t�o�t�a�l� �a�r�e�a� �u�n�d�e�r� �t�h�e� �h�a�l�f�-�s�i�n�e� �c�u�r�v�e� �a�b�o�v�e� �t�h�e� �s�t�e�a�d�y�-�s�t�a�t�e� 

�v�a�l�u�e� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �t�e�m�p�o�r�a�r�y� �T�A�N� �a�c�c�u�m�u�l�a�t�i�o�n� �i�n� �t�h�e� �s�y�s�t�e�m�.� �T�h�e� 

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

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

�i�n� �a� �s�y�s�t�e�m� �s�h�o�u�l�d� �t�a�k�e� �p�l�a�c�e� �w�h�e�n� �t�h�e� �T�A�N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �a�t� �i�t�s� �p�e�a�k�,� �i�.�e�.� �4�-�6� 

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

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

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

�5�.�1�.�3�.� �W�a�t�e�r� �Q�u�a�l�i�t�y� 

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

�E�q�u�a�t�i�o�n� �[�4�.�1�2�]� �w�a�s� �m�o�d�i�f�i�e�d� �f�u�r�t�h�e�r� �t�o� �b�e� �s�o�l�v�e�d� �n�u�m�e�r�i�c�a�l�l�y� �w�i�t�h� �a� �t�i�m�e� �s�t�e�p� �o�f� 

�o�n�e� �d�a�y� �f�o�r� �a�l�l� �f�o�u�r� �s�y�s�t�e�m�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �5�.�1�.� �T�h�e� �m�o�d�i�f�i�e�d� �e�q�u�a�t�i�o�n� �i�s� 

�N� �=� �N�,�-� �e�e� �N�e� �=� �[�5�.�4�]� 

�N�,�,� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �T�A�N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �m�o�r�n�i�n�g� �(�b�e�f�o�r�e� �f�e�e�d�i�n�g�)� �o�f� �t�h�e� �d�a�y� 

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

�s�y�s�t�e�m� �p�r�e�v�i�o�u�s� �d�a�y�.� �F�i�g�.� �5�.�1�0� �s�h�o�w�s� �t�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �b�a�s�e�d� �o�n� �d�a�t�a� �a�v�a�i�l�a�b�l�e� 

�f�r�o�m� �N�u�n�l�e�y� �(�1�9�9�2�)�.� �I�n� �e�q�u�a�t�i�o�n� �f�o�r�m�,� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �i�s� �a�s� �f�o�l�l�o�w�s�:� 
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�o�D� �a� 
�£� �_� �!� �1� �A�e� 

�F�E� �y�5�,� �D�a�l� �I� �|� �L�r� 
�S�s� �i�t�!� 

�*� 
�@� 
�Z� �1�-� 
�O�o� 
�C�c� 
�O� 

�O�o� �J� �z� �0�.�5� 
�- �� 

�0� �7� 
�0� �8� �9� 
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�M�o�d�e�l� �o�u�t�p�u�t� �o�f� �d�a�i�l�y� �f�e�e�d� �a�n�d� �d�a�i�l�y� �T�A�N� �g�e�n�e�r�a�t�e�d� �f�o�r� �t�h�e� �e�n�t�i�r�e� 

�p�r�o�d�u�c�t�i�o�n� �c�y�c�l�e� �f�o�r� �f�o�u�r� �s�y�s�t�e�m�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�s�.� �5�.�1�2� �t�h�r�o�u�g�h� �5�.�1�5�.� �P�r�i�o�r� 

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

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

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

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

�f�e�e�d�i�n�g� �s�t�r�a�t�e�g�i�e�s� �c�o�u�l�d� �b�e� �a�d�o�p�t�e�d� �t�o� �r�e�d�u�c�e� �p�e�a�k�s� �i�n� �g�e�n�e�r�a�t�e�d� �T�A�N�.� �F�o�r� 

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

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

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

�F�i�g�s�.� �5�.�1�6� �t�h�r�o�u�g�h� �5�.�1�9� �p�r�o�v�i�d�e� �m�o�d�e�l� �o�u�t�p�u�t� �f�o�r� �d�a�i�l�y� �f�e�e�d� �a�n�d� 

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

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�v�e�r� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �c�y�c�l�e� �r�e�a�c�h� �1�.�5�6� �m�g�/�L�,� �1�.�9�5� 

�m�g�/�L�,� �1�.�3�7� �m�g�/�L�,� �a�n�d� �0�.�8�2� �m�g�/�L� �f�o�r� �a�v�e�r�a�g�e�,� �h�i�g�h�,� �m�e�d�i�u�m�,� �a�n�d� �l�o�w� �d�e�n�s�i�t�y� 

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

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

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

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

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

�t�h�e� �f�i�r�s�t� �s�e�v�e�n� �w�e�e�k�s� �(�F�i�g�.� �5�.�2�6�)�.� �H�o�w�e�v�e�r�,� �t�h�i�s� �p�a�t�t�e�r�n� �d�i�s�c�o�n�t�i�n�u�e�d� �a�f�t�e�r� �s�e�v�e�n� 

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

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

�c�o�n�d�i�t�i�o�n�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.�2�7�.� �F�i�g�s�.� �5�.�2�8� �a�n�d� �5�.�2�9� �s�h�o�w� �w�e�e�k�l�y� �l�e�a�f� �a�r�e�a� �i�n�d�e�x� 

�(�L�A�I�)�,� �l�e�a�f� �a�r�e�a� �r�a�t�i�o� �(�L�A�R�)�,� �d�r�y� �m�a�t�t�e�r� �p�r�o�d�u�c�t�i�o�n� �p�e�r� �m�? ��,� �a�n�d� �n�i�t�r�o�g�e�n� �r�e�m�o�v�a�l� 

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

�d�r�y� �m�a�t�t�e�r� �p�r�o�d�u�c�t�i�o�n� �p�e�r� �u�n�i�t� �a�r�e�a� �o�f� �l�e�t�t�u�c�e� �s�y�s�t�e�m� �w�i�t�h� �R�~�v�a�l�u�e� �o�f� �0�.�8�5�.� 

�S�i�m�u�l�a�t�e�d� �l�e�t�t�u�c�e� �g�r�o�w�t�h�,� �u�s�i�n�g� �S�U�C�R�O�S�,� �a�n�d� �o�b�s�e�r�v�e�d� �g�r�o�w�t�h� �a�r�e� �s�h�o�w�n� 

�F�i�g�.� �5�.�3�0�.� �T�h�e� �m�o�d�e�l� �i�s� �s�e�n�s�i�t�i�v�e� �t�o� �i�n�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �t�h�e�r�e�f�o�r�e�,� �w�a�s� �i�n�i�t�i�a�l�i�z�e�d� 

�w�i�t�h� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �p�l�a�n�t� �s�a�m�p�l�e�s� �o�n� �d�a�y� �1�8� �o�f� �t�h�e� �t�r�i�a�l�.� �M�o�d�e�l� �i�n�p�u�t� �a�l�s�o� 

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

�P�r�e�d�i�c�t�e�d� �f�i�n�a�l� �w�e�i�g�h�t� �w�a�s� �w�i�t�h�i�n� �1�3�%� �o�f� �t�h�e� �o�b�s�e�r�v�e�d� �v�a�l�u�e�.� 

�F�i�g�.� �5�.�3�1� �c�o�m�p�a�r�e�s� �t�h�e� �a�c�t�u�a�l� �w�a�t�e�r� �u�s�e� �b�y� �p�l�a�n�t�s� �e�x�p�r�e�s�s�e�d� �a�s� �l�i�t�e�r�s� �p�e�r� �m�7� 

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

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

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

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

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

�a�r�e�a� �t�h�a�n� �t�h�e� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n�.� �L�e�t�t�u�c�e� �w�a�t�e�r� �u�s�e� �a�v�e�r�a�g�e�d� �3�.�0�9� �L�/�m� �7�/�d�a�y�.� 
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 ��= �� �A�c�t�u�a�l� �W�a�t�e�r� �U�s�e�  � �� �T�r�a�n�s�p�i�r�a�t�i�o�n� �M�o�d�e�l� 

�F�i�g�.� �5�.�3�1�.� �A�c�t�u�a�l� �w�a�t�e�r� �u�s�e� �a�n�d� �m�o�d�e�l�-�p�r�e�d�i�c�t�e�d� �t�r�a�n�s�p�i�r�a�t�i�o�n� �r�a�t�e� �f�o�r� �l�e�t�t�u�c�e� 
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�5�.�2�.�2�.� �N�u�t�r�i�e�n�t� �R�e�m�o�v�a�l� �i�n� �L�e�t�t�u�c�e� �S�y�s�t�e�m� 

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

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

�i�n� �F�i�g�.� �5�.�3�2� �f�o�r� �t�h�e� �l�e�t�t�u�c�e� �g�r�o�w�t�h� �p�e�r�i�o�d�.� �I�n� �t�h�e� �f�i�r�s�t� �f�o�u�r� �w�e�e�k�s�,� �t�h�e� �t�o�t�a�l� 

�n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�r�o�p�p�e�d� �b�y� �a�b�o�u�t� �3�2�%� �f�r�o�m� �1�6�.�7�5� �m�g�-�N�/�L� �t�o� �1�1�.�4�6� �m�g�-� 

�N�/�L� �a�n�d� �t�h�e� �p�h�o�s�p�h�o�r�u�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�c�r�e�a�s�e�d� �b�y� �a�b�o�u�t� �2�5�%� �f�r�o�m� �6�.�6�7� �m�g�-� 

�P�/�L� �t�o� �5�.�0�0� �m�g�-�P�/�L�.� �A�f�t�e�r� �t�h�r�e�e� �w�e�e�k�s� �o�f� �g�r�o�w�t�h� �s�o�m�e� �l�e�t�t�u�c�e� �p�l�a�n�t�s� �i�n�d�i�c�a�t�e�d� 

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

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

�n�u�t�r�i�e�n�t� �c�o�n�s�t�i�t�u�e�n�t�s� �o�f� �t�h�e� �a�q�u�a�c�u�l�t�u�r�e� �w�a�s�t�e�w�a�t�e�r�.� �A�s� �e�v�i�d�e�n�t� �f�r�o�m� �F�i�g�.� �5�.�3�2�,� 

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

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

�c�o�i�n�c�i�d�e�d� �w�i�t�h� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�r�o�p� �i�n� �t�h�e� �p�H� �o�f� �t�h�e� �s�o�l�u�t�i�o�n� �(�F�i�g�.� �5�.�2�5�)� �a�s� 

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

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

�n�i�t�r�i�f�i�c�a�t�i�o�n� �p�r�o�c�e�s�s�.� �F�i�g�.� �5�.�3�2� �a�l�s�o� �s�h�o�w�s� �t�h�a�t� �i�n� �t�h�e� �l�a�s�t� �f�o�u�r� �w�e�e�k�s� �o�f� �t�h�e� �t�r�i�a�l�,� 

�t�h�e� �t�o�t�a�l� �n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�c�r�e�a�s�e�d� �b�y� �6�7�%� �f�r�o�m� �3�5�.�0�3� �m�g�-�N�/�L� �t�o� �1�1�.�4�7� 

�m�g�-�N�/�L� �w�i�t�h� �9�7�%� �r�e�d�u�c�t�i�o�n� �i�n� �a�m�m�o�n�i�a�-�n�i�t�r�o�g�e�n�.� �A� �s�t�r�o�n�g� �c�o�r�r�e�l�a�t�i�o�n� �w�a�s� 

�o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� �w�e�e�k�l�y� �d�r�y� �m�a�t�t�e�r� �g�r�o�w�t�h� �a�n�d� �t�o�t�a�l� �n�i�t�r�o�g�e�n� �r�e�m�o�v�a�l� �w�i�t�h� �R�?� 

�v�a�l�u�e� �o�f� �0�.�8�5�.� �T�o�t�a�l� �n�i�t�r�o�g�e�n� �r�e�m�o�v�a�l� �b�y� �l�e�t�t�u�c�e� �a�v�e�r�a�g�e�d� �1�2�3�.�2�2� �m�g�/�m�  �� �c�r�o�p� 
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�F�i�g�.� �5�.�3�2�.� �C�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �i�n�o�r�g�a�n�i�c� �n�i�t�r�o�g�e�n� �s�p�e�c�i�e�s� �i�n� �t�h�e� �l�e�t�t�u�c�e� 

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

�P�o�t�a�s�s�i�u�m� �l�e�v�e�l� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �1�7�.�0�0� �m�g�/�L� �t�o� �7�.�8�0� �m�g�/�L� �i�n� �t�h�e� �f�i�r�s�t� �f�o�u�r� 

�w�e�e�k�s� �a�n�d� �f�r�o�m� �2�0�.�8�0� �m�g�/�L� �t�o� �5�.�2�0� �m�g�/�L� �d�u�r�i�n�g� �t�h�e� �r�e�m�a�i�n�i�n�g� �g�r�o�w�t�h� �p�e�r�i�o�d�.� 

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

�m�a�t�t�e�r� �g�r�o�w�t�h�.� �S�i�m�i�l�a�r�l�y�,� �p�h�o�s�p�h�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�r�o�p�p�e�d� �f�r�o�m� �1�8�.�0�0� �m�g�/�L� �t�o� 

�1�5�.�0�0� �m�g�/�L� �i�n� �t�h�e� �f�i�r�s�t� �f�o�u�r� �w�e�e�k�s� �a�n�d� �f�r�o�m� �2�0�.�0�0� �m�g�/�L� �t�o� �1�6�.�8� �m�g�/�L� �i�n� �t�h�e� 

�r�e�m�a�i�n�i�n�g� �g�r�o�w�t�h� �p�e�r�i�o�d�.� 
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�5�.�2�.�3�.� �T�o�m�a�t�o� �G�r�o�w�t�h� 

�T�o�m�a�t�o� �s�e�e�d�s� �w�e�r�e� �a�l�s�o� �p�l�a�n�t�e�d� �o�n� �S�e�p�t�e�m�b�e�r� �9�,� �1�9�9�4�.� �T�o�m�a�t�o� �p�l�a�n�t�s� 

�r�e�a�c�h�e�d� �t�h�e� �f�r�u�i�t�-�s�e�t�t�i�n�g� �s�t�a�g�e� �i�n� �t�e�n� �w�e�e�k�s�.� �A�f�t�e�r� �1�2�0� �d�a�y�s� �f�r�o�m� �s�e�e�d�i�n�g�,� �5� �p�l�a�n�t�s� 

�w�e�r�e� �h�a�r�v�e�s�t�e�d� �a�n�d� �a�n�a�l�y�z�e�d� �f�o�r� �l�e�a�f� �a�r�e�a� �i�n�d�e�x� �a�n�d� �w�e�i�g�h�t�s� �o�f� �t�o�t�a�l� �p�l�a�n�t�,� �l�e�a�f�,� 

�s�t�e�m�,� �a�n�d� �f�r�u�i�t�s�.� �T�o�m�a�t�o� �y�i�e�l�d� �o�f� �2�.�4� �k�g�/�m� �*� �w�a�s� �o�b�t�a�i�n�e�d� �a�f�t�e�r� �1�7� �w�e�e�k�s�.� 

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

�A�f�t�e�r� �2�0� �w�e�e�k�s�,� �t�h�e� �t�o�m�a�t�o� �y�i�e�l�d� �w�a�s� �3�.�1� �k�g�/�m �� �a�n�d� �s�o�m�e� �f�r�u�i�t�s� �s�h�o�w�e�d� �c�o�m�p�l�e�t�e� 

�m�a�t�u�r�i�t�y�.� 

�P�l�a�n�t� �p�a�r�a�m�e�t�e�r� �v�a�l�u�e�s� �(�T�a�b�l�e� �4�.�3�)� �a�n�d� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�a�t�a� �c�o�l�l�e�c�t�e�d� 

�d�u�r�i�n�g� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �u�s�e�d� �a�s� �i�n�p�u�t�s� �t�o� �t�h�e� �T�O�M�G�R�O� �m�o�d�e�l�.� �S�i�m�u�l�a�t�e�d� �a�v�e�r�a�g�e� 

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

�1�2�0� �a�n�d� �1�4�0� �d�a�y�s� �o�f� �t�r�i�a�l�,� �u�s�i�n�g� �T�O�M�G�R�O�,� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �5�.�3�.� �D�i�f�f�e�r�e�n�c�e�s� 

�i�n� �p�r�e�d�i�c�t�e�d� �a�n�d� �o�b�s�e�r�v�e�d� �v�a�l�u�e�s� �r�a�n�g�e� �f�r�o�m� �9� �t�o� �3�0�%�.� 

�F�i�g�.� �5�.�3�3� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�e� �a�c�t�u�a�l� �w�a�t�e�r� �u�s�e� �b�y� �p�l�a�n�t�s� �e�x�p�r�e�s�s�e�d� �a�s� �l�i�t�e�r�s� �p�e�r� 

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

�m�o�d�e�l�s� �d�e�s�c�r�i�b�e�d� �i�n� �T�a�b�l�e� �4�.�4�.� �M�o�d�e�l� �1� �g�i�v�e�s� �a� �b�e�t�t�e�r� �p�r�e�d�i�c�t�i�o�n� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� 

�h�a�l�f� �o�f� �g�r�o�w�t�h� �p�e�r�i�o�d� �w�h�i�l�e� �M�o�d�e�l� �3� �p�e�r�f�o�r�m�s� �w�e�l�l� �d�u�r�i�n�g� �t�h�e� �l�a�t�e�r� �h�a�l�f�.� 

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

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

�e�s�t�i�m�a�t�i�o�n� �o�f� �w�a�t�e�r� �u�s�e� �i�n� �t�h�e� �c�a�s�e� �o�f� �t�o�m�a�t�o� �p�l�a�n�t�s� �a�s� �c�o�m�p�a�r�e�d� �t�o� �l�e�t�t�u�c�e� �c�a�n� 
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�T�A�B�L�E� �5�.�3�.� �S�i�m�u�l�a�t�e�d� �a�n�d� �O�b�s�e�r�v�e�d� �T�o�m�a�t�o� �G�r�o�w�t�h� 
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�G�r�o�w�t�h� �O�b�s�e�r�v�e�d� �P�r�e�d�i�c�t�e�d� �O�b�s�e�r�v�e�d� �P�r�e�d�i�c�t�e�d� 
�(�1�2�0� �d�a�y�s�)� �(�1�2�0� �d�a�y�s�)� �(�1�4�0� �d�a�y�s�)� �(�1�4�0� �d�a�y�s�)� 

�T�o�t�a�l� �P�l�a�n�t� �2�7�4�.�0� �3�1�0�.�7� �3�5�0�.�7� �4�5�1�.�0� 

�W�e�i�g�h�t� �(�g�/�m�  ��)� 

�N�u�m�b�e�r� �o�f� �3�5� �4�4�,�7� �7�0� �5�1�.�6� 
�N�o�d�e�s�/�p�l�a�n�t� 

�N�u�m�b�e�r� �o�f� �1�4�2� �6�2�.�2� �1�0�8� �8�4�.�4� 
�F�r�u�i�t�s�/�m� �*� 

�N�u�m�b�e�r� �o�f� �1�6� �1�2�.�2� �3�4� �3�0�.�8� 
�m�a�t�u�r�e� �f�r�u�i�t�s�/�m�  �� 

�T�o�t�a�l� �F�r�u�i�t� �1�1�5�.�1� �1�4�0�.�7� �2�1�0�.�9� �2�4�4�.�3� 
�W�e�i�g�h�t� �(�g�/�m�  ��)� 

�M�a�t�u�r�e� �F�r�u�i�t� �7�2�.�8�5� �4�8�.�5� �9�3�.�2� �1�2�5�.�4� 
�W�e�i�g�h�t� �(�g�/�m�  ��)� 

�L�e�a�f� �A�r�e�a� �I�n�d�e�x� �3�.�6� �2�.�2� �3�.�3� �2�.�7� 
� � � � �N�o�t�e�:� �A�l�l� �w�e�i�g�h�t�s� �a�r�e� �o�n� �d�r�y�-�b�a�s�i�s�.� 
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�|�=� �A�c�t�u�a�l� �W�a�t�e�r� �U�s�e�  ��+ �� �T�r�a�n�s�p�.� �M�o�d�e�l� �1�  ��«�-� �T�r�a�n�s�p�.� �M�o�d�e�l� �2� �-�&� �T�r�a�n�s�p�.� �M�o�d�e�l� �3� �|� 
� � 

�F�i�g�.� �5�.�3�3�.� �A�c�t�u�a�l� �w�a�t�e�r� �u�s�e� �a�n�d� �t�r�a�n�s�p�i�r�a�t�i�o�n� �r�a�t�e� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� 

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

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �t�r�i�a�l� �p�e�r�i�o�d�.� �T�o�m�a�t�o� �w�a�t�e�r� �u�s�e� �a�v�e�r�a�g�e�d� �2�.�5� �L�/�m� �7�/�d�a�y� �f�o�r� �t�h�e� 

�t�r�i�a�l� �p�e�r�i�o�d�.� 

�5�.�2�.�4�.� �N�u�t�r�i�e�n�t� �R�e�m�o�v�a�l� �i�n� �T�o�m�a�t�o� �S�y�s�t�e�m� 

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

�i�n�o�r�g�a�n�i�c� �n�i�t�r�o�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� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �t�r�i�a�l� �(�F�i�g�.� �5�.�3�4�)�.� 

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

�t�h�e� �n�i�t�r�o�g�e�n� �a�d�d�i�t�i�o�n� �p�o�i�n�t�s� �i�n� �F�i�g�.� �5�.�3�4�.� 

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �b�y� �5�0�%�.� �T�h�i�s� �p�a�t�t�e�r�n� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �s�e�c�o�n�d� �a�n�d� �t�h�i�r�d� �m�o�n�t�h�s� 

�a�l�s�o�.� �I�n� �t�h�e� �l�a�s�t� �6� �w�e�e�k�s�,� �t�o�t�a�l� �n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�r�o�p�p�e�d� �b�y� �a�b�o�u�t� �7�0�%�.� 

�T�o�t�a�l� �n�i�t�r�o�g�e�n� �r�e�m�o�v�a�l� �b�y� �t�o�m�a�t�o� �p�l�a�n�t�s� �a�v�e�r�a�g�e�d� �7�6�.�1�6� �m�g�/�m�  �� �c�r�o�p� �a�r�e�a�/�d�a�y� �f�o�r� 

�t�h�e� �1�4�0�-�d�a�y� �t�r�i�a�l�.� �S�i�g�n�i�f�i�c�a�n�t� �r�e�d�u�c�t�i�o�n�s� �i�n� �p�o�t�a�s�s�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�e�r�e� �a�l�s�o� 

�o�b�s�e�r�v�e�d� �a�f�t�e�r� �t�h�e� �f�r�u�i�t�-�s�e�t� �s�t�a�g�e�.� 
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�5�.�3�.� �I�n�t�e�g�r�a�t�e�d� �S�y�s�t�e�m� �D�e�s�i�g�n� �a�n�d� �P�e�r�f�o�r�m�a�n�c�e� 

�5�.�3�.�1�.�G�r�e�e�n�h�o�u�s�e� �S�i�z�i�n�g� �F�o�r� �S�i�n�g�l�e�-�B�a�t�c�h� �P�r�o�d�u�c�t�i�o�n� 

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

�i�n� �T�a�b�l�e� �5�.�4�.� �T�h�e� �a�q�u�a�c�u�l�t�u�r�a�l� �d�a�t�a� �i�n� �t�h�e�s�e� �s�e�t�s� �a�r�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �t�h�e� �h�y�b�r�i�d� 

�s�t�r�i�p�e�d� �b�a�s�s� �p�r�o�d�u�c�t�i�o�n� �t�r�i�a�l�s� �c�o�n�d�u�c�t�e�d� �a�t� �V�i�r�g�i�n�i�a� �T�e�c�h� �R�A�S� �f�a�c�i�l�i�t�y� �i�n� �1�9�9�1�.� 

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

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

�d�e�n�s�i�t�i�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �3�6� �(�l�o�w�)� �t�o� �1�4�4� �(�h�i�g�h�)� �a�n�d� �c�o�r�r�e�s�p�o�n�d�i�n�g� �i�n�i�t�i�a�l� �f�i�s�h� 

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

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

�d�o�u�b�l�e�-�a�c�r�y�l�i�c� �g�l�a�z�e�d� �h�o�u�s�e� �(�3�.�0� �W�/�m� �7�K� �p�e�r� �m�?� �f�l�o�o�r� �a�r�e�a�)� �t�o� �p�o�o�r�l�y� �i�n�s�u�l�a�t�e�d� 

�s�i�n�g�l�e� �p�a�n�e� �g�l�a�s�s� �h�o�u�s�e� �(�1�1�.�0� �W�/�m� �7�K� �p�e�r� �m �� �f�l�o�o�r� �a�r�e�a�)�.� 

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

�g�r�e�e�n�h�o�u�s�e� �h�e�a�t� �l�o�s�s� �f�a�c�t�o�r� �o�f� �5�.�0� �W�/�m� �7�K�.� �T�h�e� �m�o�d�e�l� �d�e�t�e�r�m�i�n�e�d� �0�.�9�6� �m�?� 

�g�r�e�e�n�h�o�u�s�e� �f�l�o�o�r� �a�r�e�a� �p�e�r� �m�*�?� �R�A�S� �v�o�l�u�m�e� �t�o� �b�e� �t�h�e� �o�p�t�i�m�u�m� �g�r�e�e�n�h�o�u�s�e� �s�i�z�e�.� 

�F�i�g�.� �5�.�3�5� �s�h�o�w�s� �t�h�e� �d�a�i�l�y� �o�u�t�p�u�t� �f�o�r� �g�r�e�e�n�h�o�u�s�e� �h�e�a�t� �r�e�q�u�i�r�e�m�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� 

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

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

�h�e�a�t�i�n�g� �r�e�q�u�i�r�e�m�e�n�t� �b�e�c�a�u�s�e� �o�f� �l�o�w� �o�v�e�r�l�a�p�p�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �d�a�y�s� �w�h�e�n� �t�h�e� 
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�S�t�o�c�k�i�n�g� �D�e�n�s�i�t�y� �f�i�s�h�/�m� �3� �1�4�4�,� �7�2�,� �3�6�,� �8�4� 
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�h�e�a�t�i�n�g� �i�s� �n�e�e�d�e�d� �a�n�d� �t�h�e� �d�a�y�s� �w�h�e�n� �t�h�e� �e�f�f�l�u�e�n�t� �h�e�a�t� �i�s� �a�v�a�i�l�a�b�l�e�.� 

�F�i�g�.� �5�.�3�6� �s�h�o�w�s� �t�h�e� �d�a�i�l�y� �o�u�t�p�u�t� �f�o�r� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �c�y�c�l�e� �s�t�a�r�t�i�n�g� �o�n� �J�u�l�i�a�n� 

�D�a�y� �2�7�5�.� �I�n� �t�h�i�s� �c�a�s�e�,� �t�h�e� �e�f�f�l�u�e�n�t� �c�o�n�t�r�i�b�u�t�e�d� �9�0�%� �o�f� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �h�e�a�t�i�n�g� 

�r�e�q�u�i�r�e�m�e�n�t� �b�e�c�a�u�s�e� �o�f� �i�n�c�r�e�a�s�e�d� �o�v�e�r�l�a�p� �b�e�t�w�e�e�n� �d�a�y�s� �w�h�e�n� �h�e�a�t� �1�s� �a�v�a�i�l�a�b�l�e� 

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

�t�o� �b�e� �J�u�l�i�a�n� �D�a�y� �2�7�5� �s�o� �t�h�a�t� �t�h�e�r�e� �e�x�i�s�t�e�d� �m�a�x�i�m�u�m� �o�v�e�r�l�a�p� �b�e�t�w�e�e�n� �t�h�e� �d�a�y�s� 

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

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

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

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

�g�r�e�e�n�h�o�u�s�e� �s�i�z�e�.� 

�F�i�g�.� �5�.�3�7� �s�h�o�w�s� �t�h�e� �o�p�t�i�m�u�m� �g�r�e�e�n�h�o�u�s�e� �s�i�z�e� �i�n� �t�e�r�m�s� �o�f� �m �� �o�f� �f�l�o�o�r� �a�r�e�a� 

�p�e�r� �m ��o�f� �R�A�S� �v�o�l�u�m�e� �f�o�r� �f�o�u�r� �d�i�f�f�e�r�e�n�t� �s�t�o�c�k�i�n�g� �d�e�n�s�i�t�i�e�s� �a�n�d� �f�o�r� �f�i�v�e� �d�i�f�f�e�r�e�n�t� 

�g�r�e�e�n�h�o�u�s�e� �h�e�a�t� �l�o�s�s� �f�a�c�t�o�r�s�.� �T�h�e� �g�r�e�e�n�h�o�u�s�e� �s�i�z�e� �v�a�r�i�e�s� �w�i�d�e�l�y� �f�r�o�m� �0�.�3�5� �t�o� �1�.�8�2� 

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

�F�o�r� �a�n�y� �g�i�v�e�n� �s�t�o�c�k�i�n�g� �d�e�n�s�i�t�y�,� �a�s� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �h�e�a�t� �l�o�s�s� �f�a�c�t�o�r� �i�n�c�r�e�a�s�e�s� 

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

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

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

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

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

�f�r�o�m� �5�.�0� �t�o� �3�.�0� �W�/�m� �7�K�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �s�t�o�c�k�i�n�g� �d�e�n�s�i�t�y� �c�a�u�s�e�s� �s�t�e�p�-�i�n�c�r�e�a�s�e� �i�n� 

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

�e�x�c�e�e�d�s� �3�.�0� �k�g�/�s�y�s�t�e�m� �(�m�i�n�i�m�u�m� �f�e�e�d� �f�o�r� �a� �s�i�n�g�l�e� �e�f�f�l�u�e�n�t� �d�i�s�c�h�a�r�g�e�)� �e�a�r�l�y� �i�n� �t�h�e� 

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

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

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

�t�e�m�p�e�r�a�t�u�r�e� �(�m�o�r�e� �e�f�f�l�u�e�n�t� �h�e�a�t�)� �w�o�u�l�d� �r�e�s�u�l�t� �i�n� �l�a�r�g�e�r� �g�r�e�e�n�h�o�u�s�e� �s�i�z�e�.� �H�i�g�h�e�r� 

�g�r�e�e�n�h�o�u�s�e� �s�e�t� �t�e�m�p�e�r�a�t�u�r�e� �(�m�o�r�e� �g�r�e�e�n�h�o�u�s�e� �h�e�a�t�i�n�g� �r�e�q�u�i�r�e�m�e�n�t�)� �w�o�u�l�d� �r�e�s�u�l�t� 

�i�n� �s�m�a�l�l�e�r� �g�r�e�e�n�h�o�u�s�e� �s�i�z�e�.� 

�T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�o�t�a�l� �h�e�a�t� �r�e�q�u�i�r�e�m�e�n�t�,� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �h�e�a�t� �f�r�o�m� �t�h�e� 

�e�f�f�l�u�e�n�t�,� �f�o�r� �a� �g�r�e�e�n�h�o�u�s�e� �w�i�t�h� �a� �g�i�v�e�n� �U�,�,� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �h�e�a�t� �i�n�p�u�t� �f�r�o�m� �t�h�e� 

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

�5�.�5� �p�r�e�s�e�n�t�s� �r�e�s�u�l�t�s� �f�o�r� �t�w�o� �s�i�t�u�a�t�i�o�n�s�:� �(�1�)� �n�o� �s�u�p�p�l�e�m�e�n�t�a�l� �h�e�a�t�i�n�g� �t�h�r�o�u�g�h� 

�e�f�f�l�u�e�n�t� �i�n� �t�h�e� �g�r�e�e�n�h�o�u�s�e�,� �a�n�d� �(�2�)� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �h�e�a�t� �f�r�o�m� �t�h�e� �e�f�f�l�u�e�n�t�.� �T�h�e� 

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

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

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

�r�e�q�u�i�r�e�m�e�n�t� �v�a�r�i�e�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �h�e�a�t� �l�o�s�s� �f�a�c�t�o�r�,� �U�,� �A� 

�d�o�u�b�l�e�-�a�c�r�y�l�i�c�-�g�l�a�z�e�d� �g�r�e�e�n�h�o�u�s�e�,� �w�i�t�h� �a� �h�e�a�t� �l�o�s�s� �f�a�c�t�o�r� �o�f� �5� �W�/�m� �*�K� �h�a�s� �a� �y�e�a�r�l�y� 

�h�e�a�t�i�n�g� �r�e�q�u�i�r�e�m�e�n�t�,� �d�e�l�i�v�e�r�e�d� �t�o� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �s�p�a�c�e�,� �o�f� �1�6�7� �k�W�-�h�/�m�  �� 
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�o�f� �f�l�o�o�r� �a�r�e�a�.� �H�o�w�e�v�e�r�,� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �h�e�a�t� �f�r�o�m� �e�f�f�l�u�e�n�t�,� �t�h�e� �h�e�a�t�i�n�g� �e�n�e�r�g�y� 

�r�e�q�u�i�r�e�m�e�n�t� �d�e�c�r�e�a�s�e�s� �t�o� �1�3� �k�W�-�h�/�m�  ��o�f� �f�l�o�o�r� �a�r�e�a� �f�o�r� �h�i�g�h� �d�e�n�s�i�t�y� �p�r�o�d�u�c�t�i�o�n� 

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

�v�a�l�u�e� �o�f� �9� �W�/�m� �7�K�,� �w�h�i�c�h� �r�e�p�r�e�s�e�n�t�s� �a� �s�i�n�g�l�e�-�p�a�n�e� �g�l�a�s�s�-�c�o�v�e�r�e�d� �h�o�u�s�e�,� �i�s� �3�3�1� 

�k�W�  ��h�/�m� �?� �o�f� �a�r�e�a� �w�i�t�h� �n�o� �s�u�p�p�l�e�m�e�n�t�a�l� �h�e�a�t�i�n�g� �f�r�o�m� �e�f�f�l�u�e�n�t� �a�n�d� �2�9� �k�W� �-�h�/�m� �?� 

�w�i�t�h� �e�f�f�l�u�e�n�t� �h�e�a�t�.� 
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�5�.�3�.�2�.� �M�o�d�e�l� �A�p�p�l�i�c�a�t�i�o�n� �t�o� �a� �C�o�m�m�e�r�c�i�a�l� �O�p�e�r�a�t�i�o�n� 

�B�l�u�e� �R�i�d�g�e� �A�q�u�a�c�u�l�t�u�r�e�,� �M�a�r�t�i�n�s�v�i�l�l�e�,� �V�i�r�g�i�n�i�a�,� �i�s� �a� �l�a�r�g�e�-�s�c�a�l�e�,� 

�c�o�m�m�e�r�c�i�a�l�,� �i�n�d�o�o�r� �t�i�l�a�p�i�a� �p�r�o�d�u�c�t�i�o�n� �f�a�c�i�l�i�t�y� �w�i�t�h� �4�2� �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�a�c�h� �2�1�5�,�7�4�5� �L� �c�a�p�a�c�i�t�y�)�.� �F�o�r� �e�a�c�h� �R�A�S�,� �t�h�e� �f�i�s�h� �c�u�l�t�u�r�e� �t�a�n�k� �h�a�s� �a� 

�c�a�p�a�c�i�t�y� �o�f� �1�3�2�,�4�7�5� �L�,� �s�o�l�i�d�s� �c�l�a�r�i�f�i�e�r� �o�f� �3�5�,�9�5�7� �L�,� �a�n�d� �b�i�o�f�i�l�t�e�r� �o�f� �4�7�,�3�1�2� �L�.� �A� 

�w�a�t�e�r� �f�l�o�w� �r�a�t�e� �o�f� �3�7�8�5� �L�p�m� �a�m�o�n�g� �t�h�e� �s�y�s�t�e�m� �c�o�m�p�o�n�e�n�t�s� �a�n�d� �w�a�t�e�r� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�8�°�C� �a�r�e� �m�a�i�n�t�a�i�n�e�d� �i�n� �t�h�e� �R�A�S� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �y�e�a�r�.� �T�h�e� �f�a�c�i�l�i�t�y� 

�o�p�e�r�a�t�e�s� �i�n� �a� �m�u�l�t�i�p�l�e�-�b�a�t�c�h�e�s� �p�r�o�d�u�c�t�i�o�n� �m�o�d�e�.� �E�v�e�r�y� �t�w�o� �w�e�e�k�s�,� �o�n�e� �R�A�S� �i�s� 

�l�o�a�d�e�d� �w�i�t�h� �6�6�,�0�0�0� �f�i�n�g�e�r�l�i�n�g�s� �(�a�v�e�r�a�g�e� �i�n�i�t�i�a�l� �w�e�i�g�h�t� �o�f� �0�-�5� �g�/�f�i�s�h�)� �r�e�s�u�l�t�i�n�g� �i�n� �a� 

�s�t�o�c�k�i�n�g� �d�e�n�s�i�t�y� �o�f� �5�0�0� �f�i�s�h�/�m� �*�.� �A�f�t�e�r� �2�4� �w�e�e�k�s� �w�h�e�n� �a�v�e�r�a�g�e� �f�i�s�h� �w�e�i�g�h�t� �r�e�a�c�h�e�s� 

�3�0�0� �g�/�f�i�s�h�,� �t�h�e� �f�i�s�h� �p�o�p�u�l�a�t�i�o�n� �i�s� �d�i�v�i�d�e�d� �i�n�t�o� �t�w�o� �R�A�S ��s� �f�o�r� �t�h�e� �r�e�m�a�i�n�d�e�r� �o�f� �t�h�e� 

�p�r�o�d�u�c�t�i�o�n� �c�y�c�l�e�.� �F�i�s�h� �r�e�a�c�h� �m�a�r�k�e�t�a�b�l�e� �s�i�z�e� �(�a�v�e�r�a�g�e� �w�e�i�g�h�t� �5�5�0� �g�/�f�i�s�h�)� �i�n� �3�2� 

�w�e�e�k�s� �(�2�2�4� �d�a�y�s�)�.� 

�F�i�s�h� �a�r�e� �f�e�d� �w�i�t�h� �3�6�-�4�6�%� �p�r�o�t�e�i�n� �f�e�e�d� �a�t� �a� �r�a�t�e� �o�f� �2�0�%� �o�f� �t�h�e� �b�o�d�y� �w�e�i�g�h�t� 

�p�e�r� �d�a�y� �f�o�r� �a�b�o�u�t� �3� �w�e�e�k�s� �i�n�i�t�i�a�l�l�y�.� �T�h�e� �f�e�e�d�i�n�g� �r�a�t�e� �d�e�c�r�e�a�s�e�s� �g�r�a�d�u�a�l�l�y� �t�o� �1�%� 

�n�e�a�r� �t�h�e� �e�n�d� �o�f� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �c�y�c�l�e�.� �F�e�e�d� �c�o�n�v�e�r�s�i�o�n� �r�a�t�i�o� �o�f� �1�.�5� �a�n�d� �m�o�r�t�a�l�i�t�y� 

�r�a�t�e� �o�f� �5�%� �o�v�e�r� �t�h�e� �e�n�t�i�r�e� �p�r�o�d�u�c�t�i�o�n� �c�y�c�l�e� �h�a�v�e� �b�e�e�n� �o�b�s�e�r�v�e�d�.� �T�h�e� �s�u�m�p� 

�(�s�o�l�i�d�s� �c�l�a�r�i�f�i�e�r�)� �i�s� �d�i�s�c�h�a�r�g�e�d� �w�h�e�n�e�v�e�r� �t�h�e� �t�o�t�a�l� �f�e�e�d� �a�m�o�u�n�t� �r�e�a�c�h�e�s� �2�2�7�.�2�5� �k�g� 

�i�n� �e�a�c�h� �R�A�S�.� �I�f� �t�h�e� �f�e�e�d� �l�e�v�e�l� �r�e�a�c�h�e�s� �2�7�2�.�7� �k�g�/�d�a�y� �i�n� �a� �R�A�S� �t�h�e�n� �t�h�e� �s�u�m�p� �i�s� 

�d�i�s�c�h�a�r�g�e�d� �t�w�i�c�e� �t�h�a�t� �d�a�y� �a�n�d� �o�n�c�e� �t�h�e� �n�e�x�t� �d�a�y�.� �F�e�e�d�i�n�g� �i�s� �d�o�n�e� �e�v�e�r�y� �h�o�u�r� �o�f� 
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�t�h�e� �d�a�y� �a�n�d� �i�f� �t�h�e� �f�e�e�d� �a�c�c�e�p�t�a�n�c�e� �i�s� �h�i�g�h�,� �t�h�e�n� �i�t� �i�s� �d�o�n�e� �e�v�e�r�y� �3�0� �m�i�n�.� �D�u�e� �t�o� 

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

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

�p�r�o�d�u�c�t�i�o�n� �c�y�c�l�e�.� �T�h�e� �n�i�t�r�a�t�e�-�n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �v�a�r�i�e�s� �f�r�o�m� �2�5�.�0� �m�g�/�L� �i�n� 

�t�a�n�k�s� �w�i�t�h� �l�o�w� �f�e�e�d�i�n�g� �l�e�v�e�l�s� �t�o� �5�5�.�0� �m�g�/�L� �i�n� �t�a�n�k�s� �w�i�t�h� �h�i�g�h� �f�e�e�d�i�n�g� �l�e�v�e�l�s�.� �T�h�e� 

�a�v�e�r�a�g�e� �n�i�t�r�a�t�e�-�n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �4�0�.�0� �m�g�/�L�.� 

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

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

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

�d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �m�o�d�e�l� �f�o�r� �g�r�e�e�n�h�o�u�s�e� �h�e�a�t� �l�o�s�s� �f�a�c�t�o�r�s� �v�a�r�y�i�n�g� �f�r�o�m� �3�.�0� �t�o� �1�1�.�0� 

�W�/�m� �7�K�,� �a�n�d� �s�e�t� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �2�1� �a�n�d� �1�5�°�C� �f�o�r� �d�a�y� �a�n�d� �n�i�g�h�t�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�F�i�g�.� �5�.�3�8� �s�h�o�w�s� �t�h�e� �o�b�s�e�r�v�e�d� �a�n�d� �s�i�m�u�l�a�t�e�d� �d�a�i�l�y� �f�i�s�h� �g�r�o�w�t�h� �f�o�r� �a� �b�a�t�c�h�.� 

�A� �c�l�o�s�e� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�w�o� �v�a�l�u�e�s� �i�s� �e�v�i�d�e�n�t� �f�r�o�m� �t�h�i�s� �p�l�o�t�.� �F�i�g�.� �5�.�3�9� �s�h�o�w�s� 

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

�p�r�o�d�u�c�t�i�o�n� �c�y�c�l�e�.� �A�f�t�e�r� �a�n� �i�n�i�t�i�a�l� �p�e�r�i�o�d� �o�f� �a�b�o�u�t� �3� �w�e�e�k�s�,� �t�h�e� �f�i�r�s�t� �e�f�f�l�u�e�n�t� 

�d�i�s�c�h�a�r�g�e� �b�e�c�o�m�e�s� �a�v�a�i�l�a�b�l�e�.� �E�a�c�h� �d�i�s�c�h�a�r�g�e� �p�r�o�v�i�d�e�s� �a�b�o�u�t� �4�2�0� �k�W�h� �o�f� �h�e�a�t� 

�e�n�e�r�g�y�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �d�i�s�c�h�a�r�g�e�s� �c�o�n�t�i�n�u�o�u�s�l�y� �i�n�c�r�e�a�s�e�s� �u�p� �t�o� �d�a�y� �1�6�8� �o�f� 

�p�r�o�d�u�c�t�i�o�n� �w�h�e�n� �t�h�e� �f�i�s�h� �p�o�p�u�l�a�t�i�o�n� �i�s� �d�i�v�i�d�e�d� �i�n�t�o� �t�w�o� �R�A�S ��s�.� �A�f�t�e�r� �d�a�y� �1�6�8�,� �t�h�e� 

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

�p�e�r� �b�a�t�c�h� �i�s� �t�w�i�c�e� �(�8�4�0� �k�W� �-�h�)� �d�u�e� �t�o� �t�w�o� �R�A�S ��s� �p�e�r� �b�a�t�c�h�.� �T�h�e� �c�u�m�u�l�a�t�i�v�e� �e�f�f�e�c�t� 

�o�f� �a� �m�u�l�t�i�p�l�e�-�b�a�t�c�h�e�s� �p�r�o�d�u�c�t�i�o�n� �m�o�d�e� �i�s� �d�e�m�o�n�s�t�r�a�t�e�d� �b�y� �F�i�g�s�.� �5�.�4�0� �a�n�d� �5�.�4�1� �b�y� 
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�c�o�m�b�i�n�i�n�g� �e�f�f�l�u�e�n�t� �f�r�o�m� �a�l�l� �t�h�e� �b�a�t�c�h�e�s�.� �T�o�t�a�l� �e�f�f�l�u�e�n�t� �h�e�a�t� �a�v�a�i�l�a�b�l�e� �f�r�o�m� �t�h�e� 

�f�a�c�i�l�i�t�y� �p�e�r� �d�a�y� �f�o�l�l�o�w�s� �a� �c�y�c�l�e� �w�i�t�h� �a� �p�e�r�i�o�d� �o�f� �1�4� �d�a�y�s�.� �F�i�g�.� �5�.�4�0� �s�h�o�w�s� �t�w�o� �s�u�c�h� 

�c�y�c�l�e�s�.� �T�h�e� �e�f�f�l�u�e�n�t� �h�e�a�t� �i�s� �a�v�a�i�l�a�b�l�e� �e�v�e�r�y� �d�a�y� �o�f� �t�h�e� �y�e�a�r� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.�4�1�.� 

�T�h�e� �a�m�o�u�n�t� �v�a�r�i�e�s� �f�r�o�m� �a�b�o�u�t� �3�4�0�0� �k�W�  ��h�/�d�a�y� �t�o� �6�2�5�0� �k�W� �h�/�d�a�y�.� 

�F�i�g�.� �5�.�4�2� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �p�r�o�c�e�d�u�r�e� �f�o�r� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �o�p�t�i�m�u�m� �g�r�e�e�n�h�o�u�s�e� 

�s�i�z�e� �a�s�s�u�m�i�n�g� �a� �h�e�a�t� �l�o�s�s� �f�a�c�t�o�r� �o�f� �7�.�0� �W�/�m� �°�K�.� �T�h�e� �l�o�w� �i�n�i�t�i�a�l� �v�a�l�u�e� �(�1�7�4�3� �m ��)� 

�w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�h�r�o�u�g�h� �d�i�v�i�d�i�n�g� �m�i�n�i�m�u�m� �d�a�i�l�y� �e�f�f�l�u�e�n�t� �h�e�a�t� �a�v�a�i�l�a�b�l�e� �(�3�4�0�0� 

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

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

�m�i�n�i�m�u�m� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �e�f�f�l�u�e�n�t� �h�e�a�t�.� �T�h�e� �g�r�e�e�n�h�o�u�s�e� �a�r�e�a� �w�a�s� �i�n�c�r�e�m�e�n�t�e�d� �2�%� 

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

�r�e�q�u�i�r�e�m�e�n�t� �w�e�r�e� �c�o�m�p�a�r�e�d� �a�t� �e�v�e�r�y� �s�t�e�p�.� �I�t� �c�a�n� �b�e� �s�e�e�n� �f�r�o�m� �F�i�g�.� �5�.�4�2� �t�h�a�t� �a�f�t�e�r� 

�3�4�8�7� �m�*�a�n�y� �f�u�r�t�h�e�r� �i�n�c�r�e�a�s�e� �i�n� �g�r�e�e�n�h�o�u�s�e� �a�r�e�a� �c�a�u�s�e�s� �a� �g�r�e�a�t�e�r� �i�n�c�r�e�a�s�e� �i�n� 

�c�o�m�m�e�r�c�i�a�l� �e�n�e�r�g�y� �r�e�q�u�i�r�e�m�e�n�t� �t�h�a�n� �i�n� �e�f�f�l�u�e�n�t� �h�e�a�t� �u�t�i�l�i�z�a�t�i�o�n�.� �T�h�e�r�e�f�o�r�e�,� �a� 

�g�r�e�e�n�h�o�u�s�e� �s�i�z�e� �3�4�8�7� �m�?� �m�a�x�i�m�i�z�e�s� �e�f�f�l�u�e�n�t� �h�e�a�t� �u�t�i�l�i�z�a�t�i�o�n� �f�o�r� �t�h�i�s� �f�a�c�i�l�i�t�y�.� 

�T�h�e� �m�o�d�e�l�-�r�e�c�o�m�m�e�n�d�e�d� �g�r�e�e�n�h�o�u�s�e� �a�r�e�a� �f�o�r� �B�l�u�e� �R�i�d�g�e� �A�q�u�a�c�u�l�t�u�r�e� 

�v�a�r�i�e�s� �f�r�o�m� �2�0�1�6� �m�?� �o�r� �0�.�4�7� �m�?� �f�l�o�o�r� �a�r�e�a� �p�e�r� �m�?� �o�f� �R�A�S� �v�o�l�u�m�e� �t�o� �9�0�4�4� �m�? �� �o�r� 

�2�.�0�9� �m �� �f�l�o�o�r� �a�r�e�a� �p�e�r� �m�*� �o�f� �R�A�S� �v�o�l�u�m�e� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �h�e�a�t� �l�o�s�s� 

�f�a�c�t�o�r� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.�4�3�.� �I�n� �a�l�l� �c�a�s�e�s�,� �t�h�e� �e�f�f�l�u�e�n�t� �h�e�a�t� �u�t�i�l�i�z�a�t�i�o�n� �r�e�m�a�i�n�e�d� 

�a�r�o�u�n�d� �5�3�%� �o�f� �t�o�t�a�l� �u�s�e�f�u�l� �a�v�a�i�l�a�b�l�e� �e�f�f�l�u�e�n�t� �h�e�a�t� �a�n�d� �t�h�e� �e�f�f�l�u�e�n�t� �h�e�a�t� �s�a�t�i�s�f�i�e�d� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �8�8�%� �o�f� �g�r�e�e�n�h�o�u�s�e� �h�e�a�t� �r�e�q�u�i�r�e�m�e�n�t�.� �F�o�r� �a� �g�i�v�e�n� �h�e�a�t� �l�o�s�s� �f�a�c�t�o�r�,� 
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�G�r�e�e�n�h�o�u�s�e� �H�e�a�t� �L�o�s�s� �F�a�c�t�o�r� �(�W�/�m� �~� �2�:�K�)� 

�F�i�g�.� �5�.�4�3�.� �O�p�t�i�m�u�m� �g�r�e�e�n�h�o�u�s�e� �s�i�z�e� �a�s� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �h�e�a�t� �l�o�s�s� 

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

�t�h�a�t� �f�o�r� �V�i�r�g�i�n�i�a� �T�e�c�h� �R�A�S� �f�a�c�i�l�i�t�y� �o�n� �a� �m�?� �f�l�o�o�r� �a�r�e�a� �p�e�r� �m�?� �R�A�S� �v�o�l�u�m�e� �b�a�s�i�s� 

�b�e�c�a�u�s�e� �o�f� �h�i�g�h�e�r� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �B�l�u�e� �R�i�d�g�e� �A�q�u�a�c�u�l�t�u�r�e� �f�a�c�i�l�i�t�y� �-�-� �2�8� �v�s�.� 

�2�5�°�C�.� 

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

�o�n� �a�s�s�u�m�e�d� �1�0�0�%� �e�f�f�i�c�i�e�n�c�y� �f�o�r� �h�e�a�t� �t�r�a�n�s�f�e�r� �f�r�o�m� �t�h�e� �e�f�f�l�u�e�n�t� �w�a�t�e�r� �t�o� �t�h�e� 

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

�e�f�f�i�c�i�e�n�c�y�.� 

�5�.�3�.�3�.�N�u�t�r�i�e�n�t�-�r�e�c�o�v�e�r�y� �a�n�d� �W�a�t�e�r� �U�s�e� �E�s�t�i�m�a�t�i�o�n� 

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

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

�W�/�m� �*�-�K� �(�3�4�8�7� �m�?�)�,� �a�s�s�u�m�e�d� �t�o� �b�e� �i�n�t�e�g�r�a�t�e�d� �w�i�t�h� �B�l�u�e� �R�i�d�g�e� �A�q�u�a�c�u�l�t�u�r�e�,� �w�e�r�e� 

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

�p�l�a�n�t�s� �1�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �w�a�t�e�r� �u�s�e� �a�n�d� �n�u�t�r�i�e�n�t�-�r�e�c�o�v�e�r�y�.� 

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

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

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

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

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

�n�u�t�r�i�e�n�t�s� �w�a�s� �a�s�s�e�s�s�e�d�.� �T�h�e� �p�l�a�n�t� �g�r�o�w�t�h� �m�o�d�e�l�s� �S�U�C�R�O�S� �a�n�d� �T�O�M�G�R�O� 

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

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

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

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

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

�T�a�b�l�e� �5�.�6� �p�r�o�v�i�d�e�s� �a�v�e�r�a�g�e�,� �m�a�x�i�m�u�m�,� �a�n�d� �m�i�n�i�m�u�m� �d�a�i�l�y� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� 

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

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

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

�l�e�t�t�u�c�e� �o�r� �t�o�m�a�t�o� �t�r�a�n�s�p�i�r�a�t�i�o�n�:� �0�.�6�2�4�%� �f�o�r� �l�e�t�t�u�c�e� �a�n�d� �1�.�0�2�9�%� �f�o�r� �t�o�m�a�t�o� �p�l�a�n�t�s�.� 

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

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

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

�l�e�t�t�u�c�e� �r�e�m�o�v�e�s� �3�.�7�2�%� �n�i�t�r�o�g�e�n� �a�n�d� �t�o�m�a�t�o� �r�e�m�o�v�e�s� �1�.�9�3�%� �f�r�o�m� �d�a�i�l�y� �a�v�a�i�l�a�b�l�e� 

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

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

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

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

�d�r�y� �m�a�t�t�e�r� �g�r�o�w�t�h� �a�n�d� �n�i�t�r�o�g�e�n� �r�e�m�o�v�a�l� �d�u�r�i�n�g� �t�h�e� �h�y�d�r�o�p�o�n�i�c� �l�e�t�t�u�c�e� �g�r�o�w�t�h� 
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�T�a�b�l�e� �5�.�6�.� �D�a�i�l�y� �N�u�t�r�i�e�n�t�-�r�e�c�o�v�e�r�y� �a�n�d� �w�a�t�e�r� �u�s�e� �e�s�t�i�m�a�t�i�o�n� �f�o�r� �l�e�t�t�u�c�e� �a�n�d� 
�t�o�m�a�t�o� �p�r�o�d�u�c�t�i�o�n� �i�n� �o�p�t�i�m�u�m� �s�i�z�e� �g�r�e�e�n�h�o�u�s�e� �w�i�t�h� �h�e�a�t�l�o�s�s� �f�a�c�t�o�r� 
�o�f� �7�.�0� �W�/�m�?�-�K� �(�3�4�8�7� �m�?� �f�o�r� �B�l�u�e� �R�i�d�g�e� �A�q�u�a�c�u�l�t�u�r�e� 
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�D�a�i�l�y� �V�a�r�i�a�b�l�e� �A�v�e�r�a�g�e� �M�a�x�i�m�u�m� �M�i�n�i�m�u�m� 

�T�o�t�a�l� �F�e�e�d� �(�k�g�)� �2�9�4�0� �3�8�8�3� �2�1�4�0� 

�E�f�f�l�u�e�n�t� �Q�u�a�n�t�i�t�y� �(�L�)� �4�5�9�3�6�2� �6�1�1�2�6�8� �3�2�3�6�1�2� 

�E�f�f�l�u�e�n�t� �N�i�t�r�o�g�e�n� �(�k�g�)� �1�8�.�3�7�4� �2�4�.�4�5�1� �1�2�.�9�4�4� 

�E�f�f�l�u�e�n�t� �U�s�e�d� �b�y� �L�e�t�t�u�c�e� �0�.�6�2�4� �1�.�3�3�6�1� �0�.�2�0�6� 
�T�r�a�n�s�p�i�r�a�t�i�o�n� �(�%�)� 

�E�f�f�l�u�e�n�t� �U�s�e�d� �b�y� �T�o�m�a�t�o� �1�.�0�2�9� �2�.�1�6�6� �0�.�3�6�4� 
�T�r�a�n�s�p�i�r�a�t�i�o�n� �(�%�)� 

�D�r�y� �M�a�t�t�e�r� �P�r�o�d�u�c�t�i�o�n� �o�f� �2�2�.�7�5�9� �2�7�.�5�8�2� �1�8�.�5�1�7� 
�L�e�t�t�u�c�e� �(�k�g�)� 

�D�r�y� �M�a�t�t�e�r� �P�r�o�d�u�c�t�i�o�n� �o�f� �1�1�.�7�9�5� �1�3�.�8�7�8� �9�.�3�6�3� 
�T�o�m�a�t�o� �(�k�g�)� 

�N�i�t�r�o�g�e�n� �R�e�m�o�v�a�l� �b�y� �0�.�6�8�3� �0�.�8�2�7� �0�.�5�5�5� 
�L�e�t�t�u�c�e� �(�k�g�)� 

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

�I�t� �i�s� �c�l�e�a�r� �f�r�o�m� �T�a�b�l�e� �5�.�6� �t�h�a�t� �w�a�t�e�r� �a�n�d� �n�i�t�r�o�g�e�n� �c�a�n� �n�e�v�e�r� �b�e� �l�i�m�i�t�i�n�g� 

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

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

�i�f� �n�i�t�r�o�g�e�n� �r�e�m�o�v�a�l� �i�s� �t�h�e� �b�a�s�i�s� �f�o�r� �g�r�e�e�n�h�o�u�s�e� �s�i�z�i�n�g�,� �t�h�e�n� �a� �g�r�e�e�n�h�o�u�s�e� �t�h�a�t� �i�s� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �3�0� �t�i�m�e�s� �l�a�r�g�e�r� �w�i�l�l� �b�e� �r�e�q�u�i�r�e�d� �t�o� �r�e�m�o�v�e� �a�l�l� �t�h�e� �e�f�f�l�u�e�n�t� �n�i�t�r�o�g�e�n� 

�b�y� �l�e�t�t�u�c�e� �p�l�a�n�t�s� �o�r� �5�0� �t�i�m�e�s� �l�a�r�g�e�r� �i�f� �t�o�m�a�t�o� �p�l�a�n�t�s� �a�r�e� �p�r�o�d�u�c�e�d�.� �A�n�y� �i�n�c�r�e�a�s�e� 

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

�c�o�m�m�e�r�c�i�a�l� �h�e�a�t� �e�n�e�r�g�y� �r�e�q�u�i�r�e�m�e�n�t� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.�4�2�.� 
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�6�.� �C�o�n�c�l�u�s�i�o�n�s� 

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

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

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

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

�V�i�r�g�i�n�i�a� �T�e�c�h� �a�q�u�a�c�u�l�t�u�r�e� �r�e�s�e�a�r�c�h� �f�a�c�i�l�i�t�y� �a�n�d� �t�h�e� �B�l�u�e� �R�i�d�g�e� �A�q�u�a�c�u�l�t�u�r�e� �(�a� 

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

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

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

�w�a�t�e�r�,� �p�a�r�t�i�c�u�l�a�r�l�y� �t�h�e� �t�o�t�a�l� �a�m�m�o�n�i�a� �n�i�t�r�o�g�e�n� �(�T�A�N�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

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

�(�R�A�S�-�G�r�e�e�n�h�o�u�s�e�)� �f�a�c�i�l�i�t�y� �v�a�r�i�e�d� �f�r�o�m� �0�.�3�5� �t�o� �1�.�8�2� �m�?� �f�l�o�o�r� �a�r�e�a� �p�e�r� �m�?� �o�f� �R�A�S� 

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

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

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

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

�a�n�d� �h�i�g�h�e�r� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e�,� �o�p�t�i�m�u�m� �g�r�e�e�n�h�o�u�s�e� �s�i�z�e� �v�a�r�i�e�d� �f�r�o�m� �0�.�4�7� �(�f�o�r� 

�p�o�o�r�l�y� �i�n�s�u�l�a�t�e�d� �s�i�n�g�l�e� �p�a�n�e� �g�l�a�s�s� �h�o�u�s�e�)� �t�o� �2�.�0�9� �(�f�o�r� �w�e�l�l� �i�n�s�u�l�a�t�e�d� �d�o�u�b�l�e�-�a�c�r�y�l�i�c� 

�g�l�a�z�e�d� �h�o�u�s�e�)� �m�?� �f�l�o�o�r� �a�r�e�a� �p�e�r� �m�*� �o�f� �R�A�S� �v�o�l�u�m�e�.� �T�h�e� �o�p�t�i�m�u�m� �g�r�e�e�n�h�o�u�s�e� 

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

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

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

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

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

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

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

�P�l�a�n�t� �g�r�o�w�t�h� �m�o�d�e�l�s� �T�O�M�G�R�O� �a�n�d� �S�U�C�R�O�S� �w�e�r�e� �u�s�e�d� �t�o� �s�i�m�u�l�a�t�e� �d�a�i�l�y� 

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

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

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

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

�a�v�a�i�l�a�b�i�l�i�t�y�.� �F�o�r� �e�x�a�m�p�l�e�,� �o�n� �a�v�e�r�a�g�e� �l�e�t�t�u�c�e� �p�l�a�n�t�s� �i�n�d�i�c�a�t�e�d� �3�.�7�2�%� �r�e�d�u�c�t�i�o�n� �i�n� 

�n�i�t�r�o�g�e�n� �a�n�d� �t�o�m�a�t�o� �p�l�a�n�t�s� �i�n�d�i�c�a�t�e�d� �1�.�9�3�%� �r�e�d�u�c�t�i�o�n� �i�n� �n�i�t�r�o�g�e�n� �p�e�r� �d�a�y� �f�o�r� 

�d�a�i�l�y� �a�v�e�r�a�g�e� �o�f� �e�f�f�l�u�e�n�t� �n�i�t�r�o�g�e�n�.� 

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

�f�a�v�o�r� �o�f� �g�r�e�e�n�h�o�u�s�e� �i�n�t�e�g�r�a�t�i�o�n� �w�i�t�h� �R�A�S� �f�a�c�i�l�i�t�i�e�s�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �a�n� �e�n�c�l�o�s�e�d� 

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

�a�t�t�r�a�c�t�i�v�e� �b�e�n�e�f�i�t�s�:� �(�1�)� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �c�a�n� �u�t�i�l�i�z�e� �w�a�r�m� �e�f�f�l�u�e�n�t� �t�o� �p�r�o�d�u�c�e� 

�f�i�n�g�e�r�l�i�n�g�s� �a�n�d�/�o�r� �v�e�g�e�t�a�b�l�e�s�;� �(�2�)� �t�h�e� �w�a�r�m� �e�f�f�l�u�e�n�t� �i�n� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �c�a�n� �a�c�t� �a�s� 

�a� �t�h�e�r�m�a�l� �s�t�o�r�a�g�e� �f�o�r� �i�n�c�i�d�e�n�t� �s�o�l�a�r� �e�n�e�r�g�y� �t�o� �r�e�d�u�c�e� �n�i�g�h�t�-�t�i�m�e� �h�e�a�t�i�n�g� �n�e�e�d�s� �o�f� 
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�t�h�e� �g�r�e�e�n�h�o�u�s�e�;� �a�n�d� �(�3�)� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �c�a�n� �b�e� �u�s�e�d� �a�s� �a� �h�o�l�d�i�n�g� �a�r�e�a� �t�o� �p�r�e�h�e�a�t� 

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

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

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

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

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

�f�o�r� �h�e�a�t�-�r�e�c�o�v�e�r�y� �i�n� �a�n�y� �i�n�d�u�s�t�r�y� �t�h�a�t� �i�n�v�o�l�v�e�s� �h�e�a�t�e�d� �e�f�f�l�u�e�n�t� �d�i�s�c�h�a�r�g�e�s�.� 
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�7�.� �R�E�C�O�M�M�E�N�D�A�T�I�O�N�S� 

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

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

�s�t�u�d�y� �m�o�r�e� �u�s�e�f�u�l� �i�n� �c�o�m�m�e�r�c�i�a�l� �R�A�S�-�t�e�c�h�n�o�l�o�g�y�-�b�a�s�e�d� �f�i�s�h� �p�r�o�d�u�c�t�i�o�n� �f�a�c�i�l�i�t�i�e�s�,� 

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

�(�1�)� �e�c�o�n�o�m�i�c� �(�c�o�s�t�/�b�e�n�e�f�i�t�)� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �i�n�t�e�g�r�a�t�e�d� �s�y�s�t�e�m�;� 

�(�2�)� �e�f�f�i�c�i�e�n�c�y� �o�f� �h�e�a�t� �t�r�a�n�s�f�e�r� �f�r�o�m� �e�f�f�l�u�e�n�t� �t�o� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �a�i�r�;� 

�(�3�)� �f�i�n�g�e�r�l�i�n�g� �p�r�o�d�u�c�t�i�o�n� �i�n� �t�h�e� �g�r�e�e�n�h�o�u�s�e�;� 

�(�4�)� �t�h�e�r�m�a�l� �s�t�o�r�a�g�e� �o�f� �i�n�c�i�d�e�n�t� �s�o�l�a�r� �h�e�a�t� �i�n� �t�h�e� �g�r�e�e�n�h�o�u�s�e�;� �a�n�d� 

�(�5�)� �u�s�i�n�g� �g�r�e�e�n�h�o�u�s�e� �a�s� �a� �h�o�l�d�i�n�g� �a�r�e�a� �f�o�r� �p�r�e�h�e�a�t�i�n�g� �c�o�l�d� �m�a�k�e�u�p� �w�a�t�e�r� �f�o�r� �R�A�S�.� 
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�R�E�F�E�R�E�N�C�E�S� 

�A�P�H�A� �(�A�m�e�r�i�c�a�n� �P�u�b�l�i�c� �H�e�a�l�t�h� �A�s�s�o�c�i�a�t�i�o�n�)�.� �1�9�8�9�.� �S�t�a�n�d�a�r�d� �M�e�t�h�o�d�s� �f�o�r� �t�h�e� 
�E�x�a�m�i�n�a�t�i�o�n� �o�f� �W�a�t�e�r� �a�n�d� �W�a�s�t�e�w�a�t�e�r�.� �A�m�e�r�i�c�a�n� �P�u�b�l�i�c� �H�e�a�l�t�h� �A�s�s�o�c�i�a�t�i�o�n�,� 
�W�a�s�h�i�n�g�t�o�n�,� �D�.�C�.� �1�2�6�8� �p�p�.� 

�A�d�a�m�s�,� �P�.� �1�9�9�2�.� �C�r�o�p� �n�u�t�r�i�t�i�o�n� �i�n� �h�y�d�r�o�p�o�n�i�c�s�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.�3�2�3�:�2�8�9�-�3�0�5�.� 

�A�d�a�m�s�,� �P�.� �a�n�d� �G�r�i�m�m�e�t�t�,� �M�.�M�.� �1�9�8�6�.� �S�o�m�e� �r�e�s�p�o�n�s�e�s� �o�f� �t�o�m�a�t�o�e�s� �t�o� �t�h�e� 
�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �p�o�t�a�s�s�i�u�m� �i�n� �r�e�c�i�r�c�u�l�a�t�i�n�g� �n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n�s�.� �A�c�t�a� �H�o�r�t�i�c�u�l�t�u�r�a�e�,� 
�N�o�.� �1�7�8�:�2�9�-�3�6�.� 

�A�l�b�r�i�g�h�t�,� �L�.�D�.� �1�9�9�0�.� �E�n�v�i�r�o�n�m�e�n�t� �C�o�n�t�r�o�l� �f�o�r� �A�n�i�m�a�l�s� �a�n�d� �P�l�a�n�t�s�.� �A�S�A�E�,� �S�t�.� 
�J�o�s�e�p�h�,� �M�i�c�h�i�g�a�n�.� �4�5�3� �p�p�.� 

�A�t�t�e�n�b�u�r�r�o�w�,� �D�.�C�.� �a�n�d� �W�a�l�l�e�r�,� �P�.�L�.� �1�9�8�0�.� �S�o�d�i�u�m� �c�h�l�o�r�i�d�e�:� �i�t�s� �e�f�f�e�c�t� �o�n� �n�u�t�r�i�e�n�t� 
�u�p�t�a�k�e� �a�n�d� �c�r�o�p� �y�i�e�l�d�s� �w�i�t�h� �t�o�m�a�t�o�e�s� �i�n� �N�F�T�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.�9�8�:�2�2�9�-�2�3�6�.� 

�B�a�t�t�a�,� �L�.�G�.�G�.� �1�9�8�9�.� �M�o�d�e�l�i�n�g� �o�f� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �a�n�d� �w�a�t�e�r� �u�p�t�a�k�e� �r�a�t�e� �o�f� 
�g�r�e�e�n�h�o�u�s�e� �t�o�m�a�t�o� �p�l�a�n�t�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.� �2�4�8�:�3�5�5�-�3�6�0�.� 

�B�e�a�m�i�s�h�,� �F�.�W�.�H�.� �1�9�7�2�.� �R�a�t�i�o�n� �s�i�z�e� �a�n�d� �d�i�g�e�s�t�i�o�n� �i�n� �l�a�r�g�e�m�o�u�t�h� �b�a�s�s�,� 
�M�i�c�r�o�p�t�e�r�u�s� �s�a�l�m�o�i�d�e�s� �L�a�c�e�p�e�d�e�.� �C�a�n�.� �J�.� �Z�o�o�l�.� �v�o�l�.� �5�0�:�1�5�3�-�1�6�4�.� 

�B�e�n�d�e�r�,� �J�.� �1�9�8�4�.� �A�n� �i�n�t�e�g�r�a�t�e�d� �s�y�s�t�e�m� �o�f� �a�q�u�a�c�u�l�t�u�r�e�,� �v�e�g�e�t�a�b�l�e� �p�r�o�d�u�c�t�i�o�n� �a�n�d� 
�s�o�l�a�r� �h�e�a�t�i�n�g� �i�n� �a�n� �u�r�b�a�n� �e�n�v�i�r�o�n�m�e�n�t�.� �A�q�u�a�c�u�l�t�u�r�a�l� �E�n�g�i�n�e�e�r�i�n�g�,� �v�o�l�.� �3�:�1�4�1�-�1�5�2�.� 

�B�e�r�t�i�n�,� �N�.� �a�n�d� �G�a�r�y�,� �C�.� �1�9�9�3�.� �T�o�m�a�t�o� �f�r�u�i�t�-�s�e�t�:� �a� �c�a�s�e� �s�t�u�d�y� �f�o�r� �v�a�l�i�d�a�t�i�o�n� �o�f� �t�h�e� 
�m�o�d�e�l� �T�O�M�G�R�O�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.�3�2�8�:�1�8�5�-�1�9�4�.� 

�B�o�o�n�,� �J�.� �v�a�n� �d�e�r� �a�n�d� �S�t�e�e�n�h�u�i�z�e�n�,� �J�.�W�.� �1�9�8�6�.� �N�i�t�r�a�t�e� �i�n� �l�e�t�t�u�c�e� �o�n� �r�e�c�i�r�c�u�l�a�t�i�n�g� 
�n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.�1�7�8�:�6�7�-�7�2�.� 

�B�o�v�e�n�d�e�u�r�,� �J�.�;� �E�d�i�n�g�,� �E�.�H�.�;� �a�n�d� �H�e�n�k�e�n�,� �A�.�M�.� �1�9�8�7�.� �D�e�s�i�g�n� �a�n�d� �p�e�r�f�o�r�m�a�n�c�e� �o�f� 
�a� �w�a�t�e�r� �r�e�c�i�r�c�u�l�a�t�i�o�n� �s�y�s�t�e�m� �f�o�r� �h�i�g�h�-�d�e�n�s�i�t�y� �c�u�l�t�u�r�e� �o�f� �t�h�e� �a�f�r�i�c�a�n� �c�a�t�f�i�s�h�,� �C�l�a�r�i�a�s� 
�g�a�r�i�e�p�i�n�u�s� �(�B�u�r�c�h�e�l�l� �1�8�2�2�)�.� �A�q�u�a�c�u�l�t�u�r�e�,� �v�o�l�.� �6�3�:�3�2�9�-�3�5�3�.� 

�B�o�y�d�,� �C�.�E�.� �1�9�9�0�.� �W�a�t�e�r� �Q�u�a�l�i�t�y� �i�n� �P�o�n�d� �f�o�r� �A�q�u�a�c�u�l�t�u�r�e�.� �A�l�a�b�a�m�a� �A�g�r�i�c�u�l�t�u�r�a�l� 
�E�x�p�e�r�i�m�e�n�t� �S�t�a�t�i�o�n�,� �A�u�b�u�r�n� �U�n�i�v�e�r�s�i�t�y�,� �A�l�a�b�a�m�a�.� �4�8�2� �p�p�.� 

�B�r�a�n�d�t�,� �S�.�B�.� �a�n�d� �H�a�r�t�m�a�n�,� �K�.�J�.� �1�9�9�3�.� �I�n�n�o�v�a�t�i�v�e� �a�p�p�r�o�a�c�h�e�s� �w�i�t�h� �b�i�o�e�n�e�r�g�e�t�i�c�s� 

�1�3�9



�m�o�d�e�l�s�:� �f�u�t�u�r�e� �a�p�p�l�i�c�a�t�i�o�n�s� �t�o� �f�i�s�h� �e�c�o�l�o�g�y� �a�n�d� �m�a�n�a�g�e�m�e�n�t�.� �T�r�a�n�s�.� �o�f� �t�h�e� �A�m�e�r�.� 
�F�i�s�h�.� �S�o�c�.�,� �v�o�l�.� �1�2�2�:�7�3�1�-�7�3�5�.� 

�B�r�e�t�t�,� �J�.�R�.� �a�n�d� �G�r�o�v�e�s�,� �T�.�D�.�D�.� �P�h�y�s�i�o�l�o�g�i�c�a�l� �e�n�e�r�g�e�t�i�c�s�.� �I�n�:� �F�i�s�h� �P�h�y�s�i�o�l�o�g�y�,� 
�V�o�l�u�m�e� �V�I�I�I� �(�E�d�s�.� �W�.�S�.� �H�o�a�r�,� �D�.�J�.� �R�a�n�d�a�l�l�,� �&� �J�.�R�.� �B�r�e�t�t�)�:� �B�i�o�e�n�e�r�g�e�t�i�c�s� �a�n�d� 
�G�r�o�w�t�h�.� �P�u�b�l�i�s�h�e�d� �b�y� �t�h�e� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�.� �p�p�.� �2�8�0�-�3�5�2�.� 

�B�r�u�g�g�i�n�k�,� �G�.�T�.�;� �S�c�h�o�u�w�i�n�k�,� �H�.�E�.�;� �a�n�d� �G�i�e�l�i�n�g�,� �T�h�.�H�.� �1�9�8�8�.� �M�o�d�e�l�i�n�g� �o�f� �w�a�t�e�r� 
�p�o�t�e�n�t�i�a�l� �a�n�d� �w�a�t�e�r� �u�p�t�a�k�e� �r�a�t�e� �o�f� �t�o�m�a�t�o� �p�l�a�n�t�s� �i�n� �t�h�e� �g�r�e�e�n�h�o�u�s�e�:� �p�r�e�l�i�m�i�n�a�r�y� 
�r�e�s�u�l�t�s�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.� �2�2�9�:�1�7�7�-�1�8�5�.� 

�C�a�r�r�a�s�c�o�,� �G�.�A�.� �a�n�d� �B�u�r�r�a�g�e�,� �S�.�W�.� �1�9�9�2�.� �D�i�u�r�n�a�l� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �n�i�t�r�a�t�e� 
�a�c�c�u�m�u�l�a�t�i�o�n� �a�n�d� �r�e�d�u�c�t�a�s�e� �a�c�t�i�v�i�t�y� �i�n� �l�e�t�t�u�c�e� �(�L�a�c�t�u�c�a� �s�a�t�i�v�a� �L�.�)� �g�r�o�w�t�h� �u�s�i�n�g� 
�n�u�t�r�i�e�n�t� �f�i�l�m� �t�e�c�h�n�i�q�u�e�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.�3�2�3�:�5�1�-�5�9�.� 

�C�h�a�l�l�a�,� �H�;� �B�o�t�,� �G�.�P�.�A�.�;� �N�e�d�e�r�h�o�f�f�,� �E�.�M�.�;� �a�n�d� �v�a�n� �d�e� �B�r�a�a�k�,� �N�.�J�.� �1�9�8�8�.� 
�G�r�e�e�n�h�o�u�s�e� �c�l�i�m�a�t�e� �c�o�n�t�r�o�l� �i�n� �t�h�e� �n�i�n�e�t�i�e�s�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.� �2�3�0�:�4�5�9�-�4�7�0�.� 

�C�l�o�e�r�n�,� �J�.�E�.� �a�n�d� �N�i�c�h�o�l�s�,� �F�.�H�.� �1�9�7�8�.� �A� �v�o�n� �B�e�r�t�a�l�a�n�f�f�y� �g�r�o�w�t�h� �m�o�d�e�l� �w�i�t�h� �a� 
�s�e�a�s�o�n�a�l�l�y� �v�a�r�y�i�n�g� �c�o�e�f�f�i�c�i�e�n�t�.� �J�.� �F�i�s�h�.� �R�e�s�.� �B�o�a�r�d� �C�a�n�.�,� �v�o�l�.� �3�5�:�1�4�7�9�-�1�4�8�2�.� 

�C�o�l�t�,� �J�.� �a�n�d� �O�r�w�i�c�z�,� �K�.� �1�9�9�1�.� �M�o�d�e�l�i�n�g� �p�r�o�d�u�c�t�i�o�n� �c�a�p�a�c�i�t�y� �o�f� �a�q�u�a�t�i�c� �c�u�l�t�u�r�e� 
�s�y�s�t�e�m�s� �u�n�d�e�r� �f�r�e�s�h�w�a�t�e�r� �c�o�n�d�i�t�i�o�n�s�.� �A�q�u�a�c�u�l�t�u�r�a�l� �E�n�g�i�n�e�e�r�i�n�g�,� �v�o�l�.� �1�0�:�1�-�2�9�.� 

�D�e� �G�r�a�a�f�,� �R�.� �1�9�8�8�.� �A�u�t�o�m�a�t�i�o�n� �o�f� �t�h�e� �w�a�t�e�r� �s�u�p�p�l�y� �o�f� �g�l�a�s�s�h�o�u�s�e� �c�r�o�p�s� �b�y� 
�m�e�a�n�s� �o�f� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �t�r�a�n�s�p�i�r�a�t�i�o�n� �a�n�d� �m�e�a�s�u�r�i�n�g� �t�h�e� �a�m�o�u�n�t� �o�f� �d�r�a�i�n�a�g�e� 
�w�a�t�e�r�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.� �2�2�9�:�2�1�9�-�2�3�2�.� 

�D�i�n�g�e�s�,� �R�.� �1�9�8�2�.� �N�a�t�u�r�a�l� �S�y�s�t�e�m�s� �f�o�r� �W�a�t�e�r� �P�o�l�l�u�t�i�o�n� �C�o�n�t�r�o�l�.� �P�u�b�l�i�s�h�e�d� �b�y� �V�a�n� 
�N�o�s�t�r�a�n�d� �R�e�i�n�h�o�l�d� �C�o�m�p�a�n�y�,� �1�3�5� �W�e�s�t� �5�0�t�h� �S�t�r�e�e�t�,� �N�e�w� �Y�o�r�k�,� �N�.�Y�.� �1�0�0�2�0�.� �2�5�2� 

�p�p�.� 

�D�o�n�t�j�e�,� �J�.�H�.�,�a�n�d� �C�l�a�n�t�o�n�,� �C�.�J�.� �1�9�9�2�.� �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� �s�y�s�t�e�m� �f�o�r� �w�a�s�t�e� 
�t�r�e�a�t�m�e�n�t�.� �P�a�p�e�r� �p�r�e�s�e�n�t�e�d� �a�t� �t�h�e� �1�9�9�2� �I�n�t�e�r�n�a�t�i�o�n�a�l� �W�i�n�t�e�r� �M�e�e�t�i�n�g� �o�f� �t�h�e� 
�A�m�e�r�i�c�a�n� �S�o�c�i�e�t�y� �o�f� �A�g�r�i�c�u�l�t�u�r�a�l� �E�n�g�i�n�e�e�r�s�,� �1�5�-�1�8� �D�e�c�e�m�b�e�r�,� �N�a�s�h�v�i�l�l�e�,� 
�T�e�n�n�e�s�s�e�e�.� �1�5� �p�p�.� 

�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�,� �B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�.� �1�8�3� �p�p�.� 
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�F�e�d�l�e�r�,� �C�.�B�.�,� �P�u�l�l�u�o�g�l�u�,� �M�.�A�.�,� �P�a�r�k�e�r�,� �N�.�C�.� �1�9�9�3�.� �I�n�t�e�g�r�a�t�i�n�g� �l�i�v�e�s�t�o�c�k� �w�a�s�t�e� 
�r�e�c�y�c�l�i�n�g� �w�i�t�h� �p�r�o�d�u�c�t�i�o�n� �o�f� �m�i�c�r�o�a�l�g�a�e�.� �I�n� �T�e�c�h�n�i�q�u�e� �f�o�r� �M�o�d�e�r�n� �A�q�u�a�c�u�l�t�u�r�e�.� 
�P�r�o�c�e�e�d�i�n�g�s� �o�f� �a�n� �A�q�u�a�c�u�l�t�u�r�a�l� �E�n�g�i�n�e�e�r�i�n�g� �C�o�n�f�e�r�e�n�c�e�,� �2�1�-�2�3� �J�u�n�e�,� �S�p�o�k�a�n�e�,� 
�W�a�s�h�i�n�g�t�o�n�.� �p�.� �1�6�6�-�1�7�6�.� 

�F�e�d�l�e�r�,� �C�.�B�.�;� �G�r�e�g�o�r�y�,� �J�.�M�.�;� �a�n�d� �C�o�r�t�e�z�,� �L�.�A�.�B�.� �1�9�9�1�.� �E�t�h�a�n�o�l� �p�r�o�d�u�c�t�i�o�n�:� �a� 
�p�r�o�c�e�s�s�-�b�a�s�e�d� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l�.� �T�r�a�n�s�.� �o�f� �t�h�e� �A�S�A�E�,� �v�o�l�.� �3�4�(�3�)�,� �p�p�.� �9�7�7�-�9�8�2�.� 

�F�e�i�g�i�n�,� �A�.�;� �Z�w�i�b�e�l�,� �M�.�;� �R�y�l�s�k�i�,� �I�.�;� �Z�a�m�i�r�,� �N�.�;� �a�n�d� �L�e�v�a�v�,� �N�.� �1�9�8�0�.� �T�h�e� �e�f�f�e�c�t� �o�f� 
�a�m�m�o�n�i�u�m�/�n�i�t�r�a�t�e� �r�a�t�i�o� �i�n� �t�h�e� �n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n� �o�n� �t�o�m�a�t�o� �y�i�e�l�d� �a�n�d� �q�u�a�l�i�t�y�.� 
�A�c�t�a� �H�o�r�t�.�,� �N�o�.�9�8�:�1�4�9�-�1�6�0�.� 

�F�o�r�s�t�e�r�,� �R�.�P�.� �a�n�d� �G�o�l�d�s�t�e�i�n�,� �L�.� �F�o�r�m�a�t�i�o�n� �o�f� �e�x�c�r�e�t�o�r�y� �p�r�o�d�u�c�t�s�.� �I�n�:� �F�i�s�h� 
�P�h�y�s�i�o�l�o�g�y�,� �V�o�l�u�m�e� �I�:� �E�x�c�r�e�t�i�o�n�,� �I�o�n�i�c� �R�e�g�u�l�a�t�i�o�n�,� �a�n�d� �M�e�t�a�b�o�l�i�s�m� �(�E�d�s�.� �W�.�S�.� 
�H�o�a�r� �a�n�d� �D�.�J�.� �R�a�n�d�a�l�l�)�.� �P�u�b�l�i�s�h�e�d� �b�y� �t�h�e� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�.� �p�p�.� 
�3�1�3�-�3�5�0�.� 

�G�a�r�y�,� �C�.�;� �J�o�n�e�s�,� �J�.�W�.�;� �a�n�d� �L�o�n�g�u�e�n�e�s�s�e�,� �J�.�J�.� �1�9�9�3�.� �M�o�d�e�l�i�n�g� �d�a�i�l�y� �c�h�a�n�g�e�s� �i�n� 
�s�p�e�c�i�f�i�c� �l�e�a�f� �a�r�e�a� �o�f� �t�o�m�a�t�o�:� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �l�e�a�f� �a�s�s�i�m�i�l�a�t�e� �p�o�o�l�.� �A�c�t�a� 
�H�o�r�t�.�,� �N�o�.�3�2�8�:�2�0�5�-�2�1�0�.� 

�G�h�a�t�e�,� �S�.�R�.�,�a�n�d� �B�u�r�t�l�e�,� �G�.�J�.� �1�9�9�3�.� �W�a�t�e�r� �q�u�a�l�i�t�y� �i�n� �c�h�a�n�n�e�l� �c�a�t�f�i�s�h� �p�o�n�d�s� 
�i�n�t�e�r�m�i�t�t�e�n�t�l�y� �d�r�a�i�n�e�d� �f�o�r� �i�r�r�i�g�a�t�i�o�n�.� �I�n� �T�e�c�h�n�i�q�u�e� �f�o�r� �M�o�d�e�r�n� �A�q�u�a�c�u�l�t�u�r�e�.� 
�P�r�o�c�e�e�d�i�n�g�s� �o�f� �a�n� �A�q�u�a�c�u�l�t�u�r�a�l� �E�n�g�i�n�e�e�r�i�n�g� �C�o�n�f�e�r�e�n�c�e�,� �2�1�-�2�3� �J�u�n�e�,� �S�p�o�k�a�n�e�,� 
�W�a�s�h�i�n�g�t�o�n�.� �p�.� �1�7�7�-�1�8�6�.� 

�G�o�u�d�r�i�a�a�n�,� �J�.� �1�9�8�2�.� �P�o�t�e�n�t�i�a�l� �p�r�o�d�u�c�t�i�o�n� �p�r�o�c�e�s�s�e�s�.� �I�n�:� �S�i�m�u�l�a�t�i�o�n� �o�f� �P�l�a�n�t� 
�G�r�o�w�t�h� �a�n�d� �C�r�o�p� �P�r�o�d�u�c�t�i�o�n� �(�E�d�s�.� �F�.�W�.�T�.� �P�e�n�n�i�n�g� �d�e� �V�r�i�e�s� �a�n�d� �H�.�H�.� �v�a�n� �L�a�a�r�)�,� 
�p�p�.� �9�8�-�1�1�3�.� 

�d�e� �G�r�a�a�f�,� �R�.� �a�n�d� �v�a�n� �d�e�n� �E�n�d�e�,� �J�.� �1�9�8�1�.� �T�r�a�n�s�p�i�r�a�t�i�o�n� �a�n�d� �e�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n� �o�f� 
�t�h�e� �g�l�a�s�s�h�o�u�s�e� �c�r�o�p�s�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.�1�1�9�:�1�4�7�-�1�5�8�.� 

�H�a�r�t�m�a�n�,� �K�.�J�.� �a�n�d� �B�r�a�n�d�t�,� �S�.�B�.� �1�9�9�3�.� �S�y�s�t�e�m�a�t�i�c� �s�o�u�r�c�e�s� �o�f� �b�i�a�s� �i�n�a� 
�b�i�o�e�n�e�r�g�e�t�i�c�s� �m�o�d�e�l�:� �e�x�a�m�p�l�e�s� �f�o�r� �a�g�e�-�0� �s�t�r�i�p�e�d� �b�a�s�s�.� �T�r�a�n�s�.� �o�f� �A�m�e�r�.� �F�i�s�h�.� �S�o�c�.�,� 
�v�o�l�.� �1�2�2�:�9�1�2�-�9�2�6�.� 

�H�e�i�n�s�b�r�o�e�k�,� �L�.�T�.�N�.�a�n�d� �K�a�m�s�t�r�a�,� �A�.� �1�9�9�0�.� �D�e�s�i�g�n� �a�n�d� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �w�a�t�e�r� 
�r�e�c�i�r�c�u�l�a�t�i�o�n� �s�y�s�t�e�m�s� �f�o�r� �e�e�l� �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�,� �v�o�l�.� �9�:�1�8�7�-�2�0�7�.� 

�H�u�n�t�l�e�y�,� �M�.�E�.� �(�E�d�i�t�o�r�)� �1�9�8�9�.� �B�i�o�t�r�e�a�t�m�e�n�t� �o�f� �A�g�r�i�c�u�l�t�u�r�a�l� �W�a�s�t�e�w�a�t�e�r�.� 
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�P�u�b�l�i�s�h�e�d� �b�y� �C�R�C� �P�r�e�s�s�,� �I�n�c�.�,� �B�o�c�a� �R�a�t�o�n�,� �F�l�o�r�i�d�a�.� �1�7�6� �p�p�.� 

�H�e�w�e�t�t�,� �S�.�W�.�a�n�d� �J�o�h�n�s�o�n�,� �B�.�L�.� �1�9�8�7�.� �A� �g�e�n�e�r�a�l�i�z�e�d� �b�i�o�e�n�e�r�g�e�t�i�c�s� �m�o�d�e�l� �o�f� �f�i�s�h� 
�g�r�o�w�t�h� �f�o�r� �m�i�c�r�o�c�o�m�p�u�t�e�r�s�.� �U�n�i�v�e�r�s�i�t�y� �o�f� �W�i�s�c�o�n�s�i�n�,� �S�e�a� �G�r�a�n�t� �I�n�s�t�i�t�u�t�e�,� 
�M�a�d�i�s�o�n�,� �W�I�S�-�S�G�-�8�7�-�2�4�5�.� 

�H�e�w�e�t�t�,� �S�.�W�.�a�n�d� �J�o�h�n�s�o�n�,� �B�.�L�.� �1�9�9�2�.� �F�i�s�h� �b�i�o�e�n�e�r�g�e�t�i�c�s� �m�o�d�e�l� �2�.� �U�n�i�v�e�r�s�i�t�y� �o�f� 
�W�i�s�c�o�n�s�i�n�,� �S�e�a� �G�r�a�n�t� �I�n�s�t�i�t�u�t�e�,� �M�a�d�i�s�o�n�,� �W�I�S�-�S�G�-�9�2�-�5�5�0�.� 

�I�n�c�r�o�p�e�r�a�,� �F�.�P�.�a�n�d� �T�h�o�m�a�s�,� �J�.�F�.� �1�9�7�8�.� �A� �m�o�d�e�l� �f�o�r� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �c�o�n�v�e�r�s�i�o�n� �t�o� 
�a�l�g�a�e� �i�n� �a� �s�h�a�l�l�o�w� �p�o�n�d�.� �S�o�l�a�r� �E�n�e�r�g�y�,� �V�o�l�.� �2�0�:�1�5�7�-�1�6�5�.� 

�I�s�m�o�n�d�,� �A�.�A�.� �1�9�9�3�.� �D�e�s�i�g�n�i�n�g� �f�i�s�h� �f�a�r�m�s� �t�o� �r�e�d�u�c�e� �t�h�e� �c�o�s�t� �o�f� �e�n�v�i�r�o�n�m�e�n�t�a�l� 
�c�o�m�p�l�i�a�n�c�e�.� �I�n� �T�e�c�h�n�i�q�u�e� �f�o�r� �M�o�d�e�r�n� �A�q�u�a�c�u�l�t�u�r�e�.� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �a�n� 
�A�q�u�a�c�u�l�t�u�r�a�l� �E�n�g�i�n�e�e�r�i�n�g� �C�o�n�f�e�r�e�n�c�e�,� �2�1�-�2�3� �J�u�n�e�,� �S�p�o�k�a�n�e�,� �W�a�s�h�i�n�g�t�o�n�.� �p�.� �1�8�7�-� 
�1�9�2�,� 

�J�e�w�e�l�l�,� �W�.�J�.� �1�9�9�4�.� �R�e�s�o�u�r�c�e�-�r�e�c�o�v�e�r�y� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�.� �A�m�e�r�i�c�a�n� �S�c�i�e�n�t�i�s�t�,� 
�V�o�l�u�m�e� �8�2�,� �J�u�l�y�-�A�u�g�u�s�t�,� �p�p�.� �3�6�6�-�3�7�5�.� 

�J�o�l�l�i�e�t�,� �O�.� �1�9�9�3�.� �M�o�d�e�l�i�n�g� �o�f� �w�a�t�e�r� �u�p�t�a�k�e�,� �t�r�a�n�s�p�i�r�a�t�i�o�n� �a�n�d� �h�u�m�i�d�i�t�y� �i�n� 
�g�r�e�e�n�h�o�u�s�e�s�,� �a�n�d� �o�f� �t�h�e�i�r� �e�f�f�e�c�t�s� �o�n� �c�r�o�p�s�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.� �3�2�8�,� �p�p�.� �6�9�-�7�8�.� 

�J�o�l�l�i�e�t�,� �O�.� �1�9�9�4�.� �H�O�R�T�I�T�R�A�N�S�,� �a� �m�o�d�e�l� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �a�n�d� �o�p�t�i�m�i�z�i�n�g� �h�u�m�i�d�i�t�y� 
�a�n�d� �t�r�a�n�s�p�i�r�a�t�i�o�n� �i�n� �g�r�e�e�n�h�o�u�s�e�s�.� �J�.� �A�g�r�i�c�.� �E�n�g�n�g�.� �R�e�s�.�,� �v�o�l�.� �5�7�,� �p�p�.� �2�3�-�3�7�.� 

�J�o�l�l�i�e�t�,� �O�.� �a�n�d� �B�a�i�l�e�y�,� �B�.�J�.� �1�9�9�2�.� �T�h�e� �e�f�f�e�c�t� �o�f� �c�l�i�m�a�t�e� �o�n� �t�o�m�a�t�o� �t�r�a�n�s�p�i�r�a�t�i�o�n� �i�n� 
�g�r�e�e�n�h�o�u�s�e�s�:� �m�e�a�s�u�r�e�m�e�n�t�s� �a�n�d� �m�o�d�e�l�s� �c�o�m�p�a�r�i�s�o�n�.� �A�g�r�i�c�u�l�t�u�r�a�l� �a�n�d� �F�o�r�e�s�t� 
�M�e�t�e�o�r�o�l�o�g�y�,� �v�o�l�.� �5�8�,� �p�p�.� �4�3�-�6�2�.� 

�J�o�l�l�i�e�t�,� �O�.�;� �B�a�i�l�e�y�,� �B�.�J�.�;� �H�a�n�d�,� �D�.�J�.�;� �a�n�d� �C�o�c�k�s�h�u�l�l�,� �K�.� �1�9�9�3�.� �T�o�m�a�t�o� �y�i�e�l�d� �i�n� 
�g�r�e�e�n�h�o�u�s�e�s� �r�e�l�a�t�e�d� �t�o� �h�u�m�i�d�i�t�y� �a�n�d� �t�r�a�n�s�p�i�r�a�t�i�o�n�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.� �3�2�8�:�1�1�5�-�1�2�4�.� 

�J�o�n�e�s�,� �J�.�W�.�;� �D�a�y�a�n�,� �E�.�;� �A�l�l�e�n�,� �L�.�H�.�;� �v�a�n� �K�e�u�l�e�n�,� �H�.�,�;�a�n�d� �C�h�a�l�l�a�,� �H�.� �1�9�9�1�.� �A� 
�d�y�n�a�m�i�c� �t�o�m�a�t�o� �g�r�o�w�t�h� �a�n�d� �y�i�e�l�d� �m�o�d�e�l� �(�T�O�M�G�R�O�)�.� �T�r�a�n�s�.� �o�f� �t�h�e� �A�S�A�E�,� �v�o�l�.� 
�3�4�(�2�)�:�6�6�3�-�6�7�2�.� 

�K�a�n�a�a�n�,� �S�.�S�.�a�n�d� �E�c�o�n�o�m�a�k�i�s�,� �C�.�D�.� �1�9�9�2�.� �E�f�f�e�c�t� �o�f� �c�l�i�m�a�t�i�c� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �t�i�m�e� 
�o�f� �h�a�r�v�e�s�t� �o�n� �g�r�o�w�t�h� �a�n�d� �t�i�s�s�u�e� �n�i�t�r�a�t�e� �c�o�n�t�e�n�t� �o�f� �l�e�t�t�u�c�e� �i�n� �n�u�t�r�i�e�n�t� �f�i�l�m� �c�u�l�t�u�r�e�.� 
�A�c�t�a� �H�o�r�t�.�,� �N�o�.�3�2�3�:�7�5�-�8�0�.� 
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�K�i�m�b�a�l�l�,� �B�.�A�.� �a�n�d� �L�.�A�.� �B�e�l�l�a�m�y�.� �1�9�8�6�.� �G�e�n�e�r�a�t�i�o�n� �o�f� �d�i�u�r�n�a�l� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �,� 
�t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �h�u�m�i�d�i�t�y� �p�a�t�t�e�r�n�s�.� �E�n�e�r�g�y� �i�n� �A�g�r�i�c�u�l�t�u�r�e�,� �5� �(�1�9�8�6�)� �1�8�5�-�1�9�7�.� 

�K�i�t�c�h�e�l�l�,� �J�.�F�.�;� �K�o�o�n�c�e�,� �J�.�F�.�;�O ��N�e�i�l�l�,� �R�.�V�.�;� �S�h�u�g�a�r�t�,� �H�.�H�.�,� �J�r�.�;� �M�a�g�n�u�s�o�n�,� �J�.�J�.�;� 
�B�o�o�t�h�,� �R�.�S�.� �1�9�7�4�.� �M�o�d�e�l� �o�f� �f�i�s�h� �b�i�o�m�a�s�s� �d�y�n�a�m�i�c�s�.� �T�r�a�n�s�.� �o�f� �A�m�e�r�.� �F�i�s�h�.� �S�o�c�.�,� 
�N�o�.� �4�:�7�8�7�-�7�9�8�.� 

�K�i�t�c�h�e�l�l�,� �J�.�F�.�;� �S�t�e�w�a�r�t�,� �D�.�J�.�;�a�n�d� �W�e�i�n�i�n�g�e�r�,� �D�.� �1�9�7�7�.� �A�p�p�l�i�c�a�t�i�o�n�s� �o�f� �a� 
�b�i�o�e�n�e�r�g�e�t�i�c�s� �m�o�d�e�l� �t�o� �y�e�l�l�o�w� �p�e�r�c�h� �(�P�e�r�c�a� �f�l�a�v�e�s�c�e�n�s�)� �a�n�d� �w�a�l�l�e�y�e� �(�S�t�i�z�o�s�t�e�d�i�o�n� 
�v�i�t�r�e�u�m� �v�i�t�r�e�u�m�)�.� �J�.� �F�i�s�h�.� �R�e�s�.� �B�o�a�r�d� �C�a�n�.�,� �3�4�:�1�9�2�2�-�1�9�3�5�.� 

�K�o�c�h�b�a�,� �M�.�;� �D�i�a�b�,� �S�.�;�a�n�d� �A�v�n�i�m�e�l�e�c�h�,� �Y�.� �1�9�9�4�.� �M�o�d�e�l�i�n�g� �o�f� �n�i�t�r�o�g�e�n� 
�t�r�a�n�s�f�o�r�m�a�t�i�o�n� �i�n� �i�n�t�e�n�s�i�v�e�l�y� �a�e�r�a�t�e�d� �f�i�s�h� �p�o�n�d�s�.� �A�q�u�a�c�u�l�t�u�r�e�,� �v�o�l�.� �1�2�0�:�9�5�-�1�0�4�.� 

�L�e�w�i�s�,� �W�.�M�.�,� �Y�o�p�p�,� �J�.�H�.�,� �S�c�h�r�a�m�m�,� �J�r�.� �H�.�L�.�,�a�n�d� �B�r�a�n�d�e�n�b�u�r�g�,� �A�.�M�.� �1�9�7�8�.� �U�s�e� 
�o�f� �h�y�d�r�o�p�o�n�i�c�s� �t�o� �m�a�i�n�t�a�i�n� �q�u�a�l�i�t�y� �o�f� �r�e�c�i�r�c�u�l�a�t�e�d� �w�a�t�e�r� �i�n� �a� �f�i�s�h� �c�u�l�t�u�r�e� �s�y�s�t�e�m�.� 
�T�r�a�n�s�a�c�t�i�o�n�s� �o�f� �A�m�e�r�i�c�a�n� �F�i�s�h�e�r�i�e�s� �S�o�c�i�e�t�y�,� �V�o�l�.� �1�0�7�,� �N�o�.� �1�:�9�3�-�9�9�.� 

�L�i�a�o�,� �P�.�B�.� �a�n�d� �M�a�y�o�,� �R�.�D�.� �1�9�7�4�.� �I�n�t�e�n�s�i�f�i�e�d� �f�i�s�h� �c�u�l�t�u�r�e� �c�o�m�b�i�n�i�n�g� �w�a�t�e�r� 
�r�e�c�o�n�d�i�t�i�o�n�i�n�g� �w�i�t�h� �p�o�l�l�u�t�i�o�n� �a�b�a�t�e�m�e�n�t�.� �A�q�u�a�c�u�l�t�u�r�e�,� �v�o�l�.� �3�:�6�1�-�8�5�.� 

�L�i�b�e�y�,� �G�.�S�.� �1�9�9�3�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �a� �d�r�u�m� �f�i�l�t�e�r� �f�o�r� �r�e�m�o�v�a�l� �o�f� �s�o�l�i�d�s� �f�r�o�m� �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�.� �I�n�:� �T�e�c�h�n�i�q�u�e�s� �f�o�r� �M�o�d�e�r�n� �A�q�u�a�c�u�l�t�u�r�e�.� 
�P�r�o�c�e�e�d�i�n�g�s� �o�f� �a�n� �A�q�u�a�c�u�l�t�u�r�a�l� �E�n�g�i�n�e�e�r�i�n�g� �C�o�n�f�e�r�e�n�c�e�,� �2�1�-�2�3� �J�u�n�e�,� �S�p�o�k�a�n�e�,� 
�W�a�s�h�i�n�g�t�o�n�.� �p�.� �5�1�9�-�5�3�2�.� 

�L�o�s�o�r�d�o�,� �T�.�M�.� �1�9�9�1�.� �A�n� �i�n�t�r�o�d�u�c�t�i�o�n� �t�o� �r�e�c�i�r�c�u�l�a�t�i�n�g� �p�r�o�d�u�c�t�i�o�n� �s�y�s�t�e�m�s� �d�e�s�i�g�n�.� 
�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�,� �A�p�r�i�l� �4�-�6�.� �p�p�.� �3�2�-� 
�4�7�.� 

�M�a�c�h�i�e�l�s�,� �M�.�A�.�M�.� �a�n�d� �H�e�n�k�e�n�,� �A�.�M�.� �1�9�8�6�.� �A� �d�y�n�a�m�i�c� �s�i�m�u�l�a�t�i�o�n� �m�o�d�e�l� �f�o�r� 
�g�r�o�w�t�h� �o�f� �t�h�e� �a�f�r�i�c�a�n� �c�a�t�f�i�s�h�,� �C�l�a�r�i�a�s� �g�a�r�i�e�p�i�n�u�s� �(�B�u�r�c�h�e�l�l� �1�8�2�2�)� �I�.� �e�f�f�e�c�t� �o�f� 
�f�e�e�d�i�n�g� �l�e�v�e�l� �o�n� �g�r�o�w�t�h� �a�n�d� �e�n�e�r�g�y� �m�e�t�a�b�o�l�i�s�m�.� �A�q�u�a�c�u�l�t�u�r�e�,� �v�o�l�.� �5�6�:�2�9�-�5�2�.� 

�M�a�c�K�a�y�,� �K�.�T�.�,�a�n�d� �V�a�n� �T�o�e�v�e�r�,� �W�.� �1�9�8�1�.� �A�n� �e�c�o�l�o�g�i�c�a�l� �a�p�p�r�o�a�c�h� �t�o� �a� �w�a�t�e�r� 
�r�e�c�i�r�c�u�l�a�t�i�n�g� �s�y�s�t�e�m� �f�o�r� �s�a�l�m�o�n�i�d�s�.� �(�E�d�s�.�)� �L�o�c�h�i�e� �J�o� �A�l�l�e�n� �a�n�d� �E�d�w�a�r�d� �C�.� �K�i�n�n�e�y�.� 
�I�n� �t�h�e� �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�.� �p�.� �2�4�9�-� 
�2�5�8�.� 

�M�a�r�c�e�l�i�s�,� �L�.�F�.�M�.� �1�9�9�3�.� �S�i�m�u�l�a�t�i�o�n� �o�f� �b�i�o�m�a�s�s� �a�l�l�o�c�a�t�i�o�n� �i�n� �g�r�e�e�n�h�o�u�s�e� �c�r�o�p�s� �-� �a� 
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�r�e�v�i�e�w�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.� �3�2�8�:�4�9�-�6�7�.� 

�M�a�r�s�h�,� �L�.�S�.�a�n�d� �A�l�b�r�i�g�h�t�,� �L�.�D�.� �1�9�9�1�a�.� �E�c�o�n�o�m�i�c�a�l�l�y� �o�p�t�i�m�u�m� �d�a�y� �t�e�m�p�e�r�a�t�u�r�e�s� 
�f�o�r� �g�r�e�e�n�h�o�u�s�e� �h�y�d�r�o�p�o�n�i�c� �l�e�t�t�u�c�e� �p�r�o�d�u�c�t�i�o�n� �p�a�r�t� �I�:� �a� �c�o�m�p�u�t�e�r� �m�o�d�e�l�.� �T�r�a�n�s�.� �o�f� 
�t�h�e� �A�S�A�E�,� �v�o�l�.� �3�4�,� �N�o�.� �2�,� �p�p�.� �5�5�0�-�5�5�6�.� 

�M�a�r�s�h�,� �L�.�S�.�a�n�d� �A�l�b�r�i�g�h�t�,� �L�.�D�.� �1�9�9�1�b�.� �E�c�o�n�o�m�i�c�a�l�l�y� �o�p�t�i�m�u�m� �d�a�y� 
�t�e�m�p�e�r�a�t�u�r�e�s� �f�o�r� �g�r�e�e�n�h�o�u�s�e� �h�y�d�r�o�p�o�n�i�c� �l�e�t�t�u�c�e� �p�r�o�d�u�c�t�i�o�n� �p�a�r�t� �I�I�:� �r�e�s�u�l�t�s� �a�n�d� 
�s�i�m�u�l�a�t�i�o�n�s�.� �T�r�a�n�s�.� �o�f� �t�h�e� �A�S�A�E�,� �v�o�l�.� �3�4�,� �N�o�.� �2�,� �p�p�.� �5�5�7�-�5�6�2�.� 

�M�a�r�s�h�,� �L�.�S�.�a�n�d� �S�i�n�g�h�,� �S�.� �1�9�9�4�a�.� �A�n� �e�c�o�n�o�m�i�c� �a�n�a�l�y�s�i�s� �o�f� �s�u�p�p�l�e�m�e�n�t�a�l� �l�i�g�h�t�i�n�g� 
�f�o�r� �c�o�m�m�e�r�c�i�a�l� �g�r�e�e�n�h�o�u�s�e� �r�o�s�e� �p�r�o�d�u�c�t�i�o�n�.� �A�p�p�l�i�e�d� �E�n�g�i�n�e�e�r�i�n�g� �i�n� �A�g�r�i�c�u�l�t�u�r�e�,� 
�V�o�.� �1�0�(�6�)�:�8�0�1�-�8�0�9�.� 

�M�a�r�s�h�,� �L�.�S�.�a�n�d� �S�i�n�g�h�,� �S�.� �1�9�9�4�b�.� �E�c�o�n�o�m�i�c�s� �o�f� �g�r�e�e�n�h�o�u�s�e� �h�e�a�t�i�n�g� �w�i�t�h� �a� �m�i�n�e�-� 
�a�i�r� �a�s�s�i�s�t�e�d� �h�e�a�t� �p�u�m�p�.� �T�r�a�n�s�a�c�t�i�o�n�s� �o�f� �t�h�e� �A�S�A�E�,� �V�o�l�.�3�7�(�6�)�:�1�9�5�9�-�1�9�6�3�.� 

�M�a�s�s�e�y�,� �D�.� �a�n�d� �W�i�n�s�o�r�,� �G�.�W�.� �1�9�8�0�.� �S�o�m�e� �r�e�s�p�o�n�s�e�s� �o�f� �t�o�m�a�t�o�e�s� �t�o� �n�i�t�r�o�g�e�n� �i�n� 
�r�e�c�i�r�c�u�l�a�t�i�n�g� �s�o�l�u�t�i�o�n�s�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.�9�8�:�1�2�7�-�1�3�7�.� 

�M�c�M�u�r�t�r�y�,� �M�.�R�.�,� �N�e�l�s�o�n�,� �P�.�V�.�,�S�a�n�d�e�r�s�,� �D�.�C�.�,� �H�o�d�g�e�s�,� �L�.� �1�9�9�0�.� �S�a�n�d� �c�u�l�t�u�r�e� �o�f� 
�v�e�g�e�t�a�b�l�e�s� �u�s�i�n�g� �r�e�c�i�r�c�u�l�a�t�e�d� �a�q�u�a�c�u�l�t�u�r�e� �e�f�f�l�u�e�n�t�s�.� �A�p�p�l�i�e�d� �A�g�r�i�c�u�l�t�u�r�a�l� 
�R�e�s�e�a�r�c�h�,� �V�o�l�.� �5�.� �N�o�.� �4�,� �p�p�.� �2�8�0�-�2�8�4�.� 

�M�e�t�c�a�l�f� �a�n�d� �E�d�d�y� �I�n�c�.� �1�9�9�1�.� �W�a�s�t�e�w�a�t�e�r� �E�n�g�i�n�e�e�r�i�n�g�:� �T�r�e�a�t�m�e�n�t�,� �D�i�s�p�o�s�a�l�,� 
�R�e�u�s�e�.� �M�c�G�r�a�w� �H�i�l�l�,� �N�e�w� �Y�o�r�k�.� �p�p�.� �9�2�0�.� 

�M�o�o�r�b�y�,� �J�.� �a�n�d� �G�r�a�v�e�s�,� �C�.�J�.� �1�9�8�0�.� �R�o�o�t� �a�n�d� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e� �e�f�f�e�c�t�s� �o�n� �g�r�o�w�t�h� 
�a�n�d� �y�i�e�l�d� �o�f� �t�o�m�a�t�o�e�s� �a�n�d� �l�e�t�t�u�c�e�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.�9�8�:�2�9�-�4�3�.� 

�M�o�o�r�e�,� �C�.�M�.�;� �N�e�y�,� �J�.�J�.�;� �N�e�v�e�s�,� �R�.�J�.� �1�9�9�3�.� �P�a�r�a�m�e�t�e�r� �v�a�l�u�a�t�i�o�n� �o�f� �a� �b�i�o�e�n�e�r�g�e�t�i�c�s� 
�m�o�d�e�l� �f�o�r� �s�t�r�i�p�e�d� �b�a�s�s�.� �D�e�p�a�r�t�m�e�n�t� �o�f� �F�i�s�h�e�r�i�e�s� �a�n�d� �W�i�l�d�l�i�f�e� �S�c�i�e�n�c�e�s� �a�n�d� 
�V�i�r�g�i�n�i�a� �C�o�o�p�e�r�a�t�i�v�e� �F�i�s�h� �a�n�d� �W�i�l�d�l�i�f�e� �R�e�s�e�a�r�c�h� �U�n�i�t�,� �V�i�r�g�i�n�i�a� �T�e�c�h�,� �V�S�G�-�9�3�-�0�2�,� 
�p�p�.� �1�7�.� 

�M�o�r�r�i�s�,� �L�.�G�.�;� �N�e�a�l�e�,� �F�.�E�.�;� �a�n�d� �P�o�s�t�l�e�t�h�w�a�i�t�e�,� �J�.�D�.� �1�9�5�7�.� �T�h�e� �t�r�a�n�s�p�i�r�a�t�i�o�n� �o�f� 
�g�l�a�s�s�h�o�u�s�e� �c�r�o�p�s� �a�n�d� �i�t�s� �r�e�l�a�t�i�o�n�s�h�i�p� �t�o� �c�l�i�m�a�t�i�c� �f�a�c�t�o�r�s�.� �J�.� �A�g�r�i�c�.� �E�n�g�n�g�.� �R�e�s�.�,� 
�v�o�l�.� �2�(�2�)�:�1�1�1�-�1�2�2�.� 

�M�u�r�r�,� �J�.�F�.� �1�9�8�2�.� �R�e�c�i�r�c�u�l�a�t�e�d� �w�a�t�e�r� �s�y�s�t�e�m�s� �i�n� �a�q�u�a�c�u�l�t�u�r�e�.� �I�n�:� �R�e�c�e�n�t� 
�A�d�v�a�n�c�e�s� �i�n� �A�q�u�a�c�u�l�t�u�r�e�,� �v�o�l�u�m�e� �1� �(�E�d�s�.� �J�a�m�e�s� �F�.� �M�u�i�r� �a�n�d� �R�o�n�a�l�d� �J�.� �R�o�b�e�r�t�s�)�,� 
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�p�p�.� �3�5�7�-�4�4�6�.� 

�N�a�e�g�e�l�,� �L�.�C�.�A�.� �1�9�7�7�.� �C�o�m�b�i�n�e�d� �p�r�o�d�u�c�t�i�o�n� �o�f� �f�i�s�h� �a�n�d� �p�l�a�n�t�s� �i�n� �r�e�c�i�r�c�u�l�a�t�i�n�g� 
�w�a�t�e�r�.� �A�q�u�a�c�u�l�t�u�r�e�,� �1�0�:�1�7�-�2�4�.� 

�N�e�y�,� �J�.�J�.� �1�9�9�3�.� �B�i�o�e�n�e�r�g�e�t�i�c�s� �m�o�d�e�l�i�n�g� �t�o�d�a�y�:� �g�r�o�w�i�n�g� �p�a�i�n�s� �o�n� �t�h�e� �c�u�t�t�i�n�g� �e�d�g�e�.� 
�T�r�a�n�s�.� �o�f� �t�h�e� �A�m�e�r�.� �F�i�s�h�.� �S�o�c�.�,� �v�o�l�.� �1�2�2�:�7�3�6�-�7�4�8�.� 

�N�u�n�l�e�y�,� �C�.�E�.� �1�9�9�2�.� �P�r�o�d�u�c�t�i�o�n� �o�f� �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� �x� �m�o�r�o�n�e� 
�s�a�x�a�t�i�l�i�s�)� �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�.� �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�.� �p�p�.� �1�9�3�.� 

�O�l�s�e�n�,� �M�.�W�.�,� �F�i�t�z�s�i�m�m�o�n�s�,� �K�.�M�.�,�a�n�d� �M�o�o�r�e�,� �D�.�W�.� �1�9�9�3�.� �S�u�r�f�a�c�e� �i�r�r�i�g�a�t�i�o�n� �o�f� 
�c�o�t�t�o�n� �u�s�i�n�g� �a�q�u�a�c�u�l�t�u�r�e� �e�f�f�l�u�e�n�t�.� �I�n� �T�e�c�h�n�i�q�u�e� �f�o�r� �M�o�d�e�r�n� �A�q�u�a�c�u�l�t�u�r�e�.� 
�P�r�o�c�e�e�d�i�n�g�s� �o�f� �a�n� �A�q�u�a�c�u�l�t�u�r�a�l� �E�n�g�i�n�e�e�r�i�n�g� �C�o�n�f�e�r�e�n�c�e�,� �2�1�-�2�3� �J�u�n�e�,� �S�p�o�k�a�n�e�,� 
�W�a�s�h�i�n�g�t�o�n�.� �p�.� �1�5�9�-�1�6�5�.� 

�O�k�u�y�a�,� �A�.� �a�n�d� �O�k�u�y�a�,� �T�.� �1�9�8�8�.� �T�h�e� �t�r�a�n�s�p�i�r�a�t�i�o�n� �o�f� �g�r�e�e�n�h�o�u�s�e� �t�o�m�a�t�o� �p�l�a�n�t�s� �i�n� 
�r�o�c�k�w�o�o�l� �c�u�l�t�u�r�e� �a�n�d� �i�t�s� �r�e�l�a�t�i�o�n�s�h�i�p� �t�o� �t�h�e� �c�l�i�m�a�t�i�c� �f�a�c�t�o�r�s�.� �A�c�t�a� �H�o�r�t�.�,� 
�N�o�.�2�3�0�:�3�0�7�-�3�1�2�.� 

�P�a�p�a�d�a�k�i�s�,� �G�.�;� �F�r�a�n�g�o�u�d�a�k�i�s�,� �A�.�;� �a�n�d� �K�y�r�i�t�s�i�s�,� �S�.� �1�9�9�4�.� �E�x�p�e�r�i�m�e�n�t�a�l� 
�i�n�v�e�s�t�i�g�a�t�i�o�n� �a�n�d� �m�o�d�e�l�i�n�g� �o�f� �h�e�a�t� �a�n�d� �m�a�s�s� �t�r�a�n�s�f�e�r� �b�e�t�w�e�e�n� �a� �t�o�m�a�t�o� �c�r�o�p� �a�n�d� 
�t�h�e� �g�r�e�e�n�h�o�u�s�e� �e�n�v�i�r�o�n�m�e�n�t�.� �J�.� �A�g�r�i�c�.� �E�n�g�n�g�.� �R�e�s�.�,� �v�o�l�.� �5�7�,� �p�p�.� �2�1�7�-�2�2�7�.� 

�F�A�O�,� �1�9�7�7�.� �C�r�o�p� �w�a�t�e�r� �r�e�q�u�i�r�e�m�e�n�t�s�.� �F�A�O� �I�r�r�i�g�a�t�i�o�n� �a�n�d� �d�r�a�i�n�a�g�e� �p�a�p�e�r�,� 
�N�o�.� �2�4�:� �1�5�-�4�4�.� 

�P�i�e�d�r�a�h�i�t�a�,� �R�.�H�.� �1�9�8�6�.� �S�e�n�s�i�t�i�v�i�t�y� �a�n�a�l�y�s�i�s� �f�o�r� �a�n� �a�q�u�a�c�u�l�t�u�r�e� �p�o�n�d� �m�o�d�e�l�.� �I�n�:� 
�A�u�t�o�m�a�t�i�o�n� �a�n�d� �D�a�t�a� �P�r�o�c�e�s�s�i�n�g� �i�n� �A�q�u�a�c�u�l�t�u�r�e�.� �P�u�b�l�i�s�h�e�d� �b�y� �t�h�e� �I�F�A�C�,� 
�T�r�o�n�d�h�e�i�m�,� �N�o�r�w�a�y�.� �p�p�.� �1�1�9�-�1�2�3�.� 

�P�i�l�l�a�y�,� �T�.�V�.�R�.� �1�9�9�2�.� �A�q�u�a�c�u�l�t�u�r�e� �a�n�d� �t�h�e� �E�n�v�i�r�o�n�m�e�n�t�.� �P�u�b�l�i�s�h�e�d� �b�y� �t�h�e� �J�o�h�n� 
�W�i�l�e�y� �&� �S�o�n�s�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�.� �1�8�9� �p�p�.� 

�R�a�k�o�c�y�,� �J�.�E�.�,�a�n�d� �A�l�l�i�s�o�n�,� �R�.� �1�9�8�1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �a� �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� �f�o�r� 
�t�h�e� �c�u�l�t�u�r�e� �o�f� �t�i�l�a�p�i�a� �a�n�d� �a�q�u�a�t�i�c� �m�a�c�r�o�p�h�y�t�e�s�.� �(�E�d�s�.�)� �L�o�c�h�i�e� �J�o� �A�l�l�e�n� �a�n�d� 
�E�d�w�w�a�r�d� �C�.� �K�i�n�n�e�y�.� �I�n� �t�h�e� �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�.� �p�.� �2�9�6�-�3�0�7�.� 

�R�a�k�o�c�y�,� �J�.�E�.� �1�9�8�9�.� �V�e�g�e�t�a�b�l�e� �h�y�d�r�o�p�o�n�i�c�s� �a�n�d� �f�i�s�h� �c�u�l�t�u�r�e�:� �a� �p�r�o�d�u�c�t�i�v�e� �i�n�t�e�r�f�a�c�e�.� 
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�W�o�r�l�d� �A�q�u�a�c�u�l�t�u�r�e�,� �S�e�p�t�e�m�b�e�r�,� �V�o�l�.� �2�0�(�3�)�:�4�2�-�4�7�.� 

�R�a�k�o�c�y�,� �J�.�E�.�,�a�n�d� �H�a�r�g�r�e�a�v�e�s�,� �J�.�A�.� �1�9�9�3�.� �I�n�t�e�g�r�a�t�i�o�n� �o�f� �v�e�g�e�t�a�b�l�e� �h�y�d�r�o�p�o�n�i�c�s� 
�w�i�t�h� �f�i�s�h� �c�u�l�t�u�r�e�:� �a� �r�e�v�i�e�w�.� �I�n� �T�e�c�h�n�i�q�u�e� �f�o�r� �M�o�d�e�r�n� �A�q�u�a�c�u�l�t�u�r�e�.� �P�r�o�c�e�e�d�i�n�g�s� 
�o�f� �a�n� �A�q�u�a�c�u�l�t�u�r�a�l� �E�n�g�i�n�e�e�r�i�n�g� �C�o�n�f�e�r�e�n�c�e�,� �2�1�-�2�3� �J�u�n�e�,� �S�p�o�k�a�n�e�,� �W�a�s�h�i�n�g�t�o�n�.� �p�.� 
�1�1�2�-�1�3�6�.� 

�R�a�k�o�c�y�,� �J�.�E�.�,� �H�a�r�g�r�e�a�v�e�s�,� �J�.�A�.�,�a�n�d� �B�a�i�l�e�y�,� �D�.�S�.� �1�9�9�3�.� �N�u�t�r�i�e�n�t� �a�c�c�u�m�u�l�a�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� �i�n�t�e�g�r�a�t�e�d� �w�i�t�h� �h�y�d�r�o�p�o�n�i�c� �v�e�g�e�t�a�b�l�e� �p�r�o�d�u�c�t�i�o�n�.� 
�I�n� �T�e�c�h�n�i�q�u�e� �f�o�r� �M�o�d�e�r�n� �A�q�u�a�c�u�l�t�u�r�e�.� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �a�n� �A�q�u�a�c�u�l�t�u�r�a�l� 
�E�n�g�i�n�e�e�r�i�n�g� �C�o�n�f�e�r�e�n�c�e�,� �2�1�-�2�3� �J�u�n�e�,� �S�p�o�k�a�n�e�,� �W�a�s�h�i�n�g�t�o�n�.� �p�.� �1�4�8�-�1�5�8�.� 

�R�a�v�e�n�,� �J�.�A�.� �1�9�8�8�.� �L�i�m�i�t�s� �t�o� �g�r�o�w�t�h�.� �I�n�:� �M�i�c�r�o�-�a�l�g�a�l� �B�i�o�t�e�c�h�n�o�l�o�g�y� �(�E�d�s�.� �M�i�c�h�a�e�l� 
�A�.� �B�o�r�o�w�i�t�z�k�a� �a�n�d� �L�e�s�l�e�y� �J�.� �B�o�r�o�w�i�t�z�k�a�)�.� �P�u�b�l�i�s�h�e�d� �b�y� �t�h�e� �C�a�m�b�r�i�d�g�e� �U�n�i�v�e�r�s�i�t�y� 
�P�r�e�s�s�.� �p�p�.� �3�3�1�-�3�5�6�.� 

�R�e�e�d�,� �S�.�C�.�,�M�i�d�d�l�e�b�r�o�o�k�s�,� �E�.�J�.�,�a�n�d� �C�r�i�t�e�s�,� �R�.�W�.� �1�9�8�8�.� �N�a�t�u�r�a�l� �S�y�s�t�e�m�s� �f�o�r� 
�W�a�s�t�e� �M�a�n�a�g�e�m�e�n�t� �a�n�d� �T�r�e�a�t�m�e�n�t�.� �P�u�b�l�i�s�h�e�d� �b�y� �M�c�G�r�a�w�-�H�i�l�l� �B�o�o�k� �C�o�m�p�a�n�y�.� 
�p�p�.� �3�0�8�.� 

�R�i�c�h�a�r�d�s�o�n�,� �C�.�W�.�a�n�d� �D�.�A�.� �W�r�i�g�h�t�.� �1�9�8�4�.� �W�G�E�N�:� �A� �m�o�d�e�l� �f�o�r� �g�e�n�e�r�a�t�i�n�g� �d�a�i�l�y� 
�w�e�a�t�h�e�r� �v�a�r�i�a�b�l�e�s�.� �U�.�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�g�r�i�c�u�l�t�u�r�a�l� �R�e�s�e�a�r�c�h� �S�e�r�v�i�c�e�,� 
�A�R�S�-�8�,� �8�3� �p�.� 

�R�o�y�c�e�,� �W�.�F�.� �1�9�7�2�.� �I�n�t�r�o�d�u�c�t�i�o�n� �t�o� �t�h�e� �F�i�s�h�e�r�y� �S�c�i�e�n�c�e�s�.� �P�u�b�l�i�s�h�e�d� �b�y� �t�h�e� 
�A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�,� �3�5�1� �p�p�.� 

�S�c�h�i�p�p�e�r�s�,� �P�.�A�.� �1�9�8�0�.� �C�o�m�p�o�s�i�t�i�o�n� �c�h�a�n�g�e�s� �i�n� �t�h�e� �n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n� �d�u�r�i�n�g� �t�h�e� 
�g�r�o�w�t�h� �o�f� �p�l�a�n�t�s� �i�n� �r�e�c�i�r�c�u�l�a�t�i�n�g� �n�u�t�r�i�e�n�t� �c�u�l�t�u�r�e�.� �A�c�t�a� �H�o�r�t�.�,� �N�o�.�9�8�:�1�0�3�-�1�1�7�.� 

�S�e�a�w�r�i�g�h�t�,� �D�.�E�.� �1�9�9�3�.� �A� �m�e�t�h�o�d� �f�o�r� �i�n�v�e�s�t�i�g�a�t�i�n�g� �n�u�t�r�i�e�n�t� �d�y�n�a�m�i�c�s� �i�n� �i�n�t�e�g�r�a�t�e�d� 
�a�q�u�a�c�u�l�t�u�r�e�-�h�y�d�r�o�p�o�n�i�c�s� �s�y�s�t�e�m�s�.� �I�n� �T�e�c�h�n�i�q�u�e� �f�o�r� �M�o�d�e�r�n� �A�q�u�a�c�u�l�t�u�r�e�.� 
�P�r�o�c�e�e�d�i�n�g�s� �o�f� �a�n� �A�q�u�a�c�u�l�t�u�r�a�l� �E�n�g�i�n�e�e�r�i�n�g� �C�o�n�f�e�r�e�n�c�e�,� �2�1�-�2�3� �J�u�n�e�,� �S�p�o�k�a�n�e�,� 
�W�a�s�h�i�n�g�t�o�n�.� �p�p�.� �1�3�7�-�1�4�7�.� 

�S�i�e�g�w�a�r�t�h�,� �G�.�L�.� �a�n�d� �S�u�m�m�e�r�f�e�l�t�,� �R�.�C�.� �1�9�9�3�.� �P�e�r�f�o�r�m�a�n�c�e� �c�o�m�p�a�r�i�s�o�n� �a�n�d� 
�g�r�o�w�t�h� �m�o�d�e�l�s� �f�o�r� �w�a�l�l�e�y�e�s� �a�n�d� �w�a�l�l�e�y�e�s� �x� �s�a�u�g�e�r� �h�y�b�r�i�d�s� �r�e�a�r�e�d� �f�o�r� �t�w�o� �y�e�a�r�s� �i�n� 
�i�n�t�e�n�s�i�v�e� �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�,� �v�o�l�.� �5�5�:�2�2�9�-�2�3�5�.� 

�S�i�n�g�h�,� �S�.� �1�9�9�3�.� �M�o�d�e�l�i�n�g� �t�h�e�r�m�a�l� �e�n�v�i�r�o�n�m�e�n�t� �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� �f�a�c�i�l�i�t�y�.� �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�.� 
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