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The rising cost of labor facing the Florida citrus industry has been a major force limiting 

its global competitiveness.  One potential strategy for Florida citrus to increase its 

competitiveness is to implement measures that lower production costs.  Replacing the current 

hand harvest system with mechanical harvesters may significantly change the structure of the 

processed citrus industry.  While potentially eliminating labor shortages and variability, the 

adoption of mechanical harvesting will present new hurdles for the industry.  Coordination issues 

between orange growers and processors arise due to changes in the traditional harvesting and 

processing procedures that have taken place since the invention of frozen concentrate orange 

juice.  For current mechanical harvesting technology to be economically viable, the timing of 

harvest and processing may need to be altered.  Such changes in the way business is conducted 

alter the incentive structure and motivational forces driving industry players. 

This research analyzes necessary conditions for growers and processors to reach a binding, 

sustainable agreement on the adoption of mechanically harvesting citrus.  Such a solution must 

allow both the growers and the processors to be at least as well off, with one party made better 

off, as compared to operating under the current hand harvesting system.  
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To develop a market mechanism that brings all parties into agreement on the adoption of 

mechanical harvesting, each party is analyzed individually.  Growers of processed oranges 

attempt to maximize on-tree returns by harvesting fruit when pounds solids per acre approach 

their maximum and harvest costs remain low.  The actual harvest date for a specific grove, 

however, is set in conjunction with processor objectives.  Processors attempt to maximize returns 

by scheduling fruit inputs to fill processing plant production capacity, minimizing processing and 

storage costs, and maintaining quality parameters.  Harvest and processing schedules within each 

processing firm seek to align operational capacity and inventory management decisions with 

optimal plant operation goals.  Mechanical harvest systems have the potential to improve harvest 

labor productivity, allow increased flexibility during harvest, and increase daily harvest 

capacities.  

All model simulations predict total industry profits will increase with the addition of 

mechanical harvesting.  These results suggest that the Kaldor-Hicks compensation test holds, and 

it is theoretically possible to make both parties better off through mechanical harvester adoption, 

satisfying a necessary but not sufficient condition of adoption.  Under modeling conditions, 

grower profits were always shown to increase, while processor profits were shown to decrease.  

So while it is theoretically possible to make all parties better off, under current market conditions 

processors are shown to be made worse from the adoption of mechanical harvesters.  Results 

suggest the need for development of a new marketing mechanism that will allow both parties to 

capture a share of the financial gains from industry-wide adoption. 
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CHAPTER 1 

INTRODUCTION 

The Florida orange juice industry processed 7,659,000 tons of juice during the 2007/08 

season (USDA, FASS, 2009b), accounting for about 35% of the world supply of orange juice 

(USDA, FAS, 2008b).  Orange juice is Florida’s primary citrus output, consuming over 95% of 

the state’s orange crop annually.  The crop is harvested each season from October to July by 

laborers hand pulling fruit one piece at a time.  A season’s harvest typically amounts to over 10 

billion pieces of fruit, harvested almost exclusively by hand (USDA, FASS, 2009b).  While the 

techniques and technologies of producing and processing oranges in Florida have changed 

drastically in the past 150 years, hand picking of fruit has remained a constant.  Diesel driven 

fruit loaders and transporters have replaced the mule and buggy, tractor drawn mowers and 

chemical sprayers have replaced the hoe, and highly automated juice processing facilities have 

replaced hand reamers, yet each piece of fruit continues to be harvested by hand.   

The current system of harvest consists of fifteen to thirty person hand labor crews 

removing fruit from the tree and placing it in field bins.  A typical twenty-five person crew is 

capable of harvesting about three citrus trailer loads of oranges used in juice processing per day 

(Polopolus et al., 1996).  The logistics of harvesting and processing have developed around these 

hand harvesting crews, used since the development of the first commercial groves.  Finely tuned 

fruit transport, handling, and processing schedules operate efficiently in tandem with the hand 

harvest model.  The rising cost of labor, however, has been a major force affecting the ability of 

the Florida citrus industry to compete with the Brazilian citrus industry, whose processors and 

growers possess a significant cost advantage in harvest labor (Muraro, Spreen, and Pozzan, 

2003).  This labor cost disparity has created an incentive for the Florida citrus industry to 

research, develop, and implement measures to lower the cost of production, increasing the 
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competitiveness of Florida citrus.  Mechanical citrus harvesters have the potential to lower 

harvest costs and allow the Florida citrus industry to maintain a competitive economic position in 

world markets. 

Two basic types of mechanical harvesting systems have emerged for commercial use: the 

continuous canopy shake and catch system (Futch and Roka, 2005a) and the trunk shake system 

(Futch and Roka, 2005b).   

The canopy shake and catch system uses shaker heads with many long tines to shake the 

tree branches, causing fruit to detach.  The fruit falls to conveyers moving below the tree that 

load the fruit into field trucks.  Fruit can also be shaken to the ground and then picked up by 

hand or by machine and loaded into citrus trailers for delivery to the processing plant.  Canopy 

shake and catch machines are capable of an average harvest of 368 trees per hour for early and 

mid-season fruit and 462 trees per hour for late season fruit (Roka and Hyman, 2004).  During a 

full day of harvest in an average Florida grove, this is equivalent to an output of 10 to 18 citrus 

trailer loads per day per set of harvesters (Brown, 2005).   

Trunk shake harvesters operate by attaching a shaker boom to the truck and shaking the 

tree for five to 10 seconds.  Fruit shakes loose from the tree and is deflected to the conveyer 

system that loads the fruit into field trucks following the harvester.  Trunk shake harvesters are 

capable of harvesting 190 to 229 trees per hour of operation under normal Florida grove 

conditions, yielding about three to five citrus trailer loads per day per set of harvesters (Hyman, 

Roka, and Burns, 2005). 

Mechanical harvesting systems have seen much improvement in recent years and operate 

at much higher efficiencies than many previously developed models (Whitney, 1995).  To make 

the machines economically efficient, however, the harvesters must capture large quantities of 
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fruit each season.  This requires high daily harvest volumes, operation without interruption for 

extended periods, and operation in a geographically concentrated area.  Ideally, mechanical 

harvesters are used in large groves with long, straight tree rows and short travel distances 

between harvesting locations.  Such conditions allow for continuous, uninterrupted harvester 

operation, increasing operational efficiency. 

The switch from hand labor to mechanical harvesters appears to be a natural transition for 

Florida citrus; however, many barriers stand in the way of industry-wide mechanical harvester 

adoption.  Efficient operation within the current hand harvesting system does not necessarily 

ensure efficient operation with mechanical harvesting.  Simply adding mechanical harvesters to 

present industry operation without addressing logistical barriers may disrupt harvesting and 

processing, leading to less efficient operation and potential financial losses.  Identifying 

necessary operational changes and assessing their potential economic impact on industry returns 

could facilitate a successful transition to mechanical harvesting.  These operational methods 

include currently used methods of fruit production and grove management, coordination between 

industry players, harvesting logistics, and processing operations.  Changes to these systems may 

be needed to achieve optimal production under mechanical harvesting.  The flexibility available 

to make these changes and the cost to change may ultimately determine the fate of mechanical 

citrus harvesting in Florida. 

Problem Statement 

In the early days of citrus growing in Florida, the relatively low cost of labor allowed the 

hand harvest system to operate efficiently and effectively.  Changing market conditions, 

specifically the rising costs of labor and the increasingly competitive world orange juice markets, 

are currently leading a push toward more cost-effective harvesting methods.  Coordination issues 

arise between orange growers and processors, however, when mechanical harvesters are used in 
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place of traditional hand harvest crews.  For mechanical harvesting technology to be 

economically viable, the traditional logistics of coordination between harvesting and processing 

may need to be altered.  Changing the way business is conducted will alter the incentive structure 

and motivational forces driving industry players.  This research aims to identify coordination 

issues and logistical factors hindering the adoption of mechanical harvesters, identify possible 

industry changes required to allow for the adoption of mechanical harvesters, estimate the 

economic consequences of industry-wide adoption, and suggest operational changes that could 

allow for economic gains to the industry.  

Before identifying coordination issues between industry players, the incentive structure 

and motivational forces driving each player are explained.  Growers’ management objectives to 

maximize profit have historically been to maximize pound solids and reduce harvest costs.  

During the years of increasing concentrate production capacity in the 1960s, 1970s and 1980s 

(FDOC, 2008b), pound solids were used as the standard quantity measurement.  A pound solid 

based system is ideally suited for trading concentrate because processors can buy fruit and sell 

processed product based on the same unit of measure.  Pound solids continue to serve as the unit 

of measure for the sale of processed fruit inputs, despite the growing importance of not from 

concentrate (NFC) production.  Purchasing fruit inputs in terms of pound solids can be 

problematic for NFC production, however, because processors are buying pound solids and 

selling gallons.  This discrepancy may result in misaligned incentives, causing growers to 

maximize the sugar content of the juice and disregard other quality characteristics.  While 

growers’ management practices focus on increasing pound solids, they also aim to decrease total 

harvest costs.  The piece rate cost structure of the hand harvest system historically has served 

growers well by providing a stable unit harvesting cost.  Increasing minimum wage rates and 
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expansion of workplace regulations are adding to the cost of labor, driving harvest costs higher.  

Further, changes in U.S. immigration policy could create greater variability in the farm labor 

market, increasing the risk of cost fluctuations.  The potential for mechanical systems to deliver 

lower and less variable unit harvesting costs than those of hand harvesting systems is seen by 

many growers as a significant advantage of mechanical systems.   

The industry’s incentive structure cannot be completely understood without also analyzing 

the incentives and motivations driving processor decisions.  The processors’ objectives are to 

produce a high quality juice product while minimizing operating costs.  Processing managers 

control fruit inputs and juice outputs on a daily basis while simultaneously addressing a broad 

mix of quality issues and technical constraints.  Processors’ foremost concerns with mechanized 

harvesting include potential changes in the quality of fruit inputs, increases in woody debris and 

other trash (Spann and Danyluk, 2010), and changes in daily fruit input volumes, each of which 

could impact plant operational efficiencies by changing the logistical coordination among 

harvest, extraction, and storage operations.  These are very real concerns for processors as they 

foresee the possibility of significant structural changes in industry operations due to changes in 

the harvest system.
1,2

  Despite such concerns, these same processors recognize the possible 

benefits allowed with further adoption of mechanical harvesters, such as more preferential fruit 

delivery schedules, larger peak season input volumes, the ability to harvest intermittently, and 

additional late season harvest capacity.   

Replacing the current hand harvest system with mechanical harvesters will change the 

operational structure of the processed citrus industry in significant ways.  While potentially 

                                                 
1
 Personal communication with anonymous manager (1) of a Florida orange processing facility, May 2006. 

2
 Personal communication with anonymous manager (11) of a Florida orange processing facility, April 2006. 
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reducing the risk of labor shortages and harvest cost variability, lowering the cost of harvest, and 

changing harvest capacity, the adoption of mechanical harvesters brings new coordination 

challenges to the industry.  These barriers have impeded the transition to industry-wide 

mechanical harvesting of the Florida juice orange crop, despite the potential gains to the 

industry.  This research will address these coordination issues by modeling the economic 

consequences of growers’ and processors’ operational decisions, estimating potential cost 

savings from industry-wide adoption of mechanical harvesters, and finally, suggesting possible 

operational scenarios in which both growers and processors could be made better off through the 

adoption of mechanical harvesters.  

Research Question 

What are the economic impacts on growers and processors from the introduction of 

mechanical harvesters to the Florida citrus industry?  More specifically, what economic trade-

offs do growers and processors face with a switch from a hand harvest to a mechanical harvest 

system? 

To answer these questions, a theoretical model is developed to explain the roles and 

responsibilities that growers and processors hold within the industry, and which market factors 

account for gains and losses to each industry group.  From this theoretical model, an empirical 

model is developed and used to estimate current market conditions under hand harvesting.  

Current industry operations must be described to provide a starting point or reference point 

against which to measure the effect of future changes.  This industry model is intended to 

simulate static, single season industry operations for a representative season, not to function as a 

predictive forecasting model.  The estimated parameters are based on previous production values 

and set the baseline for comparing how future market changes could affect the industry as a 

whole.  This industry model is then altered to project the financial gains and losses to growers 
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and processors when using mechanical harvesters.  To understand the impact of industry 

changes, the empirical model is run under various market conditions.  These conditions simulate 

industry changes from the adoption of mechanical harvesters, varying the intensity and duration 

of both harvest and processing.  Comparisons across resulting estimates give insight to the 

expected economic impacts that changes in harvesting and industry operation will have on 

industry players.  Results estimating little or no change across models suggest few benefits from 

mechanical harvester adoption, while larger differences in profit estimates across models suggest 

that industry players could benefit from adoption.   

Addressing this research question provides estimates of the economic and financial 

impacts mechanical harvesters will have on the citrus industry.  Using analysis results, growers 

and processors should better understand potential financial outcomes due to a change from the 

hand harvest system.  The empirical modeling results also allow for optimization of the total 

returns to the industry under varying constraints.  Demonstrating the possibility of increasing 

industry returns by adopting new harvesting technology provides evidence for the existence of 

unrealized returns, suggesting that the industry could see Pareto improvements from adoption. 

Behavioral Nature of the Problem 

The development and implementation of the mechanical citrus harvester draws many 

parallels with the tomato harvesters introduced in California in the 1950s.  In an attempt to 

decrease harvest costs and reduce exposure to the variability of labor market conditions, harvest 

labor is replaced by capital.  The harvested product is a highly perishable agricultural commodity 

headed for processing.  While the products in question are quite similar, the closest parallel may 

be in the approach to implementing mechanization.  Players in the California processed tomato 

industry realized that a successful transition to mechanical harvesting would require analyzing 

and rethinking industry operation as a whole.  They brought growers, processors, engineers, and 
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horticulturists together to identify and overcome the major barriers restricting the successful 

adoption of mechanical harvesters in their industry (Rasmussen, 1968).  The systems approach 

used in California is being emulated by the Florida citrus industry and is a key component to the 

potential success of adoption.  The citrus industry is currently undertaking research and 

development efforts that involve a wide range of experts from various fields of study to 

collectively advance the prospect of mechanical citrus harvesters.  This cohort of expertise 

includes growers, harvesters, and processors, and well as horticulturists, plant physiologists, soil 

scientists, engineers, food scientists, and economists.  It is this type of systems approach to 

development and implementation that will increase the feasibility of adoption.  Independent 

tomato growers and processors were able to agree on system wide changes necessary to develop 

a new tomato, a new harvesting system, and a new processing system that not only saved their 

industry, but also enabled California to become the world’s largest supplier of processed 

tomatoes (USDA, ERS, 2008a).  Similarly, independent orange growers and processors may 

advance the Florida orange juice industry by reaching a consensus on system wide changes 

enabling the adoption of mechanical harvesting. 

To reach a binding, sustainable agreement between Florida citrus growers and processors 

on mechanically harvesting citrus, neither party can be made worse off than their current 

situation.  Such a change, in which at least one party is made better off and no party is made 

worse off, is termed a Pareto improvement.  For a possible Pareto solution to exist, the gains 

from harvester adoption must be larger than any accompanying losses due to increased costs.  If 

there are outweighing gains to be had, then a Pareto improvement should exist, making it 

theoretically possible to make at least one industry player better off without making the other 

players worse off.  To judge the potential outcome of an agreeable solution, each party’s 
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situation must be assessed before and after changes are made to industry operation with the 

addition of mechanical harvesting.  Economically relevant aspects of operation are identified 

under both situations so that the total and the individual party’s value changes can be compared.  

While the existence of a Pareto optimal solution may be shown to exist, solving the coordination 

problem may require an actual transfer of money.  The opportunity to make Pareto 

improvements is a necessary but not sufficient condition to change industry operation.  Some 

type of contracting agreement, payment system, or transfer scheme would still have to be 

developed to allow for this transfer.  Suggestions as to the potential working arrangements that 

could facilitate this exchange and bring all parties into agreement on the adoption of mechanical 

harvesting are included as part of this research. 

Under the current cost and payment structure, gains and losses from adoption are not 

expected to be uniform across industry players.  Growers may be positioned to see the greatest 

short term financial gains from the adoption of mechanical harvesters.  Current industry buying 

and selling practices dictate that growers bear the cost of harvest.  Growers typically cover the 

cost of fruit production, harvest, and delivery to the plant and are then paid for the volume of 

solids they deliver to the processing plant.  Processors commonly pay a contracted or cash price 

for each pound solid delivered to their processing plant, as well as processing and storage costs.  

Processors receive revenues from the juice when they sell to retail or wholesale buyers.  

Processors therefore may see fewer short-term gains from increased use of mechanical harvesters 

and could face increased processing costs and juice quality changes imposed on them by the 

increased use of mass harvesters.   

Research Goals 

The main goals of this research are to develop conceptual and empirical models that 

integrate grower and processor economic objectives while imposing a technology change from 
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hand harvesting to mechanical systems.  These models should allow for analysis of trade-offs 

between grower and processor objectives and provide estimates of their financial magnitude.  

Identifying and investigating these trade-offs is intended to inform decision makers about 

expected results from the widespread adoption of mechanical harvesting.  Overcoming industry 

coordination issues will be dependent on the presumption that industry-wide economic 

improvements are achievable due to the proposed operational changes.  If the industry as a whole 

can be shown to be made better off through the addition of mechanical harvesters, then it may be 

possible for some players to be made better off while no player is made worse off. 

To address this research goal, the focus will first be on the grower’s perspective of the 

current state of operation and potential coordination problems.  The objective is to quantify and 

estimate the economically optimal harvest timing of oranges for Florida growers.  The grower’s 

optimal harvest window is defined as the period during which harvest will maximize profits to 

the grower.  Once the optimal harvest time is determined, the economic consequences of 

harvesting outside the optimal window can be assessed.  Harvesting only at the peak of 

production, depicted graphically as the two month harvest schedule in Figure 1-1, shows the 

hypothetical preferred annual harvest schedule for growers with early and late season fruit.  The 

optimal windows for harvest are expected to be the brief periods during which each variety will 

yield the maximum profits for the grower.  Deviating from this optimal harvest window should 

decrease profits due to decreased fruit quality, decreased fruit or juice quantity, and increased 

harvesting costs.   

Industry operation and coordination is then viewed from the processor’s frame of 

reference.  The main issues facing the processor during daily operations are operational costs and 

juice quality, both potentially affected by the use of mechanical harvesters.  The processor 
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controls the maximum daily volume and flow rate of fruit inputs to the plant, but has less control 

over fruit quality and the demand of the end consumer.  The processor, therefore, attempts to 

maximize returns by managing the flow of fruit to maximize plant production capabilities and 

minimize unit processing costs while meeting juice quality constraints.  Similar to the grower, 

the processor has an optimal harvest and processing timing: that which will yield the highest 

profits and is defined as the processor’s optimal production schedule.  This schedule varies given 

the characteristics of the processor, production goals, seasonal fruit characteristics, and market 

conditions.  Figure 1-1 shows several hypothetical harvesting schedules for facilities operating 

under ten, six, four, or two month processing schedules.  Assuming that plants have an optimal 

monthly production capacity, the four scenarios depict potentially optimal operation over varying 

seasonal lengths.  The choice of operating schedule depends on individual operational goals, 

available capital, and seasonal variations in fruit supply.  Important to the processor model is the 

assessment of the economic consequences of operating outside of this optimal production 

schedule.  The processor’s optimal production schedule is expected to maximize profits by 

maximizing the operational efficiency of the processing plant and minimizing costs subject to 

processing goals.  Deviating from this schedule should decrease processor profits due to 

decreases in juice quality and quantity, and increases in processing and storage costs. 

Combining grower and processor objectives into a single economic model allows for an 

integrated analysis of the entire Florida orange juice production industry under differing harvest 

systems.  Optimizing the complete industry model under different sets of constraints and market 

assumptions simulates industry performance under the adoption of mechanical harvesting 

technology.  The results of this model are intended to provide evidence of the potential financial 

impact that mechanical harvesting could have on industry players and allow for the 
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recommendations on the necessary operational changes required to realize any projected gains or 

minimize any projected losses. 

Research Objectives 

 Identify the important grower and processor decision variables and how changes to these 

decisions affect industry coordination and the adoption of mechanical harvesting. 

 Construct a model to estimate the economic and financial consequences to industry players 

from mechanically harvesting and processing fruit.  

 Quantify the expected returns from the decision to harvest and process juice oranges, 

focusing on the intensity and duration of harvest and processing operations, and comparing 

estimates of net changes to individual and overall industry returns under multiple 

harvesting scenarios and market assumptions. 

 Predict the required number of mechanical harvesters, weekly extraction and processing 

capacity, and juice storage capacity for the industry under differing market conditions.  

 Estimate any potential financial gains available to the industry through adoption of 

mechanical harvesters, and present possible market changes that could allow for Pareto 

improvements as the industry transitions towards adoption. 

Importance of the Study 

Findings from this research are important to the future of the Florida citrus industry, which 

is currently facing increasingly competitive world markets, destructive citrus diseases, and a 

constantly changing labor market.  Brazilian producers continue to be the world’s production 

leader of orange juice and operate at a lower cost than Florida producers (Muraro, Spreen, and 

Pozzan, 2003).  Citrus diseases, such as Huanglongbing (HLB), or greening, are increasing grove 

management costs, decreasing fruit yields, and destroying trees (Morris and Muraro, 2008; 

Morris, Erick, and Estes, 2009).  Labor market fluctuations and legislative changes to 

immigration policy add uncertainty to harvest labor costs (Waters, Emerson, and Iwai, 2008).  

Successful industry-wide adoption of mechanical citrus harvesters by Florida growers could 

offset some of Brazil’s production cost advantages by decreasing harvest costs and reducing the 

risk of harvest cost fluctuations.  U.S. orange juice consumers also stand to gain from the 



 

31 

adoption of mechanical harvesters.  Decreases in production costs and increases in industry 

profits should encourage increases in orange juice production.  Ultimately, supply increases have 

the potential to decrease the unit price of orange juice at retail and increase consumer welfare. 

Research advancing the knowledge of economic conditions resulting from the adoption of 

mechanical harvesters should aid the transition to mechanization of the harvest.  While this 

research alone may not alter the transition, findings from this analysis comprise an important part 

of the research being conducted on mechanical harvesters, an integral part of the systems 

approach required for successful adoption.  Similar to the development and adoption of the 

tomato harvester by the California tomato industry in the 1960s (Rasmussen, 1968), this study is 

just one part of the coordinated research effort being conducted by many individuals within and 

around the industry.  Findings from this analysis are intended to advance the economic 

component of the systems approach to mechanical harvester adoption. 

There is currently no complete, published study of the coordination issues delaying the 

industry-wide adoption of mechanical citrus harvesters.  Extensive research has been conducted 

over the past 40 years on improving and implementing mechanical citrus harvesters in Florida 

(Whitney, 1995).  The overwhelming thrust of this work, however, has been on the engineering, 

labor, and horticultural aspects of mechanical harvesting.  Some more recent papers have 

discussed the economic implications of mechanical harvester adoption in other industries and the 

potential costs and benefits of switching to mechanical harvest (Cembali et al., 2007; Durham, 

Sexton, and Song, 1996).  A complete analysis of the expected economic impacts of mechanical 

harvesters on the Florida orange juice industry has not yet been published.  This research aims to 

fill this void in the literature. 
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Research Scope 

The broader scope of this research is to identify coordination problems hindering industry-

wide adoption of mechanical harvesters, estimate the economic impact of potential changes, and 

suggest strategies to capture any additional rents from mechanical harvester use.  Mechanical 

harvesting has the potential to alter the structure and the future economic outlook of the Florida 

citrus industry, but industry-wide adoption will not be possible without a concerted effort from 

both growers and processors.  A goal of this research is to suggest possible changes that will 

allow for Pareto improvements within the industry, while avoiding normative judgments as to 

which party should receive any additional rents. 

This research does not attempt to address issues of the social equity of potential solutions.  

It also defers the welfare analysis of displaced workers due to mechanical harvester adoption to 

previously published literature (Fairchild, 1974; Schmitz and Seckler, 1970).  While the interests 

of farm labor are important and deserve much attention, they are outside this research scope.  

Additionally, this research does not focus on specific aspects of mechanical harvester 

operation, engineering, or effects on tree health.  While these topics are central to the adoption 

decision, in depth investigation and discussions will be left to the experts in their respective 

fields.  The current outlook on mechanical harvester operation is positive, as these systems have 

been shown to be feasible and favorable (Buker et al., 2004; Brown, 2005).  The opportunity for 

successful adoption of mechanical citrus harvesters and the potential financial gains that could 

come from industry-wide adoption warrant continued research into its economic feasibility 

(Neff, 2006).   

Dissertation Format 

Chapter 1, Introduction, is an overview of the research project, problem statement, 

behavioral nature of the problem, research goals and objectives, importance of the study, and the 
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scope of the research.  Chapter 2, The Florida Orange Juice Production Industry, outlines the 

current state of the Florida citrus industry, including industry operations, grower and processor 

incentives, payment and contracting systems, an overview of the current systems of harvest, 

available mechanical harvesting systems, and possible industry changes to coordination and 

operation from adoption of mechanical harvesters.  Chapter 3, Conceptual and Theoretical 

Framework, discusses the adoption of mechanical harvesters by other industries, reviews past 

studies of adoption of new harvesting technology, and explains how previous economic research 

sets the theoretical groundwork for this research.  Chapter 4, Biological Characteristics of 

Florida Oranges, outlines the specific biological characteristics of oranges used in juice 

processing, develops a theoretical model explaining biochemical changes in Florida oranges, and 

describes the biological data used to estimate the juice production model.  Chapter 5, Theoretical 

Modeling: Scheduling of the Orange Harvest to Optimize Returns, defines processing intensity 

and duration and outlines the theoretical economic model explaining the Florida orange juice 

production industry operations.  Chapter 6, Empirical Modeling and Results, develops and 

estimates a mathematical programming model simulating current industry conditions and 

accounting for changes from adoption of mechanical harvesters.  This chapter also includes a 

complete description of the data and procedures used to estimate model parameters.  Chapter 7, 

Conclusions and Future Work, analyzes results from the empirical model and the economic gains 

and losses within the industry as adoption proceeds, describes how projected economic outcomes 

vary under different harvesting and processing scenarios, summarizes the main findings of the 

research, suggests possible changes to the current system of operation that could allow for 

improvements to the industry as a whole, and presents ideas for future research. 
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Figure 1-1.  Hypothetical annual harvest, processing, and utilization schedules. 
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CHAPTER 2 

THE FLORIDA ORANGE JUICE PRODUCTION INDUSTRY 

The Florida orange juice industry produces one-third of the world’s supply of orange juice, 

accounting for 7,659,000 tons of juice produced worldwide during the 2007-08 season (USDA 

FAS, 2008b).  Over 95% of the state’s orange crop is processed to juice annually (Figure 2-1).  

While recent climatic conditions and citrus diseases have limited Florida’s supplies of oranges, 

resulting in decreased juice production, the state remains second only to Brazil as a leading 

global orange juice producer (USDA, FAS, 2008b).   

Seasonal orange juice production usually starts on a limited basis in November, runs 

heavily from January to May, and finishes by early July.  An example of a typical production 

schedule is shown in Figure 2-2, which details the percentage of the annual crop that was 

processed each month during the 2005-06 season (FDOC, 2007).  Fruit growth, harvesting, and 

processing during the 2005-06 season followed a typical November to July seasonal production 

cycle.   

The annual production schedule is the end result of market forces, biological 

characteristics of the trees and fruit, and physical limitations of industry operations culminating 

into a single production outcome.  This research examines how changes in the method of fruit 

harvest will fundamentally change industry operation and the production outcome, focusing on 

the resulting economic consequences of these changes.  To fully investigate the factors shaping 

this production schedule and outcome, each production-determining factor is analyzed.  The 

purpose of this chapter is to describe industry operation; including details of how fruit moves 

from the grower to the processor, currently used harvesting methods, the payment system used to 

compensate growers and harvesters, harvesting and processing schedules, and processed product 
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storage.  The final section of this chapter describes some potential changes to industry 

coordination and operation brought on by the adoption of mechanical harvesters. 

Industry Operations 

Operations of the Florida orange juice processing industry can be separated into three 

distinct steps: fruit production, harvesting, and processing.  Growers handle all operations and 

decisions involving fruit production and fruit harvesting, including both hand and mechanical 

harvesting.  The harvesting process is defined for this analysis as the steps required to move fruit 

from the tree to the juice plant, including fruit picking, roadsiding, and hauling to the processor.  

While many of these grower operations are often performed by independent contractors, all 

production decisions and costs are ultimately the grower’s responsibility.  Fruit exchange then 

takes place when bulk trailers are emptied into a juicing facility’s processing line.  Several 

mechanisms are used for purchasing fruit and structuring payments, including different 

contracting options and cash market transactions.  Processing operations include fruit 

procurement, scheduling of fruit to the processing plant, fruit extraction and juice processing, 

storage of juice or concentrate, and shipment of product from the plant.  Figure 2-3 gives an 

overview of the steps required to convert on-tree fruit into processed orange juice ready for 

distribution.   

Fruit Production 

Growers begin each production season with a fixed acreage of grove from which they will 

produce their annual orange crop.  Given this acreage, the typical operational goal for juice 

orange growers is to maximize the pound solid production per acre of grove, subject to cost 

constraints.  Fruit production, as defined for this analysis, involves all grower operations, from 

tree bloom to delivery of mature fruit, required to produce the season’s fruit crop, including the 

scheduling of chemical applications, irrigation, and freeze protection.  Growers form operational 
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decisions in an attempt to maximize profits by maximizing total pound solid production, 

reducing exposure to risk of crop damage from freeze or disease, and minimizing the costs of 

required capital and labor inputs. 

Harvesting 

In addition to grove preparation, management, and fruit production, growers are 

responsible for harvest and delivery of their fruit to a processing facility.  Harvest and delivery 

are typically carried out by a third-party harvesting specialist and are viewed by the industry as 

three distinct steps: picking, roadsiding, and hauling.  Picking fruit is defined as removing fruit 

from the tree and placing it into field tubs, fruit containers that hold about ten 90 pound boxes.  

Roadsiding is the movement of picked fruit from the field to open fruit trailers.  Roadsiding also 

includes the costs to supply field equipment, worker transport, and additional worker expenses, 

including payroll services, taxes, and insurance.  Hauling is the actual transport of the loaded 

fruit trailers from the grove to the processing facility.  The grower decides whether to conduct 

the harvest using traditional hand labor or mechanical harvesting equipment, but rarely engages 

in the actual harvest.  The harvest and ownership of mechanical harvesting equipment will, 

therefore, be assumed to be carried out by third-party harvesting companies.  While growers and 

processors could purchase their own harvesting equipment, such investment is typically beyond 

their scope of operation and would involve additional risk exposure.   

Hand harvest 

Hand harvesting is used to harvest almost every piece of citrus fruit produced in Florida.  

The system of hand harvest most commonly used consists of a group of 15 to 30 hand pick 

laborers and a field truck whose driver usually servers as the crew leader.  Pickers are paid a 

piece rate for every 90 pound box of fruit they harvest and place into tubs positioned along tree 

rows.  The field truck, commonly referred to as a “goat”, collects the fruit from field tubs and 
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transports the fruit to bulk fruit semitrailers.  Crew leaders manage work crews and orchestrate 

all in-grove harvesting operations.  This type of hand labor system has been used since the first 

commercial groves were planted in the state, and the citrus industry has subsequently developed 

around this harvesting system.  Fruit transport, off loading, and processing schedules operate in 

concert with the hand harvest model.  A 25 person crew is typically capable of harvesting about 

three bulk fruit trailer loads, or 1400 to 1600 boxes of oranges per day.
1
  This harvest rate 

example assumes 20 workers are each able to pick about 80 boxes per day (Roka and Cook, 

1998), with four workers operating goats and one crew leader.  Harvest worker productivity will 

vary by worker experience, motivation, grove conditions, and fruit characteristics.  Using hand 

crews, the average cost to pick and roadside fruit for processing in Florida during the 2005-06 

season was about $1.95 per box for early and mid-season fruit and $2.07 per box for late season 

fruit (Muraro, 2006).  Additional costs for hauling fruit to the processing facility vary based on 

distance traveled, averaging $0.50 per box for transporting fruit 30 to 50 miles.  Additional 

information on average picking, roadsiding, and hauling costs is shown in Table 2-1.  Figure 2-4 

gives an additional example of hand harvest cost, showing how costs changed for one harvesting 

company during the 2003-04 season (Unpublished data from personal interviews with selected 

citrus harvesters during the 2003-04 season conducted by B. Hyman and F.M. Roka, 2004).  In 

this example, costs remained relatively steady early in the season and then increased after May 

15, possibly due to decreases in labor availability, worsening picking conditions, or the 

harvesting of more low yielding groves.  Labor supply typically decreases late in the harvest 

season as other agricultural crops begin to ripen across the country and workers migrate out of 

the state (Burns et al., 2006).  Cost increases are consistent with the findings of Muraro (2006) 

                                                 
1
Personal communication with anonymous manager (9) of a Florida orange harvesting company, July 2006. 
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showing a 19% increase in cost over the season average to harvest Valencia oranges after May 

15. 

The higher cost of harvest labor in the U.S. has been a major force affecting the ability of 

the Florida citrus industry to compete with the Brazilian citrus industry.  Citrus producers in 

Brazil possess a significant cost advantage with respect to harvest labor, which allows them to 

operate at a much lower cost than the U.S. industry.  In addition to higher wage rates in the U.S., 

stricter labor laws increase employment costs and expose U.S. industry to the risk of future cost 

increases due to increased regulatory requirements (Fernandes, 2003).  One potential solution to 

the high, variable labor costs facing Florida citrus is to implement measures that lessen the need 

for labor, such as increasing mechanized harvesting and processing operations.  Trading labor for 

capital will decrease the industry’s reliance on labor and could increase the competitiveness of 

Florida citrus (Muraro, Spreen, and Pozzan, 2003). 

Mechanical harvesting systems 

First researched and developed in the 1940s, mechanical harvest of the juice orange crop is 

one possible solution to lowering harvest costs, making the Florida citrus industry more 

competitive in the world citrus market.  The highly competitive world market forces the Florida 

industry to search constantly for new opportunities to improve their competitive position.  

Adding mechanical harvesters to the current production system will substitute capital 

improvements for labor inputs, a high cost input for U.S. growers.  This capital for labor 

substitution has long been the trend in the advancement of production agriculture; however, 

capitalization of the citrus harvest has experienced varying success during the past five decades.  

Despite extensive research and several different mechanical harvester designs in commercial 

production, mechanical harvesters still account for very little of the total annual harvest.  Since 

1995 however, the Florida citrus industry has increasingly pursued widespread use of mechanical 
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harvesting.  During the 2007-2008 season, approximately 32,500 acres were mechanically 

harvested, yielding approximately 9.6 million boxes of fruit (Citrus Mechanical Harvesting, 

2009).  The motivation for pursuing mechanical harvesting is to significantly reduce harvesting 

costs and close the competitive cost gap between growers in Florida and Sao Paulo, Brazil.   

Two basic types of mechanical harvesting systems are available for commercial use in 

Florida: the continuous canopy shake and catch system and the trunk shake system.  The 

continuous canopy shake and catch system uses a pair of large harvesters, each carrying several 

shaker heads with many long tines.  As the harvesters move together on opposite sides of a single 

row of trees, the tines shake the tree branches, causing fruit to detach.  The fruit falls to 

conveyers moving below the tree that load the fruit into field trucks.  Additionally, a tractor 

pulled canopy shake harvester can operate independently, allowing fruit to fall to the ground.  

Fruit shaken to the ground is then picked up by hand or machine and loaded into citrus trailers 

for delivery to the processing plant.  Roka and Rouse (2004b) report that the continuous canopy 

shake and catch systems have the capacity to enhance worker productivity tenfold over that of 

hand harvesting crews.  Canopy shake harvester crews have been reported to harvest an average 

of 368 trees per hour for Hamlin oranges and 462 trees per hour for Valencia oranges (Hyman, 

Roka, and Burns, 2005).  During a full day of harvest in an average Florida grove, these harvest 

rates are equivalent to about 10 to 18 citrus trailer loads per day, depending on the number of 

boxes on each tree.  Brown estimated potential costs savings of 20% to 75% from switching to 

mechanical harvest (Brown, 2005). 

Trunk shake mechanical harvesters have been used successfully to harvest Florida juice 

oranges.  Trunk shake harvesters operate by attaching a shaker boom to the tree’s trunk and 

shaking the tree for five to 10 seconds.  The fruit shakes loose from the tree and is deflected to 
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the conveyer system that loads the fruit into field trucks following the harvester.  A typical trunk 

shake harvester crew can average about 190 trees per hour for Hamlin oranges and 229 trees per 

hour for Valencia oranges (Hyman, Roka, and Burns, 2005).  Under normal Florida grove 

conditions, this will yield about three to five citrus trailer loads per day, depending on the boxes 

available per tree. 

Several operational changes may be necessary to increase the efficiencies of harvesting 

operations, allowing mechanical harvesting technologies to achieve their inherent economies of 

scale and significantly lower harvest costs.  While mechanical harvesting systems have seen 

many improvements in recent years to operate with much greater efficiency than previously 

developed models, optimizing returns requires harvesters to operate without interruption for 

extended periods in a geographically concentrated area, yielding high daily harvest volumes.  To 

fully capture scale efficiencies, mechanical harvesters need to operate near full capacity for 

extended periods of time and yield high harvest volumes per machine.  A typical trunk shake 

harvester crew requires a larger number of daily trailer allocations to operate without 

interruption, as compared to a hand crew.  Such intense operation in fewer locations is dependent 

on the availability of a high volume of timely fruit delivery opportunities to avoid costly 

downtime due to transport delays.  Additionally, adjacent groves may be required to be harvested 

in succession due to the high cost of relocating the harvesters.  Ideally, mechanical harvesters are 

best suited for large groves with long straight tree rows that allow for continuous operation.  

Harvesting groves in a manner consistent with these operational goals will alter harvesting 

schedules with respect to the date on which a grove is harvested.  Altering the date of harvest can 

change the quality and quantity of fruit yields, changing industry profits.  Changing the harvest 

schedule adversely affects industry when harvest is forced at a less than the optimal time in the 
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maturation cycle and positively affects returns if harvest is conducted during a more optimal time 

period.  Concentrating daily harvest locations to fewer geographic locations may also limit a 

processor’s ability to blend fruit inputs of varying quality parameters at the time of harvest.  

High volume harvesting systems may induce changes to juice storage and juice inventory 

management strategies due to increasing the rate and volume of product entering storage.  

Understanding and addressing these potential changes to harvest will aid in smoothing the 

transition from hand harvest to mechanical harvest, improving the likelihood of success. 

Processing Operations 

Processor operations are defined for this research to include fruit procurement, payment, 

scheduling of fruit to the processing plant, juice extraction from oranges into NFC or frozen 

concentrate orange juice (FCOJ), storage of juice, and movement of a blended juice product to a 

buyer. 

Florida orange juice processing plants depend entirely on oranges produced within the 

state and are continuously adjusting processing capacity to match expected fruit volumes.  

Processing facilities adapt available capital and labor to best fit the annual output of oranges, 

attempting to process variable quantities of fruit with relatively fixed processing capacity.  For 

example, during the 2006-2007 season, Florida processing plants used over 123 million boxes of 

orange inputs, with 75 million of these boxes (61%) going to NFC production.  The processing 

season began in early October and ran through the end of June (FDOC, FCPA, 2008b), with the 

smallest weekly processing volume, over 19,000 boxes, run during the first week of processing, 

and the largest weekly total, over 5.5 million boxes, run during the third week of January.  These 

production levels were vastly reduced from the 2003-04 season annual production, down 47% 

from the nearly 234 million boxes of oranges processed during that season, of which 96 million 

(40%) went to NFC production.  Despite the large decrease in fruit production and an 88 million 
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gallon decrease in FCOJ production (84%), there was only a 21 million gallon decrease in NFC 

production (22%).  Processing during 2003-04 season began similarly in early October and 

continued through the second week of July.  Weekly input usage ranged from 34,000 boxes 

during the first production week to over 9.5 million boxes in the first week of January (FDOC, 

FCPA, 2005), 4.0 million more boxes than the 2006-07 peak.  Such large swings in annual fruit 

availability and peak production levels exemplify the highly variable operational environment in 

which citrus processors are attempting to conduct business. 

Optimal production levels for each individual processing facility in the state are privately 

held and therefore not readily available.  Total industry production and estimates of individual 

processing are more readily available.  One such estimate, presented in Table 2-2, shows the 

estimated percentage of the 234 million boxes of fruit inputs used by the twelve largest Florida 

orange juice processors operating during the 2003-04 season (based on unpublished data of 

annual production estimates for Florida citrus processors, compiled by R. Hunter, 2006).  Since 

these data were reported, Cutrale’s Leesburg plant, Cargill’s Avon Park plant, and the Holly Hill 

plant have ceased operations.  These three plants combined accounted for less than one quarter of 

2003-04 juice processing.  Specific information as to the type of end product being produced at 

each plant, FCOJ or NFC, or total finished product storage capacities is not available. 

Fruit procurement 

Fruit procurement is defined as the active searching and purchasing of fruit supplies by a 

processor to be used as production inputs.  The operational objective of the processing plant’s 

fruit procurement manager is to establish a long term fruit procurement strategy that will fill fruit 

input needs on both a daily and a seasonal basis.  To fill these supply needs, the company must 

first determine the quantity of inputs required.  The plant’s base needs can be estimated based on 

plant size, available processing equipment, and historical processing volume data.  The 
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procurement manager then works before and during the season to secure this base supply of fruit 

and makes daily adjustments to maintain an orderly and sufficient input volume.  To avoid 

paying high fruit prices, processors try to avoid purchasing large quantities of fruit in the cash 

market to fill plant capacity.  Such buying conditions may signal a strong demand from inputs 

and can trigger a quick increase in fruit prices.  To avoid this potential increase in costs, 

processors operate within their long term fruit procurement strategy, while constantly adjusting 

fruit needs throughout the season.  

Procurement strategies 

There are two fruit procurement strategies used by processors to secure fruit to meet the 

plant’s base input needs.  Processing plant managers can either purchase fruit or they can 

purchase citrus groves to meet input requirements.  While some Florida processors still vertically 

integrate and own citrus groves, most processing plants fill base supply needs by contracting 

with local growers.  Fruit purchases are conducted either by directly contracting with grove 

owners or through the cash market.  An average size processing plant may deal with 40 or more 

different suppliers to fill their annual load requirements (Becker, 2006), using several different 

types of contracts to secure and purchase fruit inputs well prior to the time of processing.  Long 

term contracts often extend for five to 20 years, while short-term contracts are used for 

purchasing fruit less than five years in advance.  Additionally, spot market purchases are used to 

increase fruit input levels within a few weeks of purchase.  These cash deals are often arranged 

by fruit buyers working for the processor.   

Processors use a combination of contracting and spot market purchases to manage input 

flows, attempting to optimize processing operations.  About 65% of annual fruit inputs will 

typically come from long-term contracting, 20% from shorter multiyear contracts of less than 

five years, and the remaining 15% of inputs from year to year contracting and cash market 
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purchases.
2
  This system allows the processor to secure about 85% of the needed fruit supply 

before the processing season begins.  Capital and labor requirements for processing the expected 

input levels can then be set at the beginning of the season, with additional inputs acquired later to 

adjust for actual crop yields and fill any remaining processing capacity.  Due to uncertainties 

associated with annual yields, leaving a portion of fruit supply needs to be purchased through the 

cash market avoids over purchasing of inputs.  Scheduling of plant operations allows for excess 

capacity to adjust processing due to weather, plant breakdowns, and seasonal fruit supply 

variations.  Purchase of fruit in the cash market is often coordinated during the harvest season by 

fruit buyers employed by the processor.  A typical processor employs three to six buyers 

throughout the state, with each buyer managing several field workers.
3
  The fruit buyers search 

out and purchase the needed fruit in the cash market, while field workers arrange for harvest and 

delivery of this fruit to the plant.  Supplementing shortages in contracted fruit with cash market 

purchases allows processing plant managers to adjust the flow of inputs to maximize plant 

operation. 

Securing fruit to fill plant capacity can also be achieved by purchasing fruit through a 

third-party broker, known in the industry as a bird dog.  Bird dogs are essentially fruit brokers 

who are also involved with harvest and delivery.  They deal mainly with small growers, typically 

less than 500 acres, and are responsible for marketing, picking, and hauling fruit.  Rarely using 

long term contracting, they instead purchase fruit directly from the grower or in spot markets.  A 

bird dog agrees to purchase a grower’s fruit at a cash price that includes the price of the fruit plus 

a handling fee.  Processors then buy directly from bird dogs and do not have to venture onto the 
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 Personal communication with anonymous manager (6) of a Florida orange processing facility, April 2006. 

3
 Personal communication with anonymous manager (6) of a Florida orange processing facility, April 2006. 
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cash market.  Bird dogs handle all the transactions with the grower and allow the processor to 

easily and anonymously fill plant capacity, reduce transactions cost, and lessen the chance of 

driving up prices. 

In addition to securing fruit inputs, a central reason for long and short-term contracting is 

to decrease uncertainties associated with fruit input costs.  While contract terms vary widely, 

they are usually written to include a variable selling price, designed to lessen risk exposure to 

both parties.  A price floor guarantee is often included that requires the processor to pay a 

minimum price per pound solid, independent of current market prices.  This floor price is 

designed to cover the cost of fruit production, decreasing the risk faced by growers.  When fruit 

is exchanged with the processor, the grower receives the higher of the floor price or the market 

price.  If the market price is above the floor price, the grower receives the market price less a 

small percentage discount for the processor.  Paying less than market price in this situation 

lessens the processors exposure to high fruit input prices.  This contracting system allows both 

parties to hedge their positions in the market, while growers are guaranteed a buyer for their fruit 

and are protected against low market prices and processors secure a fruit supply that is protected 

against high market prices. 

Payment 

Growers are paid for their fruit based on the total quantity of soluble solids extracted at the 

processing facility.  Pounds of soluble solids, or pound solids, are calculated by state inspectors 

at the processing plant by extracting juice from a sample of fruit entering the plant (Tetra Pak, 

1998).  Pound solids per box are calculated as the temperature adjusted degree Brix divided by 

100, times the pounds of juice per 90 pounds of fruit (Wardowski et al., 1995).  The total pound 

solids delivered to the processor times an agreed upon delivered-in price per pound solid 

determines a grower’s revenue.  Delivered-in prices per pound solid fluctuate during the season, 
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between seasons, and given the exchange mechanism used for the sale.  The delivered-in price 

received varies for fruit sold in the cash market, through a participation plan or by contracting 

directly with the processor (Ward and Kilmer, 1989).  Growers strive to maximize pounds solids 

because they are paid based on the quantity of soluble solids delivered.  A grower is therefore not 

as concerned with other fruit and juice quality attributes that processors value highly.  Growers 

then attempt to capture the greatest returns by harvesting fruit at the time coinciding with peak 

pound solids per acre yields, understanding that they must also be willing to have fruit processed 

at less than optimal times due to the physical constraints of harvesting and processing. 

Payment for fruit typically occurs after a grower’s fruit has been processed.  This first 

payment is usually received within the week but is only a partial payment, normally about 80% 

of the total value.  When the juice is sold and a final sales price is determined, the grower will 

then receive the remaining payment due.
4
  A grower can face additional fees for delivering fruit 

below minimum quality standards, with excessive decay, or that is improperly delivered.
5
  When 

fruit is held on the tree until late in the harvest season, growers are often compensated through an 

increase in price.  Processors have paid an additional 5% price premium to growers for holding 

fruit on the tree until June.
6
  Processors are willing to pay this additional cost because the 

decreased cost of storing processed juice offsets the increased price.  Processors commonly refer 

to such arrangement as “storing juice on the tree.”  Growers are willing to enter into these 

agreements because of the increased price paid per box.  The actual savings or cost to either 

                                                 
4
 Personal communication with anonymous manager (6) of a Florida orange processing facility, April 2006. 

5
 Personal communication with anonymous manager (1) of a Florida orange processing facility, July 2008. 

6
 Personal communication with anonymous manager (7) of a Florida orange grove management company, July 

2006.  
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party depends on several factors, including any pound solids change due to the delayed harvest 

and the realized processing or storage cost differences.   

Some NFC processors have attempted to move away from the pound solids based payment 

system and adopt a payment system compensating growers for the gallons of juice delivered to 

the processing plant.
7
  Such a payment change would incentivize growers to manage fruit for 

gallon production.  Additionally, growers and producers would both be selling their product 

based on a gallon system, allowing both parties to be driven by a common incentive.  While this 

change to the payment system could align juice production goals, fruit is not typically being 

traded on a gallon system. 

Scheduling and load allocations 

Once procured, fruit must be scheduled for delivery to the processing facility.  Most 

processing plants employ a fruit scheduler who is responsible for arranging loads to be supplied 

to the plant for the coming weeks.  During a typical work week, the fruit scheduler designates 

which growers or suppliers will be bringing fruit to the plant each day and how many loads each 

will deliver.  To set delivery requirements, the scheduler must first determine how many loads 

will be required during the scheduling period.  The target input volume is based on fruit 

availability, harvesting and processing capabilities, and weekly processing goals.  Once the total 

number of loads needed for the week is determined, the fruit scheduler tallies all outstanding 

fruit under contract.  The number of loads each grower is allocated to deliver is prorated based 

on the estimated number of boxes of fruit the grower has contracted to be delivered.  Loads are 

allocated to each grower based on their remaining balance share.  Growers with more on-tree 
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 Personal communication with anonymous manager (11) of a Florida orange processing facility, April 2006. 
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fruit under contract are permitted to bring more loads to the plant, and growers with less fruit 

under contract are allowed fewer loads.   

Consider, for example, a processor attempting to schedule the operation for early and mid-

season fruit from November to March.  The fruit procurement manager and the fruit scheduler 

work to ensure a steady stream of fruit inputs by first calculating the number of loads needed 

each processing day.  Accounting for holidays, rain days, and mechanical breakdowns, there are 

typically about 120 days of plant operation available to process early and mid-season fruit.  

Dividing the total number of boxes under contract by 120 days will give the number of boxes per 

day that need to enter the plant.  If the processor has 10 million boxes under contract, then about 

83,000 boxes of fruit need to be processed daily.  Assuming 500 boxes of fruit per trailer, the 

processor needs to run 166 trailers per day.  Estimates of the daily supply can then be adjusted 

and recalculated throughout the season as conditions change due to storage space availability, 

throughput limitations, equipment breakdowns, or seasonal changes in fruit characteristics.  

Additional quantities needed to fill plant production capacity can be purchased in the cash 

market.  Processors operating multiple plants will often have only one fruit scheduler responsible 

for coordinating loads to all processing facilities, allowing for the most efficient routing of loads.   

Available load allocations are assigned to growers to fill the processing schedule 

determined by plant management.  The number of loads a grower is allocated is prorated based 

on the percentage of boxes of fruit a grower has under contract compared to the processor’s total 

contracted fruit remaining in the field.  Continuing with the previous example, the fruit scheduler 

distributes the 166 trailer loads of fruit needed per day, or 1,162 loads per week, among growers.  

Now assume the processor estimates that 10 million boxes of fruit are under contract in the field 

from which the loads can be drawn.  Of those 10 million available boxes, suppose a single 
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grower controls about 250,000 boxes, or 2.5% of the contracted supply.  The scheduler then sets 

weekly load allocations for that grower at 2.5% of the weeks required loads, or about 29 loads, 

and informs the grower to deliver the loads the following week, approximately four loads per 

day.  The grower makes arrangements to have picking crews harvest the required fruit volume 

daily and to make delivery to the processor.  These calculations are performed weekly to account 

for changes in fruit supply and processing goals.  While this scheduling scenario is simple for a 

large grower with many thousands of boxes under contract, it becomes more difficult when 

dealing with smaller growers who cannot make daily or weekly deliveries.  These smaller 

growers must negotiate repeatedly with processors for a few delivery dates throughout the 

season.  

Scheduling of fruit for processing is a key determinant of processed product quality and 

quantity levels because the timing of delivery determines the timing of harvest.  The timing of 

the harvest directly impacts economic returns to both processors and growers because of the 

dynamic nature of the agricultural crop.  Quality and quantity parameters are continuously 

changing as fruit hangs in the field and quickly deteriorates after harvest.  Recognizing these 

quality and quantity changes, growers and processors attempt to schedule fruit for harvest and 

delivery at a date that produces the largest and highest quality juice yield (Searcy, Roka, and 

Spreen, 2008).  Scheduling harvest at the optimal yield is not always possible, however, due to 

the narrow window of peak fruit production and juice extraction and storage capacity constraints 

at the processing plant.  Instead of harvesting at the peak of production, fruit is harvested and 

processed at somewhat regular intervals over the course of the season.  Some of the crop gets 

harvested at optimal times but other portions are harvested at suboptimal times as juice 

characteristics change with fruit maturation.  While this system of scheduling the harvest may 
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not capture all available pound solids, it has been used throughout the industry for many years 

and is viewed by industry players as an acceptable system of managing fruit inputs. 

Awarding processing slots based on a remaining balance basis is seen by many industry 

players as an acceptable way of scheduling the harvest.  Growers view this system as a “fair” 

way of allocating loads, even though it allows them little influence over scheduling of loads.  

Processors argue that full control over plant operations, including delivery scheduling, is 

required to maximize plant operations.
8,9

  While processing plant managers do not allow input 

schedules to be dictated by the growers, this system is flexible enough to allow for scheduling 

changes due to extenuating circumstances or occasional load swapping between growers.  For 

example, growers are not forced to process immature fruit just to fill load allotments, and fruit on 

the verge of spoilage is often given a higher scheduling priority.  Even the largest growers have 

little influence over load allocations and are seldom able to exert market power over scheduling.  

Instead of haggling over schedules, large growers typically will bargain for a higher price floor 

and a higher percentage of the market price.   

Juice extraction 

Juice extraction is defined for this analysis to include all steps required to convert delivered 

trailers of orange inputs into NFC or FCOJ (Figure 2-5).  While this definition of juice extraction 

far exceeds the single step of juice removal that takes place in the processing plant, it is intended 

as a catchall term for the steps required to convert fruit to storable juice.  The major steps in this 

conversion include fruit unloading, washing, grading, juice extraction, finishing, either 

evaporation or pasteurization, and removal of waste or byproducts.  Extraction is completed 
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 Personal communication with anonymous manager (11) of a Florida orange processing facility, April 2006. 

9
 Personal communication with anonymous manager (6) of a Florida orange processing facility, April 2006. 
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when the juice or concentrate is placed into a short term storage holding tank.  A detailed flow 

diagram is shown for canned FCOJ production in Figure 2-6.  Bulk FCOJ production skips the 

canning steps and goes directly from blend tanks to bulk tanker trucks.  NFC production differs 

in that juice moves from the finishers to pasteurizers and then into storage tanks. 

Juice extraction decisions are heavily influenced by the quality objectives of the end 

product.  Minimum quality constraints on fruit inputs and juice outputs are mandated by the 

government.  Tables 2-3 and 2-4 give the minimum quality standards for all fruit inputs coming 

into the processing facility as determined by the Florida Citrus Code (2006).  State standards 

restrict fruit inputs based on peal color break, total soluble solids content, Brix to acid ratio, acid 

percentage, and minimum juice content levels as measured in gallons per box.  Stricter quality 

parameters are often imposed by individual processors.  One Florida processor, for example, 

requires all fruit processed before December 15 to yield juice at or above a 14 Brix to acid ratio.  

This minimum ratio is considerably higher than the 9 to 10.5 ratio required by the Florida Citrus 

Code.  Juice scoring below a 14 ratio but above the state required minimum is accepted and 

assessed a penalty fee deducted from the grower’s payment.
10

  Table 2-5 shows additional 

quality regulations imposed by the federal government for processed juice sold at retail or 

wholesale.  While these standards do not regulate the quality of fruit inputs, juice leaving the 

plant must meet the federal guidelines.  The Federal Register lists quality parameters for degree 

Brix minimums, ratio limits, oil concentrations maximums, and a minimum required USDA 

score, which includes juice color, defects, and flavor.  Processors must monitor the juice qualities 

of fruit inputs so that juice outputs will meet required quality standards for future sales.  Similar 

to the stricter quality standards required for some fruit inputs, individual processors often impose 
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 Personal communication with anonymous manager (2) of a Florida orange processing facility, July 2008. 
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stricter quality parameters on juice outputs to ensure the juice meets quality requirement of 

subsequent juice buyer or end consumer. 

Decisions made by citrus processing companies are heavily dependent on the final quantity 

and quality needs of the company, regardless of whether they are a bulk processor, branded 

product seller, or a cooperative.  Their individual needs determine plant production goals and 

influence facility operations.  For example, a bulk processor may set a production goal of 

processing as much frozen concentrate orange juice as possible at the lowest achievable unit 

cost.  The quality of the processed juice may be less of a concern to this processor than 

maintaining high processing volumes and minimizing the unit cost of production.  Later blending 

of concentrate could then be used to meet the quality demands of wholesale buyers.  Conversely, 

a branded product seller may be more concerned with producing NFC juice that meets certain 

quality standards to maintain a consistent retail product.  The branded seller may be willing to 

pay higher unit processing costs and operate at suboptimal processing volume levels to achieve a 

higher juice quality.  Additionally, a cooperative may adjust plant operation to focus more on the 

needs of grower members, allowing delivery of fruit at times that decrease plant operating 

efficiency.  Because processing revenues are returned to growers, decisions are made to return 

the greatest combined profits from growing and processing operations.  These three different 

production goals will influence plant operations, and plant managers will adopt varying 

production strategies to meet these goals. 

The percentages of FCOJ and NFC that an individual plant produces affect the operation of 

their processing system.  Conversion of fruit inputs to either FCOJ or NFC is determined by a 

plant’s processing capabilities and current market conditions.  The Florida orange juice industry 

was based almost entirely on FCOJ production from its first commercial distribution in 1946 
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through the 1980s (Zellner, 1992).  More recent advances in pasteurization and storage 

technologies, along with changing consumer preferences, have pushed the industry toward more 

NFC production (Goodrich and Brown, 2001).  The industry has gradually invested in and 

converted capital to produce larger quantities of NFC (Figure 2-7).   

The move to greater NFC production has altered the incentives linking fruit and juice 

production.  The price per pound solid input purchasing system currently used by the industry 

affords FCOJ processors a simple accounting system of costs and revenues.  FCOJ processors 

buy fruit from growers in units of pound solids and sell concentrate to wholesalers in units of 

pound solids.  An NFC processor, however, buys inputs in pound solids but sells in gallons.  

Because pound solids and gallons are not directly comparable, the cost of fruit inputs per gallon 

can vary based on the juice characteristics.  For example, high degree Brix inputs cost processors 

more per gallon than low juice inputs because the concentration of sugar is greater in a gallon of 

high degree Brix juice.  Additionally, NFC processors have fewer options than FCOJ processors 

when blending juice after processing due to product specific production practices.  These 

limitations require NFC processors to more closely monitor quality aspects of fruit inputs than 

would FCOJ processors. 

Processing capacity and the expected crop size both influence the decision to process either 

NFC or FCOJ.  Estimates of statewide processing capacity and capacity level changes help 

explain how processing costs will change as volumes processed change.  The U.S. International 

Trade Commission (USITC) estimated all U.S. orange juice production, production capacity, and 

utilization for the 2001-02 through 2004-05 seasons (Table 2-6) (USITC, 2006).  The USITC 

survey of processors revealed that total production capacity of almost 1.7 billion pound solids 

was available in 2004-05, but less than 60% of capacity was utilized.  The disparity in NFC and 
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FCOJ production, 75% utilization verses 50% utilization respectively, and their volume changes 

from the previous season suggest that FCOJ production decreases proportionally more when fruit 

input supplies are short.  Further evidence of FCOJ production decreases are shown in Figures 2-

8 and 2-9, which detail recent Florida processing volumes from the 2000-01 through 2005-06 

seasons for NFC and FCOJ respectively.  NFC production volume, reported in the Florida 

Department of Citrus Processor Report as chilled juice from fruit, remained relatively unchanged 

during these six seasons, while FCOJ production levels decreased by more than half during years 

of smaller crops.  The variation in these production levels suggests that changes in fruit 

production levels across years leads to changes in FCOJ production levels but does not change 

NFC levels.  One explanation for this result is that fruit inputs go into NFC production first, and 

the remaining fruit supply is processed into FCOJ.  This would suggest that statewide NFC 

annual production of approximately 575 million gallons is optimal for processors.  

Approximately 225 million gallons of 48 degree Brix equivalent FCOJ were produced during the 

2003-04 season.  While not all plants open during this season are still operating, this processed 

volume estimates a feasible statewide capacity for the quantity of FCOJ that could be processed 

if fruit input were available.  The fluctuations in FCOJ production suggest that it is optimal for 

FCOJ producers to process available fruit inputs up to this volume of output. 

Storage 

NFC juice or concentrate enters a buffer storage tank at the completion of extraction.  

Production managers then determine the method of storage to be used until the juice leaves the 

plant.  Due to the seasonal nature of the orange crop, much of a season’s processed juice must be 

held in long term storage for later sale.  FCOJ is stored long term in either large bulk tanks or 55 

gallon drums (Hui, 2004).  Bulk tank storage is the most common and least costly form of 

concentrate storage.  With FCOJ production down substantially the past few years (Figure 2-10), 
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bulk storage capacity is readily available.  FCOJ Bulk tanks typically hold between 250,000 and 

1 million gallons of concentrate (Enerfab, 2009), equivalent to 1,750,000 and 7 million gallons 

of single strength juice.   

NFC juice is commonly stored in large aseptic bulk storage tanks, typically holding 1.0 

million to 1.8 million gallons of single strength juice.  Some storage tanks are physically capable 

of holding either end product, but the sevenfold increase in volume required to hold a 

comparable quantity of NFC usually necessitates product specific storage tanks.  Cost to 

construct new bulk aseptic NFC storage tanks has been estimated from $2.00 per gallon to as 

high as $4.00 per gallon, including all setup costs.
11,12

  Converting FCOJ storage tanks to NFC 

storage tanks is possible, and in some cases more cost efficient, than constructing new tanks.
13

  

The higher volume requirements of NFC storage increase the cost of storage, as compared to 

bulk FCOJ storage costs.  This higher cost creates an incentive for processors to store only the 

minimum volume of NFC required.  Processors therefore attempt to directly bottle as much NFC 

as possible, instead of moving it into long term storage.  Flows of fruit inputs are managed 

throughout the season to allow for direct bottling and to reduce the volume of juice entering bulk 

aseptic storage, including holding fruit on the tree until late in the processing season. 

FCOJ and NFC bulk storage tanks are constructed in groups of four or more tanks housed 

within a single refrigerated enclosure called a tank farm.
14

  Processors usually operate one or 

more tank farms year round to facilitate the distribution of stored juice independent of processing 

operations.  Storage tanks are also used to hold additional product used to insure the processor 
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 Personal communication with anonymous manager (11) of a Florida orange processing facility, September 2007. 
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 Personal communication with anonymous manager (1) of a Florida orange processing facility, October 2007. 
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 Personal communication with anonymous manager (1) of a Florida orange processing facility, October 2007. 

14
 Personal communication with anonymous manager (2) of a Florida orange processing facility, July 2008.  
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against an inventory stock out, in case input supplies decrease.  Extra product in storage, referred 

to as carryover inventory, is measured as the juice volume remaining in storage at the beginning 

of the processing season.  Carryover inventory may also be required for blending with juice 

during the following season.  The cost to store this carryover product is therefore considered a 

fixed cost of doing business. 

Off-site commercial storage facilities are another storage option for processed product.  

While storage at off-site facilities is not commonly used, processors making delivery to the 

futures market can deliver to an Intercontinental Exchange approved tank facility.  Handling and 

storage rates for 15,000 pound solid FCOJ contract at these facilities are $500 per contract for 

handling and $300 per contract per month for storage.  This monthly storage rate is equivalent to 

$0.02 per pound solid per month.  Before NFC futures contracts were delisted in December of 

2007, published NFC storage costs ranged from $1,440 to $1,500 per month per 12,000 pound 

solid contract, or about $0.125 per pound solid per month (Intercontinental Exchange, 2008).  

This six fold cost increase from FCOJ to NFC is due to the increased storage volume required to 

hold a pound solid equivalent volume of single strength juice. 

Similar to processing and extraction capacities, the storage capacity of individual 

processing facilities is proprietary information and therefore not available.  Estimates can be 

developed for the total state capacity using the previous volumes of product reported in storage 

facilities.  Figure 2-11 shows the gallons of chilled juice on hand from 2000-01 through 2005-06 

(FDOC, FCPA, 2007).  This quantity represents the volume of NFC in storage each week during 

the six year period.  The maximum reported volume was over 320 million gallons during the 

2003 season.  The following two seasons saw major decreases in fruit production but NFC 

production experienced very little decreases, peaking at 310 million and 290 million gallons 
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during 2004 and 2005, respectively.  FCOJ volumes on hand peaked during the 2003 season at 

almost 200 million gallons of 48 degree Brix concentrate during the same period (Figure 2-12).  

Gallons of concentrate on hand at the end of the six season period were at their minimum of 

about 70 million gallons.  These inventory levels suggest that statewide NFC storage capacity is 

at least 320 million gallons, and that FCOJ capacity is about 200, both varying due to storage 

capacity changes since 2006.  Figures 2-13 and 2-10 show storage and production levels from the 

2000-01 through 2005-06 seasons for NFC and FCOJ respectively.  Again, NFC storage and 

production are relatively consistent despite changes in input supplies, while FCOJ levels vary 

widely. 

Potential Changes to Industry Coordination and Operation 

Industry-wide adoption of mechanical harvesters has the potential to change the 

coordination and operation of the Florida orange juice processing industry.  Harvester adoption 

could result in changes to the volume of fruit harvested during any given time period, the length 

of the harvest season, the harvest labor market, grower costs, scheduling of load allocations, 

processor costs, plant capacities and bottlenecks, the incentive structures for NFC and FCOJ 

production, and the late season harvest.  The remainder of this chapter describes each of these 

potential changes and the expected impact on industry operations and total industry returns by 

addressing the views and concerns of individual growers and processors.  While much of the data 

used to substantiate these concerns is qualitative, the views expressed by industry decision 

makers are important factors in the potential adoption of mechanical citrus harvesters.  

Changes in Fruit Harvest Volume 

Mechanical harvesters are capable of picking large volumes of fruit in a short period of 

time.  This productivity advantage allows a mechanical harvesting crew to pick about four times 

the volume of a typical hand harvest crew, with a greater than tenfold increase in per worker 
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labor productivity (Roka and Emerson, 1999; Roka and Hyman, 2004).  Volume increase 

afforded through mechanical harvesting brings about additional production challenges, however.  

As the percentage of mechanically harvested fruit increases, growers and processors will adjust 

their operations to take full advantage of the additional harvesting capacity from mechanical 

units.  The added capacity allows for larger volumes of fruit to be harvested during times of peak 

fruit maturity using only a fraction of the laborers need for hand harvest.  This added capacity 

could also be beneficial if hand labor becomes scarce and wages increase.   

Potential disadvantages from the added harvest capacity include extra costs associated with 

handling higher harvesting volumes at a single grove site and the increased cost to mechanically 

harvest small groves.  Higher daily fruit volumes from a single grove could increase the cost and 

difficulty of fruit hauling.  While a typical hand crew needs only three fruit trailers per day, one 

trailer every two to three hours, a typical canopy shake crew needs one to two trailers per hour.  

This fourfold increase in trailer activity within a single grove can be difficult to manage, possibly 

leading to greater transaction costs from dealing with multiple hauling companies.  If trailers are 

not available for roadsiding fruit, all harvesting operations must cease.  The high cost of 

harvesters and skilled laborers makes such a shutdown costly.  The current piece rate harvest 

labor system avoids the high capital investment and payment to idle workers.   

Mechanical harvesters are designed to harvest large volumes of fruit.  The most cost 

efficient operation requires large, continuous groves, avoiding extra shutdown and transportation 

expenses.  Harvesting small, fragmented groves is often much less efficient when using high 

capacity mechanical harvesters.  A small grove can be mechanically harvested quickly, but the 

downtime required for machine setup and disassembly, over-the-road transportation, and 
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cleaning greatly decreases productivity.  The currently used hand harvest system is easily scaled 

to fit any size grove.  

Harvest Season Length 

The addition of mechanical harvesters could add additional harvesting capacity to the 

industry.  Total industry harvest capacity (the summed capacity of mechanical harvesters and 

hand harvesters) could then increase if the industry adds mechanical harvesters while 

maintaining current hand labor.  This additional harvest capacity has the potential to alter the 

traditional timing of the harvest, leading to changes in the length of the harvest season.  

Mechanical harvesters may enable the industry to lengthen the harvest season by picking more 

fruit later in the season, a time when hand labor traditionally migrates north to harvest other 

crops and citrus labor becomes difficult to secure in Florida.  Mechanical harvesting may also 

allow more flexibility in scheduling the harvest.  Mechanical harvester crews are much smaller 

and use highly skilled laborers specialized in the operation of harvesting equipment.  Crew 

members are paid higher wages than hand laborers and possess skills that are not as easily 

transferable to other agricultural crops.  An upward sloping labor supply curve would predict that 

mechanical crews would be more willing to supply additional labor hours at the increased hourly 

wages.  These high skilled laborers could produce a more predictable harvest capacity and the 

ability to harvest on weekends, holidays, during inclement weather, and potentially at night.  Any 

additional harvesting flexibility gain from the adoption of mechanical harvesters could enable 

increased harvesting volumes earlier and later in the season, as well as planned shutdowns 

between peak harvest times. 

Conversely, mechanical harvesting could facilitate a shorter harvest and juice processing 

season.  The increased capacity allows more fruit to be harvested in a shorter period of time, 

reducing the time required to harvest the annual crop.  Some Florida processors have expressed 
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concerns about decreasing the length of the harvest season, citing the possibility that unit 

processing costs could increase.
15

  If the Florida orange harvest season, typically from November 

through June, was shorted or segmented, a larger volume of fruit would have to be processed 

weekly.  The increased weekly volumes would require more intensive processing and additional 

juice storage capacity, possibly forcing additional capital investments in juice extraction 

equipment and storage facilities.  Processing plants have been designed and equipped to process 

a specific fruit volume determined in large part by the company’s juice marketing plan, expected 

crop volume, and the historic length of the harvesting season.  Some flexibility is incorporated 

into this design, but changing the season length would significantly impact the conditions under 

which these plants are constructed.   

Additional storage costs from changing the length of the harvest season may be borne by 

the processors.
16

  Each week of reduced processing requires an additional week of storage 

capacity to maintain annual juice output levels.  For example, if a processor expects to bring in 

one million gallons of NFC during the last week of operation, and the season is shortened by a 

week, then this fruit must be processed and stored a week earlier.  Processing the juice earlier 

will require that an additional one million gallons of storage capacity be available due to the 

shortened processing season.  Statewide, the additional storage capacity needed to hold four 

weeks of extra inventory is about 40-50 million gallons.  The estimated cost to processors to 

construct the extra storage capacity required to hold this increased inventory could be as much as 

$100 million.
17
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 Personal communication with anonymous manager (11) of a Florida orange processing facility, April 2006. 
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 Personal communication with anonymous manager (2) of a Florida orange processing facility, July 2008. 
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 Personal communication with anonymous manager (11) of a Florida orange processing facility, April 2006. 
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Changing the length of the processing season could result in juice quality changes due to 

changing the date of harvest.  A change in juice quality would force processors to adjust 

blending operations to ensure a consistent output quality.  Such production changes could be 

costly for processors and viewed negatively unless these additional costs are offset.  One such 

offset may be the additional benefits gained from receiving a more homogeneous, higher quality 

input product that would require less blending. Some processors believe that the processing cost 

savings from harvesting more fruit closer to its optimal juice quality and operating their plants 

for fewer weeks could outweigh the added cost of juice storage.
18

  One central Florida processor 

argued that harvesting quickly and at the peak of fruit maturity will result in juice production of 

the highest possible quality, stating that “it is to everyone’s advantage to get fruit in as quickly as 

possible.”
19

  The addition of mechanical harvesters could allow for this shortening of the harvest 

season and picking of fruit for optimal juice yields.  Searcy, Roka, and Spreen (2008) show that 

harvesting and processing at biologically optimal times can yield greater pound solid volumes 

per acre of grove.  Grower revenues, based on pound solid production, would increase as 

additional pound solids are captured.  In addition to greater pound solid production, growers may 

also experience less fruit loss because of the shorter harvest season.  Fruit left on the tree after 

May runs an increased risk of being damaged or removed by weather or pests than fruit 

harvested and processed earlier in the season.  The faster harvest could therefore reduce the 

higher rates of fruit loss seen late in the harvest season due to the increasing rate of fruit drop.  

Finishing the harvest earlier may also lessen the effects of alternate-bearing characteristics seen 
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 Personal communication with anonymous manager (1) of a Florida orange processing facility, May 2006. 
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 Personal communication with anonymous manager (1) of a Florida orange processing facility, May 2006. 
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in Valencia oranges, where leaving fruit on the tree late in the season reduces the following 

season’s crop (Wheaton, 1997). 

Mechanical harvesting will not necessarily dictate the length of harvest season, but could 

instead offer flexibility as to how and when fruit is harvested, potentially increasing total pound 

solids captured and reducing operating costs.  Industry players have differing expectations of the 

costs and benefits associated with changing the length of the harvest season.  However, an 

analysis estimating the total impact on the processing industry as a whole has not been published.  

By summing all gains and losses to the industry from a change in harvest season length, 

predictions can be formulated estimating the individual and cumulative financial impacts on 

industry players.  

Labor Supply and Demand 

Mechanical harvesting technology is a substitute for hand harvest labor.  Increased use of 

mechanical harvesters will therefore decrease the demand for hand harvest labor.  Economic 

theory predicts that a decrease in the demand for labor will lower wages paid to hand labor and 

push members of the current labor force to seek others means of employment, most likely 

outside the citrus industry.  In addition to the negative welfare impacts expected on hand harvest 

laborers due to mechanization of the harvest (Schmitz and Seckler, 1970), concerns have arisen 

among some growers and processors that the reduction in labor demand may decrease to the 

point that laborers will not have sufficient employment to remain in agricultural labor.  

Remaining hand picking crews may not be large enough to harvest fruit that cannot be harvested 

mechanically.  These industry players fear that while mechanical harvesting could lessen the 

total labor required for harvest, there may be some repercussions for growers who cannot use the 
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mechanical harvesters.
20

  Growers who do not or cannot use mechanization could face increasing 

labor costs as a result of labor scarcities brought about by the adoption of harvesters.  For 

example, mechanical harvesting may not be cost efficient for some growers due to grove size, 

location, or configuration.  Growers owning trees in which mechanical harvesting is neither cost 

efficient nor physically possible with the current technology may then face an increase in harvest 

costs.  Such a scenario assumes that there is a critical quantity of fruit that must be hand picked 

to keep workers from leaving the citrus industry.  Without this steady level of employment, 

current harvest laborers will be forced to seek employment elsewhere, reducing the available 

supply of hand harvest labor.  In this scenario, additional costs are imposed on non-adopting 

growers due to other growers’ decisions to adopt mechanical harvesters.  The potential reduction 

of labor and increased costs of such a scenario is a real concern for some in the citrus industry 

but is outside the scope of this research.   

Grower Costs and Operations 

Cost savings to growers from mechanical harvesting have been estimated at up to half of 

current harvest costs, saving growers $0.60 to $1.35 per box harvested (Roka, 2007).  Some of 

these gains could be offset, however, due to additional costs imposed on growers using 

mechanical harvesting.  Additional costs include grove preparation costs and indirect costs from 

changes in harvest timing.  New costs arise because mechanically harvested groves are managed 

differently than groves harvested by hand.  Preparing an established grove for mechanical 

harvesting requires retrofitting the current irrigation system, raising tree skirts, and hedging and 

topping trees.  Rouse and Futch (2007) estimate the cost of skirting, hand pruning, and brush 

removal at $66 to $96 per acre, and the cost of moving irrigation systems at $50 to $60 per acre.  
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The irrigation changes are one-time costs, while tree cutting costs are recurring.  A more costly 

option is to raze existing groves and plant new groves specifically designed for mechanical 

harvesters.  In addition to typical replanting costs, mechanically harvested groves should be 

planted with high headed trees, costing an additional $0.50 to $1.00 per tree (Rouse and Futch, 

2009).  Additional costs to the grower could also include increased transactions costs from 

dealing with a new harvesting company that uses mechanical harvesters, or increased safety 

training and injury risks associated with working around additional farm machinery. 

Growers are further concerned that mechanical harvester adoption will lessen their control 

over harvest timing and alter the current system of fruit delivery based on a grower’s outstanding 

fruit balance.  The currently accepted system of fruit delivery allows growers to harvest a 

percentage of their remaining fruit with hand crews at staggered time periods throughout the 

season, with the quantity delivered at each harvest date determined by the percentage of their 

fruit remaining on-tree.
21

  This allows the grower to sell fruit at several different fruit maturity 

periods, producing a total juice yield and quality level averaged across the harvest season.  

Mechanical harvesting could force a change to this system requiring that all trees in a single 

location be harvested and processed within a few days, possibly resulting in a grower’s entire 

annual crop being harvested within a few days.  If this harvest were to take place at a less than 

optimal time during the season, the grower may see significant financial losses, whereas 

harvesting at the optimal would yield higher returns than the average harvest schedule.  The 

additional variability imposed by mechanical harvesters due to the timing of harvest and leading 

to fruit quality changes or lower recovery rates is not viewed favorably by growers. 
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 Personal communication with anonymous manager (6) of a Florida orange processing facility, April 2006. 
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The potential threat of industry-wide adoption of mechanical harvest may be holding down 

hand harvest prices.  While the relationship between growers and hand harvesters in the Florida 

tomato industry continues to be an issue of contention (Palacios, Emerson, and Vansickle, 2006), 

the citrus industry has recently managed to avoid such heated labor disagreements.  One 

difference between the two industries that could be allowing citrus growers to avoid such 

confrontations is the viable threat of mechanizing the citrus harvest.  The hand harvest labor 

forces are similar between the two crops but the technology for mechanical harvesting of 

tomatoes for fresh consumption is not nearly as advanced as that for citrus.  This threat of 

mechanization could therefore be allowing citrus growers additional market power in the harvest 

labor market, depressing citrus harvest labor wages. 

Load Allocations 

Efficient operation of mechanical harvesters will require changes in the system of 

assigning load allocations and scheduling delivery of fruit.  The cost structure of mechanical 

harvesting requires large quantities of fruit to be harvested daily from a single geographic 

location.  Transporting machines over the road is costly and requires extensive setup and 

cleaning, in addition to reducing the time available for operation.  This is a change from the 

current system of scheduling and may not be accepted by the industry as a “fair” system of 

allocating loads.  

The current system of assigning load allocations is based on allowing each grower with 

outstanding shares of fruit to deliver a fraction of their remaining supply.  This allocation system 

was developed under hand harvesting technology to take advantage of the highly divisible piece 

rate cost structure of hand harvesting.  Weekly allocations, based on the input volume needed 

and each grower’s remaining on-tree supply, are viewed by industry players as an acceptable 

way of conducting business.  Growers accept this system because seasonal risks and quality 
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changes are spread across the season.  Processors approve because they retain control of input 

flows, and weekly input volumes are smoothed to avoid large swings in volume.   

Replacing the current load allocation system with a harvest schedule that optimizes 

mechanical harvester operation could increase costs for both growers and processors.  The most 

obvious explicit cost would be the loss from harvesting fruit during less than optimal time 

periods.  Elimination of the remaining balance scheduling system would also be seen as a cost to 

growers if mechanical harvesting forces harvest of all adjacent groves during a single time 

period.  Processing plants, currently spreading load allocations across a large number of growers 

and grove locations, will have to accept fruit from a limited geographic region to allow 

harvesters to operate near peak efficiencies.  While some processors believe a larger harvest 

from a more concentrated area will have no significant effect on fruit quality, other processors 

are concerned juice quality will suffer due to the processing of immature fruit.
22,23

  Processors 

are in agreement that they must maintain control over fruit input volumes.  Plant managers 

maintain the need for flexibility to increase or decrease input flows and avoid entering into 

guaranteed delivery contracts.
24

  These adjustments allow for plant managers to utilize input 

flows to optimize weekly and seasonal processing operations.  Developing a new load allocation 

system that allows growers to retain the benefits of the remaining balance system and allows 

processors to control input flows would encourage the adoption of mechanical harvesters.   

Processing Costs and Operations 

The adoption of mechanical harvesters could change the current methods of fruit 

procurement, scheduling, and processing, resulting in increased processing costs.  In an industry 
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 Personal communication with anonymous manager (3) of a Florida orange processing facility, May 2008. 
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 Personal communication with anonymous manager (11) of a Florida orange processing facility, April 2006. 
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that constantly strives for cost minimization, additional processing costs and costly operational 

changes are not expected to be acceptable without compensation.  Increased costs may arise from 

excess debris removal from mechanical harvested loads, more intensive processing requirements, 

and increased storage capacities.  Additionally, changes in load scheduling will receive 

resistance from processors if it reduces their control over input flows and the management of 

processing operations.  Managers are comfortable operating under the current input scheduling 

system, and relinquishing control of input supply flows could expose them to fluctuations in 

input volumes, resulting in increased processing costs.
25

   

Processors accepting mechanically harvested loads face the added costs of removing and 

disposing of excess leaf and tree litter from the fruit.  Loads of mechanically harvested fruit can 

include an increase in the amount of debris of 20% to over 250%, as compared to hand harvested 

loads (Spann and Danyluk, 2010).
26

  The processor must deal with these additional leaves and 

sticks before fruit can be processed.  The added costs include the expense of extra line graders to 

remove the material from the fruit and the expense of removing the material from the facility.
27

  

Increased harvesting capacity afforded by mechanical harvesting could push processors to 

increase juice extraction and storage capacities, directly increasing their cost of operation.  

Adding extraction and storage capital requires large upfront investments on the part of the 

processor.  These capital outlays are not viewed favorably by processors, and agreeing to such 

investments will require the potential for a favorable return on those investments.  Additional 

returns, however, do not necessarily accrue to processors through the adoption of mechanical 
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harvesters.  This lack of a direct financial benefit to processors will deter processors from 

completely backing industry-wide adoption of mechanical harvesters.  

Processors are not expected to willingly accept additional processing costs without the 

potential to offset these costs through increases in revenues.  While processors have not yet 

refused mechanically harvested loads, their financial impact from accepting mechanical 

harvesting needs to be further explored.
28

  While this analysis does not attempt to estimate the 

change in processing costs from accepting mechanically harvested loads, it does estimate 

financial gains to the industry from mechanical harvesting that could then be used to offset added 

costs.  

Capacity Constraints 

Adding mechanical harvesters to current industry operation could increase weekly harvest 

capacity.  The degree to which this harvesting capacity increase is financially beneficial depends 

on the processing capacity available to handle additional fruit.  Potential bottlenecks constraining 

juice production include the limited capacity of hand harvesting, trailer availability, evaporator 

capacity, processed juice storage capacity, and feed mill capacity. 

Mechanical harvesters allow for more harvesting possibilities when large hand crews are 

not able to harvest.  For example, hand crews are limited to working during daylight hours and 

only when weather conditions are suitable.  As daily temperatures and the frequency of rain 

increase toward the end of the harvest season, hand harvest becomes more difficult.  Demand for 

harvest labor also begins to increase for other agricultural crops in northern states, pulling 

laborers out of the citrus labor market.  It may be possible for mechanical harvesters to operate in 

adverse weather conditions, on holidays, or even at night.  This additional harvesting capacity is 
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only beneficial if other constraints limiting production are not binding.  The availability of bulk 

fruit trailers to deliver harvested fruit from the grove to the plant is one such potentially 

constraining factor identified by industry players.  Managing the available trailers becomes more 

difficult when output increases from a single region, and can lead to harvesting delays.
29

  Such 

delays have been experienced with harvesters running as few as six to seven hours per day.
30

  

Increasing the availability of trailers could be accomplished through more efficient trailer 

management, faster unloading times at the processing facility, or increasing the quantity of 

operational bulk trailers.   

Bottlenecks in plant operation eventually occur as daily fruit volumes increase.  These 

bottlenecks can arise at any step in processing, depending on plant size and configuration, but 

evaporation, storage, and feed mill operation have been identified as probable bottlenecks due to 

increased processing intensity.  Processing facilities that produce large quantities of FCOJ are 

often constrained by evaporator capacity.  Increasing the volume of weekly fruit inputs requires 

more intensive evaporation, either from operating evaporators more hours or running additional 

evaporators.  This increased fruit volume could begin stressing evaporation capacity, which is 

based on the pounds processed per hour.  Given lower FOB prices for FCOJ compared to NFC, it 

is unlikely that processors will increase capital investments in extraction capacity, instead 

investing in NFC processing capacity. 

Increases in fruit inputs at processing plants primarily producing NFC are most likely to 

cause bottlenecks in juice storage facilities.
31

  Figure 2-13 shows the combined industry annual 

storage of chilled product peaking at about 300 million gallons at the end of each season from 
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2001 to 2006, regardless of the annual crop size.  This trend suggests that total industry capacity 

for NFC is approximately equal to this maximum storage value.  Increased processing intensity 

due to mechanical harvesting may require processors to increase NFC storage capacity.  

Additionally, some processing managers attempt to bypass long term storage by directly 

packaging a large portion of processed product.  At peak periods during the season, juice going 

direct to the package can account for up to 70% of daily production.  Increased daily or weekly 

fruit input volumes may require such large portions of daily production be directly packaged for 

much of the season to avoid capital investment in long term storage. 

Another common bottleneck in many citrus processing plants is the feed mill.  The feed 

mill converts solid wastes remaining from production into pelletized cattle feed, allowing fruit 

inputs to continuously flow into the plant.  If waste products are not moved quickly through the 

feed mill, juice production must be slowed or stopped because there is no place to store newly 

produced waste.  A breakdown of feed mill equipment can lead to a complete stoppage of 

operation.
32

  Feed mill capacity dictates the volume of fruit inputs entering the plant during any 

given time period.  The natural gas powered dryers used in feed mills at most processing 

facilities are large, indivisible factors of production.  Because of the high expense of operation, 

processors attempt to run feed mill dryers as efficiently as possible, typically at full capacity.  

Processors adjust fruit input levels so that the expected waste volumes match the number of 

dryers in operation, maximizing dryer efficiency.  Under such processing conditions, a small 

increase in input volume may be avoided if it requires operating an additional dryer to process 

the extra waste.
33
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The capacity of juice extractors does not usually limit total plant capacity because 

processors typically have the ability to adjust the quantity and speed of extractors.  Extractor 

capacity is considered a “piece rate problem” in which the number of pieces and size of the 

incoming fruit determines capacity.  The number of extractors needed is set to match the 

expected fruit volume and fruit size.  For example, if fruit being processed is smaller than 

expected, the number of pieces per box will increase and the number of extractors set to process 

small fruit may need to be increased.  Increasing the number of small pieces of fruit and not 

adding small fruit processing capacity could lead to a plant slow down, decreasing juice yield.   

Late Harvest Limitations 

Mechanical harvesting of Valencia oranges after mid-May is problematic because many of 

the fruitlets comprising the following season’s crop will be removed with the mature fruit, 

decreasing the following year’s yields.  This late harvest problem negatively impacts production 

yields to such a large degree that mechanical harvesting typically ceases after May 15.
34

  

Abscission chemicals are currently being researched that lessen the negative yield impacts of late 

harvesting, but this technology is currently not commercially available (Blanco, 2009).  Until 

abscission chemicals are approved for use that reduce the force needed to remove mature fruit, 

all late harvesting must be done by hand crews.   

The inability of mechanical harvesters to operate effectively during the late season 

Valencia harvest period is a hindrance to widespread adoption of mechanical harvesters.  

Growers are concerned that large scale mechanical harvesting early in the season could displace 

much of the hand labor force, leaving an inadequate labor force to harvest fruit remaining after 
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mechanical systems are forced to shut down.
35

  One potential solution to the late season problem 

is to shorten the harvest season, ending the harvest by mid-May.  Some processors are concerned 

that ending the harvest early would significantly increase juice processing and storage costs.  

Juice from fruit traditionally harvested in late May, June, and July would have to be processed 

sooner and stored by the processor, instead of being stored on the tree.  Additional juice storage 

capacity would be required for each gallon produced beyond the industry’s peak storage 

capacity, potentially requiring large capital investment by processors.   

Summary  

The current system of operation has served the Florida orange juice industry well for the 

past few decades.  Producers continually reexamine these operational practices in an effort to 

remain competitive in world markets, looking for opportunities to lower their overall costs.  

Converting from a labor intensive hand harvest to a capital intensive mechanical harvest has the 

potential to lower production costs.  While several hindrances continue to stand in the way of 

mechanizing the harvest, necessary industry changes allowing for adoption of mechanical 

harvesters may allow the Florida citrus industry to remain competitive in world markets.  The 

following chapter examines how some other agricultural industries have addressed the decision 

to adopt new harvest technology.   
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Figure 2-1.  Fresh and processed orange utilization in Florida from the 1988-89 season to the 

2007-08 season, boxes (USDA, FASS, 2009a). 
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Figure 2-2.  Florida citrus industry processing intensity for 2005-06; monthly processing as a 

percentage of total season production (Florida Citrus Commission, 2007). 
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Figure 2-3.  Flow of fruit and juice movement. 
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Figure 2-4.  Pick and roadside harvest rates for Valencias from a sample harvesting company for 

2003-04 season (unpublished data collected by B. Hyman and F. Roka through 

personal interviews with harvesters, 2004). 
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Figure 2-5.  Process flow diagram of orange juice production, rectangles represent work stations 

and trapezoids represent storage points. 
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Figure 2-6.  Steps in the production of canned frozen concentrated orange juice (Matthews, 

1994). 
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Figure 2-7.  Chilled orange juice expressed in 'standard gallons' (11.8 degree Brix) for 2007 

(Florida Department of Citrus Processor Report, 2008). 
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Figure 2-8.  Chilled juice, net annual production from fruit, 2000-01 to 2005-06 (FCPA 

Statistical Summary, 2006). 
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Figure 2-9.  FCOJ, Net annual production from fruit, 2000-01 to 2005-06, gallons at 48 degree 

Brix (FCPA Statistical Summary, 2006). 
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Figure 2-10.  FCOJ production and storage, 2000-01 through 2005-06, gallons at 48 degree Brix 

(FCPA Statistical Summary, 2006). 
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Figure 2-11.  Chilled juice, gallons on hand from 2000-01 through 2005-06 (FCPA Statistical 

Summary, 2006). 
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Figure 2-12.  FCOJ, gallons on hand from 2000-01 through 2005-06, gallons at 48 degree Brix 

(FCPA Statistical Summary, 2006).  
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Figure 2-13.  Chilled juice production and storage, 2000-01 through 2005-06 (FCPA Statistical 

Summary, 2006). 
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Table 2-1.  Estimated average picking, roadsiding, and hauling charges for Florida citrus –2003-

04 through 2005-06. 

 Fresh fruit Processed fruit 

 2003-04 2004-05 2005-06 2003-04 2004-05 2005-06 

       

Picking Charges: -----$/Box----- -----$/Box----- 

Early and Mid-Season 

Oranges 0.84 0.954 1.048 0.772 0.829 0.982 

Valencia Oranges 0.84 0.938 1.094 0.791 0.87 1.055 

Pink/Red Grapefruit 0.658 0.739 0.78 0.59 0.668 0.736 

White/Marsh Grapefruit 0.633 0.744 0.741 --- --- --- 

Temples/Tangelos 0.95 1.163 1.167 0.851 1.043 1.203 

Tangerines 1.563 1.529 1.598 --- --- --- 

Add for Spot Picking --- 0.314 0.175 --- --- --- 

       

Roadsiding Charges: -----$/Box----- -----$/Box----- 

Early and Mid-Season 

Oranges 0.86 0.895 1.038 0.801 0.817 0.963 

Valencia Oranges 0.868 0.899 1.074 0.817 0.836 1.011 

Pink/Red and 

White/Marsh Grapefruit 0.755 0.847 0.835 0.62 0.793 0.877 

Temples/Tangelos 0.938 1.003 0.92 0.833 0.89 1.062 

Tangerines 1.155 1.095 1.143 --- --- --- 

       

Hauling Charges: -----$/Box----- -----$/Box----- 

0-30miles 0.41 0.417 0.459 0.392 0.393 0.428 

31-50miles 0.46 0.512 0.561 0.457 0.464 0.498 

51-80miles 0.553 0.573 0.697 0.53 0.515 0.632 

81-100miles 0.625 0.64 0.792 0.57 0.632 0.735 

100+miles 0.687 0.746 0.989 0.625 0.728 0.84 

SOURCE: Ronald P. Muraro, University of Florida/IFAS, Citrus Research and Education 

Center, Lake Alfred, FL, August 2006. 
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Table 2-2.  Largest Florida orange juice processors operating during the 2003-04 season. 

Processor Location Percentage of production 

Cargill Juice, North America Frost Proof, Avon Park 11.35% 

Citricuco, North America Lake Wales 9.26% 

Citrus Belle Labelle 2.26% 

Citrus World, Florida’s Natural Lake Wales, Bartow 8.11% 

Cutrale Citrus Juices U.S.A Auburndale, Leesburg 16.30% 

Holly Hill Fruit Products Davenport 11.13% 

Juice Bowl Lakeland 0.58% 

Louis Dreyfus Citrus Winter Gardens, Indiantown 0.29% 

Peace River Citrus Products Bartow, Arcadia 6.66% 

Silver Springs Citrus Howey-in-the-Hills 1.60% 

Southern Gardens Citrus Clewiston 9.22% 

Tropicana Bradenton, Ft. Pierce 23.25% 

SOURCE: R. Hunter, 2006, Unpublished data of annual production estimates for Florida citrus 

processors. 

 

Table 2-3.  Minimum maturity standards for Florida oranges for processing. 

Date Minimum standards 

August 1 – October 31 50% color break 

Total soluble solids not less than 9.0% 

Brix/Acid Ratio as defined in s. 601.20 

Acid Percentage not less than 0.4% 

Juice Content not less than 4.5 gallons per box  = A juice 

percentage of 43% as a weight/weight measure should 

meet minimum requirements of 4.5 gallons per box 

(Wardowski et al., 1999, p.3, Quality Tests for Florida 

Citrus)  

November 1 – November 15 50% color break 

Total soluble solids not less than 8.7% 

Brix/Acid Ratio as defined in s. 601.20 

Acid Percentage not less than 0.4% 

Juice Content not less than 4.5 gallons per box 

November 16 – November 30 50% color break 

Total soluble solids not less than 8.5% 

Brix/Acid Ratio as defined in s. 601.20 

Acid Percentage not less than 0.4% 

Juice Content not less than 4.5 gallons per box 

December 1 – July 31 Total soluble solids not less than 8.0% 

Brix/Acid Ratio as defined in s. 601.20 

SOURCE: Florida Statutes,  2006.  Title XXXV (Agriculture, Horticulture, and Animal 

Industry), Chapter 601 (Florida Citrus Code), 601.19 Oranges; maturity standards. 
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Table 2-4.  Minimum Brix/Acid Ratio standards, as related to total soluble solids; minimum 

ratios of solids to acid. 

Total soluble solids Minimum Brix/Acid Ratio 

≥ 8.0% and < 8.1% 10.50 to 1 

≥ 8.1% and < 8.2% 10.45 to 1 

≥ 8.2% and < 8.3% 10.40 to 1 

≥ 8.3% and < 8.4% 10.35 to 1 

≥ 8.4% and < 8.5% 10.30 to 1 

≥ 8.5% and < 8.6% 10.25 to 1 

≥ 8.6% and < 8.7% 10.20 to 1 

≥ 8.7% and < 8.8% 10.15 to 1 

≥ 8.8% and < 8.9% 10.10 to 1 

≥ 8.9% and < 9.0% 10.05 to 1 

≥ 9.0% and < 9.1% 10.00 to 1 

≥ 9.1% and < 9.2% 9.95 to 1 

≥ 9.2% and < 9.3% 9.90 to 1 

≥ 9.3% and < 9.4% 9.85 to 1 

≥ 9.4% and < 9.5% 9.80 to 1 

≥ 9.5% and < 9.6% 9.75 to 1 

≥ 9.6% and < 9.7% 9.70 to 1 

≥ 9.7% and < 9.8% 9.65 to 1 

≥ 9.8% and < 9.9% 9.60 to 1 

≥ 9.9% and < 10.0% 9.55 to 1 

≥ 10.0% and < 10.1% 9.50 to 1 

≥ 10.1% and < 10.2% 9.45 to 1 

≥ 10.2% and < 10.3% 9.40 to 1 

≥ 10.3% and < 10.4% 9.35 to 1 

≥ 10.4% and < 10.5% 9.30 to 1 

≥ 10.5% and < 10.6% 9.25 to 1 

≥ 10.6% and < 10.7% 9.20 to 1 

≥ 10.7% and < 10.8% 9.15 to 1 

≥ 10.8% and < 10.9% 9.10 to 1 

≥ 10.9% and < 11.0% 9.05 to 1 

≥ 11% 9.00 to 1 

SOURCE: Florida Statutes,  2006.  Title XXXV (Agriculture, Horticulture, and Animal 

Industry), Chapter 601 (Florida Citrus Code), 601.20 Oranges. 
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Table 2-5.  Minimum maturity standards for Florida processed juice and concentrate. 

Processed product Standards for Grade A 

Juice Total Score minimum of 90 points 

Ratio from 12.5:1 to 20.5:1 

Degree Brix minimum of 11.0 degree 

Recoverable oil maximum of 0.035% 

FCOJ Total Score minimum of 90 points 

Ratio from 12.5:1 to 19.5:1 

Concentrate degree Brix minimum of 41.8 degree 

Reconstituted degree Brix minimum of 11.8 degree 

Recoverable oil maximum of 0.035% 

FCOJ for Manufacturing Total Score minimum of 90 points 

Ratio from 8.0:1 to 24:1 

Concentrate degree Brix minimum of 20.0 degree 

Reconstituted degree Brix minimum of 11.8 degree 

Juice from Concentrate Total Score minimum of 90 points 

Ratio from 12.5:1 to 20.5:1 

Degree Brix minimum of 11.8 degree 

Recoverable oil maximum of 0.035% 

SOURCE: U.S. Federal Register. 

 

 

Table 2-6.  Certain orange juice: reported U.S. production capacity, production, and capacity 

utilization, crop years 2001/02-2004/05.  

Crop year 2001/02 2002/03 2003/04 2004/05 

FCOJM:     

Capacity (1,000 pounds solids) 1,031,378 970,967 1,063,520 972,247 

Production (1,000 pounds solids): 938,152 669,838 934,019 421,083 

Capacity utilization (percent) 91.0 69.0 87.8 43.3 

NFCOJ:     

Capacity (1,000 pounds solids) 614,262 674,674 627,120 718,393 

Production (1,000 pounds solids): 467,385 556,265 531,322 544,323 

Capacity utilization (percent) 76.1 82.4 84.7 75.8 

Total:     

Capacity (1,000 pounds solids) 1,645,640 1,645,641 1,690,640 1,690,640 

Production (1,000 pounds solids): 1,405,537 1,226,103 1,465,341 965,406 

Capacity utilization (percent) 85.4 74.5 86.7 57.1 

SOURCE: USITC, 2006, compiled from data submitted to Commission questionnaires. 
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CHAPTER 3 

CONCEPTUAL AND THEORETICAL FRAMEWORK: AN APPROACH TO ANALYZING 

THE ECONOMIC IMPACTS OF ADOPTING MECHANICAL CITRUS HARVESTERS  

Introduction 

The objective of this study is to evaluate coordination issues and assess the expected 

economic impact of adoption of mechanical citrus harvesters on the Florida orange juice 

industry.  This analysis draws from and expands upon analytical techniques developed 

previously to investigate markets for perishable agricultural commodities used for processing, 

including oranges, tomatoes, asparagus, and grapes.  First, an outline of previously published 

research foundations for this study is presented.  Then, specific examples of empirical estimation 

techniques used in evaluating similar problems are discussed.  Lastly, assessment techniques 

used to evaluate estimation results are reviewed.    

The first part of this chapter addresses published literature on new technology adoption, 

operations research, and harvest operations.  Fundamental economic theory, the foundation upon 

which this analysis is built, is identified, and examples are provided of how this theory has been 

applied to similar problems.  Additionally, because this analysis is part of a larger systems 

approach to investigating mechanical harvester adoption, previous examples are presented of 

researchers successfully using a systems approach to problem solving.   

The techniques used in this analysis to estimate the economic impacts of adoption are then 

described.  These techniques require an understanding of both mathematical programming 

models and the ability to properly define the explanatory variables used in the estimation.  

Previously published works using mathematical programming approaches to assess the economic 

impacts of harvest are presented, including models of the California tomato harvest, the Brazilian 

orange harvest, and the Washington asparagus harvest (Durham, Sexton, and Song, 1996; 

Caixeta-Filho 2006; Cembali et al., 2007).  Economic models used in these and similar 
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estimations are described in detail.  Expressions for total revenue, labor and non-labor processing 

costs, harvest costs, transportation costs, and product storage costs are replicated from available 

literature to be used as bases for the empirical estimations.  

Lastly, empirical results from this analysis are assessed under the theoretical framework of 

optimality and efficiency.  The Kaldor-Hicks compensation criteria used to assess the economic 

outcome of the adoption decision are explained in this section.  The incremental development of 

these criteria is detailed, and a graphical example comparing two different outcomes is 

presented. 

New Technology Adoption 

The theory of new technology adoption and diffusion of innovations has been reported on 

extensively, with Rogers (1983) developing much of the foundation for this work.  Rogers 

defines diffusion as the process through which new innovations are communicated over time 

among individuals within a social network.  Through the innovation-decision process, 

individuals learn of these new innovations, form an opinion about the innovation, decide to 

accept or reject, implement the innovation, and finally confirm their decision.  Adoption is then 

defined as the step in the innovation-decision process where an individual decides to make full 

use of the innovation.  The rate of adoption is described for both the relative speed at which an 

individual adopts the innovation and the relative speed at which a particular innovation is 

adopted.  The relative speed with which individuals adopt a new product allows for the 

characterization of each adopter as to their innovativeness.  Rogers defines innovators as the first 

individuals to adopt, followed by early adopters, early majority, late majority, and laggards.  A 

cumulative frequency plot of individual adopters typically follows an s-shaped function over 

time, varying due to the unique characteristics of each new innovation.  Characteristics 

determining the rate of adoption include the innovations relative advantage, compatibility, 
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complexity, trialability, and observability.  Relative advantage, or profitability, and compatibility 

are generally agreed to be the most influential attribute characteristics of an innovation in 

determining new technology adoption rates by U.S. farmers (Dixon, 1980).  The time required 

for individuals to adopt has been further studied, with Bass (1969) presenting a growth model for 

the timing of new product purchase.  The relative speed with which an innovation is adopted is 

determined by the specific attributes of the innovation.  Relative advantage, compatibility, 

complexity, trialability, and observability are defined as the five characteristics of an innovation 

that determine the speed of adoption.  The relative advantage of an innovation is the perceived 

improvement it provides as compared to the superseding technology.  Estimating the degree of 

relative advantage that adoption of mechanical harvesting brings to the orange juice processing 

industry, expressed as decreased cost or increased profitability, is the central theme of the 

following discussion. 

Operations Research 

The operations research approach to optimization is used to measure the impact of 

mechanical harvesting to the Florida citrus industry.  This framework is tailored to applied 

problem solving involving complex coordination structures within an organization or industry.  

These techniques apply naturally when examining the intricate workings of the citrus processing 

industry, melding grower, harvester, and processor financial objectives with the biological, 

mechanical, and logistical constraints.  Hillier and Lieberman (1974) describe operations 

research style studies as usually beginning with extensive observation of the organization, with 

the goal of fully understanding the nature of its operational structure.  From the knowledge 

gained through observation and investigation, a mathematical programming model is formulated 

to capture the fundamental characteristics of operation, incorporating operational aspects of the 

problem being addressed.  The mathematical programming approach is commonly used for 
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economic problems consisting of a large number of variables and restrictions on those variables 

which can be imposed as inequality constraints.  Resource availability and production capacity 

limitations are examples of constraints more easily expressed with math programming than with 

differentiable relationships (Thompson and Thore, 1992).  It can then be hypothesized that this 

economic model sufficiently represents an actual situation such that conclusions drawn from 

modeling results are assumed to be valid insights to a real problem.  McCarl and Spreen (2007) 

refer to such usage of numerical mathematical programming as the “prediction of 

consequences”.  The development of similar operations research techniques and modeling tools 

to be used as formal planning aids for agricultural production managers has increased in recent 

years (Ferrer et al., 2007).  Ferrer credits increased adoption of more capital intensive 

agricultural production technologies and improved mathematical programming techniques as 

stimuli for the continued development of such tools.  Referenced models include a planning 

model for the fruit industry (Masini, 2003), a delivery planning model for a large meat processor 

(Bixby, Downs, and Self, 2006), and a model to determine optimal postharvest handling of fresh 

vegetable crops (Alcotti, Araujo, and Yahya, 1997).   

The original operations research paper making the stretch into agricultural research was C. 

W. Thornthwaite’s (1953) report on Seabrook Farm’s pea harvest.  Thornthwaite’s research was 

one of the first reports to focus on adjusting industry operations to optimize returns from harvest.  

His initial observations of Seabrook revealed a production operations system in which the 

harvest logistics were poorly planned and inefficient.  Harvest typically started too early and 

available capital was strained by unreasonable daily capacity objectives.  Harvesting and 

processing schedules quickly fell behind.  A poorly orchestrated harvest resulted in large 

portions of labor being overpaid for overtime work, lost product due to lack of processing 
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capacity, and product yield far from optimal.  After observing a season of operation, 

Thornthwaite addressed these problems by developing a harvest schedule that would optimize 

yield quantity and quality.  He then adjusted farm operations to fulfill this optimal schedule.  

Processing capacity was the initial binding constraint to be addressed.  Working backwards from 

a given and fixed processing capacity, estimates were developed for the crop acreage to be 

harvested during each period.  The targeted acreage of harvested crop coincided with processing 

and harvesting volume capabilities.  A planting schedule was then developed to produce a crop 

of the desired acreage and quality at the scheduled time of harvest.  The system ensured full 

utilization of harvesting and processing equipment, which resulted in increased output quantity, 

improved product quality, and a reduction in overall unit costs.  Thornthwaite’s model achieved 

efficiency gains by optimizing planting schedules, extending the harvest season, reducing capital 

requirements for harvesting and processing, and minimizing labor costs.   

Thornthwaite’s original research was reviewed and expanded upon by Kreiner (1994).  

Kreiner decreed Thornthwaite’s paper as the first agricultural application of operations research 

field analysis, which until then had been used predominantly for military logistics.  Kreiner 

defines field analysis as the practice of operations research in which an analyst directly observes 

operations and learns the specific science and engineering constraints of the business process.  

He suggests one of the most important observations made through Thornthwaite’s field analysis 

was the identification of management’s previously chaotic approach to harvesting as a key cause 

of inefficient operation.  While the industry as a whole viewed this inefficiency as an acceptable 

cost of operation, Thornthwaite recognized that a system of uncoordinated planting, harvest, and 

processing used was the root of the production problems.  The operating model implemented by 

Thornthwaite resulted in improvements to the efficiency throughout production agriculture.  His 
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production model is still used wholly, or in part, by present day agricultural managers to 

schedule daily operations. 

Another key characteristic of operations research is the broad systems approach used for 

problem solving, bringing together experts from a wide knowledge base to simultaneously 

research different aspects of the problem.  This type of systems approach to problem solving was 

used successfully to mechanize the tomato harvest in California.  As described by Rasmussen 

(1968), the successful industry-wide adoption of the tomato harvester required changes across all 

facets of industry operation.  The complete overhaul of the processed tomato industry to 

incorporate mechanical harvesting technology within a few years was made possible because 

engineers, horticulturalists, agronomists, and irrigation specialists worked simultaneously to 

change industry operation in a way that was agreeable to both tomato growers and processors.  

Fearing an increase in the cost of labor, the California tomato industry was able to end their 

reliance on hand picking labor and mechanically harvest the entire season’s crop within ten years 

of harvester development (Chern and Just, 1978).  In addition to the technological advancements 

that allowed for industry-wide adoption, processors subsidized the cost of incorporating the new 

technology within the initial crops and are credited with expediting the rate of adoption.  Further, 

processors relaxed quality standards for raw tomato inputs and altered some aspects of 

processing to advance technological change.  A coordinated systems approach to mechanical 

harvesting by the California processed tomato industry achieved economic results not possible 

by any single industry player (Schmitz and Seckler, 1970). 

Mathematical Programming Model 

The framework of operations research follows that information gained through observation 

is mathematically formalized and analyzed with math programming techniques.  Typical 

operations research problems consist of large sets of constraints and physical capacity limitations 
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resulting in many inequality constraints.  The most straight forward way to solve such 

optimization is often through math programming.  Examples of optimization with math 

programming are readily available in the agricultural harvest literature.  These models differ 

from biological studies estimating factors effecting crop yield by instead assuming a biological 

growth function and then optimizing economic returns from harvest.  The following discussion 

outlines programming models used to analyze the California tomato harvest, the Brazilian orange 

harvest, and the Washington asparagus harvest. 

The processed tomato industry has been studied extensively with respect to optimizing 

production with industry-wide adoption of mechanical harvesters (Brandt and French, 1983; 

Hopper and Folwell, 1999; Durham, Sexton, and Song, 1996; Huang and Sexton, 1996).  

Durham, Sexton, and Song provide one such example of optimizing the allocation of inputs for 

the California processed tomato industry using a mathematical programming model.  Their study 

compares the returns to the industry when operating under an estimation of the actual allocation 

of inputs verses returns when operating under an estimated efficient allocation, reporting the 

estimated gains or losses to the industry.  Their analysis attempts to optimize input allocations 

between growers and processors, and transportation efficiency.  Durham, Sexton, and Song 

distinguish between high and low quality products for both inputs and outputs.  The quality of 

raw inputs is determined by the soluble solids concentration of the tomatoes and the quality of 

output products is determined by the type of production plant, producing either bulk tomato paste 

or a mix of diversified tomato products.  The model allocates tomato inputs among processing 

plants based on facility size, type, and location, with the objective of maximizing variable profits 

to the industry.  Variable profits are defined to be the aggregate revenue from product sales less 



 

94 

processing and transportation costs.  This formulation yields Equations 3-1 through 3-4, the 

mathematical programming model for maximizing California processing tomato industry profits. 

Maximize  
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In the profit function (Eq. 3-1), Π represents total annual variable profit with t representing the 

weekly time period.  TR represents total weekly revenue from the sale of processed goods and 

TC is the total operating and processing costs per week with j representing a diversified 

processing plant and k representing a tomato paste plant.  TTC is the total transportation cost per 

week where n denotes both diversified and bulk paste plants.  Equation 3-2 simulates processing 

capacity constraints, where XL is the tonnage of low soluble solids raw tomato inputs and i 

represents the geographic region, XH is the tonnage of high soluble solids raw tomato inputs, 

and CAP represents the capacity of each processing plant.  For the low and high quality input 

volume constraints (Eq. 3-3 and 3-4), NL represents the low soluble solid input supply 

limitations and NH represents the high soluble solids input supply limitations. 

Caixeta-Filho (2006) presents a similarly constructed linear programming model, shown in 

Equations 3-5 through 3-8, estimating returns from the Brazil orange harvest.   
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The Brazilian model maximizes a profit function (Eq. 3-5) estimating the total margin toward 

profit (M), defined as the sum of returns from the sale of orange juice solids (RSS), less 

transportation costs (CTOTTR) and harvest costs (CTOTCOLH), where PSS is the price of 1 kg 

of soluble solids, PROij is the value of production for grove i in month j, TSSij is the content of 

soluble solids for grove i in month j, Tij is the proportion of grove i harvested in month j, CUT is 

the transportation cost, DISTi is the distance of grove i from the industry, and CUCi is the 

harvesting cost of grove i.  The profit function is constrained by requiring the monthly volume of 

boxes processed (PROCMES) to be less than or equal to monthly industry capacity (CAP) (Eq.3-

6), by forcing the Brix to acid ratio (RATIO) of processed juice to be within a specified 

acceptable range (RATIOMIN, RATIOMAX) (Eq.3-7), and by allowing each grove to be 

scheduled for harvest (CRONOTAL) only once (Eq. 3-8).  This model differs from the Durham, 

Sexton, and Song mathematical programming model because it does not include any costs or 

revenues accruing to processors.  Caixeta-Filho instead focuses on grower returns, including 

revenues from the sale of juice and costs to harvest and transport fruit inputs.  Including the 

harvest scheduling constraint allows the model to simulate the static, single harvest per season 
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nature of the citrus harvest.  Inputs were viewed in terms of soluble solids in both models, but 

Caixeta-Filho used an estimated pound solid production value for each month, instead of 

separating into high and low soluble solid inputs. 

A third harvesting simulation analysis reported by Cembali et al. (2007) maximizes a profit 

function for asparagus growers.  Equations 3-9 through 3-11 detail returns to Washington 

asparagus growers in a model similar to the Brazilian orange harvest model.  Asparagus grower 

profits are defined as the revenue from sales of asparagus harvested during each time period 

(H(t)) less the harvest cost at each time period (Eq. 3-9).  

Maximize 
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)()()()1()( tHtEtNtNii        (3-11) 

Unit selling price is represented by p and the unit cost of harvest is represented by the function 

r(H(t)), expressing unit harvest costs as a function of harvest volume.  The payable weight of the 

asparagus harvested during each time period is PW(CR(t)) and a discount rate is included in this 

formulation to account for the time value of returns.  Equation 3-10 constrains the volume of 

carbohydrates removed during harvest, where W(CR(t)) is the total weight of spears at time t, 

and σ is the transformation coefficient of carbohydrates into fresh asparagus weight.  

Additionally, Equation 3-11 requires that the spears available for harvest equal the difference 

between the number of newly emerged spears and the number of spears harvested.  The 

bioeconomic model described by Cembali et al. simulates the daily asparagus harvest volume, 

yield, profit, and cost of harvest for Washington asparagus growers.  This model accounts only 

for the grower profit, excluding revenue and costs associated with processing.  An important 
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distinction of Cembali’s model is the dynamic framework used to simulate daily biological 

changes caused by the harvest.  A dynamic modeling framework is necessary in this case 

because only a few mature stalks are removed from the plant at each harvest.  The harvest 

volume in a particular time period, therefore, affects the yield of subsequent harvests.   

The dynamic biological characteristics differ for agricultural crops harvested only once per 

season, as shown in the static modeling procedures used by Durham, Sexton, and Song, and 

Caixeta-Filho.  A dynamic model could, however, be used to analyze cross seasonal effects on 

the harvest of crops harvested only once per season.  While orange trees are harvested only once 

per season, the date of harvest may affect the following season’s crop yield.  Delaying harvest 

and holding fruit on the tree may reduce the crop yield in the subsequent season.  This alternate 

bearing of crop yields could be modeled by adapting the dynamic approach used by Cembali et 

al. to estimate asparagus yield. 

Explanatory Variables 

Programming models presented by Durham, Sexton, and Song, Caixeta-Filho, and 

Cembali et al. are designed to maximize profit function, subject to physical limitations.  Each 

component of the three previously presented objective functions can be further described, 

detailing revenue calculations and each cost component.  Understanding how profit components 

have been estimated with respect to different crops and different characteristics of production 

will aid in development of a function estimating orange juice industry profits.  

Durham, Sexton, and Song derive the components of total revenue by showing weekly 

total revenue to be a function of the value of diversified (D) tomato output per ton of raw inputs, 

P
D
, the value of processed paste output (P) per ton of raw input, P

P
, the tons of raw inputs, XL 

and XH, and a plant type specific conversion factor for the increased level of output production 
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from high solids inputs, δ
D
 and δ

P
.  Equation 3-12 represents weekly total revenue to the 

processor from processed product sales. 
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Total revenues to the industry are therefore determined by summing of revenues from sales of 

high and low quality output products.  The revenues accruing solely to tomato growers cannot be 

determined in this model as they are in the Caixeta-Filho model for Brazilian orange growers.  

Returns to Brazilian orange growers are shown in Equation 3-13 as a function of the price per 

kilogram of soluble solids (PSS), the value of the production function in boxes (PROij), the 

soluble solid content per box (TSSij), and the portion of grove harvested (Tij).  


i j

ijijij TTSSPROPSSRSS         (3-13) 

This formulation calculates revenue from soluble solid production by multiplying the price per 

kilogram-solid by the monthly kilogram-solid production in each grove. 

Processing costs are then defined by Durham, Sexton, and Song as the sum of labor and 

non-labor costs to transform raw tomato inputs into either bulk paste or a diversified mix of 

processed products.  These costs are estimated separately, based specifically on the type of 

output product being produced.  For diversified production plants, labor costs were estimated by 

adjusting data from previous processing cost study (Logan, 1984) to represent current costs for 

plants of various sizes.  A continuous function for labor costs was then estimated by regressing a 

log-linear average cost function on the point estimates of unit costs, where LCD represents the 

labor cost in a differentiated plant and X represents the summed volume of low and high soluble 

solid inputs.  This formulation yields the log-linear unit cost function for labor shown in 

Equation 3-14. 
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XXLCD ln)/ln(           (3-14) 

This function produces unit labor cost estimates that decrease logarithmically as the weekly 

volume of production increases.  This cost function is consistent with the increasing returns to 

scale expected as the size of production facilities increase. 

For bulk paste production plants, labor costs per unit output were estimated by assuming a 

less flexible system of operation, requiring full capacity processing throughout the operational 

season.  Because of the relatively fixed, continuous operation requirement of paste processing 

plants, the function for average unit labor cost was assumed to more closely approximate a 

rectangular hyperbola.  Labor cost per week for the bulk past plant could then be assumed equal 

to full labor costs per ton of raw input (C*) when operating (Eq. 3-15), and zero direct labor 

costs when not operating.  

*kk

P CLC             (3-15) 

Labor cost as a continuous function of input is estimated by allowing for the transformation 

shown in Equation 3-16, where LCP approaches the cost per ton as X becomes large and the 

parameter h is directly related to the rate of asymptotic approach. 

})exp{1(* kkk hXCLCP          (3-16) 

Unit labor costs were estimated separately for three different sized plants to account for scale 

variations.   

Non-labor costs of production were also estimated by Durham, Sexton, and Song for 

California tomato production, again drawing costs from the report by Logan and updating to 

reflect prices in the study’s base year, 1989.  Non-labor costs were estimated as a constant unit 

cost for each unit of input.  Combining the functions for labor and non-labor costs yields the total 

cost function for weekly operation of a diversified product processing plant (Eq. 3-17), where 
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ε
DL

 and ε
DH

 are the estimated non-labor unit costs of processing low and high solid inputs 

respectively. 
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Combining labor and non-labor production costs yields (Eq. 3-18) the total weekly cost function 

for a bulk paste plant. 
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Caixeta-Filho did not analyze orange processing costs. Harvest costs were included in an 

objective function of profits from Brazilian orange harvest.  Harvest costs (CTOTCOLH) were 

defined as the unit cost to harvest (CUCi) a box of fruit from grove i, times the volume of boxes 

harvested from each grove (PROijTij).  Summing costs across all i groves and j time periods 

yields the total season cost of harvest, shown in Equation 3-19. 

 ijiji TPROCUCCTOTCOLH         (3-19) 

Chern (1969) attempted to estimate processing plant cost functions for orange juice 

processing in Florida.  Chern estimated both discontinuous and continuous processing cost 

functions, describing the task as the “most difficult aspect of the study…due to the lack of 

available data and the lack of previous empirical research.”  Chern stated that the cost function of 

a food processing facility must be discontinuous due to the indivisibility of capital used in 

processing and fixed nature of the many input costs.  This operational structure produces a 

stepwise total plant cost curve that is not easily incorporated into a mathematical programming 

model.  Like Durham, Sexton and Song, Chern regressed a continuous function across this 

stepwise cost data to estimate a continuous function approximating industry costs.   
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Using a dynamic approach to estimating harvest costs, Cembali et al. defined the total cost 

to harvest asparagus (Eq.3-20) as the volume harvested each time period (H(t)) times the unit 

harvest cost (r), where unit cost was a function of harvest volume (r(H(t))).  

)())(( tHtHrtHarvestCos           (3-20) 

This formulation can account for the economies of scale often gained as larger quantities of an 

agricultural product are harvested from a fixed acreage.  In such cases, the higher density of 

product to be harvested will lower the per unit cost of harvest.  This dynamic cost is realized in 

the citrus industry when growers are charged a higher per box price to pick fruit from a low 

yielding grove than a high yielding grove.  Despite this theoretical formulation of harvest cost, 

empirical estimations by Cembali et al. assumed a single fixed unit cost of harvest for both 

manual and mechanical harvesting.  No explanation was given for assuming a fixed cost, but 

such simplification is often necessary due to computational difficulties and limitations of 

available data. 

Finally, Durham, Sexton , and Song estimated total transportation costs by calculating the 

per ton cost, Ci
n
, to ship between each region.  The total shipping cost can then be estimated by 

multiplying the cost schedule times the input volume shipped between each region, and summing 

across all regions.  Equation 3-21 estimates the total weekly transportation costs as a function of 

inputs. 
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Similarly, Caixeta-Filho estimates total transportation costs (CTOTTR) as the cost to transport 

all fruit to the processing facility, shown in Equation 3-22.   

 
i j

ijiji TPRODISTCUTCTOTTR         (3-22) 
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CUTi is the cost function per box to transport fruit one kilometer, DISTi is the distance of grove i 

from the processing facility, and PROijTij is the volume of boxes harvested from each grove 

during each time period.  Summing costs across all i groves and j time periods yields the total 

transportation cost. 

The costs associated with product storage are an additional cost component important for 

many food manufacturing operations.  While not presented in the previously outlined production 

models, storage of raw inputs, intermediate products, and finished products must be addressed by 

production managers producing a wide variety of goods, including agricultural goods, chemical 

manufacturing, and fuel production.  Storage capacity allows processors to smooth seasonal 

fluctuations in both input availability and output demand, attempting to optimize facility 

operations (Hoffman, 1973).  Research establishing the foundation of storage costs theory as it 

applies to food manufacturing is based historically on the theory of dams (Meyer, Rothkopf, and 

Smith, 1979).  Dams are modeled under the assumptions of an unknown independent input 

volume into a reservoir of fixed capacity, and a controllable but constrained output volume.   

These assumptions from dam theory are then expanded to allow for modeling of the 

manufacturing process.   

Meyer, Rothkopf, and Smith list the three key components of modeling storage and 

inventory as output demand rate (D), input supply rate (M), and storage capacity (X).  Figure 3-1 

shows four possible cases when viewing storage over time, with varying output rates, input rates, 

and storages availability.  Storage replenishing rates (V) shown in each case are defined as the 

difference between the input rate and the output rate (Eq. 3-23). 

DMV             (3-23) 
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The cyclical nature of storage is shown in each case as the volume of inventory on hand 

undulates over time, where T is defined to be the time of manufacturing operation and T' is 

defined as downtime.  Case 1 shows storage management with seasonal carryover and inventory 

levels at full storage capacity for an extended period of time, requiring input and output volumes 

to be equal during the time of operation.  If Case 1 represented an orange juice production 

facility, time zero depicts a situation near the end of a processing season during which all tank 

capacity is full and there is no change in storage volume.  All output produced during this time 

must come directly from processed fruit inputs.  During time period T’, which represents the 

production off season, processing ceases and plant outputs come from stored juice at a rate of D.  

The beginning of time period T represents the start of the next production season and the 

difference between production and output is the rate of storage replenishment (V).  The volume 

of juice remaining in storage at the beginning of the season, or inventory carryover, is equivalent 

to the total available storage volume (X), less the output rate times the length of the off season 

(T’D).  Case 1 is distinguished by both full use of available storage and inventory carryover, 

conditions most likely realized during NFC producers.  Production and storage in Case 2 is 

similar to Case 1 except that inventory levels are allowed to go to zero, defined as a stockout, 

during the period of operational shutdown.  Stockouts are also seen in Case 3, but unlike Case 2 

inventory levels never reach full storage capacity.  Such cases are not typical of orange juice 

production, as processors typically avoid complete stockouts which result in the complete 

disruption of juice outputs.  Inventory levels in Case 4 never reach full capacity and are never 

fully depleted.  The inventory level Io, seen in Case 4, represents inventory carryover, stocks that 

remain in storage at the beginning of the next operational cycle.  Current FCOJ inventory cycles 
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are most similar to Case 4, with a base volume of carryover and peak storage volumes below 

available capacity.   

Ross (1973) reviews some of the mathematical modeling tools processors use to evaluate 

storage capacity to make sound decisions as to the volume of storage best fittings their 

operational needs.  Defining storage as a profit-producing asset used to absorb fluctuations in 

products due to patterns in receipts, operational downtime, and seasonal storage; Ross explains 

that incorrectly sized storage facilities, either too small or too large, will negatively impact 

profitability.  Too much storage ties up excess capital, limiting future investments and increasing 

costs for holding excess inventory.  Too little storage limits plant operation, potentially causing 

plant shutdowns, necessitating temporary and more expensive off-site storage and additional 

management responsibilities.  Limited storage capacity may also lead to fundamental changes in 

non-storage related plant operations, such as shipping or receiving operations, resulting in 

decreased profits.  In such cases, limited storage capacity can go unrecognized as the cause of 

profit reductions, while other plant functions are cited as the culprit.  Ross explains that while 

storage catastrophes such as overflow or stockout rarely occur at processing facilities, processors 

more often face the cost associated with avoiding catastrophes.  These avoidance costs are much 

more difficult to assess because they are seldom calculated explicitly and are not usually 

available or considered when storage capacity decisions are being made.  

In an attempt to value storage capacity, Ross briefly outlines a Monte Carlo simulation 

modeling approach that incorporates both the direct costs of building and maintaining storage, as 

well as indirect costs associated with using alternatives storage when capacity problems arise.  

This cost structure relates all important plant operating factors to the returns from operation and 

incorporates variability from uncertain factors of production.  While this model does not attempt 
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to optimize operation, it could be used to develop tools to evaluate the consequences of storage 

decisions. 

The agricultural harvesting literature contains vast examples of detailed mathematical 

approximations of total revenues, labor and non-labor processing costs, harvest costs, 

transportation costs, and storage costs, each of which is used to estimate grower or processor 

profits.  Previously outlined examples represent only a small sample of the studies most pertinent 

to estimating the revenues and costs of the orange juice industry.  Chapters 5 and 6 of this study 

build upon these previous studies by combining pieces from each model into a single profit 

function intended to simulate orange juice industry profits.  Maximizing this profit function 

under different sets of industry operational assumptions simulates optimal industry operation 

within each scenario, including various levels of mechanical harvester adoption. 

Optimality and Efficiency 

To accomplish the research objective of assessing the economic impact of adoption of 

mechanical citrus harvesters, an acceptable assessment method is needed to evaluate estimation 

results.  Total changes in revenues and costs to the orange juice industry as a whole are necessary 

but not sufficient to assess the impact of adoption.  The industry is not completely vertically 

integrated, such that a change in operation may result in increasing industry profits, with one 

industry group gaining while the other group loses.  Determining the impacts on each group, 

growers and processors, is sufficient to assess the impact on the industry as a whole. 

One possible assessment method could involve comparing the utility of each party before 

and after adoption.  The use of utility theory to value the economic impacts from technological 

advancement is problematic, however, because of the ordinal nature of the utility concept and the 

inability to compare across individuals.  Working to solve this problem, Vilfredo Pareto 

suggested the concept of Pareto optimality, which states that a situation is optimal if, by 
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reallocating payouts, one party cannot be made better off without making the other party worse 

off (Pareto, 1906; Fonseca, 2007).  This concept of efficiency was further explained by Maurice 

Allais (1943) (Fonseca, 2007), who explained that an allocation is a Pareto optimal allocation if a 

distributable surplus does not exist.   The existence of a distributable surplus would suggest that 

economic actors could make changes to increase efficiency and capture additional surpluses.  A 

somewhat weaker principle to Pareto optimality is the idea of Pareto improvements.  A Pareto 

improvement suggests an incremental reallocation in which one party is made better off without 

making the other party worse off.  This principle makes no claims on optimality, only that the 

reallocation is favorable or more efficient that the original allocation. 

The central drawback to viewing economic efficiency and optimality in a Pareto 

framework is that very rarely is it possible to make a change in which no party is made worse 

off.  Sir John Richard Hicks (1939) and Nicholas Kaldor (1939) attempted to overcome this 

shortcoming by adding the idea of hypothetical compensation to the Pareto principle.  Kaldor 

proposed that a reallocation is more efficient if winners are hypothetically able to compensate 

losers, leaving at least one party better off and neither party worse off.  Similarly, Hicks explored 

the compensation approach and proposed that a reallocation would be considered more efficient 

if the loser was unable to bribe the winner into not reallocating.  The Kaldor and Hicks 

compensation criteria argue that comparing different allocations across individuals is possible 

when allowing for hypothetical compensation.  Kaldor-Hicks efficiency requires only that it is 

theoretically possible to compensate the parties made worse off, thus allowing the potential for 

Pareto improvements.  For example, in the pure exchange Edgeworth-Bowley box shown in 

Figure 3-2, the current allocation is E, where individual A is endowed with X
A

E and Y
A

E, and 

individual B is endowed with X
B

E and Y
B

E.  Note that at allocation E individual A is on utility 
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curve U
A
(E) and individual B is on utility curve U

B
(E).  Now suppose a reallocation to 

endowment C, where individual A is made better off and individual B is made worse off.  The 

Kaldor compensation criteria support endowment C over endowment E because individual A 

could hypothetically compensate B by the amount X
A

C - X
A

F, yielding a final allocation at F.  

Allocation F is considered superior to the beginning allocation of E because individual A has 

moved to a more preferential utility curve, U
A
(F), while individual B remains on the original 

utility function, U
B
(E).  

While limitations do exist in use of these compensation criteria (Jhunjhunwala, 1974), 

these tools are used to assess the impact of economic changes (Schmitz and Seckler, 1970).  

Schmitz and Seckler apply the compensation tests proposed by Kaldor and Hicks to their social 

welfare analysis of the adoption of mechanical harvesters by the California processed tomato 

industry.  They explain that the main losers in the case of the tomato harvester are farm workers, 

but that there are surely other losers not accounted for in their analysis.  Their use of the Kaldor-

Hicks compensation test is therefore a necessary but not a sufficient condition for assessing total 

economic impacts of the technological improvement. 

Optimality and efficiency concepts will be applied to the estimated modeling results from 

industry return under varying levels of mechanical harvester adoption.  Estimated shifts in costs 

and revenues to each player under the given levels of harvester adoption are summed to yield 

industry returns.  It is the assessment of these total industry returns from which conclusions are 

drawn as to changes in industry efficiency due to mechanical harvester adoption. 

Summary 

This chapter briefly outlines the fundamental economic thought and previously reported 

research techniques upon which this analysis is constructed.  Combining and modifying the 

relevant aspects of literature presented in this chapter, investigative modeling techniques will be 
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developed to specifically analyze the Florida citrus industry.  Using operations research 

techniques for problem solving, this research will address the coordination and economic issues 

hindering the adoption of mechanical citrus harvesters as part of a larger systems approach to 

harvester adoption.  The next chapters present the detailed structure of an economic model 

simulating operation of the Florida citrus industry, followed by an assessment of the results 

based on the previously presented economic theory.   
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Figure 3-1.  Four cases for storage and inventory (from Meyer, Rothkopf, and Smith, 1973). 

 

 
Figure 3-2.  Kaldor compensation criteria (from Fonseca, G., The Paretian System, The New 

School for Social Research, 2007). 
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CHAPTER 4 

BIOLOGICAL CHARACTERISTICS OF FLORIDA ORANGES 

The internal chemical composition of citrus fruit constantly changes as it hangs on the tree, 

but maturation ceases at the time of harvest (Kader, 1999).  As soon as the fruit is removed from 

the tree, ripening stops and fruit quality begins to decline (Jackson, 1991).  Harvest timing is 

therefore crucial for citrus processing because fruit characteristics at harvest determine the 

characteristics and value of the final product.  To ensure the capture of large quantities of high 

quality juice, growers and processors attempt to schedule harvest to coincide with the optimal 

levels of key juice characteristics.  Understanding the changing biological characteristics of fruit 

is therefore required to estimate the economic consequences of altering the harvest method or 

harvest timing. 

The processing industry uses a few key characteristics to estimate juice quality and 

maturity.  Soluble solid content, acid concentration, fruit weight, and juice weight are four of the 

most important characteristics that can be directly measured.  From these measurements, the Brix 

to acid ratio, pound solids per box, and percent juice can be calculated.  Additionally, juice color, 

flavor, and the presence of defects are important characteristics for juice processing and in 

determining the final value of the juice.  This chapter details these biological characteristics 

affecting juice quality and quantity, and describes how each impacts the Florida orange juice 

processing industry.   

In addition to quality characteristics, fruit drop is an important biological component of the 

orange harvest.  Fruit drop through the natural abscission process is described where mature fruit 

drops, decreasing juice quantity yield.  The chapter concludes with an estimation of how several 

of these characteristics change over the course of the season, including how pound solid 

production per acre changes specific to tree type, tree age, and growing region.  
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Biological Characteristics 

One of the most important biological characteristic indicating fruit quality and maturity is 

the concentration of total soluble solids in the juice, about 70% to 80% of which are sugars.  

Concentrations of these soluble solids, measured as the specific gravity of the juice and reported 

in degrees Brix, increase as fruit remains on the tree and serve as a key indicator of maturity 

(Davies and Albrigo, 1994).  The concentration of total soluble solids has been shown to 

decrease in overripe fruit, but this decrease was shown to occur very late in the harvest season 

(Harding, Winston, and Fisher, 1940).  Figure 4-1 plots all of the total soluble solid data 

collected by Harding et al. for Valencia oranges during the 1935 to 1938 seasons.  While this 

research was conducted over 70 years ago, it remains as one of the only published articles 

reporting the biological characteristics of Florida oranges in June and July.  The second order 

polynomial function regression line fitted to these data is consistent with the biological changes 

expected during the season and yields a greater coefficient of determination than regressing a 

linear function. 

The high importance placed on the soluble solid concentration (degree Brix value) of juice 

is somewhat of a relic from the days when FCOJ was the dominate output product (Wardowski 

et.al, 1995).  For FCOJ, concentrate of a known degree Brix and volume can be valued based on 

the volume of product it will yield when reconstituted.  This quantification method works well 

for juice reduced to a standard sugar concentration but is less applicable for NFC.  Despite the 

lack of a direct volume equivalent, the soluble solids measure remains a key indicator of NFC 

quality, and juice is still traded based on its total soluble solid concentration.  The soluble solids 

concentration of NFC juice is also important in juice blending practices to ensure a palatable end 

product.   
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In addition to sugar concentration, acid concentration is an important juice characteristic 

for both growers and processors.  Acids, consisting primarily of citric acid, are measured and 

reported as the titratable acid concentration.  The percent acid concentration decreases gradually 

throughout the harvest season (Davies and Albrigo, 1994).  Figure 4-2 depicts the average acid 

percentage concentrations for Valencia oranges sampled in Florida by Harding et al. from 1935 

to 1938 (1940).  The regression estimating acid concentration is assumed to be a quadratic 

function and is shown over time to decrease at a decreasing rate, consistent with Harding et al.  

Early and mid-season oranges show similar properties (Chen, 1990; Harding, 1947; Rouse and 

Atkins, 1953).   

Average fruit and juice weights are commonly used in conjunction with sugar and acid 

concentrations to evaluate oranges used for processing.  Fruit weight represents the average 

weight of a single uncut piece of fruit and juice weight is the average weight of juice removed 

from a single piece of fruit by standardized means.  Average fruit and juice weights are 

indicators of tree productivity and are used to predict annual juice production levels.   

Juice weight per piece of fruit increases rapidly during early stages of fruit development as 

fruit size increases (Davies and Albrigo, 1994).  Juice weight eventually reaches a maximum and 

then declines toward the end of the season as fruit begins to dry.  An example of seasonal 

changes in the juice weight of Valencia oranges is shown in Figure 4-3, expressed in pounds of 

juice per 90 pound box of fruit, (Harding, Winston, and Fisher, 1940).  This figure shows the 

juice weight per box.  Changes in weight per piece are expected to follow a similar pattern.  A 

quadratic function is regressed across the sample data to estimate juice weight weekly during the 

season.  Changes in juice weight for early and mid-season fruit varieties follow a similar pattern 

but occur earlier in the season (Harding, Winston, and Fisher, 1940).  
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The average fruit weight per piece follows a pattern similar to juice weight changes in 

which weight increases rapidly early in the season, reaches a maximum weight, and declines if 

fruit is left on the tree very late in the harvest season.  Equation 4-1 mathematically specifies 

these changes in average fruit weight per piece (FTWT) as a function of time. 

0/)(0/)(),( 22  tFTWTandtFTWTwheretfFTWT     (4-1) 

More explicitly, fruit weight per piece changes over time can be represented by the second order 

polynomial function shown in Equation 4-2. 

FTWTFTWTFTWT ttFTWT   2        (4-2) 

Remaining consistent with the biological fruit characteristics, the quadratic parameter (α
FTWT

) is 

expected to be negative and the linear term (β
FTWT

) should be positive.  A function estimating 

juice weight is omitted here but is expected to have the same functional form.  Estimated 

parameter values for either function will vary with fruit variety, geographic location, and tree 

age, but the assumed functional form should remain constant for all oranges throughout the state. 

Data collected on soluble solid concentration, percent acid, fruit weight, and juice weight 

are used to calculate additional parameters representing juice quality.  One of the most used 

calculated predictors of quality is the Brix to acid ratio.  While no single quality measurement 

perfectly predicts fruit maturity, the Brix to acid ratio is commonly accepted as the most useful 

indicator of juice quality and flavor (Kimball, 1984).  Brix to acid ratio measures the ratio of 

sugar levels to acid levels in the juice, calculated by dividing the degree Brix by the percent acid 

concentration.  The Brix to acid ratio is low early in the season because the sugar concentration 

is low and the acid concentration is high.  The ratio increases over time as soluble solids increase 

and acid concentrations decrease.  Solids and acids are both changing to directly increase the 

Brix to acid ratio as the season progresses, causing the ratio to eventually increase at an 
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increasing rate.  Figure 4-4 shows the average Brix to acid ratio for Valencia oranges sampled by 

Harding, Winston, and Fisher (1940).  All juice oranges grown in Florida exhibit similar ratio 

changes (Westbrook and Stenstrom, 1964).   

Pound solids are the central volume measurement used by the Florida citrus industry for 

processed fruit inputs.  Total pound solids are calculated by multiplying the total soluble solids, 

measured as degree Brix, by the juice weight in pounds (Jackson, 1991).  Since pound solids 

make up the foundation of the fruit payment system, it is important to understand how pound 

solid volumes changes over the course of the harvest season.  Figure 4-5 uses data collected 

during the 1936 to 1938 citrus seasons to show how average pound solids per box (PS) increase 

during the early part of the season, reach a maximum concentration, and then decrease late in the 

season for Florida Valencia oranges (Harding, Winston, and Fisher, 1940).  Similar changes in 

pound solids per box were reported by Ramirez (1977).  Such biological changes over time 

follow the functional specifications shown in Equation 4-3. 

0/)(0/)(),( 22  tPSandtPSwheretfPS       (4-3) 

Similar to fruit and juice weight changes, pound solids per box accumulation over time can be 

represented by the second order polynomial function shown in Equation 4-4. 

PSPSPS ttPS   2         (4-4) 

The functional form depicted in Equation 4-4 is consistent with expected changes in sugar 

production of oranges grown in Florida, as shown by Harding, Winston, and Fisher, and 

Ramirez.  The quadratic parameter (α
PS

) is expected to be negative and the linear term (β
PS

) 

positive.  The assumed functional form will remain constant for all oranges throughout the state, 

while the estimated parameter values will vary for specific fruit varieties, geographic locations, 

and tree ages.   
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Juice percentage is an important quality parameter that indicates both quantity and quality 

characteristics of the juice.  Juice percentage is a weight/weight calculation, determined by 

dividing the weight of extracted juice by the total fruit weight of the sample.   Juice percentage 

increases as the season progresses and the fruit accumulates water.  A maximum is typically 

reached late in the season, after which fruit begins to lose juice, causing the percentage of juice 

to decrease (Harding and Lewis, 1941).  Because of the increasing nature of juice in the 

beginning of the production season, this parameter is used by the industry as an indicator of fruit 

maturity.  

Color, flavor, and the presence of defects in the juice are monitored as fruit matures.  

These three factors are important in determining the value of juice for retail sale and are used by 

the USDA to certify the quality of processed product.  Juice color and flavor change during the 

harvest season and across fruit variety.  Color usually increases, or darkens, as the season 

progresses, similar to seasonal sugar changes (Sinclair, 1961).  Juice from early season fruit is 

often a pale yellow, contrasting the deep red-orange juice typically extracted from late season 

fruit.  Flavor is an extremely complex characteristic of juice and is dependent on many factors, 

including the concentrations of sugars and acids, ratio, and many other flavor components.  

Flavor typically increases in quality during the season as acid concentrations are reduced.  Flavor 

quality will then decrease as the Brix to acid ratio increases exponentially near the end of the 

harvest season.  The late season Valencia orange is commonly accepted as having more desirable 

flavor characteristics than early and mid-season fruit varieties (Jackson, 1991).  Finally, the 

presence of defects lowers the quality and value of juice.  Juice defects include seed particles, 

discolored specks, or clouding and can be associated with either fruit quality or processing 

techniques.    
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Pre-harvest fruit drop is a key determinant of fruit yield and juice production volume.  

Fruit abscises from a tree at different times of the season and for different reasons.  Shortly after 

fruit set, some fruit naturally drops to lower the fruit count to a level the tree is able to sustain 

(Davies and Albrigo, 1994).  This early drop, in Florida termed the June drop, is an unavoidable 

biological process and does not directly affect the harvest decision.  Additional drop occurs 

throughout the season due to weather events, fruit damage, and biological changes experienced 

during later stages of ripeness and senescence (Borroto et al., 1981).  For example, fluctuations 

between dry and rainy periods can increase fruit loss, especially in groves lacking adequate 

irrigation capacity.  Heavy precipitation causes rapid uptake of water, splitting fruit and 

abscising it from the tree.  It is this rate of fruit drop that is especially important to growers 

during the harvest season, because once fruit has matured and is ready to harvest, additional drop 

results directly in decreased yields.  Growers therefore monitor fruit loss closely during this part 

of the season and make harvest decisions based on expected drop rates.   

Fruit drop is usually reported as the cumulative percentage of fruit abscised from the tree 

after a given date.  August 1 is typically used as the baseline fruit count to avoid including 

fruitlets lost during the June drop.  FASS calculates fruit drop by counting the pieces of fruit 

remaining on sample trees at specified dates during the production season, subtracting the 

remaining pieces from the base line fruit count, and then dividing pieces lost by the base count.  

Subtracting the cumulative fruit drop percentage from 100% gives the percentage of fruit 

remaining from the original count.  The average rate of fruit drop during the season has been 

estimated at 2.6% per month for early and mid-season fruit and 3.3% loss per month for late 

season fruit (Albrigo, 2006).  These estimates, however, are based almost exclusively on drop 

data collected from August through April, ignoring the last few months of the harvest season.  
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Some additional drop data is presented in Figure 4-6 to show drop late in the season, expressed 

as the percent of fruit dropped since the previous sampling during the 1937-1938 season 

(Harding, Winston, and Fisher, 1940).  These drop rate estimates should be discounted due to the 

lack of modern irrigation systems in sample groves.  Drop rate studies for Valencia oranges in 

Cuba show drop increasing from December through July (Borroto, Garcia, and Rodriguez, 1977; 

Borroto et al., 1981).  Both Cuban studies show drop increasing at an increasing rate during the 

harvest season.  The 1977 study estimates a function for fruit drop over time using a third degree 

polynomial. 

A function estimating the cumulative fruit drop rate over time should differ from that of 

pound solids per box and fruit weight per piece.  The fruit drop rate percentage, calculated from 

the August 1 fruit count, begins at a value of zero.  The y-intercept term (γ) is therefore fixed at 

the origin.  The cumulative drop percentage (DROP) then increases over time as fruit falls from 

the tree (Albigo, 2006), as shown in Equation 4-5. 

0/)(0/)(),( 22  tDROPandtDROPwheretfDROP     (4-5) 

More explicitly, cumulative fruit drop over time can be represented by the second order 

polynomial function (Eq. 4-6) where the quadratic parameter (α
DROP

) and the linear term (β
DROP

) 

are expected to be positive, and the y-intercept (γ
DROP

) is set to zero. 

DROPDROPDROP ttDROP   2        (4-6) 

Cumulative drop parameter values will vary with variety, location, and age, but the assumed 

functional form will remain constant.  To calculate the pieces of fruit remaining on the tree, the 

drop percentage is subtracted from 100% and multiplied by the August 1 fruit count.   

Growers and processors monitor specific changes in each key biological characteristic as 

the production season progresses, because these characteristics determine the end product 
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quality.  To be legally marketable, product quality must meet juice quality parameters set by 

state and federal governmental agencies.  For example, the Florida Department of Citrus requires 

that the acid concentration and the Brix to acid ratio of fruit inputs must be within defined limits 

before harvesting and processing can proceed.  As shown in Chapter 2, Table 2-3 and 2-4 outline 

basic quality parameters for fruit inputs as determined by the State of Florida and Table 2-5 

shows the basic requirements for juice sold at wholesale and retail as determined by the U.S. 

Federal Government (FDOC, 2008a).  More stringent quality parameter boundaries are often set 

by fruit and juice buyers, and these stricter parameters are usually included in the terms of 

contracting. 

Factors affecting the biological characteristics of fruit include tree variety, rootstock, age, 

soil type, growing region, weather conditions, irrigation and fertilization methods, and a 

multitude of additional climatic and production variables.  While many of these factors are 

beyond the scope of this research, fruit variety and tree age are central to this analysis and 

therefore are described in further detail.  Fruit variety determines biological characteristics of 

fruit and juice as well as the date of fruit maturity.  Primary orange varieties used for processing 

in Florida are separated into early season, mid-season, or late season fruit varieties.  Early season 

fruit consists mainly of Hamlin oranges that are typically ready for processing from October 

through March.  Mid-season oranges consist primarily of Pineapple oranges that are usually 

processed from December through March.  The late season orange crop in Florida consists 

almost entirely of Valencia oranges, typically processed from March through July.  Navel 

oranges and mandarins are produced for fresh marketing and are not included in oranges used for 

processing.  Figure 4-7 depicts the estimated dates during which harvest for Florida’s major juice 
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oranges is possible, as defined by the Florida Agricultural Statistics Service’s Citrus Summary 

(USDA, FASS, 2007). 

Tree age also impacts internal fruit quality and yield, with older trees generally producing 

higher quality juice.  Young trees typically produce juice with lower soluble solids and Brix to 

acid ratio while older trees produce juice with higher soluble solids and ratio scores (Zekri, 

2000).  Tree age also affects tree size and productivity, both of which determine fruit yield per 

tree.  Under commercial growing practices, fruit yields increase for the first 25 years after 

planting (Parvin, 1971).  Beyond this age, yields reach a maximum and gradually decline. 

Biological Modeling 

The biological characteristics of orange growth are used to construct a mathematical model 

estimating pound solid production per acre (PSPA) as a function of time for a grove of fixed 

bearing acreage.  Optimizing pound solid yields then becomes a matter of timing fruit harvest to 

capture the maximum available pound solids per acre.  Pound solid production per acre can be 

estimated as the product of the expected pound solids produced per box (PS) and the expected 

boxes produced per acre (B), both estimated as functions of time (t).   

Box yield per acre, along with the pound solids per box are the yield components used to 

determine total pound solids production per acre.  Defined as the quantity of 90 pound units of 

fruit harvested per acre, box yield per acre is also estimated as a function of time.  Similar to 

pound solid changes over time, box yield is constantly changing over time and is expected to 

increase as fruit increases in size and maturity, until reaching a maximum yield per acre.  As fruit 

continues to hang on the tree past the date of optimal yield, boxes per acre decline due to fruit 

drop and fruit drying, both of which negatively affect yield (Jackson, 1991; Albrigo, 2006).  This 

section details how pound solids per box and boxes per acre are calculated and combined to 

estimate the total pound solids per acre available for harvest at any time during the season. 
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The quantity of boxes available for harvest at any time can be calculated using four 

primary factors; the pieces of fruit on the tree at the beginning of the production season (PPT), 

the droppage rate of fruit during the season, the average weight of each piece of fruit, and tree 

planting density (DEN).  These four factors vary across tree variety, geographic growing region, 

tree age, and time of the season, each affecting box yield during the season.  For this analysis, the 

pieces of fruit per tree represent the August 1 piece count estimates for each variety, region, and 

tree age group.  The cumulative drop percentage is a function over time estimating the 

cumulative percentage of fruit dropped since the August 1 fruit count by variety and region.  

Fruit weight per piece is represented by a function estimating the average weight of a single 

piece of fruit over time, specific to variety and region.  Tree planting density estimates the 

number of trees being grown per acre by variety, region, and age group.  Equation 4-7 combines 

each of these variables to estimate the boxes available for harvest per acre of grove, specific to 

tree variety (v), growing region (i), age group (a), and harvest time (t).  

viavitvitviaviat DENlbsFTWTDROPPPTB  )90/()1(     (4-7) 

Multiplying this function for boxes per acre by the pound solids per box yields the in-grove fruit 

maturity model representing pound solids produced per acre (Eq. 4-8). 

vitviavitvitviaviat PSDENlbsFTWTDROPPPTPSPA  )90/()1(   (4-8) 

Pound solids per acre production is expressed as a function over time, estimating the average 

pound solid yield per acre of grove specific to fruit variety, geographic region, and tree age. 

Fruit Maturity Data 

All fruit maturity data used for pound solid production estimates are compiled from Florida 

Agricultural Statistics Service (FASS) sample grove test results of on-tree fruit quality and 

quantity.  The FASS data set used contains over 85,000 observations from sample groves across 
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Florida.  Data were collected monthly over eleven seasons from 1996-97 to 2006-07 and include 

sample measurements of total soluble solids (degree Brix), percent acid, fruit weight, juice 

weight, and fruit drop, each sampled throughout the season from groves segregated by fruit 

variety, geographic location, and tree age (Table 4-1).  Data on maturity and drop for early and 

mid-season fruit varieties were collected from August 1 through January 1 of each year.  Late 

season fruit maturity data are collected from September 1 through May 1 and for late season fruit 

drop from August 1 through April 1.    

Each recorded observation consists of a 15-piece fruit sample tested for total soluble solids 

measured as degrees Brix, percent acid measured as the percentage of all titratable acids, sample 

fruit weight in pounds, and sample juice weight in pounds.  From these four measured values, 

additional maturity variables can be calculated, including juice weight per box, pound solids per 

box, and Brix to acid ratio.  Juice weight per box is defined as the pounds of juice per 90 pound 

box and is calculated as the ratio of sampled juice weight to sampled fruit weight times 90 

pounds.  Total soluble solids and juice weight per box are multiplied to calculate pound solids 

per box.  Pound solids per box equals the total soluble solids times the pounds of unfinished juice 

per 90 pound box [PS = TSS (degree Brix) x Juice weight (lbs) / 90lb box].  Brix to acid ratio is 

calculated as the total soluble solids divided by the acid percentage.  

Maturity data are specified by fruit variety, geographic growing region, and tree age.  

Sweet orange varieties are separated into three categories: early, mid, and late season oranges.  

Early season fruit consists mainly of Hamlin oranges but may also include Parson Brown, Navel, 

and Ambersweet oranges.  Mid-season fruit consists almost entirely of Pineapple and Midsweet 

oranges and late fruit is entirely Valencia oranges.  The five geographic growing regions within 

the state include the Indian River region, the northern region, the central region, the western 
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region, and the southern region (Figure 4-8).  While these geographic regions are not perfectly 

separable by county boundaries, FASS-defined Florida commercial citrus production areas can 

be closely approximated by counties.  The Indian River region consists mainly of Brevard, 

Indian River, Martin, Palm Beach, St. Lucie, and Volusia counties; the northern region includes 

Citrus, Hernando, Lake, Marion, Orange, Pasco, Putnam, and Seminole counties; the central 

region includes Highlands, Osceola, and Polk counties; the western region includes DeSoto, 

Hardee, Hillsborough, Manatee, and Sarasota counties; the southern region includes Charlotte, 

Collier, Glades, Hendry, Lee, and Okeechobee counties.  Bearing trees are separated into five 

age groups: Group 1 includes 3 to 5 years old trees; Group 2 includes 6 to 8 years old trees; 

Group 3 is 9 to 13 years old trees; Group 4 is 14 to 23 years old trees; and Group 5 includes all 

trees 24 years and older. 

All data sampled across time is segregated into weeks, with August 1 designated as the 

beginning of Week 1.  This transformation is consistent with both the biological characteristics 

of fruit development and industry operations.  August is considered the offseason for processing 

as Florida oranges do not yet satisfy minimum state maturity standards.  Weekly intervals are 

consistent with typical fruit scheduling to the processing facility and the reported processing data 

(FCPA, 2007).  

Regression analysis is used to estimate time dependent functions for fruit weight, fruit 

drop, pound solids produced per box, Brix to acid ratio, and total soluble solids.  Parameter 

coefficients are estimated for each variable using ordinary least squares estimation within the 

SAS software program.  Estimates assume the functional form expectations previously discussed 

and are specific to geographic production region and fruit variety but are aggregated across all 

tree age groups.  This simplification imposes equivalent values across age groups for this set of 
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variables.  For example, 6 to 8 year old trees may reach their optimal pound solids production at 

a different date than 24 year old trees of the same variety and region; however, functions are 

estimated across all bearing age groups.  While this modification may stray from actual 

production yields for some tree groups, limited data availability forces these simplifying 

assumptions.  The complete set of parameter estimates and the SAS programming codes used to 

generate these parameters are presented in Appendix A (Table A-1 to A-7) and Appendix B, 

respectively. 

Point estimates for average piece count, average tree planting density, and bearing acreage 

planted are calculated specific to region, variety, and tree age categories.  Tree planting density, 

reported as the average trees per acre, and bearing acreage data were collected from publicly 

available FASS datasets and specified by region, variety, and age (USDA, FASS, 2005).  These 

estimates are consistent with the expected production yields.  While the piece counts and average 

tree densities are fixed for any given season, fruit weights and drop rates are estimated as 

functions over time, similar to the estimates of pound solid per box.  The functional form chosen 

to approximate these changes is again assumed to be a second order polynomial.   

Combining point and functional estimates enables the calculation of in-grove maturity 

equations specific for each combination of variety, geographic region, and tree age, using the set 

of parameter estimates.  In-grove maturity equations include the 75 time dependent functions 

estimating pound solids per box (Table A-3) and the 75 time dependent functions estimating box 

yield per acre (Table A-7).  The mathematical product of the estimated coefficients for pound 

solids per box and boxes per acre results in a sixth degree polynomial expression estimating 

average pound solids produced per acre as a function of harvest date (Table 4-2).  Each equation 

represents the pound solids that an acre of variety, region and age specific grove is estimated to 
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produce at any given week during the harvest season.  Table 4-3 shows the estimated optimal 

week of harvest for each tree variety, region, and tree age to maximize pound solid production 

per acre.  Table 4-4 lists the designated Week numbers with the corresponding calendar week.  

An example of the estimated in-grove maturity function for pound solid production per 

acre is shown in Figure 4-9, detailing changes in late season fruit in the central region for all age 

groups.  The function is consistent with the assumption that pound solid production per acre 

increases early in the season due to increases in pound solids per box and increasing fruit weight, 

reaches a maximum later in the season, and then decreases due to decreasing fruit weight and 

increased drop.  All region, variety, and age specific graphs for pound solid per acre production 

are similar in form and can be constructed from Table 4-2.  Figure 4-10 expands this example to 

include all three tree varieties for central region trees 14 to 23 years old to show the variation in 

pound solid production per acre over time.  The FASS defined harvest windows for each variety 

are shown below the estimated functions for pound solid production. 

Some limitations exist for the estimated in-grove maturity functions.  Most notable is the 

limited availability of biological data late in the harvest season.  FASS sampling is only 

conducted during the traditional harvest and processing season.  Data is, therefore, not available 

for all of the estimated time periods.  For example, maturity and drop estimates after January 1 

for early and mid-season fruit and after May 1 for late season fruit are forecasts based on 

available data and functional form assumptions.  While these data on yield and drop are limited 

in observations, they are the best in-grove yield data publicly available.  

Summary 

The quality and quantity of available juice is constantly changing as fruit hangs in the tree.  

The timing of harvest is the decision variable that stops this ripening process and sets the 

potential characteristics of processed juice.  The 75 in-grove maturity functions for the five 
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growing regions of Florida estimate the pound solids per acre that are expected to be harvested 

during any given week of the season.  Recognizing this peak production yield and the 

consequences of harvest outside of the optimal should allow decision makers to be better 

informed when scheduling the harvest.  The following chapters use these maturity functions to 

estimate the pound solids captured by the orange juice processing industry and the resulting 

revenue. 
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Figure 4-1.  Total soluble solid percentage concentration for Valencia oranges, sampled from 

1935 – 1938 (Harding, Winston, and Fisher, 1940). 
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Figure 4-2.  Acid percentage concentration for Valencia oranges, sampled from 1935 – 1938 

(Harding, Winston, and Fisher, 1940). 
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Figure 4-3.  Juice weight per box for Valencia oranges, sampled from 1935 – 1938 (Harding, 

Winston, and Fisher, 1940). 
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Figure 4-4.  Brix to acid ratio for Valencia oranges, sampled from 1935 – 1938 (Harding, 

Winston, and Fisher, 1940). 
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Figure 4-5.  Pound solids change for all Valencia oranges, averages from 1935 – 1938 (Harding, 

Winston, and Fisher, 1940). 
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Figure 4-6.  Percent fruit droppage of tagged fruit in 1937-1938, assumed to be monthly drop 

rates (Harding, Winston, and Fisher, 1940). 
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Figure 4-7.  Florida juice orange harvesting seasons by month, from August through July 

(USDA, FASS, 2007). 
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Figure 4-8.  Florida commercial citrus production areas as defined by the Florida Agricultural 

Statistics Service (USDA, FASS, 2009a). 
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Figure 4-9.  Pound solids per acre during the harvest season, late fruit by age group in the central 

region, weeks from Aug 1 (USDA, FASS, 2009a). 
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Figure 4-10.  Pound solids per acre during the harvest season, early, mid, and late varieties, 14 to 

23 year old trees in central region, weeks from Aug 1 (USDA, FASS, 2009a). 
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Table 4-1.  Mean and standard variation for each biological characteristic by fruit variety and 

region, including the number of samples (N).  

 
ACID 
(%) 

TSS 
(ºBrix) 

RATIO 
(ºBrix/%) 

JUCPER 
(%) 

PS 
(lbs/box) 

FRUWT 
(lbs) 

JUCWT 
(lbs) 

A1FASSALL 
(N=21044) 1.287  10.755  9.758  56.441  6.108  5.552  3.151  
 (0.498) (1.534) (4.089) (5.718) (1.257) (1.144) (0.776) 
V10I1 (N=519) 1.031  10.697  11.581  53.273  5.724  4.864  2.601  
 (0.351) (1.195) (4.004) (5.835) (1.038) (0.912) (0.596) 
V10I2 (N=248) 1.115  10.411  10.501  54.488  5.690  5.131  2.806  
 (0.398) (1.186) (3.704) (5.779) (0.983) (0.935) (0.629) 
V10I3 (N=1302) 0.994  10.399  11.831  53.780  5.607  4.743  2.563  
 (0.363) (1.092) (4.245) (5.948) (0.938) (0.909) (0.598) 
V10I4 (N=2291) 1.033  10.472  11.391  54.149  5.689  4.882  2.650  
 (0.363) (1.180) (3.999) (5.899) (0.995) (0.951) (0.604) 
V10I5 (N=1585) 0.955  10.160  11.864  53.758  5.477  5.096  2.747  
 (0.324) (1.102) (4.080) (5.954) (0.943) (0.923) (0.603) 
V20I1 (N=630) 1.118  10.704  10.715  55.565  5.986  5.343  2.979  
 (0.373) (1.506) (3.875) (5.945) (1.236) (1.050) (0.690) 
V20I2 (N=21) 1.268  11.140  9.689  54.776  6.131  5.299  2.913  
 (0.399) (1.537) (3.434) (4.434) (1.139) (0.972) (0.627) 
V20I3 (N=530) 1.166  10.570  10.162  54.901  5.824  5.199  2.866  
 (0.383) (1.303) (3.756) (5.842) (1.048) (1.123) (0.727) 
V20I4 (N=1157) 1.158  10.588  10.277  55.876  5.946  5.118  2.870  
 (0.391) (1.356) (3.799) (5.906) (1.135) (1.042) (0.683) 
V20I5 (N=695) 1.022  10.254  11.377  54.881  5.653  5.381  2.967  
 (0.366) (1.245) (4.310) (5.498) (1.030) (0.940) (0.647) 
V30I1 (N=2100) 1.491  11.331  8.816  58.800  6.714  5.829  3.435  
 (0.522) (1.806) (3.902) (5.399) (1.463) (1.082) (0.725) 
V30I2 (N=380) 1.537  11.162  8.389  58.470  6.566  5.526  3.241  
 (0.526) (1.686) (3.640) (4.919) (1.318) (0.945) (0.647) 
V30I3 (N=3142) 1.488  10.952  8.462  57.573  6.340  6.025  3.481  
 (0.508) (1.612) (3.588) (4.752) (1.234) (1.083) (0.730) 
V30I4 (N=2786) 1.495  11.009  8.486  58.168  6.442  5.741  3.349  
 (0.513) (1.649) (3.638) (5.157) (1.302) (1.072) (0.716) 
V30I5 (N=3658) 1.408  10.797  8.844  57.574  6.254  6.135  3.540  
 (0.481) (1.680) (3.839) (4.959) (1.286) (1.102) (0.725) 

VarReg represents variety and region, including early fruit (V10), mid-season fruit (V20), late 

fruit (V30), Indian River (I1), north (I2), central (I3), west (I4), south(I5). N is the number of 

observations 
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Table 4-2.  Estimated parameter results for pound solids production per acre. 
VarRegAge Int t t^2 t^3 t^4 t^5 t^6 

V10I1G1 336.9 26.17 -0.073 -0.0245 1.23E-04 5.02E-06 -4.06E-08 

V10I1G2 623.5 48.44 -0.136 -0.0454 2.28E-04 9.29E-06 -7.52E-08 

V10I1G3 819.7 63.68 -0.178 -0.0597 3.00E-04 1.22E-05 -9.88E-08 

V10I1G4 1245.7 96.78 -0.271 -0.0907 4.57E-04 1.86E-05 -1.50E-07 

V10I1G5 968.9 75.28 -0.211 -0.0706 3.55E-04 1.44E-05 -1.17E-07 

V10I2G1 166.3 16.19 0.001 -0.0128 9.67E-05 1.27E-06 -1.16E-08 

V10I2G2 913.1 88.87 0.008 -0.0705 5.31E-04 6.99E-06 -6.34E-08 

V10I2G3 1128.9 109.87 0.010 -0.0872 6.57E-04 8.64E-06 -7.84E-08 

V10I2G4 1551.5 151.00 0.014 -0.1198 9.02E-04 1.19E-05 -1.08E-07 

V10I2G5 1160.6 112.95 0.010 -0.0896 6.75E-04 8.88E-06 -8.06E-08 

V10I3G1 496.6 49.05 0.083 -0.0414 3.17E-04 3.62E-06 -3.31E-08 

V10I3G2 755.5 74.62 0.127 -0.0630 4.83E-04 5.51E-06 -5.03E-08 

V10I3G3 1154.5 114.04 0.193 -0.0963 7.38E-04 8.42E-06 -7.69E-08 

V10I3G4 1686.2 166.56 0.282 -0.1407 1.08E-03 1.23E-05 -1.12E-07 

V10I3G5 1820.8 179.86 0.305 -0.1519 1.16E-03 1.33E-05 -1.21E-07 

V10I4G1 442.5 30.23 -0.268 -0.0098 9.12E-05 2.72E-07 -2.81E-09 

V10I4G2 843.5 57.62 -0.510 -0.0187 1.74E-04 5.18E-07 -5.35E-09 

V10I4G3 1510.8 103.21 -0.914 -0.0335 3.11E-04 9.28E-07 -9.59E-09 

V10I4G4 2022.6 138.17 -1.223 -0.0448 4.17E-04 1.24E-06 -1.28E-08 

V10I4G5 1956.0 133.62 -1.183 -0.0433 4.03E-04 1.20E-06 -1.24E-08 

V10I5G1 431.8 32.52 -0.183 -0.0256 2.94E-04 1.31E-06 -1.94E-08 

V10I5G2 978.8 73.71 -0.415 -0.0580 6.67E-04 2.96E-06 -4.40E-08 

V10I5G3 1487.2 112.00 -0.631 -0.0882 1.01E-03 4.50E-06 -6.68E-08 

V10I5G4 1954.7 147.21 -0.830 -0.1159 1.33E-03 5.92E-06 -8.79E-08 

V10I5G5 1804.6 135.91 -0.766 -0.1070 1.23E-03 5.46E-06 -8.11E-08 

V20I1G1 241.2 21.94 0.065 -0.0189 7.41E-05 2.89E-06 -1.91E-08 

V20I1G2 448.4 40.78 0.121 -0.0351 1.38E-04 5.37E-06 -3.55E-08 

V20I1G3 552.5 50.25 0.149 -0.0432 1.70E-04 6.61E-06 -4.37E-08 

V20I1G4 801.4 72.89 0.217 -0.0627 2.46E-04 9.59E-06 -6.34E-08 

V20I1G5 978.9 89.03 0.265 -0.0765 3.01E-04 1.17E-05 -7.75E-08 

V20I2G1 198.8 27.35 0.322 -0.0429 3.06E-04 6.02E-06 -5.58E-08 

V20I2G2 193.0 26.55 0.313 -0.0417 2.97E-04 5.85E-06 -5.41E-08 

V20I2G3 569.0 78.26 0.923 -0.1228 8.75E-04 1.72E-05 -1.60E-07 

V20I2G4 635.0 87.33 1.030 -0.1370 9.77E-04 1.92E-05 -1.78E-07 

V20I2G5 849.3 116.81 1.377 -0.1833 1.31E-03 2.57E-05 -2.38E-07 

V20I3G1 320.5 39.01 0.172 -0.0469 5.01E-04 3.08E-06 -4.26E-08 

V20I3G2 720.2 87.67 0.387 -0.1055 1.13E-03 6.92E-06 -9.57E-08 

V20I3G3 1004.5 122.27 0.540 -0.1471 1.57E-03 9.66E-06 -1.34E-07 

V20I3G4 1476.2 179.70 0.794 -0.2162 2.31E-03 1.42E-05 -1.96E-07 

V20I3G5 1511.3 183.97 0.813 -0.2214 2.36E-03 1.45E-05 -2.01E-07 

V20I4G1 241.6 21.90 -0.125 -0.0087 5.30E-05 5.80E-07 -3.20E-09 

V20I4G2 481.4 43.64 -0.249 -0.0173 1.06E-04 1.16E-06 -6.38E-09 

V20I4G3 1030.6 93.43 -0.532 -0.0370 2.26E-04 2.47E-06 -1.37E-08 

V20I4G4 1580.4 143.27 -0.816 -0.0567 3.47E-04 3.80E-06 -2.09E-08 

V20I4G5 1793.8 162.62 -0.926 -0.0644 3.94E-04 4.31E-06 -2.38E-08 

V20I5G1 292.3 25.06 -0.088 -0.0145 1.59E-04 1.22E-07 -4.45E-09 

V20I5G2 675.9 57.95 -0.204 -0.0336 3.67E-04 2.83E-07 -1.03E-08 

V20I5G3 1295.0 111.03 -0.391 -0.0644 7.03E-04 5.42E-07 -1.97E-08 

V20I5G4 1518.5 130.18 -0.459 -0.0756 8.24E-04 6.35E-07 -2.31E-08 

V20I5G5 1682.7 144.26 -0.509 -0.0837 9.13E-04 7.04E-07 -2.56E-08 

V30I1G1 152.5 18.14 0.147 -0.0123 9.08E-05 2.76E-07 -3.01E-09 
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Table 4-2.  Continued 
VarRegAge int t t^2 t^3 t^4 t^5 t^6 

V30I1G2 275.8 32.80 0.266 -0.0222 1.64E-04 5.00E-07 -5.44E-09 

V30I1G3 503.4 59.87 0.485 -0.0405 3.00E-04 9.12E-07 -9.93E-09 

V30I1G4 565.8 67.29 0.546 -0.0455 3.37E-04 1.02E-06 -1.12E-08 

V30I1G5 537.3 63.90 0.518 -0.0433 3.20E-04 9.73E-07 -1.06E-08 

V30I2G1 395.5 40.63 0.231 -0.0209 1.27E-04 6.40E-07 -4.93E-09 

V30I2G2 453.7 46.61 0.265 -0.0239 1.45E-04 7.34E-07 -5.65E-09 

V30I2G3 679.4 69.79 0.396 -0.0358 2.17E-04 1.10E-06 -8.46E-09 

V30I2G4 881.7 90.58 0.514 -0.0465 2.82E-04 1.43E-06 -1.10E-08 

V30I2G5 794.3 81.60 0.463 -0.0419 2.54E-04 1.28E-06 -9.90E-09 

V30I3G1 203.0 26.57 0.417 -0.0228 1.67E-04 3.46E-07 -4.39E-09 

V30I3G2 407.1 53.28 0.835 -0.0457 3.35E-04 6.94E-07 -8.81E-09 

V30I3G3 540.5 70.74 1.109 -0.0607 4.44E-04 9.22E-07 -1.17E-08 

V30I3G4 735.6 96.29 1.510 -0.0826 6.05E-04 1.25E-06 -1.59E-08 

V30I3G5 959.4 125.58 1.969 -0.1078 7.89E-04 1.64E-06 -2.08E-08 

V30I4G1 247.9 31.89 0.450 -0.0267 1.58E-04 1.28E-06 -9.82E-09 

V30I4G2 514.1 66.13 0.933 -0.0554 3.27E-04 2.65E-06 -2.04E-08 

V30I4G3 609.4 78.38 1.105 -0.0656 3.88E-04 3.14E-06 -2.41E-08 

V30I4G4 755.6 97.18 1.371 -0.0813 4.81E-04 3.90E-06 -2.99E-08 

V30I4G5 870.0 111.89 1.578 -0.0937 5.54E-04 4.49E-06 -3.45E-08 

V30I5G1 180.5 24.32 0.193 -0.0161 1.25E-04 2.30E-07 -3.25E-09 

V30I5G2 405.7 54.65 0.435 -0.0361 2.80E-04 5.17E-07 -7.30E-09 

V30I5G3 564.5 76.03 0.605 -0.0503 3.90E-04 7.20E-07 -1.02E-08 

V30I5G4 690.8 93.04 0.740 -0.0615 4.77E-04 8.81E-07 -1.24E-08 

V30I5G5 830.9 111.91 0.890 -0.0740 5.74E-04 1.06E-06 -1.49E-08 

“VarRegAge” represents variety, region, and age, including early fruit (V10), mid-season fruit 

(V20), late fruit (V30), Indian River (I1), north (I2), central (I3), west (I4), south(I5), age 3-5 

(G1), age 6-8 (G2), age 9-13 (G3), age 14-23 (G4), and age 24+ (G5). 

 

Table 4-3.  Optimal week of harvest to maximize pound solid production, weeks from Aug. 1. 
Variety Indian River North Central West South 

Early 21 25 25 29 22 

Mid 24 21 23 29 28 

Late  35 38 36 34 36 

 

Table 4-4.  Designated week numbers with corresponding calendar date. 
Week Date 

1 Aug 1st 

5 Sep 1st 

9 Oct 1st 

14 Nov 1st 

18 Dec 1st 

23 Jan 1st 

27 Feb 1st 

31 Mar 1st 

35 Apr 1st 

40 May 1st 

44 Jun 1st 

48 Jul 1st 

53 Aug 1st 
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CHAPTER 5 

THEORETICAL MODELING: SCHEDULING OF THE ORANGE HARVEST TO  

OPTIMIZE RETURNS 

This chapter uses the fundamentals of economic theory to describe how harvest timing 

affects fruit production and profits of the Florida orange juice industry.  Intensity and duration of 

harvest and processing are defined, including a description of their effects on industry operations 

and returns.  The returns to growers, processors, and the total industry are then outlined by 

defining a separate profit function for each, including an explanation of how the adoption of 

mechanical harvesters is expected to change profits through changes in harvest timing and 

product yield.  The chapter also uses comparative statics to describe how changes in pound solids 

and box volumes change grower, processor, and total industry returns.   

Harvest timing, defined as the specific date of picking, is a key decision variable 

determining crop quantity and quality.  Harvest timing is central to the optimization problem 

because it influences the quality of fruit and juice captured, the quantities delivered for 

processing, and the total returns from growing and processing.  The harvest timing of an 

individual grove determines juice characteristics, pound solid yield per box, and fruit yield per 

acre (Searcy, Roka, and Spreen, 2008).  For example, harvesting on the date of peak pound solid 

production will typically yield growers the greatest returns per acre.  Conversely, harvesting 

ahead of the optimal harvest date yields smaller fruit containing less juice and sugar, while 

harvesting after the optimal harvest date yields fewer pieces of fruit.  Either suboptimal harvest 

scenario results in decreased pound solids and decreased financial returns.   

It is the collective harvest timing for all individual groves that directly determines the 

processing schedule at the receiving juice plant.  This collective harvest schedule also dictates 

the duration and intensity of juice processing for the season.  Growers and processors jointly 
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schedule harvest and processing, with each attempting to adjust the harvest schedule to optimize 

returns.   

Optimizing individual returns requires adjusting the intensity and duration of the annual 

harvest schedule to account for the physical and biological constraints of fruit production, 

harvesting, and processing.  Harvest capacity is a key constraint influencing both the intensity 

and duration of the season.  Adding mechanical harvesting has the potential to alter current 

harvest capacity, thereby changing harvest timing, product yield, and returns to industry players.  

These changes could influence both the individual and collective timing of harvest, as well as 

lowering the unit harvest costs, a necessary condition for mechanical harvester adoption.  The 

remainder of this chapter examines how the timing of harvest determines industry returns, 

including changes to the harvest schedule and returns caused by the adoption of mechanical 

harvesting. 

Intensity and Duration 

Intensity and duration of the citrus harvest season are central to optimizing the harvest 

schedule and maximizing industry returns.  Intensity and duration directly affect the volume of 

juice processed, and the costs to harvest, extract, and store juice.  For this analysis, intensity (I) is 

defined as the number of boxes harvested each period (boxes/week) and duration (D) is defined 

as the length of the overall harvest and processing season (weeks/year).  The product of intensity 

and duration is the seasonal box yield (TB), shown in Equation 5-1. 

)/()/( yearweeksweeksboxesDITB        (5-1) 

If the maximum box yield is assumed fixed for a given year, as determined by the number of 

bearing trees and environmental conditions of that season, then harvest of the entire crop requires 

that intensity and duration vary inversely and proportionally.  Increasing the duration of the 
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season, forces a proportional decrease in the average weekly intensity of processing.  

Conversely, increasing weekly harvesting intensities forces a proportionate increase in 

processing intensity and the volume of juice going into storage.  These concepts are paramount 

to understanding inherent tradeoffs between weekly processing volumes and weeks of processing 

operation.  The intensity and duration of harvesting and processing are directly impacted by the 

daily capacity of processing equipment and the capacity to store juice.  Overriding both 

harvesting and processing capacity is the biological reality that fruit quality and quantity is 

constantly changing on the tree and begins to deteriorate immediately after being pulled from the 

tree.  

Intensity and duration are realized through the scheduling of weekly load allocations.  The 

summation of all weekly load allocations determines the annual harvest and processing schedule, 

including the season’s starting and ending dates as well as the average volume of fruit harvested, 

processed, and stored each week.  The means of control over duration and intensity lie in the 

processor’s ability to assign load allocations and the grower’s ability to make the requested 

deliveries.  Load allocations must be available to the grower before harvest occurs to ensure 

picked fruit can be processed before spoiling.  Attempting to optimize processing operations, the 

processor determines a target quantity of fruit to move through the plant each period.  The target 

quantity is dependent on plant capacities, annual crop characteristics, and the ability to secure 

fruit inputs.  The processor divides available loads among growers based on the percentage of 

on-tree fruit the grower has remaining, allotting the portion of the needed fruit each is to deliver.  

The extent to which the timing of fruit harvest coincides with the processor’s optimal fruit 

delivery schedule and with the grower’s optimal harvest schedule will determine if total returns 

realized by the industry are maximized.   
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Cost Impacts 

Costs of harvest, extraction, and storage are dependent on the intensity and duration of the 

harvest and processing season.  The unit cost to harvest changes as the duration and intensity of 

the harvest change, depending on the harvesting system being used and the market conditions of 

the harvesting industry.  When using hand labor, variable costs have the most impact on total 

harvest costs.  Piece rate wages tend to fluctuate according to labor market conditions.  A more 

intense harvest over a shorter duration increases the demand for labor, causing an increase in 

harvest costs.  A less intense harvest over a longer period tends to decrease unit harvest cost.  

With mechanical harvesters, the fixed costs of investment in the mechanical harvesting 

equipment drives unit harvest costs.  A more intense harvest does not necessarily alter the 

variable costs of harvester operation, but it does require additional mechanical harvesters, 

increasing fixed costs.  A less intense harvest over a longer duration would reduce the number of 

mechanical harvesters needed, lowering fixed costs.   

The unit cost of extraction changes with increases in the intensity of extraction.  An orange 

processing facility is expected to have a processing cost function much like any other factory 

with fixed factors of production (Figure 5-1).  Increasing returns to scale are expected until 

production nears plant capacity, where decreasing returns to scale are expected, forming a U-

shaped marginal cost curve.  Under these production conditions, the direction of change in 

extraction cost due to increasing intensity will depend on specific plant production and extraction 

capacity levels. 

The large upfront capital costs for storage are similar to the capital requirement for 

extraction.  With storage, however, increasing returns and a decreasing average cost curve are 

expected until storage capacity is full (Figure 5-2).  The next unit stored then requires a large 

capital investment, so the marginal and average cost curves spike.  For example, the marginal 
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cost of adding juice to a one million gallon storage tank is close to zero for each additional 

gallon, until the tank is full.  Attempting to store one gallon above capacity, however, requires a 

large investment in new bulk storage.  The marginal cost for this additional gallon is substantial.  

Similar to extraction costs, the marginal change in storage costs due to increasing intensity 

depends on specific plant storage capacity and production levels. 

Total Pound Solids Captured  

Intensity and duration of the season determine the timing of harvest and, therefore, the 

percentage of available pound solids captured within a given season.  The pound solid volume 

captured and the timing of harvest and processing are key factors in determining grower and 

processor profits.  Figures 5-3 and 5-4 describe grower and processor returns as a function of 

pound solid production.  All factors of fruit and juice production are assumed fixed for the 

season, with only pound solid volume and fruit yield allowed to fluctuate due to harvest timing.  

Changes in pound solids and fruit yield are expected to follow seasonal changes described in 

Chapter 4 (Tab. 4-2, Figure 4-10).   

Grower returns using hand harvesting (Πg1) or mechanical harvesting (Πg2) increase as the 

pound solids captured increase and reach a maximum if all available pound solids are captured 

(TPSg
*
).  Attaining a yield of TPSg

*
 would require harvesting all fruit during the few weeks of 

peak pound solid yield.  This represents capturing the theoretical maximum pound solids for a 

season.  Returns using mechanical harvesting are assumed to be greater per pound solid because 

of harvest cost savings.  Both functions are increasing because if capture of the marginal pound 

solid gives a negative return, then the grower will cease the harvest.  For example, Figure 4-10 

and Tables 4-3 and 4-4 show that a grove of mid-season fruit in the central region should be 

harvested within a few weeks of January 1 (Week 23).  Harvesting outside of this optimal 

window will decrease the pound solids, therefore decreasing grower profits. 
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Processor returns (Πp) increase to a maximum at TPSp
*
 and then decrease as higher 

volumes of fruit and juice cause processing and storage costs to escalate.  A solution at TPSp
*
 

would give the highest possible returns by making efficient use of plant capital to process the 

optimal volume of fruit for the season.  Processing and storing more than the optimal level of 

pound solids pushes processing operations beyond the most efficient input volumes.  Excess 

throughputs lower efficiencies and returns by increasing stoppages due to bottlenecks, requiring 

overtime pay, and pushing the limits of storage capacity.  These additional variable costs can 

outweigh the marginal gains in revenue, causing processor returns to decrease.  Pound solid 

volumes less than TPSp
*
 do not allow for spreading of fixed costs across as many units as 

possible.  Potential revenue is lost as labor and capital sit idle or operate at less than full capacity.  

Processors manage the flow of fruit throughout the season to capture TPSp
*
 pound solids in an 

attempt to maximize annual returns. 

Total industry returns as a function of total pound solids (TPS) can be mathematically 

expressed as the sum of grower returns and processor returns, as shown in Equation 5-2.   



IND(TPS) G(TPS)P (TPS)       (5-2) 

The total pound solid volume producing optimal returns to the industry is determined by 

differentiating industry profits with respect to total pound solid volume and setting equal to zero, 

as shown in Equation 5-3. 



IND

TPS

G

TPS

P

TPS
 0         (5-3) 

Total industry returns are shown graphically in Figure 5-5 when using either hand harvesting 

(Πi1) or mechanical harvesting (Πi2).  Optimizing industry returns under hand harvesting occurs 

when producing pound solid volume of TPSi1
*
.  Returns are optimized at TPSi2

*
 when using 

mechanical harvesting.  Neither industry optimal maximizes individual returns, but the summed 
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returns to both players are maximized.  Pound solid production volumes between TPSp
*
 and 

TPSi1
*
 suggest processor market power, while production between TPSi1

*
 and TPSg

*
 suggest 

grower market power, assuming operation with hand harvesting.  With mechanical harvesting, 

production between TPSp
*
 and TPSi2

*
 suggests power is held by processors, while production 

between TPSi2
*
 and TPSg

*
 suggests growers hold market power.   

In addition to describing industry returns, Figure 5-5 provides insight into the incentives 

behind the Florida orange juice industry’s adoption decision for mechanical harvesters.  Because 

growers are responsible for all costs of harvest, decreases in the unit cost of harvest afforded by 

mechanical harvesters will cause the grower’s profit function to increase, shifting from Πg1 to 

Πg2.  Growers, therefore, should favor the use of mechanical harvesters unless mechanical 

harvesters could decrease the volume of pound solids captured enough to decrease grower 

returns.   

The case for processor acceptance of mechanical harvesters is somewhat more 

complicated.  Harvest cost savings from mechanical harvesting do not directly impact processors 

because they do not typically pay for the harvest.  The processor profit function is then the same 

before and after harvester adoption.  The addition of mechanical harvesters does, however, shift 

the new industry optimal pound solid production volume from TPSi1
*
 to TPSi2

*
.  If the timing of 

harvest is adjusted to capture TPSi2
*
, then total industry returns and grower returns will increase, 

but processor returns will decrease.  This decrease in processor returns is due to diseconomies of 

scale caused by increasing volumes.  Cost increases arise from processing higher than optimal 

volumes of fruit and attempting to store larger volumes of juice than processing facilities are 

designed to handle.  These extra costs can be manifested through additional processing 

operations such as less than optimal feed mill dryer operation, paying employees overtime 
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wages, and high cost offsite juice storage.  Processors are not expected to favor mechanical 

harvesters if adoption pushes pound solid production away from TPSp
*
.  If mechanical 

harvesting and a change in the harvest schedule cause lower processor returns, processors could 

be expected to agree to accept mechanical harvesting if they are compensated for their financial 

losses.  By the Kaldor-Hicks compensation criteria, TPSi2
*
 is preferred to TPSi1

*
 because it is 

theoretically possible for growers to  fully compensate processors, making one party better off 

and keeping the other party as well off.  In this example, the industry as a whole can be made 

better off, while transfer payments could help to ensure no party is made worse off due to the 

adoption of mechanical harvesters. 

Total Industry Returns 

As a starting point for a conceptual model, consider the Florida orange juice production 

industry as two entities: growers and processors.  Total industry returns (Π
IND

) can then be 

defined as the sum of grower returns (Π
G
) and processor returns (Π

P
), shown in Equation 5-4. 

PGIND           (5-4) 

Grower Returns 

Grower returns can be defined as total revenue from the sale of fruit (TRF) less total fruit 

production costs (TPC) and total harvest costs (THC), which include transporting fruit to a 

processing plant(Eq. 5-5).  

THCTPCTRFG          (5-5) 

Growers are paid for the total quantity of pound solids they deliver to the processing plant.  Total 

fruit revenue (TRF) is equal to the product of the delivered-in price per pound solid (DIP), the 

pound solids per box (PS), the box yield per acre (B), and the total acres (A) of bearing trees 

owned by the grower (Eq. 5-6).   
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ABPSDIPTRF          (5-6) 

Note that the product of pound solids per box, box yield per acre, and total acres is equal to the 

total pound solid production for the season (TPS), and that the product of the box yield per acre 

and the total acres is equal to the total boxes produced during the season (TB). 

The two main cost components determining annual grower returns are fruit production and 

harvest costs.  Production costs include capital, fertilizer, pest control chemicals, labor, and other 

input costs associated with grove management and caretaking.  Production costs per acre are the 

cumulative cost to prepare one acre of trees and grow fruit from the previous season’s harvest 

until the current harvest, with production ending for the season at the time of harvest.  The total 

cost of fruit production is calculated as the per acre unit cost of production (UPC) times the 

acreage of grove holdings (Eq. 5-7). 

AUPCTPC           (5-7) 

The total cost of production often accounts for a large percentage of grower costs but is 

considered a sunk cost at the time of harvest and does not factor into the harvest decision.    

Total harvest costs are paid by growers and include pick, roadside, and hauling costs to 

deliver fruit to a processing plant.  Picking and roadsiding are separate costs associated with 

hand harvesting crews.  The pick charge is paid directly to a worker to remove fruit from a tree 

and place into collection tubs.  Roadside costs are incurred to move fruit from the collection tubs 

to bulk trailers at the edge of a grove.  When using mechanical harvesters, pick and roadside 

costs are combined into a single cost.  Hauling costs account for the cost of removing loaded 

fruit trailers from the grove and delivering them to the processing facility.  Hauling costs 

increase as the travel distance increases but should not vary with the method of harvest. 
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The total cost to pick, roadside, and haul is equal to the per box unit harvest costs times the 

quantity of boxes harvested.  Incorporating separate functions for hand harvesting and 

mechanical harvesting can be done by including the number of boxes picked with each 

technology and the respective unit harvest cost.  Equation 5-8 expresses total harvest costs as the 

sum of total hand harvesting costs (THC
HH

) and total mechanical harvesting costs (THC
MH

), 

which is equivalent to summing the unit cost of hand harvest (UHC
HH

) times the total boxes 

hand harvested (TB
HH

) and the unit cost of mechanical harvest (UHC
MH

) times the total boxes 

mechanically harvested (TB
MH

). 

)()( MHMHHHHHMHHH TBUHCTBUHCTHCTHCTHC      (5-8) 

Unit harvest costs are usually dependent on the expected boxes per acre in the grove to be 

harvested for both hand and mechanical harvesting systems.  The harvest cost per box typically 

decreases as the number of boxes available per acre increases.  This cost difference is manifested 

in hand harvesting through workers’ willingness to pick high yielding groves at a lower piece 

rate and demanding higher piece rates for low yielding groves.  Lower piece rates are accepted 

for higher yielding groves because fruit can be picked at a much faster rate, enabling harvesters 

to pick more fruit while exerting the same effort.  Similarly, mechanical harvesters will accept 

lower per box picking rates for groves producing higher box yields per hour of operation.  The 

lower rates are accepted because mechanical harvesting effort depends more on the number of 

trees to be harvested than the fruit yield.  The time required to mechanically harvest a tree is 

independent of the quantity of hanging fruit.  Higher yielding trees are therefore less costly per 

box to shake than low yielding trees.  While this dynamic cost structure is practiced by the 

Florida citrus industry, estimations for this analysis are simplified by assuming constant harvest 

costs.  Unit costs for hand and mechanical harvesting are assumed to be different and are held 
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constant with respect to per acre yields.  This simplification is made due to a lack of data on 

yield specific harvest costs.  This simplifying assumption does, however, keep harvest costs 

consistent with average fruit yields, which should produce results in line with average industry 

costs.   

Total returns to the grower are represented in Equation 5-9.  Grower’s total revenue is 

determined by the delivered-in price of fruit, pound solid production, box yield, grove acreage, 

unit production costs, hand harvest costs, and mechanical harvest costs. 

)]()[(][][ MHMHHHHHG TBUHCTBUHCAUPCABPSDIP   (5-9) 

Total returns to the grower are graphically represented as a function of total pound solid 

production in Figure 5-3 by assuming fixed values for fruit prices, production costs, and bearing 

acreage.  Pound solids per box and boxes per acre are not fixed but are determined by the 

biological characteristics of fruit at the time of harvest, as shown in Figure 4-11 where the time 

of harvest directly impacts the volume of pound solids harvested.  Unit harvest costs are allowed 

to increase with increasing production volume, causing profits to increase at a slower rate as 

production reaches the maximum.  Variable unit harvest costs are not imperative to this analysis 

and not included in Equation 5-9, but are likely to be realized in the labor market.  Attempting to 

maximize profits, growers time the harvest of a grove to coincide with peak pound solid 

production, yielding the greatest production and profits per acre.  Пg1 represents grower returns 

using hand harvesting (TB
MH 

= 0) as a function of the quantity of pound solids captured.  Grower 

returns are shown to be negative when few pound solids are captured because of the high fixed 

cost of fruit production.  As additional pound solids are sold, returns eventually become positive 

and continue to increase with the sale of each additional unit.  Operating at TPSg
*
 results in the 

capture of the maximum possible pound solids and the greatest returns to the grower, represented 
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as Пg1
*
.  TPSg

*
 represents timing of the harvest such that all groves are picked at peak pound 

solid production, yielding the maximum total pound solids.  At quantities less than TPSg
*
, profits 

are less than optimal.   

Growers may switch from hand harvest to mechanical harvest (TB
HH 

= 0) if mechanical 

harvesters have the potential to lower the cost of harvest.  The adoption of mechanical harvesters 

shifts the function for grower returns from Пg1 to Пg2 as adoption affords a decrease in the unit 

cost of harvest.  The function Пg2 yields higher returns to the grower at each pound solid value 

due to the decreased harvest cost.  The production volume yielding maximum returns, Пg2
*
, is 

again realized at TPSg
*
.  Growers attempting to maximize returns will therefore try to capture all 

possible pound solids, independent of the type of harvesting used.     

Processor Returns 

Processors convert whole fruit into a marketable juice product.  Processor returns are 

defined as the total revenue gained from juice sales (TRJ) less total fruit input costs (TFC), total 

extraction costs (TEC), and total storage costs (TSC), shown in Equation 5-10. 

TSCTECTFCTRJP         (5-10) 

Note that the total fruit input cost paid by the processor is equivalent to the total revenue 

received by the grower (Eq.5-6) for the sale of fruit (TFC = TRF).  To simplify Equation 5-10, 

the total revenue from juice sales and the total cost of fruit inputs can be combined and expressed 

as the total value added from juice production (TVA) shown in Equation 5-11. 

TVATFCTRJ           (5-11) 

Additionally, the total value added from production can be calculated on a per unit basis by 

multiplying the total pound solids (TPS) produced during the processing season times the unit 

processing margin (PM), as shown in Equation 5-12.   
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TPSPMTVA           (5-12) 

The processing margin is defined as the additional unit value added to juice when whole fruit 

inputs are converted to marketable juice or concentrate.  This calculated variable represents the 

value that processing adds to juice.  The processing margin is the difference between the price 

paid for a pound solid entering the plant as whole fruit and the price received for a pound solid 

leaving the plant as juice.   

The two remaining costs associated with fruit processing are juice extraction and storage 

costs.  For the purpose of this analysis, extraction costs are defined to include all variable costs 

associated with fruit handling, unloading, cleaning, grading, extracting juice, juice finishing, 

pasteurizing or evaporating, and processing of byproducts.  Under this definition, extraction 

activities begin when fruit is dropped at the processing facility and are completed once juice 

enters storage.  Total extraction costs are typically expressed as the unit cost to extract a box of 

fruit inputs times the total boxes processed (Eq. 5-13). 

TBUECTEC           (5-13) 

The operational objective of extraction is to capture juice meeting specified quality 

parameters at the lowest possible unit costs.  Unit processing costs mirror costs associated with 

many other manufacturing facilities that handle a variable quantity of inputs subject to fixed 

capital constraints.  While very little information is publicly available pertaining to unit 

extraction costs in modern orange juice processing facilities, economic theory argues that 

economies of scale will cause unit extraction costs to be non-linear.  If plant capital is fixed at 

the start of the processing season, then there should exist an optimal throughput of boxes that 

minimize the average unit extraction cost.  Box volumes above or below this optimal will 

increase unit costs.  Further analysis of Figure 5-1 depicts this relationship graphically by 
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showing the expected shapes of the marginal and average unit cost curves for processing in a 

typical orange juice processing plant.  The high fixed costs of a processing plant greatly inflate 

marginal cost when only a few units are being processed.  As the processing volume increases, 

fixed costs are spread across more units of output and marginal cost decreases.  At some 

production value, marginal costs will reach a minimum and then begin to increase as output 

increases, due to the decreasing economies of scale experienced when increasing production 

volumes begin to tax fixed processing equipment.  At a still greater production level, marginal 

cost will equal average cost, and unit processing costs are minimized.  Beyond this production 

volume, unit costs increase as physical plant capacities are strained, and the cost to produce 

additional output increases quickly.  Increasing production further requires investment in an 

additional processing facility which will have similar marginal and average cost functions.  The 

total cost of processing as a function of output, equal to the product of average cost and total 

output quantity, is expected to start at the level of fixed costs, increase at an increasing rate as 

inputs are increased, slow to a decreasing rate, and then spike with increases in capital. 

Storage costs are defined as all costs involved with holding juice from the completion of 

extraction until the juice leaves the processing facility.  The costs of juice storage, either 

construction or maintenance costs, directly impact operational decisions made by production 

managers.  Storage capacity is necessary for two reasons.  First, a processor must bridge the time 

gap between the fruit harvest period (typically less than nine months) and a twelve month juice 

sales cycle.  Second, storage enables processors to mask natural quality variations occurring 

during a typical harvesting season and blend juices throughout the calendar year, producing a 

consistent end product that meets consumer quality specifications.  For example, storage and 

blending allow processors to mix some poor quality, low ratio juice from early season fruit with 
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higher ratio juice captured later in the season, enabling processors to buy fruit inputs of varying 

juice quality while maintaining a consistent quality end product.   

Total storage costs can be expressed as the unit cost to store a pound solid of processed 

juice times the volume of juice in storage (PSS) (Eq. 5-14).   

PSSUSCTSC           (5-14) 

Figure 5-2 graphically represents the expected average cost of juice storage.  The cost to store 

the first gallon is extremely high, but as the volume stored increases, the cost to store an 

additional unit is close to zero, decreasing average storage costs.  Average costs should decrease 

at a decreasing rate until the bulk storage tank is full.  Storing an additional unit of juice would 

then require use of an additional tank, resulting in a significant increase in cost.  The average 

cost to store additional juice again decreases as the volume stored increases.  The total cost of 

operating storage annually is expected to be a large fixed cost with small variable cost increases 

from storing additional units.  Processors adding additional storage tanks will incur large capital 

expenditures, followed by fixed annual operating costs and variable unit costs comparable to the 

variable costs of operating existing storage tanks. 

Processor returns can be expressed in terms of unit processing margin, unit extraction costs 

and unit storage costs, as shown in Equation 5-15, using Equation 5-10 and the relationships 

defined in Equations 5-11 through 5-14. 

)()()( PSSUSCTBUECTPSPMP       (5-15) 

Total returns to the processor, as shown in Equation 5-15, are graphically represented in 

Figure 5-4 as a function of total pound solid production.  This function assumes that processing 

capacity is fixed at the beginning of the season, and managers attempt to minimize the cost of 

processing the optimal volume of pound solids.  Similar to grower returns, processor returns are 
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negative if very few pound solids are processed during the season due to the high capital costs 

associated with owning a juice plant.  As the volume of pound solids run through the plant 

increases, processor returns increase.  Total returns became positive when the pound solid 

volume is above the breakeven point.  At this breakeven volume, processing margin revenues are 

sufficient to cover fixed costs.  Continuing to increase pound solid volumes above the breakeven 

point allows processor to earn positive returns.  Returns eventually reach a maximum, shown in 

Figure 5-4 as Пp
*
, when the pound solid volume is optimal for the processor, TPSp

*
.  Increasing 

pound solid volume beyond this optimal level will cause processor returns to decline due to the 

eventual decreasing marginal returns inherent with fixed factors of production.  These decreasing 

returns are realized when the marginal cost of processing, shown in Figure 5-2, is greater than 

the processing margin revenue earned on each additional pound solid produced.  Total returns 

will eventually become negative again as processing volumes continue to increase.   

Changes in harvest costs afforded by the adoption of mechanical harvesters do not directly 

enter the function estimating processor returns, unlike the function for grower returns.  Any 

changes in harvest timing caused by the addition of mechanical harvesters could, however, alter 

pound solid production and processor returns.  If mechanical harvesting allows for harvest timing 

closer to peak pound solids production, the pound solid volumes captured will increase.  

Processor returns will increase if processing volumes had been less than optimal, below TPSp
*
, 

and returns will decrease if volumes had been at or above the optimal quantity.  Conversely, if 

mechanical harvesting causes the timing of harvest to occur during less optimal periods, pound 

solid volumes will decrease.  In this case, processor returns will decrease if processing volumes 

had been less than optimal and increase if volumes were at or above the optimal pound solid 

quantity.   
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Industry Returns 

Combining grower returns (Eq. 5-9) and processor returns (Eq. 5-15) into the original 

function for total industry returns (Eq.5-4) gives a complete representation of total industry 

returns (Eq. 5-16).  

)]()()(

)]()[(][][
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 (5-16) 

Total returns to the industry as a whole are graphically represented as a function of pound solid 

production in Figure 5-5.  Functions Пi1 and Пi2 represent total industry returns as a function of 

pound solid volume under hand harvest and mechanical harvest systems respectively.  The 

increased returns from using mechanical harvesting result from the unit harvest cost savings 

realized by growers, as shown in Figure 5-3.  Maximum returns under hand harvest, Пi1
*
, are 

achieved with a pound solid volume of TPSi1
*
.  Under mechanical harvesting, maximum returns 

of Пi2
*
 are achieved with a pound solids volume of TPSi2

*
. 

Figure 5-5 shows that changing the cost of harvest changes both the optimal industry 

returns and the optimal pound solid volume required to realize the higher returns.  To fully 

understand the motivation for this change, the functions expressing grower and processor returns 

(Figure 5-3 and 5-4) are examined together.  Pound solid production volume, which must be 

equivalent across both players, is shown to be a central driver of industry revenues, affecting the 

individual returns of each player.  The optimal pound solid volume under hand harvesting is 

found by examining marginal pound solid increases.  Both parties gain revenue with each 

additional unit until reaching TPSp
*
, beyond which processor returns decrease as grower returns 

continue to increase.  The optimal industry pound solid production volume is found by 

increasing production until the marginal loss in returns to the processor equals the marginal gain 

in revenue to the grower, TPSi1
*
.  Marginal increases in pound solid production greater than 
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TPSi1
*
 will result in decreases to total industry returns because the processor loses more than the 

grower gains.  As previously discussed, if mechanical harvester adoption lowers the cost of 

harvest, this will shift the functions representing grower returns from Пg1 to Пg2.  The increased 

slope of the new grower returns function increases the pound solid volume required to maximize 

total industry returns.  The new optimal pound solid volume is then TPSi2
*
, with grower returns 

of Пgi2
*
 and processor returns of Пpi2

*
.  

The previous example solves for the optimal industry returns and is directly relevant to a 

vertically integrated cooperative.  If growers and processors are not integrated but separate 

business entities, the harvest timing decision must still be made jointly.  It is through the 

bargaining and negotiations of this joint decision making process that growers and processors 

reconcile differences in harvest date, and consequently determine the pound solid volume 

captured.  When one party is attempting to maximize its returns at the expense of the other 

party’s returns, some form of compensation is expected to flow between the entities.  For 

example, suppose production is at TPSp
*
 in Figures 5-3, 5-4, and 5-5.  To move pound solid 

production to the industry optimal level, harvest and processing intensity must be increased 

during biologically optimal periods.  Moving to TPSi
*
 will increases grower returns and decrease 

processor returns, as shown in Figures 5-3 and 5-4.  This shift in production levels provides an 

opportunity to make Kaldor-Hicks improvements in the market, improving the returns to at least 

one player while not making any other player worse off.  Such an improvement could involve the 

winning player, in this case the grower, making a payment to the losing player, the processor.  

The gains to the winning player are shown to be large enough to retain some additional revenue 

after offsetting all losses.  The industry as a whole would be made better off, and no player 

would be made worse off. 
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Industry operation away from the industry optimal production level suggests that one 

group of players has market power.  As described, growers would like pound solid production 

volume as high as possible, TPSg
*
, because their individual returns increase when industry 

production increases.  Production volumes above the industry optimal would then suggest that 

growers are exerting market power over processors.  Conversely, processor returns increase 

when production volumes are below the industry optimal.  Production volumes below the 

industry optimal suggest that processors are exerting market power over growers.  Additionally, 

pound solid production levels below the processor optimal, TPSp
*
, suggest that outside factors 

such as freeze, hurricane, or disease are reducing pound solid production. 

Summary 

 The timing of harvest determines the intensity and duration of the processing season, 

directly impacting the volume of juice captured and the returns to industry players.  Growers and 

processors negotiate to jointly determine harvest timing, each attempting to maximize individual 

returns.  The addition of mechanical harvesting has the potential to alter these returns and change 

the volume of pound solid production required to maximize total industry returns.  The following 

chapter expands upon this theoretical model to empirically estimate returns to the orange juice 

processing industry. 
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Figure 5-1.  Expected marginal and average unit cost curves for processing in a typical orange 

juice processing plant as a function of quantity. 

 

 
Figure 5-2.  Average cost curve for juice or concentrate storage in a typical orange juice 

processing plant as a function of quantity. 
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Figure 5-3.  Grower returns as a function of total pound solids. 

 

 
Figure 5-4.  Processor returns as a function of total pound solids. 

 

$ 

Πg1 

Πg2 

TPSp
* 

TPSi1
* 

TPSi2
*
 TPSg

* 

TPS 

Πgp2
* Πg1

* 

Πgi1
* 

Πgp1
* 

Πgi2
* 

Πg2
* 

0 

$ 

Πp 

TPSi2
*
 TPSg

* 

TPS 

Πpg
* 

Πpi1
* 

Πpi2
* 

Πp
* 

0 

TPSp
* 

TPSi1
* 



 

156 

 
Figure 5-5.  Total industry returns as a function of total pound solids.  
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CHAPTER 6 

EMPIRICAL MODELING AND RESULTS 

Harvesting and processing operations of the Florida orange juice industry are analyzed 

using mathematical programming models to estimate industry profits as a function of an annual 

harvesting schedule.  Industry production models simulate operation during a typical harvesting 

and processing season, with constraints designed to mimic actual industry conditions.  For 

example, load allocation restrictions assumed in the model are set based on weekly averages 

allowed by processors to simulate an actual processing season.  Models are initially estimated 

under conditions attempting to replicate current market conditions and then altered to mimic 

changing industry conditions.  Changes to conditions allow for operation with fewer limitations, 

including the use of mechanical harvesters, altering the length or continuity of the processing 

season, or changing processing or storage capacities.  The models compare gains from harvesting 

and processing under varying constraints to determine the schedule that will deliver the greatest 

monetary returns to the industry.  Comparison of these returns indicates whether changes in 

industry operations could allow for improvements to total industry returns.  Modeling results are 

used to predict how changes to industry operation and capital availability change total revenues.  

Additionally, minimum capital requirements can be established for mechanical harvesting 

capacities, as well as the required extraction and storage capacity needed to match this harvesting 

capacity.  

Grower Decision Model 

Equation 5-9 defines the variables that determine grower returns from fruit production.  

Further specification of the dependent variables with respect to geographic location, tree variety, 

and time of harvest is shown in Equation 6-1.   
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Definitions for all variables used in this chapter are listed in Table 6-1.  The variables used in 

Equation 6-1 include returns to a grower (∏
G
) that are summed across all fruit varieties (v), 

geographic regions (i), tree age groups (a), and time periods (t) as a function of the delivered-in 

price per pound solid (DIP), pound solids per box (PS), boxes per acre (B), fruit production cost 

per acre (UPC), percentage of fruit harvested by hand (η), hand harvest cost per box (UHC
HH

), 

mechanical harvest cost per box (UHC
MH

), and the acres of grove harvested (A).  A harvest 

constraint variable (Xviat) is used to represent the harvest status of each grove aggregate during 

each time period, where each grove aggregate denote groves of the same variety, region, and age.  

A harvest constraint variable value of 0 represents no harvest during the given time period, while 

a value of 1 represents complete harvest of the aggregate.  For example, if 75% of fruit from a 

certain variety, region, and age is harvested during Week 34 and the remaining 25% is harvested 

during Week 35, then the value of the harvest constraint variable would be 0.75 for Week 34, 

0.25 for Week 35, and 0.00 for all other time periods.  Growers maximize returns by choosing 

the harvest date of a specific grove aggregate, specified by variety, region, and tree age, during 

the optimal harvest time period (t*).   

Assuming acreage is fixed during the harvest season and that all prices and costs are 

exogenously determined by market forces, harvest timing and harvest method are the only 

endogenous variables determining grower returns that are influenced by individual grower 

decisions.  The harvest timing decision impacts total pound solid production and box yield, 

because both are constantly changing throughout the season.   
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The type of harvest used, either hand or mechanical, also influences grower returns 

because of differences in unit costs of harvest for each method.  Defining η to represent the 

percentage of boxes harvested by hand, total hand harvest costs are calculated as the unit harvest 

cost to hand harvest (UHC
HH

) times the quantity of boxes harvested by hand (η(B×A)).  

Similarly, the total cost to harvest mechanically is calculated as the unit harvest cost to 

mechanically harvest (UHC
MH

) times the boxes harvested mechanically ((1- η)(B×A)).  Equation 

6-2 describes total harvest costs. 

)))(1(())(( ABUHCABUHCTHCTHCTHC MHHHMHHH    (6-2) 

Constraining the grower decision model are the physical limitations of harvest, including 

biological limitations and processor capacity limitations.  If the grower were the sole decision-

maker determining the harvesting schedule, harvest timing would be based only on the fruit 

maturity.  Harvest would occur when pound solids production was at its maximum, and the least 

cost harvest method would be employed.  The only constraint is the limitation that each grove 

could only be harvested once per season (Eq. 6-3).  

Subject to   1
1




T

t

viatX   for each v, i, and a where 10  viatX    (6-3) 

Equation 6-3 is the harvest constraint, representing the grower’s decision of when to harvest a 

particular grove aggregate and requiring each aggregate to be harvested no more than once.  The 

harvest constraint allows for  partial harvesting of a grove aggragate across several time periods 

by permitting any Xviat to be less than one during any time period and requiring all Xviat for a 

specific variety, region, and age to sum across all time periods to less than or equal to one.  

While not tested in this analysis, the harvest decision could be further restricted to require an 

entire grove aggregate to be harvested during a single time period by requiring Xviat to equal one 

if aggregate via is harvested in time t and zero at all other periods.  Requiring complete 
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harvesting within a single period could be used to simulate the high cost of disassembling and 

transporting mechanical harvesters over the road. 

The physical limitations of juice processors are included in the factors constraining the 

grower decision model.  Growers must harvest weekly fruit volumes corresponding to the 

volume requirements of processing facilities due to the quick rate of fruit spoilage after harvest.  

Growers and processors must come to an agreement on the weekly volume exchanged.  Agreed 

upon volumes are manifested through weekly load allocations assigned by processors to growers.  

Equations 6-4 and 6-5 represent the lower and upper bound load allocation constraints 

respectively. 
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The load allocation constraints represent the quantity of fruit growers are permitted to deliver to 

the processor.  UB represents the upper bound quantity of 90-pound boxes of fruit allowed to be 

delivered to the processor during each time period and LB represents the lower bound quantity of 

boxes that must be delivered to the processor in each time period.   Loads delivered beyond the 

upper bound limit may not be accepted.  Conversely, growers who consistently deliver below 

their allocation may have their weekly load allocations reduced.  

Processor Decision Model 

Similar to the grower problem, the processor’s decisions are modeled using a linear 

programming model executed in GAMS.  The processor model analyzes production decisions as 

a function of prices, pound solids volume, box yield, juice extraction costs, and bulk juice 

storage costs.  In practice, processors attempt to maximize returns (П
P
) by selecting the optimal 
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volume of daily fruit deliveries throughout the season, and then minimizing the cost of 

processing these volumes of fruit.  Assignments of load allocations dictate daily processing 

volumes, setting the duration and intensity of harvest, extraction, and storage.  Under this model, 

growers deliver fruit to meet load allocations as processors attempt to optimize plant operations 

and minimize costs subject to the physical operational constraints and fruit maturity.  Equations 

6-6 through 6-16 depict the processor decision model. 
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tviatt URATIORATIOLRATIO          (6-15) 
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Variables representing the unit processing margin (PM), the cost per box to extract juice (UEC), 

the unit cost to store juice for one period (USC), and the volume of juice in storage during each 

period (PSS), for both NFC production (N) and FCOJ production (C), are introduced into the 

processor model.   

Constraints on processor operations are more numerous and complex than constraints on 

grower operations.  The first three constraints listed in the processor model, the harvest variable 

constraint (Eq. 6-7) and the lower and upper bound load allocation constraints (Eq. 6-8 and 6-9), 

are identical to the grower model.  Additional constraints represent processing plant capacities 

for both NFC and FCOJ weekly throughput extraction capacities, total storage capacities for 

NFC and FCOJ, and juice quality constraints. 

Equations 6-10 and 6-11 represent the weekly throughput extraction limitations of 

processing plants for NFC and FCOJ respectively.  The actual volume of boxes harvested and 

processed during a given week is represented by Equation 6-17. 
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Calculated similarly to the upper and lower bound constraints, TB is the estimated sum of boxes 

processed weekly.  Further, processors determine which percentage of fruit inputs are processed 

to NFC (NFC%) and which percentage of inputs are processed to FCOJ (1-NFC%).  Multiplying 

these percentages by the weekly box input volumes allows for the calculation of the total boxes 
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processed weekly to NFC (TB
N
) and the total boxes processed weekly to FCOJ (TB

C
), as shown 

in Equations 6-18 and 6-19. 

t

N

t TBNFCTB  %          (6-18) 

t

C

t TBNFCTB  %)1(         (6-19) 

The constraints shown in Equations 6-10 and 6-11 require that the maximum box throughput of 

each product remains below weekly NFC processing capacity (UTB
N
) and weekly FCOJ 

processing capacity (UTB
C
).  Total weekly capacities of each product are determined by the 

physical capacity limitations of the processing industry.  

Storage capacity for juice and concentrate end products also constrain processor operation.  

Processors have a limited storage capacity specific to each product.  Equations 6-12 and 6-13 

limit the volume of NFC and FCOJ in storage during any time period, N

tPSS  and C

tPSS , to be 

less than or equal to the total storage capacity available for each product, UPSS
N
 and UPSS

C
 

respectively.  The volume of juice or concentrate in storage during any given time period is 

calculated by summing the volume in storage at the end of the previous period, N

tPSS 1  
or C

tPSS 1 , 

with the volume change during the current period, N

t

N

t OUTTPS   or C

t

C

t OUTTPS 
.
  Equations 

6-20 and 6-21 represent the volume change of stored product during the period, for juice and 

concentrate respectively, by subtracting the output volume during the period (OUT) from the 

total pound solids processed during the period (TPS).   
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The output volume for each period represents any juice or concentrate removed from the 

processing plant through sales, transfers, or disposal.  The total pound solids of each product type 
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produced during a period is calculated by multiplying the total boxes of each type processed, by 

the average pound solids, as shown in Equations 6-22 and 6-23. 
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In addition to physical limitations, the processor’s operations are also constrained by juice 

quality characteristics.  The terms of sale for most juice products are dependent on quality; 

therefore, processors strive to achieve a juice product that meets required quality parameters.  

Two closely monitored juice quality attributes are the soluble solids content, measured in degrees 

Brix, and the Brix to acid ratio.  Total soluble solids and the Brix to acid ratio of juice can be 

estimated as time dependent functions, similar to estimates developed in the grower section of 

the model where pound solids per box, fruit drop rate, and fruit weight are estimated as functions 

over time.  The functional form chosen to approximate these changes is assumed to be a second 

order polynomial.  Explicitly, total soluble solids (TSS) changes over time can be represented by 

the second order polynomial function shown in Equation 6-24, and Brix to acid ratio changes 

over time can be expressed by the function shown in Equation 6-25. 

TSSTSSTSS ttTSS   2          (6-24) 

RATIORATIORATIO ttRATIO   2        (6-25) 

FASS sample data are used to estimate the quality parameters of processed juice.   

Early in the processing season, soluble solids have not had time to accumulate, so 

processors try to run only fruit with soluble solid levels above a given degree Brix value.  While 

the actual lower limit degree Brix value required by the State of Florida to be met before fruit 

can be delivered may change with seasonal conditions, federal guidelines require a minimum 

degree Brix between 8 degree and 9 degree (USDA, FASS, 2007), and processors have reported 
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requiring at least 10 degree Brix
1,2

.  Soluble solids measured in degree Brix are numerically 

equivalent when reported as the percentage of juice (Matthews, 1994).  For example, a total 

soluble solids concentration of 11% is equivalent to a juice of 11 degree Brix.  Equation 6-14 

constrains fruit inputs to be greater than or equal to minimum soluble solid requirements.   

Brix to acid ratio quality requirements are also included in the modeling constraints.  

Florida state requirements hold that fruit must achieve a minimum ratio between 9 and 10.5 

before the fruit can be processed.  Processors often have stricter lower bound requirements on the 

ratio of fruit inputs to ensure juice quality.  One processor in Florida typically requires a 

minimum 14 ratio for early season fruit, or payments are reduced due to low juice quality.  While 

no upper bound constraint on ratio is specifically outlined, processors discourage juice of 

exceedingly high ratio.  The state required 0.4% minimum acid concentration effectively sets a 

maximum ratio at about 20, prohibiting the sale of insipid tasting juice (Wardowski, 1995).  

Equation 6-15 constrains the lower bound ratio (LRATIOt) and the upper bound Brix to acid ratio 

(URATIOt) of fruit inputs to conform to both legal requirements and typical processor 

requirements.   

In addition to state requirements on fruit inputs, federal standards for processed juice and 

concentrate require USDA Grade A juice to have a ratio of 12.5 to 20.5 for single strength juice 

and 12.5 to 19.5 for concentrate.  Again, these standards are often stricter for processors 

demanding a high quality end product.  Equation 6-16 restricts the average Brix to acid ratio for 

the entire season within lower and upper bounds (LAVGRAT and UAVGRAT), meeting USDA, 

Florida Department of Citrus, and typical processor requirements. 

                                                 
1
Personal communication with anonymous manager (1) of a Florida orange processing facility, July 2008  

2
 Personal communication with anonymous manager (2) of a Florida orange processing facility, July 2008 
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This model depicted in Equation 6-6 through 6-16 represents processor returns and 

includes several variables processors have the ability to alter, thus affecting their economic gains 

or losses.  Most important among these variable are the operational decisions that impact the 

total pound solids of juice captured for the season.  In addition to volume of fruit purchased, the 

timing of harvest and extraction changes the total pound solid volume intake.  Processors work to 

minimize these extraction and storage costs.  Extraction costs are subject to the increasing 

returns to scale seen in most large manufacturing operations with high amounts of fixed capital. 

Processors attempt to spread the high fixed cost of capital across as many boxes of fruit as 

possible to lower unit processing costs.  The extent to which these costs can be reduced depends 

on the current capital in place and the processor’s production goals and marketing strategy.  

Similarly, storage costs are impacted by production decisions.  Processors attempt to minimize 

these costs with efficient use of existing capital and optimal inventory management.   

Industry Decision Model 

The grower and processor models are combined into a decision model for the entire Florida 

orange juice processing industry.  As previously shown, total industry returns (Π
IND

) equal the 

sum of grower and processor returns (Eq. 3-4).  Total industry returns are maximized by 

summing Equations 6-1 and 6-6, subject to all the operational and quality constraint equations, 

while allowing the programming model to choose the profit maximizing harvest period for each 

grove aggregate, as shown in Equations 6-26 through 6-37. 
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where v = 1…3, i =1…5, a = 1…5, and t = 1…52 

The industry decision model is solved under varying market conditions to simulate the economic 

effect of changes in the duration and intensity of harvesting and processing.  Altered load 

allocations, harvest costs, and harvesting methods simulate varying levels of mechanical 

harvester adoption.  The resulting changes in industry costs and revenues allow for a better 

understanding of the impacts that mechanical harvesting will have on the Florida citrus industry.  

Use of mechanical harvesting is simulated by lessening the percentage of the crop 

constrained to be harvested by hand (Eq. 6-31).  The model then adjusts the scheduling of 

harvest to maximize total industry returns.  For example, total and unit costs to harvest are 

expected to decrease when harvesting mechanically (Roka and Rouse, 2004a), and pound solids 

yields and storage requirements are expected to increase due to harvesting closer to the pound 

solids production optimum (Searcy, Roka, and Spreen, 2008).  If the duration of the season is 

decreased due to more intense processing, then higher storage costs are being offset by decreases 

in processing and harvest costs.  While the focus of this modeling process will be to quantify 

market changes from a shift to mechanical harvesting, the model’s structure should allow for 

further analysis to address additional issues such as industry changes from greater NFC 

production or new fruit varieties.  

The programming model selects the optimal date of harvest for each grove aggregate by 

balancing pound solids yield, box yield, harvest cost, processor constrains, and juice quality 

parameters.  The model is run using grower level data on grove acreage and characteristics, as 

well as estimates of historic load allocations allowed by the processor.  Estimated equations for 
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fruit weight, juice weight, pound solids per box, juice yield, total soluble solids, and the Brix to 

acid ratio are embedded in the model as functions of harvest date, allowing for variations across 

region, variety, and tree age.  The model calculates the maximized returns to the industry, the 

pound solids returned for each time period and each grove aggregate, and the annual harvest 

schedule yielding the greatest industry returns.  Additionally, weekly yield estimates are 

combined with machine capacities to estimate the minimum harvesting and extracting capital 

requirements needed to operate under the specified market conditions.  Estimating the minimum 

number of harvesters needed is calculated by dividing the weekly box peak volume by the 

average weekly harvesting capacity per machine.  Similarly, the minimum extraction capital 

needed can be calculated by dividing the weekly box peak volume by the average weekly 

extraction capacity per processing line.   

This modeling exercise assumes uniform fruit and juice quality within each period, with all 

variability coming between fruit variety, region, and processing time periods.  This assumption 

assures that all fruit of the same variety, region, and harvest date, will be of equal quality and 

will yield equal quality juice.  Fruit processed the following week will have different quality and 

yield characteristics as dictated by biological changes in the fruit.  The model further assumes 

that box yields are not affected by the method of harvest.  Therefore, all else being equal, a grove 

picked with hand labor or mechanical harvesters should produce equivalent yields.  Maturity 

modeling estimates juice characteristics and yield for Florida’s processed orange crop over the 

course of a single representative season.  While based on data collected by FASS to predict 

annual fruit production, the maturity model presented in this paper is designed as part of a 

simulation model and is not intended to be used as a production forecasting model.  Rather, it 

estimates total industry returns from a static, single season.  No similar model is publicly 
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available that views total returns to the entire Florida orange juice industry.  Calculating 

revenues as the summed value of pound solids production also differs from other citrus 

production models that view yield in terms of field boxes (USDA, FASS, 2007).  The revenue 

calculation difference is intended to be a more precise revenue measure because Florida growers 

are paid on the basis of total pound solids delivered.   

Description of Data 

Processing Data 

Orange processing data used for this analysis is compiled from two primary sources, the 

Florida Citrus Processors Association (FCPA) and personal interviews with citrus processors.  

Summed state level processing data are publicly available from FCPA on fruit inputs delivered to 

processing facilities, including information on box yield, pounds-solids, percent acid, ratio, and 

harvest date.  FCPA data include weekly reports on FCOJ and NFC production, industry storage 

levels, and juice movement.  These data are used to estimate weekly and annual processing and 

storage capacities for the industry, as well as estimating quality parameters of juice entering the 

plant.  Firm specific data of plant operations are proprietary and not publicly available from 

individual orange processors.  All firm data were, therefore, collected through personal contacts 

with processing plant managers.  Because of this limited release, most data reported by 

processing managers are estimated values and are not linked to an identifiable source due to 

confidentiality agreements. 

Processing data, including price data, used for this analysis are reported in Table 6-2.  

Delivered-in prices, as reported by the FCPA, have averaged $1.04 per pound solid over the 10 

seasons from 1998 to 2008.  The lowest seasonal average of $0.71 per pound solid was recorded 

during the 2003-04 season, and the highest average price per pound solid of $2.11 was recorded 
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during the 2006-07 season.  Early and mid-season fruit delivered-in prices averaged $0.94 per 

pound solid and late season fruit averaged $1.16 per pound solid, a difference of $0.22.   

Free on board (FOB) bulk FCOJ prices are reported by Florida Citrus Mutual (FCM), 

Statistical Division, for the same ten year period.  FOB prices represent the value of finished 

juice loaded for transporting away from the processing facility.  The lowest seasonal average was 

$0.85 per pound solid during the 2003-04 season and the highest price per pound solid was $2.07 

during the 2006-07 season.  Average seasonal prices resulted in an estimate of the average 

processing margin over the 10-year study period to be $0.15 per pound solid.  This estimate was 

derived as the average difference between the delivered-in prices reported by the FCPA and the 

FOB prices reported by FCM.  While similar data on NFC is not available, an average increase 

of $0.20 per pound solid in the selling price of NFC was estimated for NFC over FCOJ.
3
  The 

resulting average processing margin for NFC is estimated at $0.35 above the delivered-in price. 

In addition to the value of processed juice, processors also receive revenues from the sale 

of byproducts remaining from juice production.  These byproducts are estimated to be valued at 

approximately 5% of the delivered-in price of fruit.
4
  By this estimate, an average delivered-in 

price of $1.50 would coincide with a byproduct value of at least $0.05 per pound solid.  While 

the actual prices realized will change with market conditions, processors use similar pricing 

estimates to make production decisions. 

There are no current, publically available estimates of the unit cost of extraction, defined 

for this analysis as the unit cost to convert raw fruit inputs into a marketable juice product.  The 

average cost to wash, grade, and juice fruit is estimated at approximately $0.02 per pound 

                                                 
3
 Personal communication with anonymous manager (1) of a Florida orange processing facility, July 2008 

4
 Personal communication with anonymous manager (2) of a Florida orange processing facility, July 2008 
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solid.
5,6,7

  Processing managers estimate that pasteurization, a step in the NFC extraction process, 

has an average variable cost of approximately $0.02 per pound solid, and the average variable 

cost of evaporation, required to produce FCOJ, is estimated at approximately $0.03 per pound 

solid.
8
  Economic theory suggests that the assumed costs of extraction, pasteurization, and 

evaporation should experience economies and diseconomies of scale consistent with production 

using large capital investments.  These dynamic cost changes are experienced in the industry but 

are not fully captured in this model due to the limited availability of processing cost data.  

Processing capacities are estimated for this analysis based on historical processing levels 

reported by the FCPA.  The maximum weekly volume of NFC processed during the 2007-08 

season was 3,471,700 pound solids, and the maximum volume of FCOJ processed was 3,169,800 

pound solids. 

Juice storage costs are estimated using the storage cost tables from the ICE futures contract 

fees schedule (Intercontinental Exchange, 2008).  Monthly storage, handling, and inspection 

prices represent the cost to store product with an outside party, typically at a much higher cost 

than the actual storage costs for processors who own storage capacity.  The cost to store FCOJ is 

$500 for the input and output handling fee, $300 per month for storage, and $100 for re-

inspection for each 15,000 pound solid contract.  The monthly storage fee equates to $0.02 per 

month or $0.005 per week of storage.  Per contract fixed fees are $600 per contract or $0.04 per 

pound solid.  NFC futures contracts, defunct as of January 2008, had a similar ICE storage 

schedule before trading ceased (ICE, 2008).  The last reported fee schedule for NFC storage was 

                                                 
5
 Personal communication with anonymous manager (2) of a Florida orange processing facility, July 2008 

6
 Personal communication with anonymous manager (1) of a Florida orange processing facility, July 2008 

7
 Personal communication with anonymous manager (10) of a Florida orange processing facility, July 2008 

8
 Personal communication with anonymous manager (2) of a Florida orange processing facility, July 2008  
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$1,440 per month storage per 12,000 pound solid contract.  This monthly storage fee is 

equivalent to $0.12 per pound solid, or $0.03 per pound solid per week.  No additional 

information was given as to handling and re-inspection fees, so fixed fees are assumed 

equivalent to fixed fees for FCOJ of $600 per contract, which is equivalent to $0.05 per pound 

solid of NFC. 

Processor estimates of the variable cost of storage for NFC juice average $0.04 to $0.06 

per gallon of NFC when stored in available tanks.
9
  This estimate is the average unit cost to store 

and does not include a weekly cost component.  Assuming an average storage length of six 

months and a cost of $0.06 per pound solid, the variable cost of NFC storage to a processor with 

available storage capacity is approximately $0.0025 per pound solid per week.  These estimates 

further assume an average degree Brix value of 11.5 degree to allow one gallon of juice to equal 

to one pound solid (FDOC, 2008a).  While similar cost estimates are not available for FCOJ 

storage, cost estimates are generated by assuming a one-sixth reduction in the cost of storage, 

equivalent to the difference in ICE storage fees.  FCOJ cost estimates calculate to approximately 

$0.0067 to $0.01 per pound solid annually.  Again assuming an average storage time of six 

months, the weekly cost of FCOJ storage to a processor with available storage capacity is 

approximately $0.0004 per pound solid per week. 

Available storage capacity is estimated from FCPA data representing on-hand juice 

volume in storage during the 2003 through 2008 processing seasons (FDOC, FCPA, 2009).  

Total NFC capacity is estimated at 324,200,000 pound solids, equivalent to 315,100,000 gallons 

at 11.8 degree Brix (1 gallon = 1.029 pound solids) (FDOC, FCPA, 2009).  Total FCOJ capacity 

is estimated at 831,200,000 pound solids, equivalent to 200,000,000 gallons of concentrate at 

                                                 
9
 Personal communication with anonymous manager (2) of a Florida orange processing facility, July 2008 



 

174 

42.0 degree Brix (1 gallon = 4.156 pound solids) (FDOC, FCPA, 2009).  Average carryover 

volume is subtracted from the average total volume to estimate the volume of storage available at 

the beginning of a typical processing season.  Carryover juice, held across seasons for blending 

and to protect against a stock-out, is assumed to be a sunk cost of operation and is not included in 

the available capacity estimates.  Carryover of 87,000,000 pound solids is estimated for NFC and 

415,600,000 pound solids for FCOJ (FDOC, FCPA, 2009).  Available NFC storage is estimated 

at 237,200,000 pound solids and available FCOJ storage is estimated at 415,600,000 pound 

solids.  FCPA juice movement data is also used to estimate weekly outflows of NFC ( N

tOUT ) 

and FCOJ ( C

tOUT ).  Average NFC outflows are estimated at 10,290,000 pound solids per week 

and FCOJ outflows are estimated at 9,559,000 pound solids per week (FDOC, FCPA, 2009). 

Processed juice and concentrate quality parameters are set to meet minimum government 

standards, ICE futures market quality standards, or commonly used industry parameters 

mandated by processors.  These quality guidelines are designed to assure model results stay 

within the quality bounds that regulate industry operations.  Minimum and maximum quality 

parameters assumed for this analysis are presented in Table 6-2. 

Harvesting Data 

Harvest cost and volume data are gathered from published literature on current hand 

harvest costs, as well as current and projected costs of mechanical harvesting.  Mechanical 

harvesting currently plays only a small role in the annual fruit harvest, so most estimated harvest 

cost data assume industry operation under hand harvest.  Estimated annual industry cost averages 

for hand harvest (Muraro, 2004) included in this model are compared against estimates of 

expected costs of harvest with adoption of mechanical harvesters.  Simulating harvest using 5% 
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and 95% mechanical harvesting produces estimates of potential cost changes as the new 

technology moves towards industry-wide adoption.  

In the hand harvest labor market, Muraro (2006) estimated average picking charges of 

$0.982 per box for early and mid-season oranges and $1.055 per box for late season oranges, 

with average per box roadsiding charges of $0.963 and $1.011 respectively.  Hauling charges for 

all types of fruit averaged $0.498 per box for hauls of 31 to 50 miles.  Research by Polopolus and 

Emerson (1993) suggests that productivity of harvest workers averages between eight and 10 

boxes per hour and Roka and Cook (1998) suggest that workers average between 30 and 35 

hours per week of “active” harvest time.   A typical worker, therefore, collects between 240 and 

350 boxes per week.  Additional evidence indicates that harvest costs vary directly with crop 

yield and time of year (unpublished data from personal interviews with selected citrus harvesters 

during the 2003-04 season conducted by B. Hyman and F.M. Roka, 2004).  For example, 

seasonal cost changes occur in part due to the out migration of labor.  Workers begin leaving in 

the late spring, before the end of the harvest season, because of deteriorating work conditions 

and the greater availability of other higher paying seasonal agricultural jobs.   

Firm specific data are not readily available on the costs and capacities of mechanical 

harvesting due to the small size and competitive nature of the industry.  Cost savings of up to 

$1.00 per box less than hand harvest costs have been estimated when mechanical harvesting 

becomes fully adopted (Roka, Brown, and Muraro, 2000).  These lower harvest costs assume that 

the cost efficiencies afforded through mechanical harvesting are captured by the grower and not 

third-party harvesters.  The competitive nature of the mechanical harvesting industry could allow 

some profits to be captured by the harvesting industry, lowering cost saving accruing to growers.  

The harvest capacity of mechanical harvesters depends on the technology being employed and 
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the number of operational machines in the field.  A set of the continuous canopy shake and catch 

machines currently being used have shown harvest capabilities of at least 12 highway trucks, 

approximately equivalent to 6,000 boxes, per eight hour day.  A set of trunk shake and catch 

machines can harvest about three trailers, approximately 1500 boxes, of fruit per eight hour day 

(Brown, 2002)  Table 6-2 summarizes the estimated costs and constraints of harvesting used for 

this analysis.   

Bearing Acreage 

The 2008 Florida Agricultural Statistics Service Commercial Citrus Inventory (USDA, 

FASS, 2009) lists bearing acreage of orange groves by region.  Fruit variety specific plantings in 

this most current release only presents information on the ten counties with the most acreage.  

Data are now only reported on the ten counties with the most acreage to meet Federal disclosure 

requirements.  To estimate the actual bearing acreage for all counties, the 2008 tree inventory is 

used in conjunction with the 2004 Commercial Citrus Inventory (USDA, FASS, 2005), which 

lists acreage in all counties.  Total orange acreage in 2008 was measured at 496,518 acres with 

463,994 bearing acres.  This is a 20% reduction in total acreage from the 622,821 acres reported 

in 2004 and an 18% reduction in bearing acreage, 562,755 acres.  Table 6-3 lists the bearing 

acreage by region for 2004 and estimated for 2008 using the two most current citrus inventories.  

GAMS Modeling 

The industry decision model linear programming problem is solved using the software 

package GAMS (General Algebraic Modeling System) and the MINOS algorithm.  

GAMS/MINOS is a general purpose solver that uses a reduced gradient technique designed to 

solve linear programming problems by finding a local optimum (Murtagh, Saunders, and Gill, 

2008).  The solver maximizes total industry returns from constrained production models using 

grower and processor data.  Constraints include biological characteristics of fruit production, as 
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well as estimates of current fruit production, juice extraction, and storage capacities.  All models 

are based on fruit maturity and drop functions estimated using biological fruit and juice data 

collected by the Florida Agricultural Statistic Service from 1996 to 2007, as described in Chapter 

4.  Tree acreage values are estimated from the 2004 and 2008 Commercial Citrus Inventory 

(USDA, FASS, 2005; USDA, FASS, 2009).   

Four models are estimated under varying capacity levels and harvesting methods to 

simulate changes in industry operation.  The models maximize the combined profit of growers 

and processors as a single, vertically integrated company would maximize their total profit.  The 

solver chooses the weekly acreage to be harvested of each variety, within each geographic 

region, and each age group.  This weekly harvest decision sets the harvest schedule maximizing 

the entire industry’s returns rather than the returns of any single player.  The complete GAMS 

programming code is shown in Appendix D. 

Constrained Industry Production Models Assuming 2007-08 Processing Volumes 

The first two constrained industry production models (CIPM1 and CIPM2) are estimated 

under conditions constrained to simulate the actual weekly processing volumes for the 2007-08 

season, as reported by the FCPA.  Setting the weekly box volume processing capacity (Table 6-

4), storage capacity, and output volumes of both NFC and FCOJ equal to the volumes reported in 

the 2007-08 Processors Report (FDOC, FCPA, 2009) assumes this is an optimal schedule as 

determined by the Florida Citrus Industry.  The processing schedule is feasible given the 2007-

08 levels of fruit production, harvest capacity, processing capacity, and storage capacity. 

The first model, CIPM1, constrains harvest to 95% hand harvest and 5% mechanical 

harvest to simulate an annual harvest using almost all hand harvest and a very small portion of 

mechanical harvesting.  The assumption of 5% mechanical harvest is approximately equal to the 

9.6 million boxes (5.78%) harvested mechanically during the 2007-08 season (FDOC, FCPA, 
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2009). Delivered-in fruit prices are assumed to be $1.50 per pound solid and the maximum 

weekly harvest volume is constrained at 6,324,150 boxes, the largest weekly cumulative volume 

of fruit harvested by all Florida growers during the 2007-08 season.  Additional price and 

constraint values are listed in Table 6-2.  The second model, CIPM2, is identical to CIPM1 

except that hand harvest is constrained to 5% and 95% mechanical harvesting, simulating an 

industry shift towards total industry-wide adoption of mechanical harvesting.  The small 

percentage of remaining hand harvesting represents groves that cannot be adapted to allow for 

mechanical harvesting and must be harvested by hand.  While the actual acreage of commercial 

groves that cannot be mechanically harvested is unknown, the 5% hand harvest restriction 

acknowledges that a small portion of acreage may not be conducive to mechanical harvesting.  

Mechanical harvester volume estimates for this model assume that one set of mechanical 

harvesters is capable of removing 35,000 boxes per week, equivalent to 7,000 boxes (14 trailers) 

per day operating five days per week.  While some harvest volume estimates predict harvest rates 

as high as 11,000 boxes (22 trailers) per day (Oxbo International Co., 2009) and over 1,200 

boxes per hour (Roka and Hyman, 2004), a 35,000 box weekly average assumes operating only 

one shift of operators per day with stoppages due to equipment setup, takedown, transportation, 

worker breaks, inclement weather, and mechanical breakdowns.  Under these constraints, 

harvesting 95% of the 2007-08 crop mechanically would require operating approximately 172 

sets of harvesting machines during some weeks of the season.  The number of harvesters 

required is determined by the harvest volume needed during the week of peak processing.  

Harvesting only 5% of the crop mechanically requires nine sets of machines (Table 6-5).  

Increasing machine operational hours by using multiple shifts and running closer to 24-hours per 



 

179 

day could substantially reduce the total number of harvesters required to meet peak harvesting 

demands.   

Models CIPM1 and CIPM2 maximize total industry returns under harvesting and 

processing constraints designed to approximate industry conditions with first very little 

mechanical harvesting and then with almost full industry adoption, respectively.  Direct 

comparisons of CIPM1 and CIPM2 results explain the expected industry changes arising when 

hand harvesting is replaced with mechanical harvesting, holding weekly processing volumes 

constant.  Changes to industry operation and returns are applicable to a scenario in which 

mechanical harvesting is used as a substitute for hand harvesting, lowering the unit cost of 

harvest.  Comparisons between CIPM1 and CIPM2 are intended to simulate operation under 

lower harvest costs and do not attempt to simulate or explain additional costs or benefits of 

mechanization due to changes in processing operations. 

Summary results for industry models are shown in Table 6-5.  Weekly processing results, 

including total boxes processed and the shadow values associated with weekly box constraints, 

boxes processed to NFC, boxes processed to FCOJ, pound solids of NFC captured, and pound 

solids of FCOJ captured, are shown for CIPM1 in Table 6-6.  Table 6-7 shows the same result 

categories for CIPM2.  Figures 6-1 and 6-2 show NFC and FCOJ pound solid production 

graphically for each model.  Table 6-8 summarizes weekly harvesting results for both models, 

detailing the weeks each grove aggregate is harvested and the percent harvested each week.  

Table 6-9 shows the estimated weekly volumes of NFC and FCOJ in storage for both CIPM1 and 

CIPM2.  Weekly NFC and FCOJ storage volumes are also shown graphically in Figures 6-3 and 

6-4.  These figures include the average weekly volumes carried by the industry from 2000 

through 2006 as reported by the FCPA for comparison to model estimates. 
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CIPM1 Results 

CIPM1 estimates total industry returns of $1,777,637,205, with growers receiving 

$1,338,329,624 (75.3%) and processors receiving $439,307,581 (24.7%).  This model is 

designed to simulate an average citrus season and is not attempting to precisely estimate returns 

during any particular season.  Estimated results are, however, in the neighborhood of the citrus 

crop values of $1.5 billion and $1.2 billion for the 2006-07 and 2007-08 crops respectively 

(USDA, FASS, 2009a).  Model results do not estimate the same industry components as the 

FASS crop value estimates, which estimate the on-tree equivalent value of all Florida citrus 

crops.  No published values of industry returns are available that estimate the same components 

being modeled in this analysis.  The annual FASS estimates may be the most similar data 

available and, therefore, are reported to demonstrate that model estimates are of the appropriate 

magnitude.  CIPM1 results are used as a baseline to which industry changes are compared.  

Simulation results are designed to be used to analyze the changes in industry returns when 

changes occur in industry operation.   

The CIPM1 simulated a processing season that begins in Week 10 and ends in Week 50, 

approximately from the first week of October until the second week of July.  Start and stop dates 

and weekly processing volumes for CIPM1 are set by model constraints to replicate 2007-08 

values.  Weekly volume constraints limit processing and cause about 35,000 acres (8%) to not be 

harvested.  NFC production runs from Week 12 to Week 50, halting during weeks 14, 16, 17, 

and 18.  FCOJ production takes place during weeks 10, 11, 14, and 16 through 47.  Total box 

production is 165,999,586, with 86,896,842 boxes (52.3%) going to NFC and 79,102,744 boxes 

(47.7%) going to FCOJ.  Total box production was constrained by the model to mimic 2007-08 

box volumes.  This harvest and processing schedule yields a total pound solid production of 

1,110,787,043, with 573,853,950 pound solids (51.7%) going to NFC and 536,933,093 pound 
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solids (48.3%) going to FCOJ.  The FCPA reported 2007-08 total season production of 

1,170,923,336 pound solids, putting the model estimate 60,136,293 pound solids  (-5.1%) below 

actual production.  Actual NFC production was reported at 609,090,877 pound solids and FCOJ 

production was reported at 561,832,459 pound solids, differences of 24,899,366 (-4.43%) and 

35,236,927 pound solids (-5.79%) respectively.  The volume of processed NFC in storage 

fluctuated from 90,006,023 pound solids during Week 19 to 345,534,023 pound solids during 

Week 48.  Weekly FCOJ volumes in storage fluctuated from 383,347,049 pound solids during 

Week 17 to 637,557,049 pound solids during Week 45, volumes equivalent to 92,040,108 and 

153,074,922 gallons of FCOJ at 42 degree Brix.  The marginal values, or shadow values, for 

weekly box volumes increase from $4.24 in Week 1 to $10.84 in Week 49 before beginning to 

decline.  These shadow values estimate the increase in industry revenue from processing an 

additional box of fruit.  Low values estimated during the earlier weeks in the season reflect the 

low returns expected because a box of fruit contains very little juice early in the season and will 

be in storage for a longer time.  Shadow values increase later in the season as the pound solids 

per box increase and the time in bulk storage decreases.  Strictly positive values each week 

indicate a binding capacity constrain and that loosening processing constraints during any week 

of the season to allow more fruit to be processed would increase industry returns.  Allowing 

additional processing would enable previously uncaptured boxes to be captured, with the value 

of the increase in returns dependent on the time of harvest.  Shadow values for storage are zero 

during all weeks except Week 48, which had an estimated shadow value of $0.15.  This shadow 

value represents the increase in industry returns given an additional pound solid of storage 

capacity.  For example, total industry returns would increase by about $150,000 annually if the 



 

182 

industry added one million pound solids of additional NFC storage, assuming this estimated 

shadow value remains constant for each pound solid added (a 0.3% increase in storage volume).  

CIPM2 Results 

Weekly processing results for CIPM2 estimate total industry returns of $1,851,519,436, 

with growers receiving $1,413,519,334 (76.3%) and processors receiving $438,000,102 (23.7%).  

Total returns are estimated to increase by $73,882,231 (4.2%) over CIPM1 returns, resulting in a 

$75,189,709 (5.6%) increase in returns for growers and a $1,307,478 (-0.3%) decrease in returns 

for processors.  The addition of mechanical harvesters is therefore shown to positively impact 

returns for growers while having a very small negative effect on processors, as compared to 

harvesting primarily by hand.  Grove acreage not harvested increased slightly to about 9%, 

(2,700 fewer acres), but total boxes processed and pound solid production remained relatively 

unchanged between the two models.  The volume of NFC in storage fluctuated from 89,106,023 

to 345,534,023 pound solids and 384,147,049 to 622,356,049 pound solids for FCOJ, equivalent 

to 92,232,185 to 149,425,222 gallons of FCOJ at 42 degree Brix.  Storage levels are similar 

between CIPM1 and CIPM2, with peak storage levels occurring within a few weeks of each 

other.  NFC production begins Week 15 and then restarts a few weeks later to run continuously 

from Week 19 to Week 50.  FCOJ production runs from Week 10 to Week 48, pausing only 

during Week 15.  Season start and stop dates are shown to be fairly consistent between models 

with FCOJ production beginning and ending a few weeks earlier than NFC production in both 

cases. Similar to CIPM1, marginal values increases from $4.69 in Week 1 to $11.29 in Week 49.  

Shadow values for CIPM2 are higher, potentially because the lower cost of harvest allows for 

higher per unit returns.  
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Constrained Industry Production Models Assuming a Single Fixed Processing Maximum  

Weekly processing volumes for the constrained industry production models assuming a 

single fixed processing maximum (CIPM3 and CIPM4) are constrained by the highest single 

weekly processing volume observed during the 2007-08 season.  Production is no longer 

constrained by the volumes observed each week during the season, as with CIPM1 and CIPM2.  

Loosening this processing volume constraint assumes processing facilities are capable of 

operating at the 2007-08 maximum weekly volume during every week of the season.  This 

loosening of the processing constraints assumes that it is possible for a processor to operate their 

plant at full processing capacity for many successive months, but does not require or suggest at 

the availability of fruit, harvest capacity, or storage capacity.  This change is intended to allow 

the processing constraint to better represent only processing capacity.  As previously specified, 

the values constraining processing during the 2007-08 season could have been influenced by 

other volume limiting factors experienced during the season, such as fruit availability, harvesting 

capacity limitations, or hauling capacity limitations.  For production models with a single fixed 

weekly processing maximum, removing the 2007-08 weekly volumes assumes fruit availability 

is determined solely by the models estimating biological characteristics, and maximum harvest 

and hauling capacities are assumed sufficient to supply fruit volumes matching the processing 

capacity.  If harvesting, hauling, and processing capacities are sufficient during the peak week 

production, then this same capacity is assumed to be available during any week of the season.  

Storage capacity estimates are based on peak volumes on hand in recent years for each juice 

product (FDOC, FCPA, 2009).  Using only the maximum storage capacity for NFC and FCOJ 

assumes weekly processing schedules are not impacted by weekly storage management decision, 

such as adjusting storage volumes for different types and qualities of juice.  For example, the 

processing volumes may have been limited during certain weeks of the 2007-08 season to allow 
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some storage tanks to be emptied of a certain type or quality of juice to make room for juice of 

different quality parameters.  Such storage management decisions could have influenced the 

2007-08 schedule but are not considered in production models limited by a single weekly 

maximum. 

The maximum weekly box volume processed during the 2007-08 season was 6,324,150 

boxes, run the second week of April (Table 6-4).  Hand harvest of 95% of the crop is simulated 

with model CIPM3 and mechanical harvest of 95% of the crop is simulated with model CIPM4.  

All other parameter and constraint values from CIPM1 and CIPM2 are repeated for CIPM3 and 

CIPM4.  Storage capacity and output volumes of both NFC and FCOJ are set equal to the 

volumes reported in the 2007-08 Processors Report (FDOC, FCPA, 2009), and the delivered-in 

fruit price is again assumed to be $1.50 per pound solid.  Additional price and constraint values 

are listed in Table 6-2.  Industry returns are maximized subject to these physical constraints to 

simulate operation with full utilization of weekly processing capacity. 

Summary results for both CIPM3 and CIPM4 are shown in Table 6-5.  Processing results 

for CIPM3 are shown in Table 6-10 and for CIPM4 in Table 6-11, with pound solid production 

shown graphically in Figures 6-5 and 6-6.  Table 6-12 shows the estimated harvest dates for both 

models.  Table 6-13 and Figures 6-3 and 6-4 show weekly NFC and FCOJ volumes in storage. 

Modeling results from CIPM3 are compared to results from CIPM1 to simulate operational 

changes when weekly processing volumes are allowed to increase to the seasonal peak level, 

assuming all harvest is done by hand.  While operation at a single weekly peak volume is 

infeasible under current operational conditions, modeling this theoretical optimum estimates a 

baseline with which to compare the impact of the constraints prohibiting operation at this 

optimum.  Comparisons between these two models are shown to describe how the inclusion of 
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weekly processing levels in CIPM1 constrains industry operation and returns from the theoretical 

optimum.   

CIPM3 Results 

The constrained industry production model with a weekly box maximum and 95% hand 

harvesting (CIPM3) estimates total industry returns of $1,897,685,870.  Estimated returns are 

$120,048,665 (6.8%) greater than estimated returns from CIPM1.  Grower returns are estimated 

at $1,495,484,295 (78.8% of industry returns), an increase of $157,154,671 (11.7%) over CIPM1 

returns.  Processor returns are estimated at $402,201,575 (21.2% of industry returns), a decrease 

of $37,106,000 (-8.4%) compared to returns estimated by CIPM1.  The NFC production season 

begins in Week 21 and runs continuously through Week 49, approximately equivalent to the 

third week of December through the beginning of July.  The FCOJ production season is also 

continuous but begins and ends earlier, with production beginning Week 15 and ending Week 

46, about the second week of November through the third week of June.  From starting date to 

ending date, the harvesting and processing schedule resulting from CIPM3 is ten weeks shorter 

for NFC production and six weeks shorter for FCOJ production, as compared to the estimates 

from CIPM1.   

Total box yield is estimated at 186,253,800 boxes, an increase of 20,253,324 boxes 

(12.2%) over CIPM1 estimates.  This box increase is allowed by increasing the weekly 

processing capacity to the maximum capacity utilized during any single week of the 2007-08 

season.  All bearing acreage is harvested and processed; including acreage containing early fruit 

in the southern region that was not fully harvested in CIPM1.  Additionally, more acres are 

harvested closer to their biological optimal, capturing higher box per acre yields with CIPM3.  

Oranges going to NFC production account for 87,244,800 boxes (46.8% of all boxes), an 

increase of 347,958 boxes (0.4%) over estimated boxes to NFC production in CIPM1.  Oranges 
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going to FCOJ production account for 99,006,600 boxes (53.2% of all boxes), an increase of 

19,903,856 boxes (25.2%) compared to CIPM1.  Total pound solid production is estimated at 

1,242,223,700 pound solids, an increase of 131,436,657 pound solids (11.8%) over CIPM1.  

NFC production accounts for 574,636,000 pound solids (46.3% of all PS) and FCOJ accounts for 

667,587,700 pound solids (53.7% of all PS).  These estimates show virtually no change in NFC 

pound solid production, increasing 782,050 pound solids (0.1%), with almost all pound solids 

gained in the form of FCOJ, increasing in production by 130,654,607 pound solids (24.3%).  

Most of the additional pound solids captured in CIPM3 are processed into FCOJ because of the 

slack constraints in production and storage capacity.  Similar production practices are shown in 

Figures 2-10 and 2-13.  Fluctuations in juice yield cause FCOJ production to vary while NFC 

production remains fairly consistent.   

The volume of NFC in storage fluctuated from a low of 69,306,023 pound solids in Week 

20 to a high of 345,534,023 pound solids during weeks 46 through 49, filling all available 

storage capacity.  FCOJ in storage changed from a low of 402,747,049 pound solids (96,697,971 

gallons at 42 degree Brix) during Week 15 to a high of 765,417,049 pound solids (183,773,601 

gallons at 42 degree Brix) during Week 46, below the maximum estimated FCOJ capacity of 

831,200,000 pound solids (200,000,000 gallons at 42 degree Brix).   

Shadow values for the marginal box of fruit allowed to be processed estimate the 

additional returns to the industry from harvesting an extra box of fruit during weeks when the 

processing upper bound constraint binds.  Shadow values are zero for all weeks in which 

processing volumes are below the maximum upper bound.  A shadow value of $0.46 is estimated 

in Week 21, increasing to $0.69 in Week 26, and then decreasing weekly with the last non-zero 

value of $0.13 in Week 45.  Shadow values are much lower than estimates for models using the 
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2007-08 processing schedule because lessening the processing constraint in CIPM3 only changes 

the week of harvest for a box of fruit to a more optimal week.  In CIPM1 and CIPM2, not all 

fruit was harvested due to the scheduling constraint binding at each week.  Allowing an 

additional box to be harvested and processed would then cause much larger increases in returns.  

Because all acreage is being harvested in CIPM3, expanding the processing constraint by one 

box results in a slightly more optimal harvest of a box fruit and relatively small increases in 

returns.   

CIPM4 Results 

CIPM4 represents the theoretical optimum harvest using primarily mechanical harvesting.  

Comparisons of results between CIPM4 and CIPM3 represent the possible changes to optimal 

operation when switching from 5% mechanical harvesting to 95% mechanical harvesting.  

Comparing these models is intended to estimate changes from mechanical harvesting, assuming 

adoption allows for consistent harvest volumes near the weekly maximum capacity.  The 

constrained industry production model with a weekly box maximum and 95% mechanical 

harvesting (CIPM4) estimates total industry returns of $1,981,335,515.  Comparing estimated 

results of CIPM4 to results from CIPM3, total industry returns increased by $83,649,645 (4.4%).  

Estimated grower returns are $1,564,963,183 (79.0% of all returns), an increase of $69,478,888 

(4.6%) over CIPM3.  Estimated processor returns are $416,372,333 (21.0% of all returns), an 

increase of $14,170,758 (3.5%) over CIPM3.  Growers received a larger percentage increase in 

returns than processors, but processors were shown to benefit from the adoption of mechanical 

harvesting.   

All acreage is harvested and NFC production runs from Week 18 through Week 52, 

approximately the first week of December through the last week of July, pausing during weeks 

19, 20, and 48.  The 35 week NFC processing schedule is six weeks longer than the NFC 
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schedule from CIPM3.  FCOJ production runs continuously for 29 weeks from Week 16 through 

Week 45, or about the third week of November through the second week of June.  This schedule 

is three weeks shorter than the 32 weeks required to process FCOJ in CIPM3.  Changes in 

processing schedule length are likely due to changes in the production mix of NFC and FCOJ.  

While total box yield is relatively unchanged at 186,090,700 boxes, a decrease of 163,100 boxes 

(-0.1%), oranges going to NFC production account for 92,972,800 boxes (50.0% of all boxes), an 

increase of 5,728,000 boxes (6.6%), and oranges going to FCOJ production account for 

93,115,900 boxes (50.0% of all boxes), a decrease of 5,890,700 boxes (-5.9%), as compared to 

CIPM3.  This change in product mix, and shift to producing more NFC, is in part responsible for 

the increase in returns compared to CIPM3.  This shift in production to more of the higher valued 

NFC product could have been allowed due to the lower cost of harvest offsetting the higher cost 

of NFC storage.  Total pound solid production for CIPM4 is estimated at 1,232,501,000 pound 

solids, 9,722,700 pound solids (-0.8%) less than production estimates for CIPM3.  The pound 

solids going to NFC increased by 30,870,000 pound solids (5.4%) to 605,506,000 pound solids 

(49.1% of all PS) and FCOJ production decreased by 40,592,700 pound solids (-6.1%) to 

626,995,000 (50.9% of all PS).  During the year, the weekly volume of NFC in storage fluctuates 

from a low of 83,106,023 pound solids during Week 20 to a high of 345,534,023 for Weeks 45 

through 52.  Weekly FCOJ volumes in storage change from a low of 394,147,049 pound solids 

(94,633,145 gallons at 42 degree Brix) during Week 15 to a high of 734,387,049 pound solids 

(176,323,421 gallons at 42 degree Brix) during Week 45.  Similar to CIPM3, NFC volumes in 

storage were at full capacity for several consecutive weeks, while FCOJ volumes never reached 

the full storage capacity.   
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Similar to shadow values estimated for CIPM3, the first non-zero shadow value for 

additional processing capacity was $0.29, estimated in Week 21.  This value can be interpreted 

as the increase in returns by allowing an additional box of fruit to be harvested and processed.  

Shadow values increase to $0.52 in Week 31 and then decrease to $0.07 in Week 44.  These 

potential increases to returns from expanding capacity are relatively small, as compared to 

CIPM1 and CIPM2, because all available fruit is being harvested in CIPM4.  An expansion in 

the scheduling constraint allows fruit to be harvested during a more optimal week but does not 

allow more fruit to be harvested, yielding small increases to industry returns. 

Finally, comparing processing operations and results for CIPM1 and CIPM4 estimates 

total changes to the industry from adoption of mechanical harvesters when adoption allows for 

processing at a single weekly volume.  This comparison is practically relevant if this change 

eliminates some aspects of hand harvesting that are limiting weekly processing volumes.  

Eliminating these constraints and allowing harvest at a lesser unit cost could shift industry 

operation away from the assumptions of CIPM1 and allow operation under constraints similar to 

CIPM4.  Comparing the results of these two models estimates the greatest change in operation 

and the largest possible gains from mechanical harvester adoption.  Total industry returns for 

CIPM4 are $203,698,310 (11.5%) greater than returns from CIPM1.  These increases are coming 

from the costs savings of mechanical harvesting and the increase in fruit and juice production 

allowed by the relaxing the constraint on processing capacity.  Estimated grower returns are 

$226,633,559 (16.9%) greater than with CIPM1, and estimated processor returns decrease 

$22,935,248 (-5.2%) in CIPM4, predicting that all gains accrue to growers, while processors 

absorb some additional costs.  These results predict that while gains could accrue to the industry 

from the adoption of mechanical harvesting, processors will see only losses under the current 
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payment system.  Processors are therefore not likely to support the move to adoption without 

financial compensation.  

Start and stop dates for NFC processing schedules estimate CIPM1 starting earlier with a 

few inconsistent weeks of processing, and CIPM4 running a few longer.  FCOJ production for 

CIPM4 is estimated to begin six weeks later and end three weeks earlier than CIPM1, shorter by 

nine weeks.  Total box yield increases by 20,090,224 (12.1%),with oranges going to NFC 

increasing by 6,075,958 boxes (7.0%), and oranges going to FCOJ production increasing by 

14,013,156 (17.7%), as compared to CIPM1.  Increases in box yields in CIPM4 are caused by 

two factors: the complete harvesting of all acreage and the capturing of additional weight by 

harvesting more acreage during periods of peak yields.  Total pound solid production increases 

by 121,713,957 (11.0%) pound solids for CIPM4, with 31,652,050 (5.5%) additional pound 

solids going to NFC, and 90,061,907 (16.8%) additional pound solids going to FCOJ.  Again the 

majority of the increase occurs in FCOJ production because of the available processing and 

storage capacity.  The weekly volume of NFC in storage is at capacity for one week with CIPM1 

and for several consecutive weeks with CIPM4, while FCOJ volumes never reached the full 

storage capacity for either model. 

One of the most striking contrasts from estimates of CIPM1 and CIPM4 are the 20 million 

additional boxes and the122 million additional pound solid captured in CIPM4, shown weekly in 

Figures 6-11 and 6-12.  All of this variation can be see occurring during the middle of the harvest 

season, with operation at the beginning and end of the season being equal in both models.  

Production in the tails of both models are equal at 240 million pound solids, while weekly pound 

solid volumes captured before Week 22 and after Week 44 vary weekly.  The additional 122 

million pound solids captured in CIPM4 occur from Week 22 to Week 44, with over half of the 
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additional product captured (65 million PS) from Week 29 to Week 34.   These are the weeks 

during which processors typically reduce input volumes as they transition from processing early 

fruit varieties to late varieties.  Maturity models estimated in Chapter 4 show this time period to 

be near optimal for harvest of many trees throughout Florida.  CIPM4 therefore continues 

harvesting and processing near full industry capacity during these weeks, resulting in much 

greater yields.  Additionally, CIPM4 harvests more boxes and captures more pound solids just 

before the typical early season peak and a few weeks after the typical late season peak.     

Summary 

Grower and processor decision models are combined into a single industry decision model.  

This linear programming model representing the industry is estimated to simulate operation of a 

single, vertically integrated juice production firm operating under constraints designed to mimic 

current production and market conditions.  Constraints are then adjusted to estimate operation 

using mechanical harvesting.  Industry simulation estimates show increases in total returns when 

operating with mechanical harvesting.  The use of mechanical harvesting does not, however, 

necessarily increase returns for all players.  Constraints are further lessened to estimate optimal 

production based only on estimated levels of fruit availability, processing capacity, and storage 

capacity, omitting historical processing trends.  Modeling results and their implications for the 

Florida orange juice industry are discussed further in the following chapter. 
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Figure 6-1.  CIPM1 weekly pound solid production for NFC and FCOJ. 
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Figure 6-2.  CIPM2 weekly pound solid production for NFC and FCOJ. 
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Figure 6-3.  NFC weekly storage volume estimates and weekly average from 2000 – 2006, 

reported in pound solids.  
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Figure 6-4.  FCOJ weekly storage volume estimates and weekly average from 2000 – 2006, 

reported in gallons at 42.0 degree Brix. 
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Figure 6-5.  CIPM3 weekly pound solid production for NFC and FCOJ. 
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Figure 6-6.  CIPM4 weekly pound solid production for NFC and FCOJ. 



 

195 

0

1,000,000

2,000,000

3,000,000

4,000,000

5,000,000

6,000,000

7,000,000

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51

Weeks

B
o

x
e

s

Total Boxes from CIPM1 Total Boxes from CIPM3
 

Figure 6-7.  CIPM1 and CIPM3 weekly total box production. 
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Figure 6-8.  CIPM1 and CIPM3 weekly total pound solid production. 
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Figure 6-9.  CIPM2 and CIPM4 weekly total box production. 
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Figure 6-10.  CIPM2 and CIPM4 weekly total pound solid production. 
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Figure 6-11.  CIPM1 and CIPM4 weekly total box production. 
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Figure 6-12.  CIPM1 and CIPM4 weekly total pound solid production. 
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Table 6-1.  Definition of variables for grower, processor, and industry models. 

Variable Definition 

Π
IND 

Industry returns 

Π
G
 Grower returns 

Π
P
 Processor returns 

V Fruit variety 

I Geographical growing region 

A Tree age 

T Time period in weeks  

t
* 

Optimal harvest week  

A Acres 

X Harvest variable 

TSS Total soluble solids 

RATIO Brix to acid ratio 

PPT Average pieces of fruit per tree 

DROP Cumulative fruit drop percentage 

FTWT Average fruit weight per piece 

DEN Average tree planting density in trees per acre 

DIP Delivered-in price of fruit 

PS Pound solids per box 

B Boxes per acre 

LB Lower Bound quantity of boxes to be delivered for processing 

UB Upper Bound quantity of boxes to be delivered for processing 

UPC Grove production cost per acre 

UHC
HH 

Hand harvest cost per box 

UHC
MH 

Mechanical harvest cost per box 

Η Minimum percentage of fruit hand harvested  

PM
N 

Processing margin for NFC 

PM
C 

Processing margin for FCOJ 

TB
N 

Total boxes processed to NFC 

UTB
N 

Upper bound quantity of boxes processed to NFC 

TB
C 

Total boxes processed to FCOJ 

UTB
C 

Upper bound quantity of boxes processed to FCOJ 

UEC
N 

Cost of extraction per box for NFC 

UEC
C 

Cost of extraction per box for FCOJ 

USC
N 

Storage cost per pound solid for NFC 

USC
C 

Storage cost per pound solid for FCOJ 

PSS
N 

Volume of NFC in storage  

UPSS
N 

Upper bound volume of NFC in storage  

PSS
C 

Volume of FCOJ in storage 

UPSS
C 

Upper bound volume of FCOJ in storage  

OUT
N 

NFC output removed  from the processing plant weekly 

OUT
C 

FCOJ output removed from the processing plant weekly 

LTSSt Lower bound average total soluble solids  

NFC% Percentage of fruit processed to NFC 

LRATIOt Lower bound Brix to acid ratio  
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Table 6-1.  Continued 

Variable Definition 

URATIOt Upper bound Brix to acid ratio  

LAVGRAT Lower bound average Brix to acid ratio  

UAVGRAT Upper bound average Brix to acid ratio  
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Table 6-2.  Price and cost estimates for fruit inputs, processing, and storages. 

 NFC FCOJ 

Unit Harvest Cost 
(a) 

  

     hand (pick, roadside) $2.00 per box $2.00 per box 

     mechanical (pick, roadside) hand cost - $0.50 per box hand cost - $0.50 per box 

Quality Standards
(b)

   

     minimum soluble solids 9% 9% 

     minimum B/A ratio 12/1 12/1 

     maximum B/A ratio 24/1 24/1 

     minimum average B/A ratio 12.5/1 12.5/1 

    maximum average B/A ratio 19.5/1 19.5/1 

Delivered-in fruit price (DIP)
(c)

 $1.50 per PS $1.50 per PS 

Average FOB juice price
(d)

   

      Low DIP + $0.30 per PS $0.85 per PS 

      Average DIP + $0.30 per PS $1.20 per PS 

      High DIP + $0.30 per PS $2.07 per PS 

Average Processing Margin
(c,d,e)

   

     juice margin $0.35 per PS $0.15 per PS 

     byproducts margin $0.05 per PS $0.05 per PS 

Unit Processing Cost
(e,f,g)

   

     Extraction $0.02per PS $0.02per PS 

     Pasteurization $0.02 per PS  

     Evaporation  $0.03per PS 

Unit Storage Price from ICE
 (h)

   

     fixed fee $0.05 per PS $0.04 per PS 

     weekly fee $0.03 per PS $0.005 per PS 

Unit Storage Cost
(f)

    

     weekly cost $0.0025 per PS $0.0004 per PS 

     additional capacity $2.00 per PS NA 

Extraction capacity 
(c)

   

     2008 weekly capacity 3,471,700 boxes 3,169,800 boxes 

     2003-08 max weekly capacity 3,471,700 boxes 6,207,400 boxes 

Storage capacity
 (c)

   

     total capacity in PS 345,533,680 PS 831,200,000 PS 

     Total capacity in gallons 313,295,566 at 11.8 degree 

Brix 

200,000,000 at 42.0 

degree Brix 

     Avg. on hand Aug 1st
(c)

 275,106,023 PS 537,547,049 PS 

Weekly product output
 (c)

   

      average weekly output 10,290,000 PS per week 9,559,000 PS per week 
(a) Muraro, R.P.  2004.  “Current Hand Harvesting Costs.” presented to the Mechanical Harvesting of Florida Citrus 

Extension Program at the Highlands County Extension Service, February 4, 2004.  (b) Florida Statutes.  2006.  Title 

XXXV: Agriculture, Horticulture, and Animal Industry. “Chapter 601: The Florida Citrus Code of 1949."  (c) 

Florida Citrus Commission.  2009.  Florida Citrus Processors Association 2007-2008 Season Processor Reports 

Statistical Survey. (d) Florida Citrus Mutual, Statistical Division, 1998-2008  (e) Personal communication with 

anonymous manager (1) of a Florida orange processing facility, July 2008  (f) Personal communication with 

anonymous manager (2) of a Florida orange processing facility, July 2008  (g) Personal communication with 

anonymous manager (10) of a Florida orange processing facility, July 2008  (h) Intercontinental Exchange.  FCOJ-A 

Futures. (cited 28 June 2008).  Available from http://www.theice.com.   
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Table 6-3.  Bearing orange tree acreage in Florida for 2004 and estimated for 2008. 
VarRegAge Aggregate 

number 

2004 acreage 2008 acreage Percent of all acreage 

V10I1G1 1 1,884 1,553 0.33% 
V10I1G2 2 1,703 1,404 0.30% 
V10I1G3 3 4,159 3,429 0.74% 
V10I1G4 4 7,075 5,833 1.26% 
V10I1G5 5 4,973 4,100 0.88% 
V10I2G1 6 654 539 0.12% 
V10I2G2 7 1,139 939 0.20% 
V10I2G3 8 8,055 6,641 1.43% 
V10I2G4 9 10,783 8,891 1.92% 
V10I2G5 10 1,087 896 0.19% 
V10I3G1 11 4,557 3,757 0.81% 
V10I3G2 12 3,731 3,076 0.66% 
V10I3G3 13 19,798 16,324 3.52% 
V10I3G4 14 22,612 18,644 4.02% 
V10I3G5 15 8,277 6,824 1.47% 
V10I4G1 16 5,005 4,127 0.89% 
V10I4G2 17 4,160 3,430 0.74% 
V10I4G3 18 13,612 11,223 2.42% 
V10I4G4 19 28,911 23,837 5.14% 
V10I4G5 20 13,495 11,127 2.40% 
V10I5G1 21 5,923 4,884 1.05% 
V10I5G2 22 4,541 3,744 0.81% 
V10I5G3 23 14,715 12,133 2.61% 
V10I5G4 24 24,250 19,994 4.31% 
V10I5G5 25 4,798 3,956 0.85% 
V20I1G1 26 881 726 0.16% 
V20I1G2 27 717 591 0.13% 
V20I1G3 28 1,965 1,620 0.35% 
V20I1G4 29 2,095 1,727 0.37% 
V20I1G5 30 3,456 2,849 0.61% 
V20I2G1 31 61 50 0.01% 
V20I2G2 32 31 26 0.01% 
V20I2G3 33 98 81 0.02% 
V20I2G4 34 185 153 0.03% 
V20I2G5 35 223 184 0.04% 
V20I3G1 36 791 652 0.14% 
V20I3G2 37 352 290 0.06% 
V20I3G3 38 2,034 1,677 0.36% 
V20I3G4 39 2,234 1,842 0.40% 
V20I3G5 40 3,319 2,737 0.59% 
V20I4G1 41 785 647 0.14% 
V20I4G2 42 849 700 0.15% 
V20I4G3 43 1,446 1,192 0.26% 
V20I4G4 44 2,223 1,833 0.40% 
V20I4G5 45 6,533 5,386 1.16% 
V20I5G1 46 1,976 1,629 0.35% 
V20I5G2 47 1,317 1,086 0.23% 
V20I5G3 48 4,643 3,828 0.83% 
V20I5G4 49 4,860 4,007 0.86% 
V20I5G5 50 2,365 1,950 0.42% 
V30I1G1 51 3,741 3,084 0.66% 
V30I1G2 52 2,879 2,374 0.51% 
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Table 6-3.  Continued 
VarRegAge Aaggregate 

number 2004 acreage 2008 acreage 
Percent of all acreage 

V30I1G3 53 8,216 6,774 1.46% 
V30I1G4 54 11,389 9,390 2.02% 
V30I1G5 55 7,784 6,418 1.38% 
V30I2G1 56 514 424 0.09% 
V30I2G2 57 856 706 0.15% 
V30I2G3 58 1,952 1,609 0.35% 
V30I2G4 59 2,404 1,982 0.43% 
V30I2G5 60 771 636 0.14% 
V30I3G1 61 10,103 8,330 1.80% 
V30I3G2 62 8,134 6,707 1.45% 
V30I3G3 63 27,808 22,928 4.94% 
V30I3G4 64 24,411 20,127 4.34% 
V30I3G5 65 14,676 12,100 2.61% 
V30I4G1 66 9,705 8,002 1.72% 
V30I4G2 67 6,564 5,412 1.17% 
V30I4G3 68 15,643 12,898 2.78% 
V30I4G4 69 18,101 14,924 3.22% 
V30I4G5 70 12,795 10,550 2.27% 
V30I5G1 71 10,569 8,714 1.88% 
V30I5G2 72 11,004 9,073 1.96% 
V30I5G3 73 40,659 33,524 7.23% 
V30I5G4 74 38,207 31,502 6.79% 
V30I5G5 75 8,534 7,036 1.52% 
State total  562,755 463,994  

“VarRegAge” represents variety, region, and age, including early fruit (V10), mid-season fruit 

(V20), late fruit (V30), Indian River (I1), north (I2), central (I3), west (I4), south(I5), age 3-5 

(G1), age 6-8 (G2), age 9-13 (G3), age 14-23 (G4), and age 24+ (G5). 

U.S. Department of Agriculture.  2005.  Commercial Citrus Inventory 2004.  NASS, Florida 

Agricultural Statistics Service, April.   

U.S. Department of Agriculture.  2009.  Commercial Citrus Inventory 2008.  NASS, Florida 

Agricultural Statistics Service, April.   
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Table 6-4.  Total boxes of oranges processed in Florida during the 2007-08 season. 
Week ending date Week Boxes 

8/4/2007 1 0 

8/11/2007 2 0 

8/18/2007 3 0 

8/25/2007 4 0 

9/1/2007 5 0 

9/8/2007 6 0 

9/15/2007 7 0 

9/22/2007 8 0 

9/29/2007 9 0 

10/6/2007 10 16449 

10/13/2007 11 29088 

10/20/2007 12 83253 

10/27/2007 13 78207 

11/3/2007 14 80637 

11/10/2007 15 92122 

11/17/2007 16 759929 

11/24/2007 17 816244 

12/1/2007 18 3062081 

12/8/2007 19 4785841 

12/15/2007 20 5494251 

12/22/2007 21 5560460 

12/29/2007 22 3993938 

1/5/2008 23 5709819 

1/12/2008 24 6219614 

1/19/2008 25 6032620 

1/26/2008 26 6227574 

2/2/2008 27 5691585 

2/9/2008 28 6118708 

2/16/2008 29 5473572 

2/23/2008 30 5391307 

3/1/2008 31 4474450 

3/8/2008 32 4204067 

3/15/2008 33 4289728 

3/22/2008 34 4309590 

3/29/2008 35 5922359 

4/5/2008 36 5968391 

4/12/2008 37 6324150 

4/19/2008 38 6186566 

4/26/2008 39 6288387 

5/3/2008 40 5882095 

5/10/2008 41 6209194 

5/17/2008 42 6151071 

5/24/2008 43 5414020 

5/31/2008 44 5134056 

6/7/2008 45 5181433 

6/14/2008 46 4219628 

6/21/2008 47 3616428 

6/28/2008 48 3012016 
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Table 6-4.  Continued 
Week ending date Week Boxes 

7/5/2008 49 1022447 

7/12/2008 50 473048 

7/19/2008 51 0 

7/26/2008 52 0 

Florida Citrus Commission.  2009.  Florida Citrus Processors Association 2007-2008 Season 

Processor Reports Statistical Survey. 

 

 

Table 6-5.  Summary results for all constrained industry production models.  

Model CIPM1 CIPM2 CIPM3 CIPM4 

Total returns $1,777,637,205 $1,851,519,436 $1,897,685,870 $1,981,335,515 

Grower returns $1,338,329,624 $1,413,519,334 $1,495,484,295 $1,564,963,183 

Processor returns $439,307,581 $438,000,102 $402,201,575 $416,372,333 

Total boxes 165,999,586 165,999,536 186,253,800 186,090,700 

Boxes of NFC 86,896,842 87,196,682 87,244,800 92,972,800 

Boxes of FCOJ 79,102,744 78,802,854 99,006,600 93,115,900 

Total pound solids 1,110,787,043 1,111,113,373 1,242,223,700 1,232,501,000 

Pound solids NFC 573,853,950 573,856,370 574,636,000 605,506,000 

Pound solids FCOJ 536,933,093 537,257,003 667,587,700 626,995,000 

Average degree Brix 12.83 12.80 12.83 12.81 

Maximum degree Brix 16.06 16.06 14.62 14.50 

Minimum degree Brix 11.09 11.07 10.57 10.57 
Average Brix/Acid 

ratio 15.93 15.91 16.22 16.28 

Maximum ratio 19.89 19.89 18.73 19.77 

Minimum ratio 13.38 13.48 11.73 11.73 

Acres harvested  428,793 426,047 463,994 463,994 
Percent of acreage 

harvested 92.4% 91.8% 100% 100% 
Maximum weekly 

boxes mechanically 

harvested 316,210 6,007,990 316,210 6,007,990 
Sets of mechanical 

harvesters required,  9 172 9 172 

Note: assume one set of mechanical harvesters can harvest an average of 35,000 boxes per week. 
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Table 6-6.  CIPM1, Processing results for constrained industry production model with 95% hand 

harvesting. 
Week Total boxes Total box 

marginal 

value 

Total boxes of 

NFC 

Total boxes of 

FCOJ 

Pound solids of 

NFC 

Pound solids 

of FCOJ 

1 0 4.24 0 0 0 0 

2 0 4.52 0 0 0 0 

3 0 4.79 0 0 0 0 

4 0 5.05 0 0 0 0 

5 0 5.30 0 0 0 0 

6 0 5.59 0 0 0 0 

7 0 5.86 0 0 0 0 

8 0 6.11 0 0 0 0 

9 0 6.36 0 0 0 0 

10 16,449 6.59 0 16,449 0 79,473 

11 29,088 6.84 0 29,088 0 148,050 

12 83,253 6.93 83,253 0 467,140 0 

13 78,207 7.17 78,207 0 459,740 0 

14 80,637 7.35 0 80,637 0 369,770 

15 92,122 7.47 92,122 0 485,670 0 

16 759,930 7.73 0 759,930 0 3,795,700 

17 816,240 7.84 0 816,240 0 3,916,300 

18 3,062,100 7.89 0 3,062,100 0 12,936,000 

19 4,785,800 8.09 1,616,000 3,169,800 9,027,900 18,955,000 

20 5,494,200 8.22 2,324,400 3,169,800 13,280,000 19,177,000 

21 5,560,400 8.34 2,390,600 3,169,800 13,996,000 19,490,000 

22 3,993,910 8.44 824,110 3,169,800 4,880,500 19,999,000 

23 5,709,800 8.54 2,540,000 3,169,800 15,444,000 19,657,000 

24 6,219,600 8.63 3,049,800 3,169,800 18,712,000 20,808,000 

25 6,032,600 8.72 2,862,800 3,169,800 17,855,000 20,556,000 

26 6,227,600 8.81 3,057,800 3,169,800 19,143,000 21,308,000 

27 5,691,600 8.89 2,521,800 3,169,800 15,723,000 21,884,000 

28 6,118,700 9.02 3,471,700 2,647,000 21,835,000 17,656,000 

29 5,473,500 9.04 2,303,700 3,169,800 14,598,000 22,214,000 

30 5,391,300 9.10 2,221,500 3,169,800 14,118,000 22,532,000 

31 4,474,400 9.18 3,471,700 1,002,700 22,579,000 6,958,000 

32 4,204,000 9.20 1,034,200 3,169,800 6,688,500 23,336,000 

33 4,289,700 9.23 1,119,900 3,169,800 7,236,700 22,640,000 

34 4,309,600 9.27 2,193,700 2,115,900 14,219,000 14,990,000 

35 5,922,300 9.35 3,471,700 2,450,600 22,960,000 17,568,000 

36 5,968,400 9.45 3,471,700 2,496,700 22,992,000 18,385,000 

37 6,324,100 9.50 3,471,700 2,852,400 23,201,000 20,802,000 

38 6,186,500 9.57 3,471,700 2,714,800 23,724,000 20,253,000 

39 6,288,400 9.58 3,471,700 2,816,700 24,114,000 20,218,000 

40 5,882,100 9.68 3,471,700 2,410,400 24,357,000 18,237,000 

41 6,209,200 9.73 3,471,700 2,737,500 24,763,000 20,956,000 

42 6,151,000 9.74 3,471,700 2,679,300 24,772,000 20,171,000 

43 5,414,000 9.77 3,471,700 1,942,300 24,929,000 14,786,000 

44 5,134,000 9.74 3,471,700 1,662,300 24,652,000 12,174,000 

45 5,181,400 9.81 3,471,700 1,709,700 24,425,000 13,209,000 
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Table 6-6.  Continued 
Week Total boxes Total box 

marginal 

value 

Total boxes of 

NFC 

Total boxes of 

FCOJ 

Pound solids of 

NFC 

Pound solids 

of FCOJ 

46 4,219,600 9.78 3,471,700 747,900 24,367,000 5,676,100 

47 3,616,400 9.76 3,471,700 144,700 23,976,000 1,092,700 

48 3,012,000 9.92 3,012,000 0 20,365,000 0 

49 1,022,400 10.84 1,022,400 0 6,633,100 0 

50 473,050 10.71 473,050 0 2,875,700 0 

51 0 10.70 0 0 0 0 

52 0 10.69 0 0 0 0 

Sum 165,999,586  86,896,842 79,102,744 573,853,950 536,933,093 
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Table 6-7.  CIPM2, Processing results for constrained industry production model with 95% 

mechanical harvesting. 
Week Total boxes Total box 

marginal 

value 

Total boxes of 

NFC 

Total boxes of 

FCOJ 

Pound solids of 

NFC 

Pound solids of 

FCOJ 

1 0 4.69 0 0 0 0 

2 0 4.97 0 0 0 0 

3 0 5.24 0 0 0 0 

4 0 5.50 0 0 0 0 

5 0 5.75 0 0 0 0 

6 0 6.04 0 0 0 0 

7 0 6.31 0 0 0 0 

8 0 6.56 0 0 0 0 

9 0 6.81 0 0 0 0 

10 16,449 7.04 0 16,449 0 79,473 

11 29,088 7.29 0 29,088 0 148,050 

12 83,253 7.48 0 83,253 0 412,650 

13 78,207 7.68 0 78,207 0 388,860 

14 80,637 7.80 0 80,637 0 369,770 

15 92,122 7.99 92,122 0 485,670 0 

16 759,930 8.18 0 759,930 0 3,795,700 

17 816,240 8.29 0 816,240 0 3,916,300 

18 3,062,100 8.34 0 3,062,100 0 12,936,000 

19 4,785,800 8.61 1,616,000 3,169,800 9,027,900 18,955,000 

20 5,494,200 8.75 2,324,400 3,169,800 13,280,000 19,177,000 

21 5,560,400 8.87 2,390,600 3,169,800 13,996,000 19,490,000 

22 3,993,910 8.96 824,110 3,169,800 4,880,500 19,999,000 

23 5,709,800 9.06 3,395,900 2,313,900 20,649,000 14,349,000 

24 6,219,600 9.16 3,049,800 3,169,800 18,712,000 20,808,000 

25 6,032,600 9.24 3,471,700 2,560,900 21,653,000 16,607,000 

26 6,227,600 9.34 3,057,800 3,169,800 19,143,000 21,308,000 

27 5,691,600 9.42 2,521,800 3,169,800 15,723,000 21,884,000 

28 6,118,700 9.47 3,471,700 2,647,000 21,835,000 17,656,000 

29 5,473,500 9.57 3,471,700 2,001,800 22,000,000 14,029,000 

30 5,391,300 9.63 2,221,500 3,169,800 14,118,000 22,532,000 

31 4,474,400 9.63 3,471,700 1,002,700 22,579,000 6,958,000 

32 4,204,000 9.73 1,034,200 3,169,800 6,688,500 23,336,000 

33 4,289,700 9.76 1,119,900 3,169,800 7,236,700 22,640,000 

34 4,309,560 9.72 3,471,700 837,860 22,504,000 5,935,500 

35 5,922,300 9.80 3,471,700 2,450,600 22,960,000 17,568,000 

36 5,968,400 9.90 3,471,700 2,496,700 22,992,000 18,385,000 

37 6,324,100 9.95 3,471,700 2,852,400 23,201,000 20,802,000 

38 6,186,500 10.02 3,471,700 2,714,800 23,724,000 20,253,000 

39 6,288,400 10.03 3,471,700 2,816,700 24,114,000 20,218,000 

40 5,882,100 10.13 3,471,700 2,410,400 24,357,000 18,237,000 

41 6,209,200 10.18 3,471,700 2,737,500 24,763,000 20,956,000 

42 6,151,000 10.19 3,471,700 2,679,300 24,772,000 20,171,000 

43 5,414,000 10.22 3,471,700 1,942,300 24,929,000 14,786,000 

44 5,134,000 10.19 3,471,700 1,662,300 24,652,000 12,174,000 

45 5,181,400 10.26 3,471,700 1,709,700 24,425,000 13,209,000 
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Table 6-7.  Continued 
Week Total boxes Total box 

marginal 

value 

Total boxes of 

NFC 

Total boxes of 

FCOJ 

Pound solids of 

NFC 

Pound solids of 

FCOJ 

46 4,219,600 10.23 3,471,700 747,900 24,367,000 5,676,100 

47 3,616,400 10.21 446,600 3,169,800 3,084,300 23,937,000 

48 3,011,990 10.19 2,587,600 424,390 17,496,000 3,174,600 

49 1,022,400 11.29 1,022,400 0 6,633,100 0 

50 473,050 11.16 473,050 0 2,875,700 0 

51 0 11.15 0 0 69,816 0 

52 0 11.14 0 0 11,357 0 

Sum 165,999,536  87,196,682 78,802,854 573,937,543 537,257,003 
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Table 6-8.  Harvesting results for CIPM1 and CIPM2, constrained industry production models 

with 95% hand harvesting and 95% mechanical harvesting, with harvest date in 

weeks from August 1 and portion harvested weekly in parenthesis.  
Grove 

aggregate 

Optimal 

Week 

Harvest Week, with 95% hand 

harvesting  

Weeks, with 95% mechanical harvesting 

1 21 33  33  

2 21 33  33  

3 21 33  33  

4 21 33  33  

5 21 33  33  

6 25 23  23  

7 25 23(.14) 24(.86) 24  

8 25 24(.08) 25(.92) 23(.02) 24(.06) 25(.92) 

9 25 24  24  

10 25 24  24  

11 25 10(.02) 22(.98) 23  

12 25 23  19  

13 25 20(.80) 22(.07) 23(.13) 19(.42) 22(.58) 

14 25 12(.01) 13(.01) 14(.01) 16(.06) 

17(.07) 18(.25) 19(.13) 21(.46) 

12(.01) 13(.01) 14(.01) 15(.01) 16(.06) 

17(.07) 18(.25) 19(.09) 21(.46) 23(.04) 

15 25 15(.02) 19(.52) 22(.46) 20(.91) 23(.09) 

16 29 32  29  

17 29 32  32  

18 29 29(.79) 31(.22) 29(.54) 31(.46) 

19 29 26(.35) 27(.39) 31(.24) 32(.01) 26(.35) 28(.06) 30(.38) 31(.16) 32(.05) 

20 29 28(.10) 29(.22) 30(.68) 27(.70) 29(.30) 

21 22  25 

22 22 26(.90)  

23 22 25(.18) 25(.56) 26(.19) 

24 22   

25 22 25   

26 24 34  34  

27 24 34  34  

28 24 34  34  

29 24 34  34  

30 24 34  34  

31 21 26  26  

32 21 26  26  

33 21 26  26  

34 21 26  26  

35 21 26  26  

36 23 23  23  

37 23 23  23  

38 23 23  23  

39 23 23  23  

40 23 23  23  

41 29 28  28  

42 29 28  28  

43 29 28  28  

44 29 28  28  
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Table 6-8.  Continued 
Grove 

aggregate 

Optimal 

Week 

Harvest Week, with 95% hand 

harvesting  

Weeks, with 95% mechanical harvesting 

45 29 28  28  

46 28 32  32  

47 28 32  32  

48 28 34  34  

49 28 32(.49) 33(.46) 34(.05) 32(.49) 33(.46) 34(.05) 

50 28 32  32  

51 35 48  48  

52 35 47  48  

53 35 47(.21) 48(.79) 47  

54 35 47  48  

55 35 48  47(.81) 48(.19) 

56 38 50  49  

57 38 50  49  

58 38 49  50  

59 38 49(.86) 50(.14) 49  

60 38 48(.39) 50(.61) 48(.39) 49(.42) 50(.19) 

61 36 43  41  

62 36 42  42  

63 36 40(.88) 43(.12) 40(.88) 42(.12) 

64 36 39(.33) 41(.67) 42(.47) 43(.53) 

65 36 41(.07) 42(.59) 43(.34) 39(.35) 41(.65) 

66 34 45  45(.35) 47(.65) 

67 34 43(.22) 47(.78) 45  

68 34 45 45  

69 34 44(.94) 46(.06) 44(.94) 47(.06) 

70 34 43(.13) 45(.12) 46(.75) 43(.18) 46(.81) 

71 36 36  37  

72 36 36  34(.30) 36(.70) 

73 36 34(.11) 35(.59) 36(.29) 36(.46) 37(.54) 

74 36 34(.01) 37(.52) 38(.19) 39(.28) 34(.05) 35(.48) 38(.19) 39(.28) 

75 36 38  38  
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Table 6-9.  Estimated weekly volume in storage for CIPM1 and CIPM2, NFC reported as pound 

solids and FCOJ reported as pound solids and gallons at 42 degree Brix. 
Week CIPM1 NFC 

PS 

CIPM1 FCOJ 

PS 

CIPM1 FCOJ 

gal at 42 

degree Brix 

CIPM2 NFC 

PS 

CIPM2 FCOJ 

PS 

CIPM2 FCOJ 

gal at 42 

degree Brix 

1 264,816,023 527,988,049 126,767,839 264,816,023 527,988,049 126,767,839 

2 254,526,023 518,427,049 124,472,281 254,526,023 518,427,049 124,472,281 

3 244,236,023 508,867,049 122,176,963 244,236,023 508,867,049 122,176,963 

4 233,946,023 499,307,049 119,881,644 233,946,023 499,307,049 119,881,644 

5 223,656,023 489,757,049 117,588,727 223,656,023 489,757,049 117,588,727 

6 213,366,023 480,197,049 115,293,409 213,366,023 480,197,049 115,293,409 

7 203,076,023 470,637,049 112,998,091 203,076,023 470,637,049 112,998,091 

8 192,786,023 461,077,049 110,702,773 192,786,023 461,077,049 110,702,773 

9 182,496,023 451,517,049 108,407,455 182,496,023 451,517,049 108,407,455 

10 172,206,023 442,037,049 106,131,344 172,206,023 442,037,049 106,131,344 

11 161,906,023 432,647,049 103,876,842 161,906,023 432,647,049 103,876,842 

12 152,106,023 423,047,049 101,571,921 151,606,023 423,447,049 101,667,959 

13 142,306,023 413,547,049 99,291,008 141,306,023 414,347,049 99,483,085 

14 132,006,023 404,347,049 97,082,125 131,006,023 405,147,049 97,274,201 

15 122,206,023 394,747,049 94,777,203 121,206,023 395,547,049 94,969,279 

16 111,906,023 388,947,049 93,384,646 110,906,023 389,847,049 93,600,732 

17 101,606,023 383,347,049 92,040,108 100,706,023 384,147,049 92,232,185 

18 91,306,023 386,747,049 92,856,434 90,406,023 387,547,049 93,048,511 

19 90,006,023 396,147,049 95,113,337 89,106,023 396,947,049 95,305,414 

20 93,006,023 405,747,049 97,418,259 92,106,023 406,547,049 97,610,336 

21 96,706,023 415,647,049 99,795,210 95,806,023 416,447,049 99,987,287 

22 91,306,023 426,147,049 102,316,218 90,406,023 426,947,049 102,508,295 

23 96,506,023 436,247,049 104,741,188 100,706,023 431,747,049 103,660,756 

24 104,906,023 447,467,049 107,435,066 109,206,023 442,957,049 106,352,233 

25 112,506,023 458,457,049 110,073,721 120,506,023 450,007,049 108,044,910 

26 121,306,023 470,207,049 112,894,850 129,406,023 461,757,049 110,866,038 

27 126,706,023 482,537,049 115,855,234 134,806,023 474,077,049 113,824,021 

28 138,306,023 490,627,049 117,797,611 146,406,023 482,177,049 115,768,799 

29 142,606,023 503,287,049 120,837,227 158,106,023 486,647,049 116,842,029 

30 146,406,023 516,257,049 123,951,272 161,906,023 499,617,049 119,956,074 

31 158,706,023 513,657,049 123,327,023 174,206,023 497,017,049 119,331,824 

32 155,106,023 527,437,049 126,635,546 170,606,023 510,797,049 122,640,348 

33 152,106,023 540,515,649 129,775,666 167,506,023 523,877,049 125,780,804 

34 156,006,023 545,946,149 131,079,508 179,756,023 520,247,049 124,909,255 

35 168,706,023 553,955,049 133,002,413 192,426,023 528,260,049 126,833,145 

36 181,366,023 562,781,049 135,121,500 205,126,023 537,085,949 128,952,209 

37 194,276,023 574,024,049 137,820,900 218,046,023 548,329,049 131,651,632 

38 207,716,023 584,718,049 140,388,487 231,476,023 559,023,049 134,219,219 

39 221,536,023 595,377,049 142,947,671 245,296,023 569,682,049 136,778,403 

40 235,606,023 604,055,049 145,031,224 259,366,023 578,360,049 138,861,957 

41 250,076,023 615,452,049 147,767,599 273,839,023 589,757,049 141,598,331 

42 264,556,023 626,064,049 150,315,498 288,321,023 600,370,049 144,146,470 

43 279,198,023 631,291,049 151,570,480 302,959,023 605,596,049 145,401,212 

44 293,560,023 633,906,049 152,198,331 317,322,023 608,211,049 146,029,063 

45 307,695,023 637,557,049 153,074,922 331,457,023 611,862,049 146,905,654 
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Table 6-9.  Continued 
Week CIPM1 NFC 

PS 

CIPM1 FCOJ 

PS 

CIPM1 FCOJ 

gal at 42 

degree Brix 

CIPM2 NFC 

PS 

CIPM2 FCOJ 

PS 

CIPM2 FCOJ 

gal at 42 

degree Brix 

46 321,772,023 633,674,049 152,142,629 345,534,023 607,979,049 145,973,361 

47 335,459,023 625,207,049 150,109,736 338,328,023 622,356,049 149,425,222 

48 345,534,023 615,648,049 147,814,658 345,534,023 615,972,049 147,892,449 

49 341,877,023 606,089,049 145,519,580 341,877,023 606,413,049 145,597,371 

50 334,462,023 596,530,049 143,224,502 334,462,023 596,854,049 143,302,293 

51 324,172,023 586,971,049 140,929,424 324,172,023 587,295,049 141,007,215 

52 313,882,023 577,412,049 138,634,345 313,882,023 577,736,049 138,712,137 
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Table 6-10.  CIPM3, processing results for constrained industry production model with 95% 

hand harvesting. 
Week Total boxes Total box 

marginal 

value 

Total boxes of 

NFC 

Total boxes of 

FCOJ 

Pound solids of 

NFC 

Pound solids 

of FCOJ 

1 0 0.00 0 0 0 0 

2 0 0.00 0 0 0 0 

3 0 0.00 0 0 0 0 

4 0 0.00 0 0 0 0 

5 0 0.00 0 0 0 0 

6 0 0.00 0 0 0 0 

7 0 0.00 0 0 0 0 

8 0 0.00 0 0 0 0 

9 0 0.00 0 0 0 0 

10 0 0.00 0 0 0 0 

11 0 0.00 0 0 0 0 

12 0 0.00 0 0 0 0 

13 0 0.00 0 0 0 0 

14 0 0.00 0 0 0 0 

15 1,695,000 0.00 0 1,695,000 0 8,546,700 

16 3,169,800 0.00 0 3,169,800 0 15,833,000 

17 3,169,800 0.00 0 3,169,800 0 15,209,000 

18 3,169,800 0.00 0 3,169,800 0 13,392,000 

19 3,169,800 0.00 0 3,169,800 0 18,955,000 

20 3,169,800 0.00 0 3,169,800 0 19,177,000 

21 6,324,200 0.46 3,154,300 3,169,800 18,468,000 19,490,000 

22 6,324,200 0.52 3,154,300 3,169,800 18,680,000 19,999,000 

23 6,324,200 0.57 3,154,300 3,169,800 19,179,000 19,657,000 

24 6,324,200 0.63 3,154,300 3,169,800 19,354,000 20,808,000 

25 6,324,200 0.68 3,154,300 3,169,800 19,673,000 20,556,000 

26 6,324,100 0.69 3,154,300 3,169,800 19,748,000 21,308,000 

27 6,324,200 0.69 3,154,300 3,169,800 19,667,000 21,884,000 

28 6,324,200 0.67 3,154,300 3,169,800 19,839,000 21,144,000 

29 6,324,200 0.63 3,154,300 3,169,800 19,988,000 22,214,000 

30 6,324,200 0.64 3,154,300 3,169,800 20,046,000 22,532,000 

31 6,324,200 0.65 3,154,300 3,169,800 20,515,000 21,996,000 

32 6,324,200 0.64 3,154,300 3,169,800 20,399,000 23,336,000 

33 6,324,200 0.61 3,154,300 3,169,800 20,383,000 22,640,000 

34 6,324,200 0.57 3,154,300 3,169,800 20,446,000 22,455,000 

35 6,324,200 0.53 3,154,300 3,169,800 20,861,000 22,723,000 

36 6,324,200 0.54 3,154,300 3,169,800 20,890,000 23,342,000 

37 6,324,200 0.54 3,154,300 3,169,800 21,080,000 23,117,000 

38 6,324,200 0.54 3,154,300 3,169,800 21,555,000 23,647,000 

39 6,324,200 0.53 3,154,300 3,169,800 21,909,000 22,753,000 

40 6,324,200 0.51 3,154,300 3,169,800 22,130,000 23,983,000 

41 6,324,200 0.48 3,154,300 3,169,800 22,499,000 24,266,000 

42 6,324,200 0.47 3,471,700 2,852,400 24,772,000 21,474,000 
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Table 6-10.  Continued 
Week Total boxes Total box 

marginal 

value 

Total boxes of 

NFC 

Total boxes of 

FCOJ 

Pound solids of 

NFC 

Pound solids 

of FCOJ 

43 6,324,200 0.39 3,471,700 2,852,400 24,929,000 21,714,000 

44 6,324,200 0.24 3,471,700 2,852,400 24,652,000 20,889,000 

45 6,324,200 0.13 3,154,300 3,169,800 22,192,000 24,491,000 

46 6,006,900 0.00 2,837,100 3,169,800 19,912,000 24,057,000 

47 1,490,000 0.00 1,490,000 0 10,290,000 0 

48 1,521,900 0.00 1,521,900 0 10,290,000 0 

49 1,586,100 0.00 1,586,100 0 10,290,000 0 

50 0 0.00 0 0 0 0 

51 0 0.00 0 0 0 0 

52 0 0.00 0 0 0 0 

Sum 186,253,800  87,244,800 99,006,600 574,636,000 667,587,700 
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Table 6-11.  CIPM4, processing results for constrained industry production model with 95% 

mechanical harvesting. 
Week Total boxes Total box 

marginal 

value 

Total boxes of 

NFC 

Total boxes of 

FCOJ 

Pound solids of 

NFC 

Pound solids of 

FCOJ 

1 0 0.00 0 0 0 0 

2 0 0.00 0 0 0 0 

3 0 0.00 0 0 0 0 

4 0 0.00 0 0 0 0 

5 0 0.00 0 0 0 0 

6 0 0.00 0 0 0 0 

7 0 0.00 0 0 0 0 

8 0 0.00 0 0 0 0 

9 0 0.00 0 0 0 0 

10 0 0.00 0 0 0 0 

11 0 0.00 0 0 0 0 

12 0 0.00 0 0 0 0 

13 0 0.00 0 0 0 0 

14 0 0.00 0 0 0 0 

15 0 0.00 0 0 0 0 

16 3,169,800 0.00 0 3,169,800 0 15,833,000 

17 3,169,800 0.00 0 3,169,800 0 15,209,000 

18 5,712,700 0.00 2,542,900 3,169,800 13,779,000 13,392,000 

19 3,169,800 0.00 0 3,169,800 0 18,955,000 

20 3,169,800 0.00 0 3,169,800 0 19,177,000 

21 6,324,200 0.29 3,154,300 3,169,800 18,468,000 19,490,000 

22 6,324,200 0.34 3,154,300 3,169,800 18,680,000 19,999,000 

23 6,324,200 0.39 3,154,300 3,169,800 19,179,000 19,657,000 

24 6,324,200 0.45 3,154,300 3,169,800 19,354,000 20,808,000 

25 6,324,200 0.50 3,154,300 3,169,800 19,673,000 20,556,000 

26 6,324,200 0.51 3,154,300 3,169,800 19,748,000 21,308,000 

27 6,324,200 0.50 3,154,300 3,169,800 19,667,000 21,884,000 

28 6,324,200 0.48 3,154,300 3,169,800 19,839,000 21,144,000 

29 6,324,100 0.49 3,154,300 3,169,800 19,988,000 22,214,000 

30 6,324,100 0.50 3,154,300 3,169,800 20,046,000 22,532,000 

31 6,324,200 0.52 3,154,300 3,169,800 20,515,000 21,996,000 

32 6,324,100 0.49 3,154,300 3,169,800 20,399,000 23,336,000 

33 6,324,200 0.46 3,154,300 3,169,800 20,383,000 22,640,000 

34 6,324,200 0.42 3,154,300 3,169,800 20,446,000 22,455,000 

35 6,324,200 0.45 3,154,300 3,169,800 20,861,000 22,723,000 

36 6,324,200 0.45 3,154,300 3,169,800 20,890,000 23,342,000 

37 6,324,200 0.45 3,154,300 3,169,800 21,080,000 23,117,000 

38 6,324,200 0.45 3,154,300 3,169,800 21,555,000 23,647,000 

39 6,324,200 0.44 3,154,300 3,169,800 21,909,000 22,753,000 

40 6,324,200 0.41 3,154,300 3,169,800 22,130,000 23,983,000 

41 6,324,200 0.38 3,154,300 3,169,800 22,499,000 24,266,000 

42 6,324,200 0.32 3,154,300 3,169,800 22,507,000 23,864,000 
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Table 6-11.  Continued 
Week Total boxes Total box 

marginal 

value 

Total boxes of 

NFC 

Total boxes of 

FCOJ 

Pound solids of 

NFC 

Pound solids of 

FCOJ 

43 6,324,200 0.23 3,471,700 2,852,400 24,929,000 21,714,000 

44 6,324,100 0.07 3,471,700 2,852,400 24,652,000 20,889,000 

45 4,711,900 0.00 2,885,400 1,826,500 20,300,000 14,112,000 

46 1,466,100 0.00 1,466,100 0 10,290,000 0 

47 1,490,000 0.00 1,490,000 0 10,290,000 0 

48 0 0.00 0 0 0 0 

49 3,172,300 0.00 3,172,300 0 20,580,000 0 

50 1,692,700 0.00 1,692,700 0 10,290,000 0 

51 1,692,700 0.00 1,692,700 0 10,290,000 0 

52 1,692,700 0.00 1,692,700 0 10,290,000 0 

Sum 186,090,700  92,972,800 93,115,900 605,506,000 626,995,000 
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Table 6-12.  Harvesting results for CIPM3 and CIPM4, constrained industry production models 

with 95% hand harvesting and 95% mechanical harvesting, with harvest date in 

weeks from August 1 and portion harvested weekly in parenthesis. 
Grove 

aggregate 

Optimal 

Week 

Harvest Week, with 95% hand 

harvesting  

Weeks, with 95% mechanical harvesting 

1 21 15 16 

2 21 15 16 

3 21 16(.82) 17(.18) 16 

4 21 15(.57) 16(.43) 16(.21) 17(.79) 

5 21 16 16 

6 25 28 27 

7 25 27 27 

8 25 27(.49) 28(.46) 29(.05) 27 

9 25 28 27(.54) 28(.46) 

10 25 27 27 

11 25 27 24 

12 25 24 25(.30) 28(.70) 

13 25 25(.92) 26(.08) 23(.47) 24(.53) 

14 25 23(.39) 26(.48) 27(.13) 23(.25) 26(.52) 28(.23) 

15 25 23(.10) 24(.90) 25 

16 29 35 30 

17 29 33(.80) 35(.20) 33 

18 29 31 31 

19 29 32(.15) 33(.40) 34(.45) 32(.16) 33(.39) 34(.45) 

20 29 30(.26) 31(.21) 32(.53) 30(.28) 31(.21) 32(.51) 

21 22 17 17(.33) 19(.68) 

22 22 17 17 

23 22 17(.22) 18(.19) 19(.59) 18(.52) 22(.48) 

24 22 18(.17) 20(.25) 21(.52) 22(.06) 18(.23) 20(.25) 21(.52) 

25 22 22 19(.99) 22(.01) 

26 24 27 24 

27 24 27 24 

28 24 27 24 

29 24 27 24 

30 24 27 24 

31 21 20 20 

32 21 20 20 

33 21 20 20 

34 21 20 20 

35 21 20 20 

36 23 22 22 

37 23 22 22 

38 23 22 22 

39 23 22 22 

40 23 22(.52) 23(.49) 22(.94) 23(.06) 

41 29 30 30 

42 29 30 30 

43 29 30 30 

44 29 30 30 

45 29 29(.26) 30(.74) 29(.46) 30(.55) 
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Table 6-12.  Continued 
Grove 

aggregate 

Optimal 

Week 

Harvest Week, with 95% hand 

harvesting  

Weeks, with 95% mechanical harvesting 

46 28 29 28 

47 28 29 28 

48 28 29 29 

49 28 29 28(.09) 29(.91) 

50 28 29 29 

51 35 39 37(.50) 38(.35) 39(.15) 

52 35 39 38 

53 35 38 38 

54 35 38 38 

55 35 38(.91) 39(.09) 38 

56 38 49 52 

57 38 48(.36) 49(.64) 52 

58 38 49 52 

59 38 49 52 

60 38 49 52 

61 36 42 42 

62 36 42 42 

63 36 42(.02) 43(.98) 42(.01) 44(.99) 

64 36 42(.23) 44(.77) 41(.73) 42(.27) 

65 36 42(.24) 45(.76) 42(.20) 43(.80) 

66 34 37 36(.82) 37(.18) 

67 34 35(.60) 38(.40) 35 

68 34 36 35 

69 34 35(.63) 36(.37) 35(.12) 36(.88) 

70 34 35(.13) 37(.87) 37 

71 36 41 40(.98) 50(.02) 

72 36 41(.76) 45(.24) 40 

73 36 39(.58) 41(.41) 48(.02) 39(.65) 40(.35) 

74 36 40(.53) 46(.35) 48(.12) 
45(.11) 46(.13) 47(.13) 49(.29) 50(.16) 

51(.16) 52(.01) 

75 36 46(.58) 47(.42) 41(.04) 45(.96) 
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Table 6-13.  Estimated weekly volume in storage for CIPM3 and CIPM4, NFC reported as 

pound solids and FCOJ reported as pound solids and gallons at 42 degree Brix. 
Week CIPM3 NFC 

PS 

CIPM3 FCOJ 

PS 

CIPM3 FCOJ 

gal at 42 

degree Brix 

CIPM4 NFC 

PS 

CIPM4 FCOJ 

PS 

CIPM4 FCOJ 

gal at 42 

degree Brix 

1 264,816,023 527,988,049 126,767,839 264,816,023 527,988,049 126,767,839 

2 254,526,023 518,427,049 124,472,281 254,526,023 518,427,049 124,472,281 

3 244,236,023 508,867,049 122,176,963 244,236,023 508,867,049 122,176,963 

4 233,946,023 499,307,049 119,881,644 233,946,023 499,307,049 119,881,644 

5 223,656,023 489,757,049 117,588,727 223,656,023 489,757,049 117,588,727 

6 213,366,023 480,197,049 115,293,409 213,366,023 480,197,049 115,293,409 

7 203,076,023 470,637,049 112,998,091 203,076,023 470,637,049 112,998,091 

8 192,786,023 461,077,049 110,702,773 192,786,023 461,077,049 110,702,773 

9 182,496,023 451,517,049 108,407,455 182,496,023 451,517,049 108,407,455 

10 172,206,023 441,957,049 106,112,137 172,206,023 441,957,049 106,112,137 

11 161,906,023 432,447,049 103,828,823 161,906,023 432,447,049 103,828,823 

12 151,606,023 422,847,049 101,523,901 151,606,023 422,847,049 101,523,901 

13 141,306,023 413,247,049 99,218,979 141,306,023 413,247,049 99,218,979 

14 131,006,023 403,747,049 96,938,067 131,006,023 403,747,049 96,938,067 

15 120,706,023 402,747,049 96,697,971 120,706,023 394,147,049 94,633,145 

16 110,506,023 408,947,049 98,186,566 110,506,023 400,447,049 96,145,750 

17 100,206,023 414,647,049 99,555,114 100,206,023 406,047,049 97,490,288 

18 89,906,023 418,447,049 100,467,479 103,706,023 409,947,049 98,426,662 

19 79,606,023 427,847,049 102,724,382 93,406,023 419,347,049 100,683,565 

20 69,306,023 437,447,049 105,029,303 83,106,023 428,947,049 102,988,487 

21 77,506,023 447,407,049 107,420,660 91,306,023 438,867,049 105,370,240 

22 85,906,023 457,847,049 109,927,263 99,606,023 449,307,049 107,876,842 

23 94,806,023 467,947,049 112,352,233 108,506,023 459,397,049 110,299,412 

24 103,806,023 479,197,049 115,053,313 117,606,023 470,647,049 113,000,492 

25 113,206,023 490,197,049 117,694,370 127,006,023 481,647,049 115,641,548 

26 122,706,023 501,947,049 120,515,498 136,406,023 493,397,049 118,462,677 

27 132,006,023 514,267,049 123,473,481 145,806,023 505,717,049 121,420,660 

28 141,606,023 525,857,049 126,256,194 155,406,023 517,307,049 124,203,373 

29 151,306,023 538,507,379 129,293,488 165,106,023 529,961,049 127,241,548 

30 161,006,023 551,480,049 132,408,175 174,806,023 542,933,449 130,356,170 

31 171,306,023 563,917,049 135,394,249 185,056,023 555,370,049 133,342,149 

32 181,386,023 577,694,049 138,702,053 195,166,023 569,147,049 136,649,952 

33 191,476,023 590,775,049 141,842,749 205,256,023 582,228,049 139,790,648 

34 201,636,023 603,671,049 144,939,027 215,416,023 595,125,049 142,887,167 

35 212,206,023 616,836,049 148,099,892 225,986,023 608,289,049 146,047,791 

36 222,806,023 630,619,049 151,409,135 236,586,023 622,072,049 149,357,035 

37 233,596,023 644,177,049 154,664,358 247,376,023 635,630,049 152,612,257 

38 244,856,023 658,267,049 158,047,311 258,636,023 649,717,049 155,994,490 

39 256,476,023 671,457,049 161,214,177 270,256,023 662,907,049 159,161,356 

40 268,318,023 685,887,049 164,678,763 282,096,623 677,337,049 162,625,942 

41 280,526,223 700,587,049 168,208,175 294,305,023 692,047,049 166,157,755 

42 295,008,023 712,507,049 171,070,120 306,523,023 706,347,049 169,591,128 

43 309,647,023 724,657,049 173,987,287 321,161,023 718,507,049 172,510,696 

44 324,009,023 735,987,049 176,707,575 335,523,023 729,837,049 175,230,984 

45 335,911,023 750,927,049 180,294,610 345,534,023 734,387,049 176,323,421 
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Table 6-13.  Continued 
Week CIPM3 NFC 

PS 

CIPM3 FCOJ 

PS 

CIPM3 FCOJ 

gal at 42 

degree Brix 

CIPM4 NFC 

PS 

CIPM4 FCOJ 

PS 

CIPM4 FCOJ 

gal at 42 

degree Brix 

46 345,534,023 765,417,049 183,773,601 345,534,023 724,827,049 174,028,103 

47 345,534,023 755,857,049 181,478,283 345,534,023 715,267,049 171,732,785 

48 345,534,023 746,307,049 179,185,366 335,244,023 705,707,049 169,437,467 

49 345,534,023 736,747,049 176,890,048 345,534,023 696,147,049 167,142,149 

50 335,244,023 727,187,049 174,594,730 345,534,023 686,597,049 164,849,231 

51 324,954,023 717,627,049 172,299,412 345,534,023 677,037,049 162,553,913 

52 314,664,023 708,067,049 170,004,093 345,534,023 667,477,049 160,258,595 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

Results suggest the Florida citrus industry as a whole could gain financially from the 

adoption of mechanical harvesters.  Financial gains were shown to come from the reduced direct 

cost of harvest, as well as the increase in boxes captured and the higher average pound solids per 

box.  Under current industry operations, however, all financial gains are shown to accrue only to 

growers, with processors experiencing either no change or losses in profits due to mechanical 

harvesting.  These conclusions satisfy the Kaldor-Hicks criterion that it is theoretically possible 

for mechanical harvester adoption to make growers better off and to compensate processors such 

that they are made no worse off.  The potential for gains to the industry is a necessary but not a 

sufficient condition for Pareto improvements, in which one party is made better off and no other 

party is made worse off.  This chapter further explains the modeling results, detailing their 

implications to the mechanical harvesting adoption decision and suggesting potential market 

mechanisms that could facilitate industry-wide adoption.  The chapter concludes with 

suggestions for future research endeavors expanding upon this analysis. 

Similarities between CIPM1 and the annual crop value estimates reported by FASS and 

FCPA add validity to model estimates.  The model is shown to be representative of a typical 

season, and is not indented to predict output for a specific season.  Results from CIPM1 estimate 

combined industry returns of $1.8 billion.  While there is no similar publically available estimate 

of combined industry returns, crop values of $1.5 billion in 06-07 and $1.2 billion in 07-08 were 

reported by FASS (USDA, FASS, 2009).  FASS crop values represent only the on-tree value of 

the fruit and do not include returns to processors.  While estimates of processor returns are not 

available, total processor returns of $300 million to $600 million would result in total industry 

returns of a similar magnitude to CIPM1 estimates.  Model estimates of boxes of fruit processed 
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to NFC and FCOJ match the actual volumes reported by FCPA for the 2007-08 season when 

constraints on total box processing capacity were set to approximate the 2007-08 season (FDOC, 

FCPA, 2009).  These similarities demonstrate that both the model and the market maximize 

returns by processing similar quantities of each product.  For example, the model sends 

86,897,000 boxes to NFC, and FCPA reported 85,111,000 boxes processed.  Similarly, total 

pound solids estimated to NFC are 573,854,000 and reported pound solids values to NFC were 

552,253,000.  Predicted quality characteristics and actual FCPA juice qualities produced are also 

shown to be similar.  The average soluble solid measurement for the modeled season is 12.8 

degree Brix and the FCPA reported average for the 2006-07 season was 12.6 degree Brix.  

Average ratio is estimated at 15.9 and the actual average for 2006-07 was about 16.5.  The 

predicted volumes of NFC and FCOJ in storage each week also approximated the average 

volumes reported by the FCPA from 2000-2006.   

Implications of Mechanical Harvesting 

Comparing CIPM1 to CIPM2 represents industry-wide adoption of mechanical harvesting, 

holding weekly scheduling volumes constant.  The most notable change in results between hand 

harvesting and mechanical harvesting models is the estimated $75 million (5.6%) increase in 

grower returns.  No other aspect of industry operation changed considerably, including the 

number of boxes processed to NFC and FCOJ, pound solids captured, volume of juice in storage, 

acreage harvested, and dates of harvest.  Because grower production costs do not necessarily 

change due to mechanical harvester adoption, the assumed $0.50 per box cost saving results in a 

$75 million direct increase in grower profits.  The equivalent percentage increase in profits 

should be much larger than the 5.6% increase in grower revenue.  Additional revenues are 

equivalent to an increase in the on-tree price of about $160 per acre for each of the estimated 

464,000 acres in production.  For example, assuming on-tree revenue of about $3,000 per acre 
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and profits of about $500 per acre (Bayles, 2008), an additional $160 per acre would increase 

revenue by 5% and profits by 32%.  Conversely, processor returns are estimated to slightly 

decrease, by about $1 million (-0.3%).  These results suggest that the positive financial 

incentives for grower support of mechanical harvesting are not necessarily available for the 

processing industry.  The potential for financial losses, or at best no financial gains, suggest that 

processors should not favor the adoption of mechanical harvesters under the current system of 

operation.   

Model results estimate that the number of sets of mechanical harvesters required to achieve 

95% adoption will increase from nine in CIPM1 to 172 in CIPM2.  These 163 additional sets of 

harvesters could increase total industry returns by an estimated $75 million, or about $460,000 in 

additional annual returns per set.  The most commonly used Oxbo mechanical harvesters cost 

approximately $1.3 million per set.  These additional returns would accrue to industry players, 

defined for this analysis as only growers and processers, not to third-party harvesters.  Harvest 

equipment is assumed to be owned by these third-party harvesting companies.  In this analysis, 

payments to harvesting companies are measured as per box cost, with none of the savings from 

mechanical harvesting collected by harvesters.  Actual gains accruing to harvesting companies 

would be determined by the market dynamics and competitive nature that develops in the 

harvester industry.  The estimated increase in industry returns represents the maximum amount 

the industry should be willing to pay to subsidize mechanical harvester adoption.  The potential 

to increase returns by an average of $460,000 for each additional set of harvesters in operation 

should be incentive for the industry to actively push for additional investment in mechanization.  

Model results suggest that these additional investments have not been pursued aggressively by 
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the industry as a whole because the industry is comprised of many actors, not all of whom stand 

to gain from potential cost saving and increased returns.   

Comparing CIPM1 and CIPM4 simulates a change from current industry operation to 

operation with industry-wide adoption of mechanical harvesters and a single weekly harvesting 

and processing upper bound.  Comparisons between CIPM1 and CIPM4 produce the greatest 

increase in industry returns, $203 million (11.5%, or about $440 per acre), but this shift could 

require major changes in industry operation, some of which may not be financially feasible.  

Large gains are estimated for growers, $227 million (16.9%), and large losses are estimated for 

processors, $27 million (-5.2 %).  Grower gains are due to the cost savings from mechanical 

harvesting and from capturing an additional 122 million (11%) pound solids of juice.  Extra 

pound solids are captured from harvesting an additional 35,000 acres not harvested in CIPM1 

and from harvesting more fruit closer to the biological optimum for pound solid production. 

Possible Industry Changes to Expedite Mechanical Harvester Adoption 

Estimates show it is financially possible for the Florida citrus industry as a whole to be 

made better off, but operational changes are necessary to assure that no party is made worse off.  

Such operational changes must allow the processor to receive some benefits from mechanization.  

Successful adoption of the mechanical tomato harvester has been credited to the systems 

approach taken by the California tomato industry (Schmitz and Seckler, 1970).  A crucial 

element of tomato harvester adoption came in the form of processor subsidization by allowing 

changes in processing techniques and lowering processing standards.  Similar changes could lead 

to successful mechanization of the Florida citrus harvest if both growers and processors are 

willing to accept the changes.  To realize Pareto improvements, growers may need to relinquish 

some of their financial gains from mechanical harvesting and processors may need to accept 

additional costs.  Such changes would move the market from the theoretical Kaldor-Hicks 
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compensation test to an actual market mechanism for paying compensation to the worse-off 

party. 

Operational changes and the ability to compensate for one party’s losses due to mechanical 

harvesting could be achieved through contracting.  Contracts used in input markets are typically 

designed to introduce predictability, share risks, and motivate performance (Hueth et al., 1999).  

Contracts currently used for procuring fruit in the Florida orange juice industry integrate these 

three principles for fruit purchase but do not address the harvest.  The grower is left solely 

responsible for managing the harvest, aside from selection of the harvest date.  Incorporating the 

harvest into contracts could allow for more predictability, reduce exposure to some risks, and 

improve performance.  The drawback of such contracts would be that the processor would take 

on additional costs and could be subject to additional risks involving the harvest.  The potential 

payoff to the processor would come from collecting a share of any gains from mechanical 

harvesting.  Growers would have to forfeit some of their gains from mechanical harvesting but 

would remain as well off or be made better off than before adoption.  In addition to providing 

incentives for the use of mechanical harvesting, contracting changes could push both parties to 

optimize the timing of harvest to capture the greatest, highest quality yields possible. 

Similar to the Florida citrus industry, the California processed tomato industry uses 

individual contracts between growers and processors.  Some tomato growers also use a third-

party negotiator, the California Tomato Growers Association, to determine incentive structures 

and resolve disputes (Hueth and Ligon, 2002).  Florida growers choosing to adopt mechanical 

harvesting could use a similar tactic and engage a third-party negotiator to help mediate the 

transition.  An outside negotiator could allow enough growers to capture gains from mechanical 

harvesting that they would be able to collectively offset any losses to processors.  If processors, 
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along with growers, experience financial gains from the negotiations and operational changes, 

then the results would provide a Pareto improvement.  For example, if processors require 

additional capital investments to handle mechanically harvested fruit efficiently, a third-party 

group representing adopting growers may be able to negotiate and arrange for payouts to offset 

all added costs. 

A mechanical harvesting processing fee could be established as well.  This additional per 

unit fee for processing mechanically harvested fruit could be used not only to cover additional 

processing costs, but also to award processors some of the gains from mechanical harvesting.  

Such a fee would be designed to encourage processors to fully support mechanical harvesting 

while preserving financial gains to growers.  With mechanical harvesting, estimated per box 

gains to growers ranged from $0.45 to $1.22 per box and the estimated per box losses to 

processors ranged from $0.01 to $0.20 per box.  A mutually agreeable mechanically harvested 

fruit processing fee would allow growers to keep some of these cost savings and more than cover 

additional processor costs.  For example, an extra $0.20 per box, or about $100 per trailer, may 

be enough to cover the extra processing costs and keep processors from being made worse off.  

Processors, however, may require a larger portion of gains to be made no worse off.  For 

example, a Pareto improvement could be reached by setting the processing fee below the lowest 

estimated gains to the grower and above the highest estimated additional costs to the processor.  

At $0.40 per box, or about $200 per trailer, extra processing costs should be more than covered 

and growers should still retain a large portion of the gains from mechanization.  The difficulty of 

such a fee is negotiating the fee itself.  Under this approach, growers have an incentive to 

understate their gains and processors have an incentive to overstate their losses.   
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A hold up could be occurring between growers and processors, in which growers are 

concerned that after making financial investments to transition to mechanical harvesting, their 

potential gains could be captured by processors.  A hold-up problem could explain why 

mechanical harvester adoption has not occurred even though it may be optimal for the industry.  

Processors may be able to gain additional market power after adoption from knowing that 

growers have already incurred the sunk costs of harvester adoption and are now saving on the 

cost of harvest.  Processors may be able to use this information to negotiate lower fruit prices and 

capture some of the additional grower profits.  Long term contracting before adoption could 

alleviate this problem if both parties agreed to a division of cost savings.   

Another potential problem slowing the adoption of mechanical harvesting is the likelihood 

that short term gains could lead to lower fruit and juice prices in the long run.  Price decreases 

could come from two sources, both of which should increase the annual supply of orange juice.  

First, if mechanical harvesting allows for more optimal harvest and the capture of additional 

pound solids, then supply should increase.  As predicted by economic theory, a supply increase, 

ceteris paribus, will push market prices down and potentially decrease industry returns.  In this 

case, the hand harvest labor market could actually be acting as a supply control, limiting the 

quantity of fruit that is able to be supplied during the harvest period and keeping prices higher.  

The second cause of lower prices from increasing supplies could come from additional growers 

entering the market due to increases in profits.  Economic theory predicts that if growers are 

experiencing economic profits, then additional suppliers will enter the market, new groves will 

be planted and prices will eventually be pushed down.  Extra profits generated by mechanical 

harvesting could be eliminated and suppliers could be left producing more fruit at lower juice 

prices.  Supply increases and subsequent drops in market prices are common with advances in 
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agricultural technology.  Citrus diseases and residential development continue to counter this 

increase in supply, increasing fruit and juice prices.  Estimates of price changes and their effect 

on total returns to industry players could reduce some of the uncertainty of supply changes, 

potentially expediting the adoption of mechanical harvesters.  Such price changes could be 

included in future simulations to estimate impacts to industry players. 

The difficulty in finding an agreeable market-based solution is that all parties must not 

only be made better off, but also believe they are getting a “good deal”.  Each player is a 

resourceful, evaluative maximizer and will adapt to any changes in an attempt to maximize their 

own utility (Jensen and Meckling, 1994).  It is not possible to account for all potential changes in 

behavior, so any new market mechanism should account for these changes and attempt to align 

grower and processor incentives as much as possible.  Additionally, growers have traditionally 

paid for the harvest and, therefore, may believe they are entitled to any cost savings afforded 

through mechanical harvester adoption.  At the same time, processors know if the switch to 

mechanical harvesting is profitable for the grower, then the potential exists to capture some of 

these new profits, especially if mechanical harvester adoption is pushing additional costs on the 

processor.  The difficulty arises in determining the true magnitude of the total cost savings to the 

grower, the total additional expenses to the processor, and how much of the savings should be 

transferred from the grower to the processor.  

Future Research 

Processing cost estimates used for this analysis do not fully incorporate the economies of 

scale experienced in fruit processing.  Developing cost functions estimating per unit costs as a 

function of input volume could enhance the accuracy of model estimates.  Further research is 

needed detailing the cost of processing, attempting to incorporate a per unit processing cost as a 

function of processing intensity.  This cost estimate should include the changes in production 
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costs due to running a plant at varying throughput levels and scale economies associated with 

operating facilities of different sizes. 

Similar to processing costs, per unit harvesting costs are dependent on the boxes per acre a 

grove is expected to yield.  Groves yielding more boxes per acre are less costly to harvest per 

box.  Hand harvest and mechanical harvesting prices are typically quoted by the third-party 

harvester as dollars per box, with quoted prices accounting for the estimated box yield per acre.  

While this analysis assumes a single cost per box to harvest by hand and a single cost per box to 

harvest mechanically, functions estimating harvest cost would better replicate the actual costs of 

harvest.  The date of harvest also impacts the quoted harvest price, due to seasonal fluctuations in 

the demand for harvest services and the supply of harvest labor.  Functions could be estimated 

for mechanical and hand harvesting in which cost variations reflect changes in box yield and date 

of harvest.  Replacing the assumed fixed unit harvest costs with functional cost estimates of 

boxes per acre could improve overall model estimates.   

This analysis could be used to develop a decision-aid tool for growers and grove managers 

to determine the economically optimal date of harvest and estimate the losses from less than 

optimal harvest.  Specific grove characteristics such as geographic region, fruit variety, tree age, 

and acreage could be combined with estimated maturity curves to predict the optimal harvest 

date.  Expected fruit prices and harvesting costs could be added to generate profit estimates.  

Growers could customize the decision tool by adding data specific to their current market and 

crop conditions and predictions.  Similar tools may currently be available to some of the largest 

growing and processing operations, and smaller industry players could benefit from this 

additional information. 

 



 

230 

APPENDIX A 

IN-GROVE FRUIT MATURITY MODELING 

Graphs of fruit maturity for all regions, varieties, and ages.  “VarRegAge” represents 

variety, region, and age, including early fruit (V10), mid-season fruit (V20), late fruit (V30), 

Indian River (I1), north (I2), central (I3), west (I4), south(I5), age 3-5 (G1), age 6-8 (G2), age 9-

13 (G3), age 14-23 (G4), and age 24+ (G5).  The t-value is shown in parentheses below each 

parameter estimate, with *, **, and *** representing statistical significance at the 10%, 5% and 

1% levels, respectively. 

Table A-1.  Drop, regression parameter results. 

VarRegAge β
0
 β

1 
β

2
 F Value R

2 

V10I1G1-G5 0 0.000622 0.000315*** 410.66*** 0.74 

  (0.68) (6.31)   

V10I2G1-G5 0 0.001465* 0.000132*** 161.63*** 0.53 

  (1.66) (2.75)   

V10I3G1-G5 0 0.001656** 0.000116*** 262.03*** 0.63 

  (2.39) (3.10)   

V10I4G1-G5 0 0.004381*** 5.78E-05 441.12*** 0.74 

  (5.64) (1.39)   

V10I5G1-G5 0 0.004979*** 0.000103** 531.29*** 0.77 

  (5.63) (2.16)   

V20I1G1-G5 0 0.001509* 0.00022*** 323.68*** 0.68 

  (1.68) (4.49)   

V20I2G1-G5 0 0.000864 0.000166* 36.19*** 0.41 

  (0.50) (1.71)   

V20I3G1-G5 0 0.004505** 0.000117 80.80*** 0.37 

  (2.09) (1.00)   

V20I4G1-G5 0 0.003177*** 0.000107* 192.73*** 0.57 

  (2.97) (1.83)   

V20I5G1-G5 0 0.005041*** 4.65E-05 317.73*** 0.67 

  (5.11) (0.88)   

V30I1G1-G5 0 0.004395*** 5.18E-05*** 1163.36*** 0.82 

  (8.97) (2.99)   

V30I2G1-G5 0 0.002584*** 5.01E-05*** 471.80*** 0.68 

  (4.96) (2.68)   

V30I3G1-G5 0 0.003214*** 3.64E-05*** 1108.15*** 0.82 

  (8.84) (2.82)   

V30I4G1-G5 0 0.002689*** 0.000072*** 1054.31*** 0.81 

  (6.51) (4.92)   

V30I5G1-G5 0 0.003765*** 3.89E-05*** 1441.49*** 0.85 

  (10.30) (3.00)   
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Table A-2.  Fruit weight, regression parameter results. 

VarRegAge β
0
 β

1 
β

2
 F Value R

2 

V10I1G1-G5 0.26351*** 0.0071*** -0.00016*** 23.27*** 0.08 

 (22.44) (3.98) (-2.65)   

V10I2G1-G5 0.27043*** 0.00726*** -0.00012 24.17*** 0.16 

 (16.17) (2.83) (-1.35)   

V10I3G1-G5 0.23905*** 0.00751*** -0.00011*** 185.95*** 0.22 

 (35.20) (7.24) (-3.12)   

V10I4G1-G5 0.28245*** 0.00369*** -3.5E-05 96.34*** 0.08 

 (48.57) (4.24) (-1.23)   

V10I5G1-G5 0.27676*** 0.00731*** -0.00015*** 90.19*** 0.10 

 (42.46) (7.29) (-4.51)   

V20I1G1-G5 0.28369*** 0.00816*** -0.00018*** 27.99*** 0.08 

 (22.41) (4.38) (-3.01)   

V20I2G1-G5 0.22755*** 0.01695* -0.00046 2.48 0.13 

 (3.82) (1.95) (-1.68)   

V20I3G1-G5 0.24627*** 0.01012*** -0.00018*** 60.78*** 0.18 

 (17.92) (5.00) (-2.78)   

V20I4G1-G5 0.28628*** 0.00432*** -3E-05 74.76*** 0.11 

 (32.56) (3.35) (-0.72)   

V20I5G1-G5 0.29294*** 0.00642*** -9.9E-05* 56.39*** 0.14 

 (28.44) (4.10) (-1.89)   

V30I1G1-G5 0.26706*** 0.00832*** -0.00012*** 197.13*** 0.16 

 (31.29) (10.89) (-7.49)   

V30I2G1-G5 0.2671*** 0.00663*** -8.6E-05*** 35.89*** 0.16 

 (15.04) (4.18) (-2.71)   

V30I3G1-G5 0.23828*** 0.01117*** -0.00015*** 672.58*** 0.30 

 (36.67) (18.74) (-12.36)   

V30I4G1-G5 0.23926*** 0.01007*** -0.00014*** 375.17*** 0.21 

 (33.58) (15.64) (-11.00)   

V30I5G1-G5 0.28027*** 0.00837*** -0.0001*** 478.95*** 0.21 

 (44.33) (14.70) (-9.04)   
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Table A-3.  Pound solids per box, regression parameter results. 

VarRegAge β
0
 β

1 
Β

2
 F Value R

2 

V10I1G1-G5 3.67885*** 0.18899*** -0.00234*** 354.83 0.58 

 (27.07) (9.16) (-3.38)   

V10I2G1-G5 3.3504*** 0.24104*** -0.00406*** 261.73 0.68 

 (20.56) (9.64) (-4.81)   

V10I3G1-G5 3.40018*** 0.23467*** -0.0043*** 1020.94 0.61 

 (45.71) (20.66) (-11.29)   

V10I4G1-G5 3.51056*** 0.20934*** -0.0031*** 1987.96 0.63 

 (61.13) (24.34) (-10.95)   

V10I5G1-G5 3.57341*** 0.19252*** -0.00284*** 1072.87 0.58 

 (52.03) (18.22) (-7.99)   

V20I1G1-G5 3.33952*** 0.21271*** -0.00188*** 945.01 0.75 

 (28.67) (12.41) (-3.39)   

V20I2G1-G5 3.56492*** 0.22782*** -0.00299 39.99 0.80 

 (7.03) (3.07) (-1.29)   

V20I3G1-G5 3.15698*** 0.26879*** -0.00484*** 557.75 0.68 

 (26.13) (15.09) (-8.37)   

V20I4G1-G5 3.24385*** 0.25543*** -0.00388*** 1486.51 0.72 

 (40.15) (21.56) (-10.18)   

V20I5G1-G5 3.2709*** 0.22523*** -0.00317*** 931.29 0.73 

 (34.41) (15.58) (-6.56)   

V30I1G1-G5 2.575*** 0.23734*** -0.00227*** 3073.06 0.75 

 (27.05) (27.83) (-13.22)   

V30I2G1-G5 2.71659*** 0.21867*** -0.00209*** 694.58 0.79 

 (14.51) (13.07) (-6.22)   

V30I3G1-G5 2.60011*** 0.2268*** -0.00242*** 5127.11 0.77 

 (40.45) (38.48) (-19.83)   

V30I4G1-G5 2.57186*** 0.22945*** -0.00235*** 4721.92 0.77 

 (36.94) (36.47) (-18.36)   

V30I5G1-G5 2.27708*** 0.24728*** -0.00282*** 5174.72 0.74 

 (35.85) (43.23) (-24.22)   
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Table A-4.  Brix to acid ratio, regression parameter results. 

VarRegAge β
0
 β

1 
Β

2
 F Value R

2 

V10I1G1-G5 2.04416*** 0.90933*** -0.01256*** 975.5*** 0.79 

 (5.53) (16.20) (-6.68)   

V10I2G1-G5 2.19455*** 0.76152*** -0.00869*** 459.3*** 0.79 

 (4.40) (9.95) (-3.36)   

V10I3G1-G5 2.05747*** 0.93937*** -0.01305*** 1932.2*** 0.75 

 (7.60) (22.72) (-9.41)   

V10I4G1-G5 1.84707*** 0.90426*** -0.01282*** 4043.0*** 0.78 

 (10.30) (33.67) (-14.51)   

V10I5G1-G5 2.16908*** 1.008*** -0.01616*** 2312.7*** 0.74 

 (9.42) (28.44) (-13.56)   

V20I1G1-G5 1.71531*** 0.75402*** -0.00809*** 1422.7*** 0.82 

 (5.52) (16.49) (-5.48)   

V20I2G1-G5 3.38047 0.5025 -0.00426 18.3*** 0.63 

 (1.65) (1.68) (-0.46)   

V20I3G1-G5 2.03266*** 0.66019*** -0.00578*** 915.7*** 0.78 

 (5.62) (12.39) (-3.34)   

V20I4G1-G5 1.61851*** 0.75378*** -0.0088*** 2137.3*** 0.79 

 (6.86) (21.80) (-7.91)   

V20I5G1-G5 1.90741*** 0.83352*** -0.00896*** 1118.0*** 0.76 

 (5.13) (14.76) (-4.75)   

V30I1G1-G5 1.50367*** 0.21833*** 0.00321*** 9104.9*** 0.90 

 (9.29) (15.06) (10.99)   

V30I2G1-G5 1.17044*** 0.23589*** 0.00227*** 1567.0*** 0.89 

 (3.19) (7.19) (3.44)   

V30I3G1-G5 1.3471*** 0.24148*** 0.00244*** 12584.0*** 0.89 

 (10.48) (20.49) (10.02)   

V30I4G1-G5 1.35242*** 0.23847*** 0.00239*** 10845.5*** 0.89 

 (9.81) (19.15) (9.45)   

V30I5G1-G5 1.52132*** 0.23227*** 0.00298*** 15721.9*** 0.90 

 (12.70) (21.54) (13.59)   
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Table A-5.  Total soluble solids, regression parameter results. 

VarRegAge β
0
 β

1 
Β

2
 F Value R

2 

V10I1G1-G5 9.35901*** 0.03898* 0.00354*** 402.59*** 0.61 

 (62.09) (1.70) (4.62)   

V10I2G1-G5 8.85942*** 0.07854** 0.00224** 187.64*** 0.60 

 (40.51) (2.34) (1.98)   

V10I3G1-G5 8.8994*** 0.08625*** 0.00148*** 940.32*** 0.59 

 (100.24) (6.36) (3.25)   

V10I4G1-G5 9.02999*** 0.04982*** 0.00314*** 2232.51*** 0.66 

 (137.77) (5.08) (9.71)   

V10I5G1-G5 8.97897*** 0.04441*** 0.00289*** 1028.86*** 0.56 

 (110.56) (3.55) (6.88)   

V20I1G1-G5 8.93735*** 0.01854 0.00562*** 1017.74*** 0.76 

 (64.82) (0.91) (8.58)   

V20I2G1-G5 8.82732*** 0.11249 0.0023 45.93*** 0.82 

 (13.66) (1.19) (0.78)   

V20I3G1-G5 8.48336*** 0.10769*** 0.002*** 872.7*** 0.77 

 (66.39) (5.72) (3.27)   

V20I4G1-G5 8.57234*** 0.0953*** 0.00247*** 1741.98*** 0.75 

 (94.18) (7.14) (5.75)   

V20I5G1-G5 8.54873*** 0.07228*** 0.00297*** 852.1*** 0.71 

 (72.08) (4.01) (4.93)   

V30I1G1-G5 6.83712*** 0.22297*** -0.00122*** 4102.96*** 0.80 

 (65.05) (23.68) (-6.43)   

V30I2G1-G5 6.75499*** 0.22335*** -0.00143*** 828.99*** 0.81 

 (30.26) (11.19) (-3.58)   

V30I3G1-G5 6.72208*** 0.22236*** -0.00147*** 6591.99*** 0.81 

 (88.42) (31.90) (-10.18)   

V30I4G1-G5 6.88003*** 0.20304*** -0.00098*** 6951.24*** 0.83 

 (90.93) (29.70) (-7.07)   

V30I5G1-G5 6.37326*** 0.23603*** -0.0017*** 6784.46*** 0.79 

 (85.21) (35.04) (-12.45)   
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Table A-6.  Average pieces per tree (PPT), average tree density (DEN), and bearing acreage (A) 

point estimate parameter results. 

VarRegAge PPT (pieces) DEN (trees per acre) A (acres) 

V10I1G1 221.5256 141.189 1884 

V10I1G2 393.666 147.0346 1703 

V10I1G3 567.709 134.0466 4159 

V10I1G4 951.2 121.583 7075 

V10I1G5 874.552 102.8554 4973 

V10I2G1 122.775 134.5566 654 

V10I2G2 700.868 129.4118 1139 

V10I2G3 842.152 133.1595 8055 

V10I2G4 1177.824 130.8448 10783 

V10I2G5 1195.724 96.41214 1087 

V10I3G1 445.055 123.5462 4557 

V10I3G2 647.376 129.2147 3731 

V10I3G3 956.174 133.6903 19798 

V10I3G4 1481.842 125.9995 22612 

V10I3G5 2022.019 99.71004 8277 

V10I4G1 328.962 122.0979 5005 

V10I4G2 610.603 125.3846 4160 

V10I4G3 1020.688 134.352 13612 

V10I4G4 1477.448 124.2572 28911 

V10I4G5 1758.163 100.9781 13495 

V10I5G1 276.515 142.1239 5923 

V10I5G2 579.463 153.7106 4541 

V10I5G3 869.371 155.6779 14715 

V10I5G4 1206.587 147.4309 24250 

V10I5G5 1344.638 122.1342 4798 

V20I1G1 156.724 146.1975 881 

V20I1G2 311.991 136.5411 717 

V20I1G3 396.859 132.2646 1965 

V20I1G4 601.207 126.6348 2095 

V20I1G5 859.551 108.1887 3456 

V20I2G1 186.905 118.0328 61 

V20I2G2 144.34 148.3871 31 

V20I2G3 498.945 126.5306 98 

V20I2G4 620.648 113.5135 185 

V20I2G5 1061.272 88.78924 223 

V20I3G1 322.832 114.9178 791 

V20I3G2 692.1456 120.4545 352 

V20I3G3 901.659 128.9577 2034 

V20I3G4 1379.18 123.9033 2234 

V20I3G5 1748.944 100.0301 3319 

V20I4G1 179.837 130.1911 785 

V20I4G2 361.425 129.0931 849 

V20I4G3 703.119 142.047 1446 
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Table A-6.  Continued 

V20I4G4 1228.295 124.6964 2223 

V20I4G5 1608.678 108.0667 6533 

V20I5G1 196.365 139.8279 1976 

V20I5G2 458.384 138.4966 1317 

V20I5G3 766.422 158.712 4643 

V20I5G4 1008.691 141.3992 4860 

V20I5G5 1255.577 125.8774 2365 

V30I1G1 143.994 138.626 3741 

V30I1G2 265.184 136.1237 2879 

V30I1G3 419.782 156.9377 8216 

V30I1G4 552.498 134.0241 11389 

V30I1G5 687.565 102.2739 7784 

V30I2G1 342.144 143.3852 514 

V30I2G2 388.772 144.743 856 

V30I2G3 591.038 142.5717 1952 

V30I2G4 804.03 136.0233 2404 

V30I2G5 1165.037 84.5655 771 

V30I3G1 232.605 126.794 10103 

V30I3G2 441.493 133.9439 8134 

V30I3G3 586.752 133.8068 27808 

V30I3G4 853.983 125.1321 24411 

V30I3G5 1355.169 102.8414 14676 

V30I4G1 280.003 129.5106 9705 

V30I4G2 552.316 136.1517 6564 

V30I4G3 645.037 138.1832 15643 

V30I4G4 839.195 131.6889 18101 

V30I4G5 1177.399 108.0735 12795 

V30I5G1 183.786 138.5183 10569 

V30I5G2 376.62 151.9266 11004 

V30I5G3 485.045 164.1113 40659 

V30I5G4 644.204 151.2184 38207 

V30I5G5 917.798 127.6658 8534 
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Table A-7.  Boxes per acre, regression parameter results. 

VarRegAge int t t^2 t^3 t^4 

V10I1G1 91.575 2.4104 -0.0855 -7.432E-04 1.736E-05 

V10I1G2 169.474 4.4608 -0.1582 -1.375E-03 3.213E-05 

V10I1G3 222.811 5.8647 -0.2080 -1.808E-03 4.224E-05 

V10I1G4 338.610 8.9127 -0.3161 -2.748E-03 6.420E-05 

V10I1G5 263.371 6.9323 -0.2459 -2.137E-03 4.993E-05 

V10I2G1 49.639 1.2599 -0.0301 -1.445E-04 2.846E-06 

V10I2G2 272.535 6.9172 -0.1650 -7.932E-04 1.563E-05 

V10I2G3 336.957 8.5523 -0.2040 -9.807E-04 1.932E-05 

V10I2G4 463.073 11.7532 -0.2804 -1.348E-03 2.655E-05 

V10I2G5 346.398 8.7919 -0.2097 -1.008E-03 1.986E-05 

V10I3G1 146.046 4.3464 -0.0908 -4.225E-04 7.688E-06 

V10I3G2 222.185 6.6123 -0.1382 -6.428E-04 1.170E-05 

V10I3G3 339.534 10.1046 -0.2111 -9.822E-04 1.787E-05 

V10I3G4 495.926 14.7589 -0.3084 -1.435E-03 2.611E-05 

V10I3G5 535.513 15.9371 -0.3330 -1.549E-03 2.819E-05 

V10I4G1 126.053 1.0945 -0.0302 -2.650E-05 9.062E-07 

V10I4G2 240.271 2.0863 -0.0575 -5.051E-05 1.727E-06 

V10I4G3 430.364 3.7369 -0.1030 -9.047E-05 3.094E-06 

V10I4G4 576.146 5.0028 -0.1379 -1.211E-04 4.142E-06 

V10I4G5 557.167 4.8380 -0.1334 -1.171E-04 4.005E-06 

V10I5G1 120.850 2.5903 -0.0948 2.855E-06 6.834E-06 

V10I5G2 273.899 5.8708 -0.2149 6.471E-06 1.549E-05 

V10I5G3 416.191 8.9207 -0.3265 9.833E-06 2.354E-05 

V10I5G4 547.026 11.7250 -0.4291 1.292E-05 3.094E-05 

V10I5G5 505.014 10.8245 -0.3961 1.193E-05 2.856E-05 

V20I1G1 72.223 1.9684 -0.0652 -3.871E-04 1.015E-05 

V20I1G2 134.279 3.6597 -0.1212 -7.198E-04 1.888E-05 

V20I1G3 165.456 4.5094 -0.1493 -8.869E-04 2.326E-05 

V20I1G4 239.982 6.5406 -0.2166 -1.286E-03 3.373E-05 

V20I1G5 293.126 7.9891 -0.2646 -1.571E-03 4.121E-05 

V20I2G1 55.777 4.1066 -0.1252 -5.927E-04 1.865E-05 

V20I2G2 54.152 3.9870 -0.1216 -5.754E-04 1.811E-05 

V20I2G3 159.618 11.7520 -0.3583 -1.696E-03 5.337E-05 

V20I2G4 178.126 13.1146 -0.3998 -1.893E-03 5.956E-05 

V20I2G5 238.244 17.5408 -0.5348 -2.532E-03 7.966E-05 

V20I3G1 101.516 3.7143 -0.1060 -1.477E-04 8.803E-06 

V20I3G2 228.134 8.3470 -0.2383 -3.320E-04 1.978E-05 

V20I3G3 318.170 11.6413 -0.3323 -4.630E-04 2.759E-05 

V20I3G4 467.598 17.1086 -0.4883 -6.804E-04 4.055E-05 

V20I3G5 478.714 17.5153 -0.4999 -6.966E-04 4.151E-05 

V20I4G1 74.475 0.8873 -0.0192 -9.522E-05 8.247E-07 

V20I4G2 148.412 1.7681 -0.0384 -1.898E-04 1.644E-06 

V20I4G3 317.694 3.7849 -0.0821 -4.062E-04 3.518E-06 

V20I4G4 487.197 5.8042 -0.1259 -6.229E-04 5.395E-06 



 

238 

Table A-7.  Continued 

V20I4G5 552.980 6.5879 -0.1429 -7.070E-04 6.124E-06 

V20I5G1 89.371 1.5081 -0.0442 6.122E-05 1.405E-06 

V20I5G2 206.635 3.4869 -0.1023 1.416E-04 3.248E-06 

V20I5G3 395.926 6.6812 -0.1960 2.712E-04 6.224E-06 

V20I5G4 464.239 7.8339 -0.2298 3.180E-04 7.298E-06 

V20I5G5 514.431 8.6809 -0.2547 3.524E-04 8.087E-06 

V30I1G1 59.232 1.5850 -0.0368 1.683E-05 1.325E-06 

V30I1G2 107.114 2.8663 -0.0665 3.043E-05 2.396E-06 

V30I1G3 195.487 5.2310 -0.1213 5.554E-05 4.373E-06 

V30I1G4 219.725 5.8796 -0.1363 6.243E-05 4.915E-06 

V30I1G5 208.663 5.5836 -0.1295 5.929E-05 4.667E-06 

V30I2G1 145.594 3.2378 -0.0637 -5.945E-05 2.358E-06 

V30I2G2 167.003 3.7138 -0.0731 -6.819E-05 2.705E-06 

V30I2G3 250.081 5.5613 -0.1094 -1.021E-04 4.050E-06 

V30I2G4 324.576 7.2180 -0.1420 -1.325E-04 5.256E-06 

V30I2G5 292.391 6.5022 -0.1279 -1.194E-04 4.735E-06 

V30I3G1 78.084 3.4094 -0.0645 2.708E-05 1.815E-06 

V30I3G2 156.564 6.8361 -0.1293 5.429E-05 3.640E-06 

V30I3G3 207.863 9.0760 -0.1717 7.208E-05 4.833E-06 

V30I3G4 282.920 12.3532 -0.2336 9.811E-05 6.578E-06 

V30I3G5 368.983 16.1110 -0.3047 1.280E-04 8.579E-06 

V30I4G1 96.404 3.7983 -0.0759 -1.360E-04 4.180E-06 

V30I4G2 199.912 7.8764 -0.1574 -2.821E-04 8.669E-06 

V30I4G3 236.956 9.3359 -0.1866 -3.344E-04 1.028E-05 

V30I4G4 293.792 11.5752 -0.2313 -4.146E-04 1.274E-05 

V30I4G5 338.275 13.3279 -0.2664 -4.773E-04 1.467E-05 

V30I5G1 79.278 2.0691 -0.0416 1.935E-05 1.152E-06 

V30I5G2 178.185 4.6505 -0.0935 4.350E-05 2.588E-06 

V30I5G3 247.887 6.4697 -0.1301 6.052E-05 3.601E-06 

V30I5G4 303.363 7.9176 -0.1592 7.406E-05 4.407E-06 

V30I5G5 364.885 9.5233 -0.1915 8.908E-05 5.300E-06 
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APPENDIX B 

SAS PROGRAMMING CODE 

Estimated equations for fruit drop 

DATA FASSALLD; 

INFILE 'C:\Documents and Settings\jsearcy\Desktop\A1 FASS DROP.txt' expandtabs; 

INPUT YR DAY WEEK AREA $ AGE $ TYPE $ DROP; 

WEEKSQ = WEEK * WEEK; 

PERDROP = DROP / 100; 

RUN; 

 

DATA FASSD10 ; SET FASSALLD; 

IF TYPE = "10"; 

RUN; 

DATA FASSD10A1; SET FASSD10; 

IF AREA = "1"; 

RUN; 

DATA FASSD10A2; SET FASSD10; 

IF AREA = "2"; 

RUN; 

DATA FASSD10A3; SET FASSD10; 

IF AREA = "3"; 

RUN; 

DATA FASSD10A4; SET FASSD10; 

IF AREA = "4"; 

RUN; 

DATA FASSD10A5; SET FASSD10; 

IF AREA = "5"; 

RUN; 

DATA FASSD20; SET FASSALLD; 

IF TYPE = "20"; 

RUN; 

DATA FASSD20A1; SET FASSD20; 

IF AREA = "1"; 

RUN; 

DATA FASSD20A2; SET FASSD20; 

IF AREA = "2"; 

RUN; 

DATA FASSD20A3; SET FASSD20; 

IF AREA = "3"; 

RUN; 

DATA FASSD20A4; SET FASSD20; 

IF AREA = "4"; 

RUN; 

DATA FASSD20A5; SET FASSD20; 

IF AREA = "5"; 

RUN; 

DATA FASSD30; SET FASSALLD; 

IF TYPE = "30"; 

RUN; 

DATA FASSD30A1; SET FASSD30; 

IF AREA = "1"; 

RUN; 

DATA FASSD30A2; SET FASSD30; 

IF AREA = "2"; 
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RUN; 

DATA FASSD30A3; SET FASSD30; 

IF AREA = "3"; 

RUN; 

DATA FASSD30A4; SET FASSD30; 

IF AREA = "4"; 

RUN; 

DATA FASSD30A5; SET FASSD30; 

IF AREA = "5"; 

RUN; 

DATA DROP10A1; SET FASSD10A1; 

PROC REG; 

DR10A1: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP10A2; SET FASSD10A2; 

PROC REG; 

DR10A2: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP10A3; SET FASSD10A3; 

PROC REG; 

DR10A3: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP10A4; SET FASSD10A4; 

PROC REG; 

DR10A4: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP10A5; SET FASSD10A5; 

PROC REG; 

DR10A5: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP20A1; SET FASSD20A1; 

PROC REG; 

DR20A1: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP20A2; SET FASSD20A2; 

PROC REG; 

DR20A2: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP20A3; SET FASSD20A3; 

PROC REG; 

DR20A3: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP20A4; SET FASSD20A4; 

PROC REG; 

DR20A4: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP20A5; SET FASSD20A5; 

PROC REG; 

DR20A5: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP30A1; SET FASSD30A1; 

PROC REG; 

DR30A1: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP30A2; SET FASSD30A2; 

PROC REG; 
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DR30A2: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP30A3; SET FASSD30A3; 

PROC REG; 

DR30A3: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP30A4; SET FASSD30A4; 

PROC REG; 

DR30A4: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

DATA DROP30A5; SET FASSD30A5; 

PROC REG; 

DR30A5: MODEL PERDROP=WEEK WEEKSQ / noint; 

RUN; 

__ 

 

Estimated equations for fruit weight, ratio, pound solids, and total soluble solids 

 

DATA FASSALL; 

INFILE 'C:\Documents and Settings\jsearcy\Desktop\A1 FASS ALL.txt' expandtabs; 

INPUT YR DAY WEEK AREA $ AGE $ YRPLANT TYPE $ ID $ ACID TSS RATIO JUCPER PS 

FRUWT JUCWT; 

WEEKSQ = WEEK * WEEK; 

FRUPCWT = FRUWT / 15; 

RUN; 

 

DATA FASS10; SET FASSALL; 

IF TYPE = "10"; 

RUN; 

DATA FASS10A1; SET FASS10; 

IF AREA = "1"; 

RUN; 

DATA FASS10A2; SET FASS10; 

IF AREA = "2"; 

RUN; 

DATA FASS10A3; SET FASS10; 

IF AREA = "3"; 

RUN; 

DATA FASS10A4; SET FASS10; 

IF AREA = "4"; 

RUN; 

DATA FASS10A5; SET FASS10; 

IF AREA = "5"; 

RUN; 

DATA FASS20; SET FASSALL; 

IF TYPE = "20"; 

RUN; 

DATA FASS20A1; SET FASS20; 

IF AREA = "1"; 

RUN; 

DATA FASS20A2; SET FASS20; 

IF AREA = "2"; 

RUN; 

DATA FASS20A3; SET FASS20; 

IF AREA = "3"; 

RUN; 
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DATA FASS20A4; SET FASS20; 

IF AREA = "4"; 

RUN; 

DATA FASS20A5; SET FASS20; 

IF AREA = "5"; 

RUN; 

DATA FASS30; SET FASSALL; 

IF TYPE = "30"; 

RUN; 

DATA FASS30A1; SET FASS30; 

IF AREA = "1"; 

RUN; 

DATA FASS30A2; SET FASS30; 

IF AREA = "2"; 

RUN; 

DATA FASS30A3; SET FASS30; 

IF AREA = "3"; 

RUN; 

DATA FASS30A4; SET FASS30; 

IF AREA = "4"; 

RUN; 

DATA FASS30A5; SET FASS30; 

IF AREA = "5"; 

RUN; 

DATA EST10A1; SET FASS10A1; 

PROC REG; 

FTWT10A1: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST10A2; SET FASS10A2; 

PROC REG; 

FTWT10A2: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST10A3; SET FASS10A3; 

PROC REG; 

FTWT10A3: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST10A4; SET FASS10A4; 

PROC REG; 

FTWT10A4: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST10A5; SET FASS10A5; 

PROC REG; 

FTWT10A5: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST20A1; SET FASS20A1; 

PROC REG; 

FTWT20A1: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST20A2; SET FASS20A2; 

PROC REG; 

FTWT20A2: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST20A3; SET FASS20A3; 

PROC REG; 

FTWT20A3: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 
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DATA EST20A4; SET FASS20A4; 

PROC REG; 

FTWT20A4: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST20A5; SET FASS20A5; 

PROC REG; 

FTWT20A5: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST30A1; SET FASS30A1; 

PROC REG; 

FTWT30A1: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST30A2; SET FASS30A2; 

PROC REG; 

FTWT30A2: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST30A3; SET FASS30A3; 

PROC REG; 

FTWT30A3: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST30A4; SET FASS30A4; 

PROC REG; 

FTWT30A4: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

DATA EST30A5; SET FASS30A5; 

PROC REG; 

FTWT30A5: MODEL FRUPCWT=WEEK WEEKSQ; 

RUN; 

__ 

DATA EST10A1; SET FASS10A1; 

PROC REG; 

RA10A1: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST10A2; SET FASS10A2; 

PROC REG; 

RA10A2: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST10A3; SET FASS10A3; 

PROC REG; 

RA10A3: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST10A4; SET FASS10A4; 

PROC REG; 

RA10A4: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST10A5; SET FASS10A5; 

PROC REG; 

RA10A5: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST20A1; SET FASS20A1; 

PROC REG; 

RA20A1: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST20A2; SET FASS20A2; 

PROC REG; 

RA20A2: MODEL RATIO=WEEK WEEKSQ; 
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RUN; 

DATA EST20A3; SET FASS20A3; 

PROC REG; 

RA20A3: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST20A4; SET FASS20A4; 

PROC REG; 

RA20A4: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST20A5; SET FASS20A5; 

PROC REG; 

RA20A5: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST30A1; SET FASS30A1; 

PROC REG; 

RA30A1: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST30A2; SET FASS30A2; 

PROC REG; 

RA30A2: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST30A3; SET FASS30A3; 

PROC REG; 

RA30A3: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST30A4; SET FASS30A4; 

PROC REG; 

RA30A4: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

DATA EST30A5; SET FASS30A5; 

PROC REG; 

RA30A5: MODEL RATIO=WEEK WEEKSQ; 

RUN; 

_____ 

DATA EST10A1; SET FASS10A1; 

PROC REG; 

PS10A1: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST10A2; SET FASS10A2; 

PROC REG; 

PS10A2: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST10A3; SET FASS10A3; 

PROC REG; 

PS10A3: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST10A4; SET FASS10A4; 

PROC REG; 

PS10A4: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST10A5; SET FASS10A5; 

PROC REG; 

PS10A5: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST20A1; SET FASS20A1; 

PROC REG; 
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PS20A1: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST20A2; SET FASS20A2; 

PROC REG; 

PS20A2: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST20A3; SET FASS20A3; 

PROC REG; 

PS20A3: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST20A4; SET FASS20A4; 

PROC REG; 

PS20A4: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST20A5; SET FASS20A5; 

PROC REG; 

PS20A5: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST30A1; SET FASS30A1; 

PROC REG; 

PS30A1: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST30A2; SET FASS30A2; 

PROC REG; 

PS30A2: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST30A3; SET FASS30A3; 

PROC REG; 

PS30A3: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST30A4; SET FASS30A4; 

PROC REG; 

PS30A4: MODEL PS=WEEK WEEKSQ; 

RUN; 

DATA EST30A5; SET FASS30A5; 

PROC REG; 

PS30A5: MODEL PS=WEEK WEEKSQ; 

RUN; 

__ 

DATA EST10A1; SET FASS10A1; 

PROC REG; 

TSS10A1: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST10A2; SET FASS10A2; 

PROC REG; 

TSS10A2: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST10A3; SET FASS10A3; 

PROC REG; 

TSS10A3: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST10A4; SET FASS10A4; 

PROC REG; 

TSS10A4: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST10A5; SET FASS10A5; 
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PROC REG; 

TSS10A5: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST20A1; SET FASS20A1; 

PROC REG; 

TSS20A1: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST20A2; SET FASS20A2; 

PROC REG; 

TSS20A2: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST20A3; SET FASS20A3; 

PROC REG; 

TSS20A3: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST20A4; SET FASS20A4; 

PROC REG; 

TSS20A4: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST20A5; SET FASS20A5; 

PROC REG; 

TSS20A5: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST30A1; SET FASS30A1; 

PROC REG; 

TSS30A1: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST30A2; SET FASS30A2; 

PROC REG; 

TSS30A2: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST30A3; SET FASS30A3; 

PROC REG; 

TSS30A3: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST30A4; SET FASS30A4; 

PROC REG; 

TSS30A4: MODEL TSS=WEEK WEEKSQ; 

RUN; 

DATA EST30A5; SET FASS30A5; 

PROC REG; 

TSS30A5: MODEL TSS=WEEK WEEKSQ; 

RUN; 
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APPENDIX C 

BIOLOGICAL FRUIT AND DROP DATA 
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Figure C-l.  Pound solids per box for early fruit sampled in the Indian River region.  
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Figure C-2.  Acid percentage for early fruit sampled in the Indian River region. 
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Figure C-3.  Brix to acid ratio for early fruit sampled in the Indian River region.  
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Figure C-4.  Total soluble solid percentage for early fruit sampled in the Indian River region.  
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Figure C-5.  Fruit weight for 15 piece sample of early fruit in the Indian River region.  
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Figure C-6.  Juice weight for 15 piece sample of early fruit in the Indian River region.  
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Figure C-7.  Pound solids per box for early fruit sampled in the North region.  
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Figure C-8.  Acid percentage for early fruit sampled in the North region.  
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Figure C-9.  Brix to acid ratio for early fruit sampled in the North region.  
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Figure C-10.  Total soluble solid percentage for early fruit sampled in the North region.  
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Figure C-11.  Fruit weight for 15 piece sample of early fruit in the North region.  
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Figure C-12.  Juice weight for 15 piece sample of early fruit in the North region.  
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Figure C-13.  Pound solids per box for early fruit sampled in the Central region.  
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Figure C-14.  Acid percentage for early fruit sampled in the Central region.  
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Figure C-15.  Brix to acid ratio for early fruit sampled in the Central region.  
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Figure C-16.  Total soluble solid percentage for early fruit sampled in the Central region.  
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Figure C-17.  Fruit weight for 15 piece sample of early fruit in the Central region.  
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Figure C-18.  Juice weight for 15 piece sample of early fruit in the Central region.  
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Figure C-19.  Pound solids per box for early fruit sampled in the West region.  
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Figure C-20.  Acid percentage for early fruit sampled in the West region.  
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Figure C-21.  Brix to acid ratio for early fruit sampled in the West region.  
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Figure C-22.  Total soluble solid percentage for early fruit sampled in the West region.  
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Figure C-23.  Fruit weight for 15 piece sample of early fruit in the West region.  
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Figure C-24.  Juice weight for 15 piece sample of early fruit in the West region.  
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Figure C-25.  Pound solids per box for early fruit sampled in the South region.  
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Figure C-26.  Acid percentage for early fruit sampled in the South region.  
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Figure C-27.  Brix to acid ratio for early fruit sampled in the South region.  
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Figure C-28.  Total soluble solid percentage for early fruit sampled in the South region.  
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Figure C-29.  Fruit weight for 15 piece sample of early fruit in the South region.  
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Figure C-30.  Juice weight for 15 piece sample of early fruit in the South region.  
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Figure C-3l.  Pound solids per box for mid-season fruit sampled in the Indian River region.  
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Figure C-32.  Acid percentage for mid-season fruit sampled in the Indian River region.  
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Figure C-33.  Brix to acid ratio for mid-season fruit sampled in the Indian River region.  
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Figure C-34.  Total soluble solid percentage for mid-season fruit sampled in the Indian River 

region.  
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Figure C-35.  Fruit weight for 15 piece sample of mid-season fruit in the Indian River region.  
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Figure C-36.  Juice weight for 15 piece sample of mid-season fruit in the Indian River region. 
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Figure C-37.  Pound solids per box for mid-season fruit sampled in the north region.  
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Figure C-38.  Acid percentage for mid-season fruit sampled in the north region.  
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Figure C-39.  Brix to acid ratio for mid-season fruit sampled in the north region.  
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Figure C-40.  Total soluble solid percentage for mid-season fruit sampled in the north region.  
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Figure C-41.  Fruit weight for 15 piece sample of mid-season fruit in the north region.  
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Figure C-42.  Juice weight for 15 piece sample of mid-season fruit in the north region.  
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Figure C-43.  Pound solids per box for mid-season fruit sampled in the Central region.  
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Figure C-44.  Acid percentage for mid-season fruit sampled in the Central region.  
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Figure C-45.  Brix to acid ratio for mid-season fruit sampled in the Central region.  
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Figure C-46.  Total soluble solid percentage for mid-season fruit sampled in the Central region.  
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Figure C-47.  Fruit weight for 15 piece sample of mid-season fruit in the Central region.  
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Figure C-48.  Juice weight for 15 piece sample of mid-season fruit in the Central region.  
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Figure C-49.  Pound solids per box for mid-season fruit sampled in the West region.  
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Figure C-50.  Acid percentage for mid-season fruit sampled in the West region.  
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Figure C-51.  Brix to acid ratio for mid-season fruit sampled in the West region.  
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Figure C-52.  Total soluble solid percentage for mid-season fruit sampled in the West region.  
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Figure C-53.  Fruit weight for 15 piece sample of mid-season fruit in the West region.  
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Figure C-54.  Juice weight for 15 piece sample of mid-season fruit in the West region.  
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Figure C-55.  Pound solids per box for mid-season fruit sampled in the South region.  
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Figure C-56.  Acid percentage for mid-season fruit sampled in the South region.  
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Figure C-57.  Brix to acid ratio for mid-season fruit sampled in the South region.  
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Figure C-58.  Total soluble solid percentage for mid-season fruit sampled in the South region.  
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Figure C-59.  Fruit weight for 15 piece sample of mid-season fruit in the South region.  
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Figure C-60.  Juice weight for 15 piece sample of mid-season fruit in the South region.  
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Figure C-6l.  Pound solids per box for late season fruit sampled in the Indian River region.  
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Figure C-62.  Acid percentage for late season fruit sampled in the Indian River region.  
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Figure C-63.  Brix to acid ratio for late season fruit sampled in the Indian River region.  
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Figure C-64.  Total soluble solid percentage for late season fruit sampled in the Indian River 

region.  
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Figure C-65.  Fruit weight for 15 piece sample of late season fruit in the Indian River region.  
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Figure C-66.  Juice weight for 15 piece sample of late season fruit in the Indian River region.  
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Figure C-67.  Pound solids per box for early fruit sampled in the North region.  
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Figure C-68.  Acid percentage for early fruit sampled in the North region.  
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Figure C-69.  Brix to acid ratio for early fruit sampled in the North region.  
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Figure C-70.  Total soluble solid percentage for early fruit sampled in the North region.  
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Figure C-71.  Fruit weight for 15 piece sample of late season fruit in the North region.  
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Figure C-72.  Juice weight for 15 piece sample of late season fruit in the North region.  
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Figure C-73.  Pound solids per box for late season fruit sampled in the Central region.  
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Figure C-74.  Acid percentage for late season fruit sampled in the Central region.  



 

284 

RAT I O

0

1 0

2 0

3 0

WEEK

0 1 0 2 0 3 0 4 0

 
 

Figure C-75.  Brix to acid ratio for late season fruit sampled in the Central region.  

T SS

7

8

9

1 0

1 1

1 2

1 3

1 4

1 5

1 6

WEEK

0 1 0 2 0 3 0 4 0

 
 

Figure C-76.  Total soluble solid percentage for late season fruit sampled in the Central region.  
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Figure C-77.  Fruit weight for 15 piece sample of late season fruit in the Central region.  
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Figure C-78.  Juice weight for 15 piece sample of late season fruit in the Central region.  
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Figure C-79.  Pound solids per box for late season fruit sampled in the West region.  
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Figure C-80.  Acid percentage for late season fruit sampled in the West region.  
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Figure C-81.  Brix to acid ratio for late season fruit sampled in the West region.  
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Figure C-82.  Total soluble solid percentage for late season fruit sampled in the West region.  
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Figure C-83.  Fruit weight for 15 piece sample of late season fruit in the West region.  
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Figure C-84.  Juice weight for 15 piece sample of late season fruit in the West region.  
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Figure C-85.  Pound solids per box for late season fruit sampled in the South region.  
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Figure C-86.  Acid percentage for late season fruit sampled in the South region.  
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Figure C-87.  Brix to acid ratio for late season fruit sampled in the South region.  
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Figure C-88.  Total soluble solid percentage for late season fruit sampled in the South region.  
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Figure C-89.  Fruit weight for 15 piece sample of late season fruit in the South region.  
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Figure C-90.  Juice weight for 15 piece sample of late season fruit in the South region.  
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Figure C-91.  Percentage fruit drop for early fruit in the Indian River region. 
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Figure C-92.  Percentage fruit drop for early fruit in the North region. 
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Figure C-93.  Percentage fruit drop for early fruit in the Central region. 
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Figure C-94.  Percentage fruit drop for early fruit in the West region. 
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Figure C-95.  Percentage fruit drop for early fruit in the South region. 

PERDROP

0 . 0 0

0 . 0 1

0 . 0 2

0 . 0 3

0 . 0 4

0 . 0 5

0 . 0 6

0 . 0 7

0 . 0 8

0 . 0 9

0 . 1 0

0 . 1 1

0 . 1 2

0 . 1 3

0 . 1 4

0 . 1 5

0 . 1 6

0 . 1 7

0 . 1 8

0 . 1 9

0 . 2 0

0 . 2 1

0 . 2 2

0 . 2 3

0 . 2 4

0 . 2 5

0 . 2 6

0 . 2 7

0 . 2 8

0 . 2 9

0 . 3 0

0 . 3 1

0 . 3 2

0 . 3 3

0 . 3 4

0 . 3 5

0 . 3 6

0 . 3 7

0 . 3 8

0 . 3 9

WEEK

5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 2 2

 
 

Figure C-96.  Percentage fruit drop for mid-season fruit in the Indian River region. 
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Figure C-97.  Percentage fruit drop for mid-season fruit in the North region. 
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Figure C-98.  Percentage fruit drop for mid-season fruit in the Central region. 
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Figure C-99.  Percentage fruit drop for mid-season fruit in the West region. 
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Figure C-100.  Percentage fruit drop for mid-season fruit in the South region. 



 

297 

PERDROP

0 . 0 0

0 . 0 2

0 . 0 4

0 . 0 6

0 . 0 8

0 . 1 0

0 . 1 2

0 . 1 4

0 . 1 6

0 . 1 8

0 . 2 0

0 . 2 2

0 . 2 4

0 . 2 6

0 . 2 8

0 . 3 0

0 . 3 2

0 . 3 4

0 . 3 6

0 . 3 8

0 . 4 0

0 . 4 2

WEEK

0 1 0 2 0 3 0 4 0

 
 

Figure C-101.  Percentage fruit drop for late fruit in the Indian River region. 
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Figure C-102.  Percentage fruit drop for late fruit in the North region. 
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Figure C-103.  Percentage fruit drop for late fruit in the Central region. 
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Figure C-104.  Percentage fruit drop for late fruit in the West region. 
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Figure C-105.  Percentage fruit drop for late fruit in the South region. 
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APPENDIX D 

GAMS PROGRAMMING CODE 

Industry Model GAMS Code 

* Solver - MINOS 

Option iterlim=1000000; 

*iteration limit increased to 1,000,000 

 

SET 

I      grove aggregate / 1*75 / 

T      week / 1*52/; 

*------------------------------------------------------- 

*I enumerates grove aggregate, assume 75 grove aggregates of fruit to be harvested, 

*grove aggregate represent each fruit variety (E,M,L) in each region (1,2,3,4,5) and  

*each age group (age1,age2,age3,age4,age5)/ 

*I = 1=Type10Area1Age1, 2= Type10Area1Age2, 3= Type10Area1Age3, 4= Type10Area1Age4, 

*5=Type10Area1Age5, 6= Type10Area2Age1, 7= Type10Area2Age2, 

*… 

* 71=Type30Area5Age1, 72= Type10Area5Age2, 73= Type10Area5Age3, 74= Type10Area5Age4, 

*75=Type30Area5Age5 

*T is the period harvested, week 1 represents August 1st 

*-------------------------------------------------------- 

PARAMETERS 

 PSPBint(I)    intercept parameter for Pound solids per Box Function 

/1        3.6788500 

2        3.6788500 

… 

74        2.2770800 

75        2.2770800/ 

 

 PSPBt(I)   t parameter for Pound solids per Box Function 

/1        0.1889900 

2        0.1889900 

… 

74        0.2472800 

75        0.2472800 / 

 

 PSPBt2(I)  t^2 parameter for Pound solids per Box Function 

/1        -0.0023400 

2        -0.0023400 

… 

74        -0.0028200 

75        -0.0028200 / ; 

 

PARAMETER PSPB(I,T)      pounds solid per box; 

PSPB(I,T) = PSPBint(I) + (PSPBt(I) * ord(T)) + (PSPBt2(I) * ord(T)* ord(T)); 

DISPLAY PSPB; 

* estimated function for pounds solids per box over time 

 

PARAMETERS 

 TSSint(I)    intercept parameter for total soluble solids Function 

/1        9.35901 

2        9.35901 

… 

73        6.37326 
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74        6.37326 

75        6.37326/ 

 

 TSSt(I)   t parameter for total soluble solids Function 

/1        0.03898 

2        0.03898 

… 

74        0.23603 

75        0.23603 / 

 

 TSSt2(I)  t^2 parameter for total soluble solids Function 

/1        0.00354 

2        0.00354 

… 

74        -0.0017 

75        -0.0017 / ; 

 

PARAMETER TSS(I,T)      total soluble solids; 

TSS(I,T) = TSSint(I) + (TSSt(I) * ord(T)) + (TSSt2(I) * ord(T)* ord(T)); 

* estimated function for total soluble solids over time 

 

PARAMETERS 

 RATint(I)    intercept parameter for Ratio Function 

/1         2.04416 

2         2.04416 

… 

74        1.52132 

75        1.52132/ 

 

 RATt(I)   t parameter for Ratio Function 

/1         0.90933 

2         0.90933 

… 

74        0.23227 

75        0.23227 / 

 

 RATt2(I)  t^2 parameter for Ratio Function 

/1         -0.01256 

2         -0.01256 

… 

74        0.00298 

75        0.00298/ ; 

 

PARAMETER RAT(I,T)      Brix to acid Ratio; 

RAT(I,T) = RATint(I) + (RATt(I) * ord(T)) + (RATt2(I) * ord(T)* ord(T)); 

* estimated function for Brix to acid ratio over time 

 

Parameters 

 BPAint(I)   Intercept Parameter for Boxes per Acre Function 

/1        79.6816844276 

2        141.5997802295 

… 

74        302.9524179087 

75        431.6165737123  / 

 

 BPAt(I)   t Parameter for Boxes per Acre Function 
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/1        2.0973453608 

2        3.7271255532 

… 

74        7.9068641139 

75        11.2649161911 / 

 

 BPAt2(I)   t^2 Parameter for Boxes per Acre Function 

/1        -0.0743872237 

2        -0.1321911629 

… 

74        -0.1589757508 

75        -0.2264928907/ 

 

 BPAt3(I)   t^3 Parameter for Boxes per Acre Function 

/1        -0.0006466607 

2        -0.0011491600 

… 

74        0.0000739578 

75        0.0001053678 / 

 

BPAt4(I)   t^4 Parameter for Boxes per Acre Function 

/1        0.0000151069 

2        0.0000268460 

… 

74        0.0000044008 

75        0.0000062698 / ; 

 

PARAMETER BPA(I,T)      boxes per acre; 

BPA(I,T)=BPAint(I)+(BPAt(I)*ord(T))+(BPAt2(I)*ord(T)*ord(T))+ 

        (BPAt3(I)*ord(T)*ord(T)*ord(T))+ (BPAt4(I)*ord(T)*ord(T)*ord(T)*ord(T)); 

*display BPA; 

 

PARAMETER SOLA(I,T)       Pound solids per acre; 

SOLA(I,T) = PSPB(I,T) * BPA(I,T); 

 

PARAMETER 

ACRES(I)      bearing acres of each variety in each region 

/1        1884 

2        1703 

… 

74        38207 

75        8534  / ; 

*------------------------------------------- 

*From 2004 FASS tree census, Acrage of bearing trees for each type and region 

*------------------------------------------- 

 

PARAMETER 

LB(T)     lower bound boxes of fruit required to be delivered each period 

  /1        0 

2        0 

… 

51        0 

52        0/ 

 

UB(T)         upper bound allowable boxes of fruit delivered to plant 

  /1        0.00 
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2        0.00 

… 

51        0.00 

52        0.00  /; 

*-------------------------------------------------------------------------------  

*UB represents the volume of boxes processed during the 2007-08 season 

* This allows for a total of 166,000,423 boxes, weekly max of 6,324,150 boxes 

* max fcoj 3,169,824  -   max nfc  3,471,732 

* Lower bound of 50,000 boxes assumes 100 trailers per week must be delivered 

* to the processor from weeks 14 through 48 

* Upper bound of 10,000,000 boxes allows for 20,000 trailers of fruit to be 

* delivered each week, assuming 500 boxes is equivalent to one trailer load 

*-------------------------------------------------------------------------------  

PARAMETER 

ESTPSPBN(T)     estimated pound solids per box of NFC for each time period 

 / 

1        5.647075 

2        5.647075 

… 

51        6.079115 

52        6.079115 / 

 

*from 2008 processors report 4A 

ESTPSPBC(T)     estimated pound solids per box of FCOJ for each time period 

/ 

1        4.831479 

2        4.831479 

… 

51        6.250951 

52        6.250951 /; 

*from 2008 processors report 4A 

 

POSITIVE VARIABLE 

X(I,T)       harvest of block i in period t; 

VARIABLE 

Z            Industry Returns ; 

POSITIVE VARIABLE 

TB(T)       total weekly boxes; 

POSITIVE VARIABLE 

TBN(T)       total weekly boxes of NFC; 

POSITIVE VARIABLE 

TBC(T)       total weekly boxes of FCOJ; 

POSITIVE VARIABLE 

PSN(T)       weekly PS of NFC; 

POSITIVE VARIABLE 

PSC(T)       weekly PS of FCOJ; 

*VARIABLE 

*AVGPSPB(T)   average PS per box for the week; 

VARIABLE 

PSSN(T)      weekly PS of NFC in storage; 

 

VARIABLE 

PSSC(T)      weekly PS of FCOJ in storage; 

 

SCALAR 

DIP          delivered-in-price per pound solid 
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     /1.50/ 

UPC           grove production price per acre 

     /850.00/ 

h                percentage of crop harvested by hand 

     /.95/ 

*   /.05/ 

UHCHH        unit harvest cost of hand harvest - per box 

    /2.00/ 

UHCMH        unit harvest cost of mechanical harvest - per box 

    /1.50/ 

PMN         processing margin per pound solid of NFC 

    /0.35/ 

PMC         processing margin per pound solid of FCOJ 

    /0.15/ 

UECN        unit cost of extraction per box of NFC 

    /0.04/ 

UECC         unit cost of extraction per box of FCOJ 

    /0.05/ 

USCN         weekly cost of storage per pound solid of NFC 

    /0.0025/ 

 USCC         weekly cost of storage per pound solid of FCOJ 

    /0.0004/ 

TBNCAP       total weekly NFC extraction capacity in boxes 

    /3471732/ 

*2008 weekly Max boxes extracted to nfc- from processors report 

TBCCAP       total weekly FOJC extraction capacity in boxes 

    / 3169824/ 

*2008 weekly Max boxes extracted to fcoj- from processors report 

PSSNCAP       total NFC storage capacity in PS 

    /70427657     / 

PSSNMIN       minimum PS volume required in NFC in storage 

    /-275106023/ 

*  Max capacity of 315,108,967 GALLONS on hand, @ 11.8 Brix is equal to (315,108,967 * 1.1029) = 

347,533,680 PS 

*2008 processors report 

*August 1st average PS @ 11.8 Brix on hand is 275,106,023 

*difference is 70427657 PS 

PSSCCAP       total FCOJ storage capacity in PS 

    /293652951/ 

PSSCMIN       minimum PS volume required in FCOJ in storage 

    /-537547049/ 

*This model does not concentrate, therefore the estimated 200,000,000 gallons 

*of concentrate storage at 42.0 Brix is equvalrnt to about 

*831,200,000 PS = (200,000,000 * 4.156) 

*Average gallons in storage on Aug 1st 129,342,408 at 42 Brix 

*(129,342,408 * 4.156)  =    537,547,049 

*difference is 293,652,951 PS 

TSSLB         total soluble solid lower bound 

    /6.5/ 

RATLB         ratio lower bound 

*    /9/ 

    /0/ 

RATUB         ratio upper bound 

    /24/ 

AVGRATLB         season average ratio lower bound 

    /12.5/ 
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AVGRATUB         season average ratio upper bound 

    /19.5/ 

OUTN       total weekly NFC output volume in PS 

    /10290000/ 

OUTC       total weekly FOJC output volume in PS 

    /9559000/    ; 

*NFC output of 10 million gallons at 11.8 brix is equivalent to 10,290,000 PS 

*FCOJ output of 2.3 million gallons at 42.0 brix is equivalent to 9,559,000 PS 

*2008 procssors report output, adjusted for new inputs to storage 

EQUATIONS 

OBJ             total industry returns 

HARVEST(I)      harvest of block i 

DELLB(T)        minimum weekly required delivery 

DELUB(T)        maximum weekly allowable delivery 

BOX(T)          total boxes havested in time t 

BOXSUM(T)       total box volume less than NFC and FCOJ boxes 

TBNMAX(T)       total boxes processed to NFC in time t 

TBCMAX(T)       total boxes processed to FCOJ in time t 

TBNUB(T)        maximum weekly boxes to NFC 

TBCUB(T)        maximum weekly boxes to FCOJ 

PSSNUB(T)       maximum NFC storage capacity 

PSSCUB(T)       maximun FCOJ storage capacity 

PSSNLB(T)       minimum NFC in storage 

PSSCLB(T)       minimun FCOJ in storage 

ONHANDN(T)      total NFC pound-solids in storage at time t 

ONHANDC(T)      total FCOJ pound-solids in storage at time t 

*SOLSOD(I,T)     minimum total soluble solid 

*RATIOLB(I,T)    minimum allowed ratio 

*RATIOUB(I,T)    maximum allowed ratio 

AVRATLB         minimum allowed average ratio 

AVRATUB         maximum allowed average ratio 

PSPN(T)         total PS processed to NFC in time t 

PSPC(T)         total PS processed to FCOJ in time t 

*AVPSPB(T)       average PS per box harvested at time t; 

 

OBJ..    Z =E= SUM((I,T),DIP  * SOLA(I,T) * ACRES(I)* X(I,T)) 

*              -SUM((I,T),UPC  * ACRES(I)* X(I,T)) 

              -SUM(T,UHCHH *  (h * TB(T))) 

              -SUM(T,UHCMH * ((1-h) * TB(T))) 

 

             + SUM(T,PMN * PSN(T)) 

             - SUM(T,UECN * TBN(T)) 

             - SUM(T,USCN * PSSN(T)) 

 

             + SUM(T,PMC * PSC(T)) 

             - SUM(T,UECC * TBC(T)) 

             - SUM(T,USCC * PSSC(T)) 

 

             - ((-PSSNMIN) * USCN * 52) 

             - ((-PSSCMIN) * USCC * 52)                     ; 

HARVEST(I)..   SUM(T,X(I,T)) =E= 1 ; 

DELLB(T)..     SUM(I,X(I,T) * BPA(I,T) * ACRES(I)) =G= LB(T) ; 

DELUB(T)..     SUM(I,X(I,T) * BPA(I,T) * ACRES(I)) =L= UB(T) ; 

BOX(T)..       SUM(I,X(I,T) * BPA(I,T) * ACRES(I)) =E= TB(T) ; 

BOXSUM(T)..    TB(T) =E= TBN(T) + TBC(T); 

TBNMAX(T)..    TBN(T) =L= TB(T) ; 
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TBCMAX(T)..    TBC(T) =L= TB(T) ; 

TBNUB(T)..     TBN(T) =L= TBNCAP ; 

TBCUB(T)..     TBC(T) =L= TBCCAP ; 

PSSNUB(T)..    PSSN(T) =L= PSSNCAP; 

PSSCUB(T)..    PSSC(T) =L= PSSCCAP; 

PSSNLB(T)..    PSSN(T) =G= PSSNMIN; 

PSSCLB(T)..    PSSC(T) =G= PSSCMIN; 

ONHANDN(T)..   PSSN(T) =E= PSSN(T-1) + (PSN(T) - OUTN); 

ONHANDC(T)..   PSSC(T) =E= PSSC(T-1) + (PSC(T) - OUTC); 

*SOLSOD(I,T)..  TSS(I,T) =G= TSSLB ; 

*RATIOLB(I,T).. RATLB =L= RATTAB(I,T) ; 

*RATIOUB(I,T).. RATUB =G= RATTAB(I,T) ; 

AVRATLB..     (SUM((I,T),X(I,T) * SOLA(I,T) * ACRES(I) * RAT(I,T))) 

             =G= AVGRATLB * (SUM((I,T),X(I,T) * SOLA(I,T) * ACRES(I))); 

AVRATUB..     (SUM((I,T),X(I,T) * SOLA(I,T) * ACRES(I) * RAT(I,T))) 

             =L= AVGRATUB * (SUM((I,T),X(I,T) * SOLA(I,T) * ACRES(I))); 

*AVPSPB(T)..   SUM(I,X(I,T) * SOLA(I,T) * ACRES(I)) =E= 

*                 (AVGPSPB(T) * SUM(I,X(I,T) * SOLA(I,T) * ACRES(I))); 

PSPN(T)..     PSN(T) =E= ESTPSPBN(T) * TBN(T)  ; 

PSPC(T)..     PSC(T) =E= ESTPSPBC(T) * TBC(T) ; 

 

MODEL INDRET  /OBJ, HARVEST, DELLB, DELUB, BOX, BOXSUM, 

TBNMAX, TBCMAX, TBNUB, TBCUB, PSSNUB, PSSCUB, PSSNLB, PSSCLB, 

ONHANDN, ONHANDC, PSPN, PSPC, 

*SOLSOD, RATIOLB, RATIOUB, 

AVRATLB, AVRATUB 

*AVPSPB/; 

 

SOLVE INDRET USING LP MAXIMIZING Z; 
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