
ABSTRACT 
 
Deese, William Franklin.  The Effects of Changes in Subsidies and Trade Interventions on the 
Sheep Industry.  (Under the direction of Walter N. Thurman) 
 
The purpose of this research is to analyze the dynamic response of an industry to production 

subsidies and to trade restrictions on a competing product.  Specifically I examine the U.S. sheep 

industry and compare the effects of a production intervention similar to the Wool Act and to a 

tariff-rate quota.  I begin with a dynamic profit function and derive an Euler equation.  I use the 

iterated generalized method of moments to estimate the demand for slaughter lambs, the Euler 

equation, and the demand for domestic wool.  These equations are estimated separately using 

instrumental variable techniques to adjust for the endogenous right hand side variables and for 

future-dated variables, in which the number of instruments exceeds the number of parameters.  In 

each case, the iterated generalized method of moment estimator converges and produces 

reasonable estimates.  Separately I estimate the demand for imported lamb meat using regression 

with autocorrelated errors.  I then generate equilibrium slaughter lamb prices and breeding stock 

levels for a base case, for the production-subsidies case and for the tariff-rate quota case.  The 

equilibrium quantities and prices are generated from the solution to a variable-coefficient 

difference equation.  A feature of the model is the effects of joint outputs, slaughter lambs and 

wool, are included in the model.  Results are that re-imposition of the Wool Act increases 

breeding stock levels relative to the base case, although breeding stock levels continue to decline, 

and slaughter lamb prices also initially increase.  Implementation of the tariff-rate quota raises 

slaughter lamb prices and lowers breeding stock levels relative to the base case.  Effects of the 

tariff-rate quota are small compared with the re-imposition of the Wool Act. 
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I.  INTRODUCTION 

 Dynamics are an inherent feature of many production processes.  Whenever commodities 

are easily stored, and whenever significant time may be required to adjust capital stock to the 

desired level, dynamic features are important.  This occurs in the metals industries, where output is 

easily stored, and the current period supply equals current production plus whatever was not 

consumed and thus held over from the previous period.  This phenomenon occurs in many 

agricultural industries, such as grains that are easily stored.   It also occurs in the animal industries, 

such as cattle, swine and sheep, where a live inventory of animals is needed to produce animals for 

slaughter and where the size of the breeding inventory cannot be quickly adjusted.  The case of the 

sheep industry is examined here. 

 The economic model developed in this dissertation explicitly includes dynamic features 

related to the adjustment of the breeding inventory of sheep.  An interesting feature of the model is 

that it includes joint outputs.  After estimating the parameters of the model, equilibrium prices of 

slaughter lambs and equilibrium breeding stock levels are generated for a base case, a case that 

corresponds to re-enactment of the Wool Act and a case involving restrictions on imported lamb 

meat.  These equilibrium prices and quantities could be used in any subsequent policy analysis.   

 There is ample motivation for developing methodologies to perform dynamic policy 

analysis, especially in the case of agricultural policies.  The European Union and the United States 

have called for liberalization of agricultural markets to be included in the next round of GATT 

discussion.  Yet, both Europe and the United States provide extensive subsidies and protection to 

their own agricultural industries.  The 2002 U.S. Farm Bill increased the level of support to U.S. 

farmers, in contrast to the previous bill that lowered support, although most payments are not 

linked to current production, which limits the bill’s effect on production.  Developing countries 

have complained that domestic subsidies effectively shut them out of markets.  The type of model 

developed here could be adapted to address these types of issues. 
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 This dissertation is organized as follows.  Chapter II contains a description of important 

characteristics of the sheep industry and an explanation of certain institutional characteristics that 

have figured prominently in the sheep industry.  Specifically, I examine the Wool Act and trade 

interventions.  Chapter III is a review of the relevant literature.  In chapter IV, I develop an 

economic model of the sheep industry that includes dynamics for the joint outputs of slaughter 

lambs and wool.  In Chapter V on the empirical model, I estimate the parameters of the demand for 

slaughter lambs and the Euler equation by the generalized method of moments.  I also estimate 

demand equations for domestically produced wool and imported lamb meat.  In chapter VI, I 

generate equilibrium prices and quantities that would occur if the Wool Act were reenacted or if a 

tariff-rate quota were imposed.  I conclude in chapter VII by noting lessons learned from the 

approach. 
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II.  THE SHEEP INDUSTRY AND INSTITUTIONAL FACTORS 
 
 
 The sheep industry comprises the primary producers and processors.  Growers and feeders 

are the primary producers.  They produce live lambs from range, livestock labor, feed, and capital, 

which consists primarily of the breeding flock.  Growers may own pasture or lease it from the 

government or private owners.  Processors (packers who slaughter lambs and breakers who cut the 

carcass into lamb meat cuts) produce lamb meat from live lambs, meat packing labor, and capital.  

Wool from adult sheep is sheared and marketed separately; wool from lambs may be sheared prior 

to selling the lamb to a processor, or it may be left on the lamb.  In the latter case, the slaughter 

lamb price would be adjusted for the wool, and the processor would recoup the premium paid to the 

primary producer by selling the pelt with the wool attached. 

 

Primary Producers 
 
 There were approximately 65,000 lamb growers in the United States in 2001, which 

represents a 10 percent decline from 1997.  Lamb growing is dwarfed by the cattle industry, which 

consists of about a million growers.  Lamb growing is generally regarded as a competitive industry 

in which the individual seller of live lambs cannot influence price.   

Most lamb growers maintain a breeding stock, although a few growers purchase lambs 

from breeders.  The breeding flock consists primarily of ewes that produce live lambs, which are 

sold and eventually used as lamb meat.  For much of the past 50 years, the size of the breeding 

flock has trended downward (see figure 1).  Slaughter lamb totals on a weight basis have also 

trended downward, but there have been two periods of increases since 1980 (see figure 2).  The 

breeding flock and sometimes lambs destined for slaughter are sheared for wool.  Domestic wool 

production has decreased for much of the past half century as the use of synthetics and wool 

imports have become more important (see figure 3).  Various reasons have contributed to the  
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Figure 1 
Breeding stock (y) in thousands of head 
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Source:  USDA, National Agricultural Statistical Service. 

 
Figure 2 
Slaughter lambs in hundredweight (cwt) 
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Source:  USDA, Economic Research Service. 
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Figure 3 
Wool production in millions of pounds 
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Source:  USDA, Economic Research Service. 
 

 

decline of the sheep industry.  Long-term per capita consumption has decreased, although this 

decrease has stabilized, as discussed in the demand subsection.  More recently, import competition 

has been important, and imports of lamb meat increased by 79 percent between 1997 and 2001, 

according to U.S. Department of Commerce data.  Also, real wool prices have declined as the 

demand for domestic wool decreased and the use of synthetics increased.  The United States 

accounted for less than 1 percent of world sheep inventories in 2001. 

As members of the breeding flock age and become less useful for reproduction they are 

sold for mutton, which has a lower value than lamb meat.  Some ewe lambs are retained to replace 
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or augment the breeding stock.  Some lambs and other members of the flock are lost to predators 

and disease without providing a return.   The industry with the help of the USDA has worked to 

reduce loss from predators and disease.  For example, research is being conducted on scrapie, a 

sheep disease that is similar to mad-cow disease. 

Newborn lambs weigh 7 to 10 pounds and are weaned at approximately 6 months of age 

when they may weigh 80 to 100 pounds depending upon the breed.  These lambs, which have been 

grazing during the middle and latter months of milk feeding, continue to graze until they are 7 to 10 

months old.  Then they typically go to a feedlot for two or more months for intensive feeding and 

finishing.  Some lambs, however, are grass-fed or given feed supplements while still in the pasture.  

Lambs are usually sold for slaughter at 9 to 12 months of age at a weight of approximately 130 

pounds. If a ewe is held for breeding, she has to mature approximately 5 to 8 months beyond 

slaughter age (to about 19 months of age) before becoming ready for reproduction.  The sheep 

gestation period lasts 5 months, which, if successful, restarts the process. Finally as adult ewes age, 

they become less efficient at milk production, and survival of their offspring declines.  This 

typically occurs when the ewes are 5 to 7 years old, at which time they are culled. 

Because of the long production process, the grower must make production decisions based 

on expected future prices, which involves some risk.  Long-term grazing allotments with the U.S. 

Forest Service or Bureau of Land Management and access to other range land with few uses other 

than sheep grazing have led some producers to produce about the same number of lambs each year 

despite some price volatility.  There is almost no forward contracting in the U.S. lamb industry and 

no futures market.  Growers have made some productivity gains by increasing the likelihood that 

ewes bear twins and selecting for larger heavier lambs.  There has been a long-run tendency 

towards larger lambs, although more recently the trend has been stable.  Slaughter lambs are 

typically sold on the basis of live weight.  Feeders attempt to time the quantity of lambs sold to 
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coincide with high prices, although there is a relatively narrow window before value may be lost as 

lambs age and become fatter. 

 Outputs of the sheep growing operation are lambs for meat, wool, and cull ewes.  In the 

United States, the grower’s earnings from selling lambs for slaughter typically amount to from 80 

to 85 percent of the total revenue from the sheep operation.  Wool is the next most important 

output.  Returns from the sale of cull ewes are less important and only have a minimal effect on the 

outputs of live lambs and wool. 

The grower may sell lambs to a feeder; some growing and feeding operations are 

integrated; and sometimes growers contract for feeding services while retaining ownership of the 

lambs.  There are many lamb feeders, although fewer than growers, and lamb feeding is generally 

regarded as a competitive industry.   

Real labor costs for the lamb grower have increased somewhat in recent years, while real 

feed and range costs, while variable, have had a steady to slightly declining trend.  The growers 

with grazing allotments on public lands benefit from lower costs per animal grazing unit, although 

additional environmental restrictions have increased these costs and restricted access somewhat, 

and access to subsidized grazing is capitalized into rental value of private land.  Wool prices have 

been in a long-term decline, and slaughter lamb prices have been somewhat volatile. 

 

Processors 

Unlike some animal processing industries, the lamb meat industry is divided between 

packers that slaughter lambs and breakers that fabricate the carcasses into wholesale and retail cuts, 

although these operations are sometimes integrated.  Packers, or integrated packer/breakers, 

purchase live lambs and slaughter them for lamb meat.  After slaughter, packers remove and sell 

lamb pelts.  Thus, an implicit value for the pelt is embedded in the price of a slaughter lamb.  Pelt 

prices increased steadily from 1993 to 1998 and rose to over $16 per pelt in August 1998, dropped 
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abruptly to $3 per pelt in October 1998 and recovered somewhat in 2000 and 2001.  This decline is 

primarily due to the loss of export markets in the Middle East and Russia.   

 There is some trade at the whole carcass level between breakers and packers and other 

entities, and some packing and breaking operations are integrated.  The National Agricultural 

Statistical Service (NASS/USDA) tracks prices of whole carcasses on a dollars-per-hundredweight 

(CWT) basis in the east-coast market.  These prices have been decreasing in real terms,1 and 

carcass prices are correlated with slaughter lamb prices (see figure 4).  The packing and breaking 

sector is more concentrated with 5 to 7 firms reporting lamb slaughters in recent years.  The four-

firm concentration ratio, which had been about 55 percent, jumped to 75 percent between 1986 and 

1987 and has since remained near this level. 

 

 

Imports 

 Over 95 percent of lamb meat imports into the United States are from Australia and New 

Zealand.  Production relationships in the producing country, transportation costs, exchange rates 

and selling prices in the United States determine quantities imported.  New Zealand and Australia 

are the world’s largest producers of lamb meat.  Government support for the sheep industries ended 

during the 1980's, and the industry restructured.  The industry that emerged after restructuring was 

smaller and is believed to be very efficient.  In 1997, Australia and New Zealand’s exports of lamb 

meat to the U.S. market accounted for, respectively, 21.3 percent and 4.6 percent of their total 

                                                           
1 Regression of slaughter lamb prices (pL) between 1950 and 2000 on a linear time trend (t) resulted in the 
following equation with standard errors in parentheses:  pL = 113.24 – 0.7016 t         R2 = 0.2408 
                                                                                                (5.316)   (0.1780) 
and regression of carcass prices (pm) for the same time period on a time trend resulted in pm=224.39–1.1619 t      
R2 = 0.3438                                                                                                                               (6.8508) (0.2293) 
 
 



 9 

Figure 4 
Real prices (in US$) of slaughter lambs (Pl) and domestic lamb meat (PM) 
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Source:  Slaughter lamb prices are from USDA, Crop Reporting Board, Statistical Bulletin No. 326 and the 
National Agricultural Statistical Service.  Lamb meat prices are from USDA, Agricultural Marketing Service. 
 
 
 
 

exports of lamb meat in quantity terms.  The share of total Australian and New Zealand exports of 

lamb meat that were shipped to the United States in 2000 was 8.2 percent.2  Therefore, U.S. 

purchases of exports of lamb meat are considered small relative to total world exports, so that the 

small-country assumption holds. 

Both Australia and New Zealand are promoting increased consumption of lamb meat in the 

United States.  Imported lamb meat supplied approximately 20 percent of U.S. consumption in 

1998.  IMF statistics indicate that both the Australian and the New Zealand currencies appreciated 

                                                           
2 U.S.I.T.C. (February 2003), appendix B. 
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relative to the U.S. dollar between 1993 and 1996.  Since then, the U.S. dollar price of both the 

Australian and New Zealand dollar has declined up through 2000. 

 Compared to U.S. lambs, Australian and New Zealand lambs are grass-fed, smaller and 

leaner and have a somewhat different flavor.  Historically, most imports from Australia and New 

Zealand have been frozen, whereas most U.S.-produced lamb is sold fresh.  Advances in 

technology, such as development of the vacuum-sealed bag, have allowed more imported lamb 

meat to be sold fresh.  Importers have been more innovative than the domestic industry in 

developing smaller and easier-to-use cuts and have generally promoted lamb to a higher degree 

than the domestic industry.  The relative portion of boneless and other further-processed cuts has 

slightly increased.  Import quantities have increased, while prices have also slightly increased on 

average. 

 

Demand 

 Final demand for lamb meat is determined by consumer tastes and preferences, prices of 

lamb meat and substitute products, and consumer income.  Demands at the breaker, packer, feeder, 

and grower levels are ultimately derived from consumer demand at the retail level.  Price changes 

near the retail point can be transmitted back up the production chain from packers and breakers to 

growers and feeders.   

 Disposable consumer income in the United States has continued to increase gradually.  

Nevertheless, the portion of the consumer budget devoted to red meat purchases, which includes 

lamb meat, has been in decline since the mid-1970s,3 although it has been relatively steady during 

the past several years.  Lamb meat consumption, which was about four pounds per capita in the 

1940s and close to two pounds per capita in the mid-1970s, has declined and has been 

approximately one pound per person in recent years.  In contrast to the declines in consumption of  

                                                           
3See R.M. Nayga, Jr.,  
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red meat, consumption of poultry products has been in a long-term increase.  Various researchers 

have looked at structural change in demand for red meat.  Although the results are somewhat 

mixed, there is some indication that consumer preferences have shifted away from red meat 

consumption towards poultry and other products.4     

The Bureau of Labor Statistics (BLS) reports consumer price indexes for beef, pork, and 

poultry, which are potential substitutes for lamb.  There is no retail price information on sales of 

lamb meat by itself.  The BLS reports on the category of lamb and organ meat, which includes 

lamb meat plus other meat products.5  From January 1992 to October 1998, the real consumer price 

of beef decreased by 12.3 percent; pork decreased by 1.8 percent; poultry rose by 2.5 percent; and 

lamb and organ meat rose by 6.1 percent.  The lower price trends of potential substitutes, 

particularly beef products, may have resulted in some substitution away from lamb meat towards 

these other products.  Apparent consumption of beef and poultry rose by 9.6 and 11.6 percent, 

respectively, while apparent lamb consumption, as derived from USDA statistics, fell by 16.4 

percent (see table 1). 

 

                                                           
4This is one of the most researched topics in agricultural economics.  Some recent articles include those by 
George Davis (Nov. 1997), Driscoll et al. (May 1997) and Kinnucan (Feb. 1997). 

5The USDA stopped reporting retail lamb meat prices in the 1980s, and the American Sheep Institute 
contracted a firm to gather retail prices in the late 1980s but did not continue the process.  The BLS has 
begun reporting a series for lamb meat and mutton, but only has data for December 1997 and selected months 
of 1998. 
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Table 1 
Beef, veal, pork, lamb, mutton, and poultry meat: Apparent consumption, by years, 1993-
1998 

Year Beef Veal Pork Lamb Mutton Total 
red meat 

Poultry 
meat Total 

(Million pounds, carcass weight equivalent) 

1993  24,006 286 17,419 365 17 42,093 25,128 67,220 

1994  25,124 290 17,829 339 12 43,594 25,754 69,348 

1995  25,533 319 17,768 321 27 43,968 25,944 69,912 

1996  25,863 378 16,795 305 29 43,370 26,760 70,130 

1997  25,609 333 16,821 307 26 43,096 27,269 70,364 

19981  26,310 265 18,353 305 31 45,264 28,042 73,306 
 
Note–Because of rounding, figures may not add to the totals shown. 
 
Source:  Data for 1993 and 1994 compiled from USDA, ERS, Red Meats Yearbook, 1996; data for 
1995-98 compiled from USDA, ERS, Agricultural Outlook, January-February 1999, table 10–U.S. Meat 
Supply and Use, p. 32. 

 
 
 
 
 
 

Wool Act 
 
 The National Wool Act6 was passed in 1954 and provided support payments for shorn 

wool, mohair, and pulled wool from 1955 through 1995.  The Wool Act’s stated objectives were to 

further national security and general economic welfare by encouraging self-sufficiency in wool.  

The Act sought “to encourage the domestic production of 300 million pounds of wool (grease 

basis) at prices fair both to producers and consumers in a manner which will have the least adverse 

effects on international trade.”7  The Secretary of Agriculture was directed to set a support price to 

encourage annual production at the level of the Act’s objective.  The Wool Act failed to meet this  

                                                           
6 Public Law (P.L.) 83-690, 68 Stat. 910. 
7 Ibid. 
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production goal.  U.S. wool production increased from 1955 to 1960 but then began a long-term 

downward trend.  The Secretary was also directed to set a support price for pulled wool, which is 

wool removed mechanically from pelts of slaughtered lambs and sheep, to maintain normal 

marketing practices and to announce the support prices in advance of each marketing year so that 

producers could plan production accordingly.   

The Secretary of Agriculture set the support price to meet the production goal from 1955 to 

1965; afterwards, formulas established by legislation were generally used.  Amendments to the 

National Wool Act in 1965 established the following formula for computing the shorn-wool 

support price: 62¢ times the average wool parity price of the previous 3 years divided by the 

average parity price from 1958 to 1960.  The wool parity price was defined as the price of a pound 

of wool that could be sold to purchase the same quantity of other farm goods in the current time 

period as a pound of wool sold during the 1910 to 1914 base period.  The original legislation has 

been amended various times.  In 1948, the parity price formula was revised to make parity prices 

dependent upon both farm and nonfarm prices during the most recent 10-year period.  Prices of 

some commodities were supported at 50 to 90 percent of the parity price by government 

intervention.  The average wool parity price from 1958 to 1960 was 72.6¢.  In effect, the 1965 

formula supported wool at 85 percent of the wool parity price for the period from 1958 to 1960, as 

62¢ is approximately 85 percent of 72.6¢  

The 1965 formula was used from 1966 through 1970.  Amendments to the Wool Act in 

1970 set the support price at 72¢ for years 1971-1973.  Amendments in 1973 returned the support 

price calculation to the 1965 formula.  From 1977 to 1981, the support price was 85 percent of the 

1965 formula.  From 1982 to 1985, the support price was at 77.5 percent of the 1965 formula.  

From 1988 to the end of Act, the support price was 76.4 percent of the 1965 formula. 

Payments were made to give producers receiving the national average price a return equal 

to the support price.  If the national average price exceeded the announced support price, no support 
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payments were made.  Payments were, in fact, made in 40 out of 41 years of the Wool Act’s 

existence (see figure 5).  The payment rate was defined as the percentage that the support price 

exceeded the national average price.  Payment to program participants was calculated by  

multiplying the payment rate by the participant’s proceeds from wool sales.  Thus, producers who 

received higher prices, either by producing a higher quality product or by superior search and 

negotiation, or who produced more, received larger payments.  The program raised the subsidized 

price of producers selling at more (less) than the national average price to above (below) the  

 

Figure 5 
Nominal shorn wool support prices (SP) and nominal national average shorn wool prices 
(NAP) in cents, 1955-1995 
 

Source:  USDA, National Wool Act Programs. 
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support price, while the representative producer received exactly the support price.  Unlike some 

other programs, the government neither took possession of the wool nor imposed supply controls.  

Wool prices did not rise as much as those of many other commodities, and wool parity prices rose, 

particularly after 1975, in order to maintain the purchasing power of wool.  The higher parity prices 

increased the support price and increased the cost of the implementing the Wool Act, as well. 

Difficulties in tracking pulled wool led to the establishment of the unshorn lamb payment 

that enabled producers not shearing lambs before slaughter to receive payment under the Wool Act.  

The unshorn wool payment rate equaled the difference between the wool support price and the 

national average price times 0.8 times 5.  This was based on the observations that lambs’ wool was 

priced lower than wool from adult sheep and that a 100-pound unshorn lamb at slaughter yielded 

approximately 5 pounds of wool.  The unshorn payment then equaled the unshorn payment rate 

multiplied by the quantity (in hundredweight) of lambs sold for slaughter.   

The Wool Act contained a provision to use deductions from the support payments to 

finance promotions, such as advertising and other marketing assistance.  In 1991 and 1992, a 

marketing assessment equal to one percent of the support payment was deducted from payments to 

producers. 

Wool Act programs remained intact until around 1985 when cost concerns in Congress had 

some effect.  As a result of the Gramm-Rudman Act (P.L. 99-177), the support price for 1985 was 

frozen at the 1984 level.  This resulted in 1985 shorn-wool support price being $1.65 per pound 

instead of $1.73 per pound, and the unshorn lamb payment rate was $4.07 per hundredweight 

instead $4.39 per hundredweight.  Because a few producers received extremely high prices, 

payments to producers were capped at four times the national average price beginning in 1985.  

The percentage in the support price calculation was changed from 77.5 percent to 76.4 percent for 

1988 and 1989.  Before 1991 there was no limit on the size of payments under the Wool Act.  A 
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payment limit began in 1991 but had virtually no effect on the level of payments under the 

program. 

In late 1993, legislation (P.L. 103-130) was passed to phase out the Wool Act.  Support 

was reduced by 25 and by 50 percent, respectively, in 1994 and 1995, and the Wool Act was 

repealed on December 31, 1995.  Table 2 shows the support provided under the Wool Act from 

1993 to 1995.8 

 

Table 2 
Payments under the Wool Act 

Item 1993 1994 1995 

Shorn wool payment rate* 3.00 1.26 0.52 

Shorn wool net payments (millions $) 100.6 55.5 24.9 

Unshorn wool payment rate ($/CWT) 6.12 3.93 2.16 

Unshorn wool net payments (millions $) 24.6 13.6 6.7 

Average payment ($/wool producer) 2,320 1,557 894 
* The shorn wool payment rate is multiplied by the value of wool sold to determine a 
producer’s shorn wool subsidy. 
 
Source:  USDA, National Wool Act Programs, USDA, Appendix tables 15, 24, and 32.  P.L. 
103-130 reduced Wool Act payments in 1994 and 1995 by, respectively, 25 percent and 50 
percent; these rates reflect this reduction.  

 

 

 Repeal of the Wool Act forced some growers to liquidate flocks, which harmed 

downstream processors due to decreased availability and higher prices.  The Wool Act had resulted 

in larger numbers of domestic sheep, greater output of lamb meat and wool, lower lamb meat and 

wool prices, and lower imports.  Its repeal reversed these trends.   

                                                           
8 USDA, National Wool Act Programs, 1954-1995, p. 5. 
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 In June 2000, Congress directed the Secretary of Agriculture to use funds from the 

Commodity Credit Corporation to pay wool producers for wool marketed in 1999.9  The payment 

rate for wool was to equal 20 cents per pound.  The legislative history stated that this was a one-

time payment to the industry in response to very low prices and not a return of the Wool Act.  

 The 2002 Farm Bill established a nonrecourse loan program for wool and mohair, which is 

similar to programs for other commodities.  Loan rates are 40¢ per pound for ungraded wool and  

vary depending upon quality for graded wool, with an average loan rate of $1.00 per pound for 

graded wool.  Loans are usually for nine months.  Repayment rates are established weekly that 

depend upon the world price and exchange rates.  The farmer can either repay the loan at the 

prevailing repayment rate or forfeit the wool as collateral for the loan.  The government must 

accept the forfeited collateral as full payment but makes adjustments if quality is not consistent 

with the grade of wool for which the loan was given.10  A producer has the option of foregoing the 

loan and participating in the deficiency payment program.  The deficiency payment equals the 

difference between the repayment rate and the loan rate, if positive.  No deficiency payment is 

made if the repayment rate exceeds the loan rate.  This paper examines the previous Wool Act.  A 

similar approach could be developed to analyze the new Farm Bill, but data would not yet be 

available.   

 

Trade Restrictions 
 
 The sheep industry has actively sought to restrict competition from imports.  In 1981, there 

was a countervailing duty petition on imports from New Zealand, which was subsequently 

withdrawn.  In 1984, there was an antidumping and countervailing duty investigation on imports  

                                                           
9 P.L. 221, Laws of the 106th Congress, 2nd Session, June 20, 2000. 
10 USDA, “Farm Bill 2002,” at http://www.fsa.usda.gov/pas/farmbill/default.asp. 
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from New Zealand, in which the U.S. International Trade Commission (USITC) made a negative 

finding.  In 1985, a petition filed with the U.S. Department of Commerce under Section 303 of the 

Tariff Act resulted in imposition of countervailing duties on imports from New Zealand from 1985 

to 1990.   

 The antidumping restrictions and the countervailing duty restrictions are two important 

trade remedy laws.  The Department of Commerce determines the presence of dumping based on a 

comparison of the export price of a good with the price in its home market.  The Department of 

Commerce also determines the presence of countervailing subsidies, which are subsidies provided 

by the home government that enable an exporter to charge a lower price.  In order for antidumping 

or countervailing duties to be applied, the Department of Commerce must determine the existence 

of dumping or the use of countervailing subsidies, and the U.S. International Trade Commission 

must determine that an industry in the United States is injured by the dumping or the subsidies.  

The 1985 countervailing-duty action against New Zealand was under a provision that did not 

require a determination from the U.S. International Trade Commission, if the country involved was 

not a signatory to the General Agreement on Tariffs and Trade (GATT).  Although New Zealand 

later became a member of GATT, it was not a member in 1985. 

The U.S. sheep industry filed a petition in October 1998 with the USITC under Section 202 

of the Trade Act of 1974.  The petition alleged that lamb meat was being imported in such 

increased quantities as to be a substantial cause of serious injury, or threat thereof, to the domestic 

industry producing an article like or directly competitive with the imported article.11  This type of 

import relief, commonly called “the escape clause” or “safeguards mechanism,” was established in 

Sections 201-204 of the Trade Act of 1974, as amended in 1988 and 1994.  The last amendment 

brought it into conformity with the 1994 GATT agreement.  A key feature of the legislation is that 

in order to obtain relief the domestic industry must be seriously injured as a result of a surge in 

                                                           
11 Federal Register, 63(205), Oct. 23, 1998. 



 19

imports, which are not necessarily unfairly priced.  If various potential causes of serious injury 

exist, the injury resulting from imports must be not less than the injury from any other cause.  

Although the USITC is directed to consider effects on consumers and taxpayers, the injury 

determination is made solely with respect to the effects on the domestic industry.  The USITC 

determined on February 11, 1999 that the domestic industry was threatened with injury as a result 

of the surge in imports.  It recommended actions to prevent injury and to facilitate efforts by the 

domestic industry to make a positive adjustment.  The recommendations included imposition of a 

tariff-rate quota, a tariff, a quota and adjustment assistance12 through the USDA and the 

Department of Commerce.13  Adjustment assistance includes a variety of direct assistance programs 

and research to improve the efficiency of the industry.   The USITC transmitted its 

recommendations to President Clinton on April 5, 1999.   

On July 7, 1999, the President issued a proclamation that imposed a tariff-rate quota on 

imports of lamb meat for three years.  The quota break point is approximately at the level of 

imports in 1998.  A tariff of 9 percent is imposed on imports within the quota; imports over the 

quota face a 20 percent tariff.  The tariff level declined each year and was to be abolished after 

three years, during which time the domestic industry was supposed to have made adjustments in 

order to compete more effectively with imports.  On April 19, 2000, Australia and New Zealand 

presented their first submissions to the World Trade Organization to appeal the President’s 

decision.  On August 31, 2001, the Bush Administration announced that a settlement had been 

reached with Australia and New Zealand over the safeguard action.  Terms of the settlement 

included terminating the tariff-rate quota on November 15, 2001.   

                                                           
12 The Commission did not agree on one recommendation; 3 commissioners recommended a fairly non-
restrictive tariff-rate quota; two recommended a tariff, and one recommended a quota.  All recommended 
some form of adjustment assistance. 
13 All of the recommendations are permitted under the statute.  Committee on Ways and Means, US House of 
Representative, Overview and Compilation of U.S. Trade Statutes, 1997, pp. 98-103. 
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The USITC investigation took place under a legislatively mandated timeframe.  Normally 

the injury determination is made within 120 calendar days of receipt of the petition and the 

adjustment plan with the remedy recommendation within 180 calendar days of receipt of the  

under threat of subpoena.  The USITC is directed to consider all relevant economic factors 

including idling of productive facilities, inability to operate at a reasonable rate of (financial) profit, 

etc.  The USITC typically gathers confidential business information from the interested parties 

(domestic producers, importers, foreign producers and purchasers) through questionnaires and other 

data in order to determine the effects on employment, market shares, inventories, production, profit, 

wages, and the ability to generate capital to finance modernization.14  The presence or absence of 

any one factor is not necessarily dispositive.  Because of the need to gather a large amount of data, 

including formulating, receiving and tabulating questionnaires, the USITC did not use a formal 

economic model in the injury determination phase, although it did use a partial-equilibrium trade 

model in the remedy phase.  Although individual commissioners may have their own 

methodologies, a strong reliance is placed on trends and comparison of the primary data.  

Therefore, it will be interesting to see how the Commission’s decision compares to a conclusion 

based on a formal economic model. 

                                                           
14 Ibid.  pp. 561-567. 
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III.  LITERATURE REVIEW 
  
 This study touches on various aspects of the economic literature, the main ones being 

studies of the sheep industry, dynamic animal economics and Section 201 methodology.  These 

areas are selectively reviewed below. 

Sheep Industry 
 
 Whipple and Menkhaus (February 1989) developed a supply model of the U.S. sheep 

industry.   Their model treated the sheep herd as a capital asset that produces wool, slaughter lambs, 

replacement lambs and slaughter sheep.  The model focused on sheep demographics that aged 

sheep cohort by cohort.  Lamb replacement/slaughter was viewed as a function of prices of lamb, 

wool, labor, hay, and beef.  Live lamb weight was viewed as a function of lamb price and the price 

of protein concentrate, and fleece weight was viewed as a function of fleece weight lagged one 

period, lamb price and wool price.  Equations for lamb replacement, stock sheep, slaughter weight 

and fleece weight were estimated by OLS.  Only lamb and wool prices were significant in the lamb 

replacement equation.  After estimating these equations, the model was simulated with actual prices 

for a baseline value and then shocked with 10 percent increases in the independent variable of 

interest while other variables remained constant.  The simulation was used to estimate supply 

responses (elasticities) ranging from one to 30 years.  For example, the elasticity of slaughter lamb 

with respect to changes in its own price was 0.01 in the first year (indicating the tendency to hold 

back lambs to increase herd size) and increased to 2.83 after 10 years and to 11.38 after 30 years.  

The model does a reasonable job of capturing sheep production dynamics.  Modeling the slaughter-

retention decision does not explicitly consider that the relevant prices are expected future prices.  

Estimating a system of equations individually by OLS may not be an efficient approach.  Also, 

most important variables appear to be present, but the specification differs from what would be 

derived from either maximizing profits or minimizing costs subject to the biological constraints on 

changes in sheep herd size. 
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 Whipple and Menkhaus (1990) studied the welfare implications of the Wool Act.  Given 

that wool and lamb are joint products and essentially complementary outputs, a policy that affects 

one output affects its joint product, as well.  Using a perfect substitutes model between domestic 

and imported lamb meat, they found that payments under the Wool Act had increased sheep flock 

size, increased production of domestic wool and lamb meat, lowered retail and wholesale prices of 

lamb, and decreased lamb and wool imports compared to the situation without the Wool Act.  

Consumption of domestic wool increased slightly due to the inelastic demand for wool, and lamb 

meat consumption increased by a greater amount.  The Wool Act resulted in increases of producer 

surplus that were on average less than 1 percent of sheep producers’ total revenue from wool and 

lambs.  However near the end of the Act’s implementation, increases in producer surplus resulting 

from the Wool Act sometimes exceeded 10 percent of producer revenue.  Effects under the Wool 

Act were not substantial enough to reverse the domestic industry’s long-term decline, but it did 

abate the decline.  The approach used here where elasticities are either estimated by single equation 

methods or simulated by price increases may not be an efficient, unbiased estimation procedure.  

Also, the perfect substitutes assumption may not hold, and the dynamic nature of the decision is not 

explicitly modeled. 

 Anderson (1994) modeled the sheep industry using a capital-stock inventory approach to 

model the supply side but also included the demand side.  He used single equation methods to 

estimate the lamb crop, the number of ewe lambs, sheep death losses, sheep slaughter, the dressed 

weight of lamb, fleece weight, the number of lambs slaughtered, U.S. mill demand for wool, lamb 

and wool imports, and per capita lamb consumption.  He then, in a manner similar to Whipple and 

Menkhaus, simulated the response of ewes to 10 percent increases in variables associated with feed 

costs, other costs, wool prices, and lamb prices.  He also simulated the effects of higher public land 

grazing fees, a wool target price, an import tariff on lamb meat and a tariff on wool.  Estimation by 

OLS of equations that contain similar variables may lead to simultaneous equation bias, which may 
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be compounded by later combining the equations in a simulation.  Production costs enter the supply 

equations as one aggregate variable, and the import equations for lamb and wool only include 

Australian production and omit imports from New Zealand. 

 Van Tassell and Whipple (1994) investigated the cyclic behavior of lamb quantities and 

prices and structural change using data from 1924 through 1993.  They used a trigonometric 

regression to test periods from 2 to 30 years.  They found that a combined cyclical length of 13 

years and 25 years provided the best fit for sheep quantity from 1924 to 1950 and subsequently a 

cycle of 10 and 27 years was best.  For lamb prices, a 13 and 24 year cycle provided the best fit for 

1924-1951, 8 and 27 year cycles for 1952-1971, and 9 and 27 year cycles from 1972-1993.  The 

long-term decline in sheep stock was more important than the cyclic effects, which are not linked to 

outside events but have only a statistical meaning.  There does not appear to be a biological or 

economic reason that such cycles should exist.  Because the data do not replicate cycles of the same 

length, the significance of such cycles is questionable. 

 Capps et al. (1995) examined factors affecting marketing margins in the U.S. lamb 

industry.  They used a relative price spread model to look at marketing margins from slaughter to 

wholesale and from wholesale to retail.  Because the USDA stopped reporting lamb retail prices in 

1981, part of this data series had to be reconstructed.  Variables included in a SUR estimation were 

price, output, marketing costs, seasonality and packer concentration.  Conclusions were that (1) that 

there was a high degree of price transmission from slaughter to wholesale but less from wholesale 

to retail; (2) market price, production level and marketing costs were significant in explaining 

variations in margins at each level; (3) packer concentration had a statistically significant effect on 

price margins.  Packer concentration negatively affected slaughter prices.  Bimonthly data were 

used from 1978 to 1990.  During this time there was a jump in packer concentration, as previously 

mentioned, although since then there has been little change. 
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 Brester and Musick (July 1995) performed a similar investigation that used the four-firm 

packer concentration ratio to explain the relative price spread between the farm to wholesale and 

wholesale to retail levels.  Explanatory variables in their model were the wholesale price of lamb, 

price times lamb quantity, real marketing costs incurred by plants, the price of lamb pelts, risk, and 

the four-firm concentration ratio.  The model was estimated using 3SLS.  The results for both levels 

were that lamb packer concentration had small, positive effects on marketing margins.  The farm-

to-wholesale margin was between 5 and 6 times more sensitive to changes in marketing costs and 

by-product values than to changes in market concentration.  The margin between the wholesale and 

retail level increased more than the margin between the farm and wholesale level. 

 Sweatt et al. (1996) calculated gross margins for lamb processing using currently available 

data.  Weekly estimated gross margins were calculated as boxed lamb cutout values times dressed 

weight quantity plus pelt price minus slaughter price times slaughter weight.  Average gross 

margins increased slightly between 1992 and 1994.  

 Purcell (July 1989) estimated demand for lamb meat using quarterly data from 1970 to 

1987.  He encountered difficulties with multicollinearity as deflated lamb prices were highly 

correlated with income and a time trend.  His most satisfactory model with lamb quantity as the 

dependent variable included deflated lamb price, deflated income, a time trend and dummy 

variables for 1981 and 1982.  The R-square was 0.85, and deflated lamb price was significant (a t-

value of –7.1), although the coefficient estimate was only –0.001.  Other variables except for 

income were significant.  He attributes the lack of more satisfactory results to the lack of a retail 

price series for lamb meat and the fact that lamb is not consumed nationwide, which may bias the 

income variable.  Imports, which represent a substantial share of domestic consumption, are not 

included in this model.    

Babula (April 1997) studied the effects of a countervailing duty (CVD) order imposed on 

imports from New Zealand from 1985 to 1990.  He modeled the wholesale or meat packing sector 
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using monthly data from 1981 to 1994.  He estimated equations for U.S. supply to the domestic 

market and separate U.S. demands for domestic, New Zealand, and Australian lamb meat; all 

equations were linear in logarithms.  Domestic supply was a function of U.S. lamb quantity, wages 

in the meat-packing sector, an index of electricity prices, and a binary variable capturing the 

remedy period and a time trend to allow for testing structural change.  Imports from Australia and 

New Zealand were modeled as separate Marshallian demands.  Imported lamb meat is smaller in 

size, has a different flavor because it is grass-fed, is mostly sold frozen, and is sold more to food 

service distributors who sell to restaurants; therefore imports were modeled as imperfect substitutes 

for domestic lamb meat.   

He estimated the model using 3SLS and Prais-Winsten and Cochran-Orcutt methods to 

correct for first order serial correlation.  A test for non-stationarity was rejected.  Gross effects 

captured by the binary remedy variable were that domestic prices increased by 10 percent, domestic 

demand decreased 3.5 percent, imports from New Zealand decreased by 11 percent, and imports 

from Australia increased by 92 percent while the CVD order was in effect.   Results on own-price 

and cross-price elasticities were mixed.  In the demand equation for domestic lamb, the own- price 

elasticity was significant (-0.78) as was the income elasticity  (1.76).  Chicken, beef and pork 

variables did not have the expected signs, and cross-price with income was not significant.  In the 

New Zealand demand equation, the cross-price elasticity with U.S. lamb is significant and indicates 

that they are substitutes, but neither the own-price nor the cross-price elasticity with Australia was 

significant.  In the Australian demand equation, the own-price elasticity is significant (-1.14), and 

the cross-price variable with New Zealand indicates that the products from those sources are 

complements.  The U.S. cross-price variable does not have the expected sign, and variables on beef, 

pork and chicken are not significant.  A likelihood ratio test suggested that there was no structural 

change.   

The binary variable and the distortions coming from the import duties appear to have the 
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strongest effect.  Non-significance of some of the other variables may be due to the fact that U.S. 

price and quantities are at the whole carcass level whereas most competition with imports occurs at 

the level of lamb meat cuts.  Other than the whole carcass level, interactions within the domestic 

industry are not modeled.  Finally, the import formulation with separate Marshallian demands for 

Australia and New Zealand may not be valid; and exchange-rate variables, which were not 

included, could be important to the import-demand formulation.  Although the U.S. supply 

relationship includes variables for labor and electricity, which account for a very small percentage 

of processing costs, it does not include a variable for live lamb costs, which represent more than 70 

percent of the variable input costs. 

Babula (1996) estimated and simulated a vector autoregression (VAR) model for U.S. lamb 

and wool production.  Variables included were lamb-meat quantity, lamb price, U.S. wool 

production, wool price, ratio of the Wool Act’s support price to the U.S. farmers’ price, and lamb 

meat import quantities.  He used annual data from 1961-1994.  Results from Ljung-Box 

portmanteau and augmented Dickey-Fuller tests suggest that the model is adequately specified.  His 

results suggest that imports have had little influence on U.S. lamb meat quantity or price and that 

domestic lamb quantity displaces imports more than imports displace domestically produced lamb.  

He concludes that promotion of domestic lamb would benefit the industry more than restriction of 

imports and that imports and domestic lamb are imperfect substitutes.  Because this is a reduced-

form approach, supply and demand effects cannot be separated.  Also, domestic lamb meat quantity 

and price are based on slaughtered lamb quantities and prices, whereas imports compete more 

directly with processed lamb products.  Because processed lamb quantities and prices may differ 

from slaughter quantities and prices, a different result regarding imports could be obtained if the 

former were used.    

 



 27

Dynamic Animal Economics 

 Jarvis (1974) was one of the first to treat cattle explicitly as a capital good.  He developed a 

model in which cattle are differentiated by age and sex.  There are separate producer and consumer 

demands for animals in the herd.  When the producer outbids the consumer, the animal is retained 

in the herd.  When the consumer outbids, the animal is slaughtered.  His key result is that a price 

increase leads to fewer animals slaughtered in the short run.  His results show that in the long run, 

however, herd size increases in response to an increase in the price of beef. 

 Paarsch (1985) developed a model based on optimal control theory that suggests, in 

contrast to Jarvis, that an increase in the price of beef may induce herd owners to sell animals 

earlier than they otherwise would have.  Changes in feed costs induced a small change in the 

opposite direction from the change in output price.  Paarsch’s paper establishes the ambiguous 

nature of the supply response and helps lay a basis for future empirical work. 

Trapp (1986) derived optimal rules for culling and adding members to a herd with 

nonconstant prices and variable firm sizes.  His work is based on a net present value criterion that 

depends upon age-specific information on herd members, which is often not available.  The 

approach taken in this paper accounts for dynamic adjustment in animal inventories but avoids age-

specific cohort analysis. 

Rucker et al. (1984) developed an empirical model of cattle inventories.  They estimated a 

non-stochastic difference equation where herd size is a function of expected future prices of cattle 

and feed.  Despite some problems in using aggregate time series, results were satisfactory, and the 

ratio of beef to corn prices was the most significant variable.  They estimated a national equation 

and a regional equation for Montana.  They found the regional equation to be useful for model 

testing and post-sample forecasting. 

Rosen (1987) developed a model that assumes a homogenous female population, a constant 

fecundity and mortality rate, and constant marginal costs.  He found that supply responded to 
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supply and demand shocks differently depending upon whether the shocks are transitory or 

permanent.  Short-run supply falls when future demand increases and rises when future demand 

decreases. 

Rosen, Murphy and Scheinkman (1994) developed a model similar to that of Rosen, in 

which adult cattle are homogenous and undifferentiated, and fit it to time-series data.  A key feature 

was working out the population dynamics in response to breeding, slaughtering, and aging.  They 

set the breeding stock equal to the demand for beef and the selling value equal to the discounted 

holding costs.  They allowed autoregressive shocks in demand and in costs.  These shocks have 

long-term effects on stock.  Their model fits annual inventory data from 1900 to 1990 reasonably 

well.  Part of the reason for the good fit is that a process similar to the estimation procedures was 

used to generate the data.  Prior to 1930, population numbers were interpolated from a 10-year 

census.  Rosen et al. generate breeding stock essentially by inverting an autoregressive equation for 

total stock and then estimate the model using the generated series.  Also, Rosen et al. model the 

choice between breeding and slaughtering adult cattle when the current decision faced is between 

holding or selling a feeder calf.  Prices do not explicitly enter the model; demand is just a shock 

based on a first-order autoregressive process with the correlation coefficient determined a priori. 

Nerlove and Fornari extended Nerlove’s earlier work in use of the concept of quasi-rational 

expectations.15  Nerlove developed the concept of quasi-rational expectations in response to 

difficulties in implementing fully rational expectations and the limited empirical support for fully 

rational expectations.  Basic implementation of quasi-rational expectations involves fitting a 

univariate integrated autoregressive moving average (ARIMA) model for each exogenous variable 

instead of using the entire information set.  Using all available information in the estimation of a 

rational expectations model is often not possible because of the large number of cross equation  

                                                           
15 See Nerlove, Marc and Ilaria Fornari  (1998).  The earlier work is described in Nerlove, Grether and 
Carvalho (1995). 
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restrictions.  Nerlove’s approach is a practical solution to this problem that involves losing only a 

minimal amount of information.  Tests derived by Nerlove suggest that cross equation restrictions 

imposed by rational expectations do not hold and that the fully rational expectations model does not 

provide useful additional information above that of the quasi-rational case for the U.S. cattle 

market.   

Chavas (2000) develops a model to determine the nature of expectations in the U.S. beef 

market.  Chavas derives an Euler equation that shows the dynamics of the cattle population and 

slaughtering under optimal management and competitive markets.  Because of biological lags in 

producing cattle, supply depends upon expected future prices.  Chavas compares naive expectations 

(setting the future variables equal to the last observed value), quasi-rational expectations 

(determining future values from the time-series properties of the variable in question) and rational 

expectations (using the entire information set available at the current time to forecast the future 

values).  The rational expectations formulation uses an instrumental-variables approach with 

instruments for the expected future prices taken from the current information set.  He uses the 

generalized method of moments (GMM) to estimate the Euler equation based on data that include 

the number of breeding beef cows, aggregate slaughter, beef prices received by farmers and corn 

prices.  He explores the possibility that beef suppliers use different types of expectations by 

estimating an equation that combines expressions for the different types of expectations with a 

weight parameter on each expression.  Based on the statistically estimated weight parameter, he 

found that 18 percent, 35 percent and 47 percent of beef market behavior were consistent with, 

respectively, rational expectations, quasi-rational expectations and naive expectations.  He 

interprets the high percentage of naive expectations as an indication that information is costly and 

that there may be dynamic allocative inefficiency in the beef market.   

Baak (1999) extends the model of Rosen, Murphy and Scheinkman to allow for the 

possibility of bounded rational agents.  His model assumes that some ranchers consider prices as 
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endogenous and use all available information to form future price expectations through a rational 

expectations model.  Other ranchers are boundedly rational and consider prices as exogenous and 

form future price expectations based on the time-series properties of each variable.  It is assumed  

that these ranchers believe that cattle prices follow a first order autoregressive process.  The model 

was formulated as an optimal control problem, transformed into a social planning problem and 

reformatted as an optimal regulator problem.  Parameter estimation relied on the Kalman filter and 

maximum likelihood estimation.  Some parameter values, such as the discount factor, the survival 

rate and some cost parameters, were set a priori to reduce the number of parameters to be 

estimated.  The model estimated that the portion of ranchers using bounded rationality to determine 

prices, as opposed to fully rational expectations, was approximately 33 percent.  A likelihood ratio 

test suggested that the model that permits bounded rationality is better specified than a model that 

only permits rational expectations.  This model, which is similar in spirit to Chavas, addresses the 

issue that all producers do not likely use rational expectations to form future price expectations.  

Such models that conform more closely to reality are a step forward.  The disadvantage of such 

models is that they contain more parameters and are more difficult to estimate. 

 

Injury by Imports 
 
 Because the lamb case study examined here involves trade sanctions imposed under 

Sections 201-204 of the Trade Act of 1974, papers that deal with this specific issue are briefly 

reviewed.  Three papers propose methodologies to determine whether imports or other factors are 

the most significant cause of injury to a domestic industry.  Another paper compares different types 

of remedies once injury by imports has been established.   

Grossman (1986) uses employment as the indicator of injury and begins with a Cobb-

Douglas production function where steel output is a function of labor, capital, energy, iron ore and 

scrap.  Imported steel, plastics and aluminum are assumed to be imperfect substitutes for domestic 
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steel.  Supply of imported steel is assumed to be perfectly elastic.  He then derives a reduced-form 

equation for employment and performs counterfactual simulation to determine whether 

employment losses are determined by import competition, energy price changes, decreased demand 

or wage pressures.  His results depend upon how he defines the time periods.  Also, employment 

may not be a good indicator of injury to the industry.  

 Pindyck and Rotemberg (1985) compare shifts in import supply, domestic supply factors 

and demand factors as candidates for the principal cause of injury to a domestic industry.  They 

develop a perfect-substitutes (between the domestic and imported good) model where domestic 

supply is a function of price and a shift parameter, import supply is a function of price and a shift 

parameter and demand is a function of price and a shift parameter.  The model is closed by setting 

demand equal to domestic supply plus import supply.  They use this relationship to develop an 

empirical reduced form model that they call an index of injury.  This equation, which is a function 

of the supply and demand shifters and imports, is estimated by OLS.  The relative importance of 

the potential causes of injury can be compared via their regression coefficients.  This is a 

reasonable way of proceeding, but it ignores dynamic factors. 

 Kelly (1988) proposes a direct methodology that uses changes in domestic production that 

result from changes in demand, domestic supply, and import supply as the indicator of injury.  He 

analyzes the homogenous goods case (perfect substitutes) with linear specifications of domestic 

supply, import supply and domestic demand, which is set equal to import supply plus domestic 

supply.  By differentiating and inverting these equations, he derives an expression for the change in 

domestic production as a function of shift parameters for demand, domestic supply and import 

supply.  Whichever shift parameter induces the largest negative response in domestic production is 

the primary cause of injury.  He extends the model to the differentiated goods (imperfect 

substitutes) case.  He sets domestic supply equal to domestic demand and import supply equal to 

import demand.  The price of imports and the price of the domestic good appear as cross-price 
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terms, respectively, in the expressions for domestic demand and import demand.  Changes in 

domestic production are then decomposed and written as a function of the change in the shift 

parameter in each equation. 

 Paarlberg and Lee (2001) compare tariff-rate quotas, tariffs and quotas as possible 

remedies for the domestic industry to surges in imports.  Their model includes a grower sector and 

a packer sector that are potential oligopsonies  (actual market power of packers was not estimated), 

and wool is not treated as a joint product.  They find that packers and growers both benefit from all 

trade remedies under tariffs.  However, tariff-rate quotas and pure quotas, if binding, allow packers 

to reduce slaughter and raise output price, which benefits the packers but hurts the growers. 

 My approach differs from this work in that I explicitly consider dynamic changes in 

production.  Also, instead of comparing composite changes in supply and demand, I compare the 

effects of a specific production policy to a surge in imports on equilibrium prices and quantities. 
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IV.  ECONOMIC MODEL 
 

This section develops a dynamic model of the joint production of slaughter lambs and 

wool.  Optimization by a representative firm is examined, and a solution is developed based on 

expected prices.   

Slaughter lambs are essentially non-storable commodities for the grower/feeder due to the 

decline in price for older lambs.  The validity of this statement depends upon the period of analysis, 

and I take the period to be a year and focus on population mechanics and yearly revenues.  A model 

that looked at the decision to slaughter now or later would appropriately take weeks as the period of 

analysis.  The retained inventory, which is a renewable resource, is storable and can be examined in 

some of the same ways as a stored inventory. 

 
Population Dynamics of the Sheep Inventory 

 
I follow Murphy, Rosen and Scheinkman in accounting only for the female members of the 

breeding flock.  The adult population of sheep at any moment consists primarily of ewes, although 

a few rams are retained for breeding, so this simplification is not strictly correct.  If the proportion 

of males in the breeding flock remains relatively small and constant over time, this assumption is 

reasonable.  A fecundity rate is used to represent the regenerative capacity of the flock.  Each 

year’s lamb crop, Ot, is an observed variable and is equal to the fecundity rate, gt, times the 

breeding stock, yt (Ot=gtyt).  Fecundity varies gradually over time as genetic selection results in a 

higher proportion of ewes that bear twins and serves as an indicator of technical change.  As shown 

in figure 6, the fecundity rate has been increasing erratically over the past 50 years. 

The age structure of adults also is not modeled, and a time-varying depreciation rate is used 

to represent loss from predation, disease and culling.  Sales of culled sheep are not otherwise 

modeled, although sales of culls are likely to vary more than death from disease.  In the United 

States, lamb meat is essentially the only meat product from the sheep flock that humans consume,  
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Figure 6 
Fecundity rate, by years, 1950-2000 
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Source:  Calculated from data available from the USDA, Economic Research Service. 

 

as mutton, the meat of adult lambs, is tougher, has a stronger taste and commands a much lower 

price.  In 1996, for example, resource owners sold 280,000 head of mature sheep at an average of 

$39.05 per hundredweight (CWT) and 3,905,000 head of slaughter lambs at an average price of 

$88.31 per CWT.  Sales of cull sheep represent only 3 to 5 percent of the revenue of the owner of 

the sheep flock,16 and this omission will have little effect on the results.   

Observed data exists on deaths from predation and disease for both adult sheep and lambs 

and on the number of culled sheep.  This permits the construction of time-varying survival rates for  

                                                           
16 Sales of slaughter lambs account for slightly greater than 80 percent of the revenue of the lamb grower, and 
wool accounts for most of the remainder.  Lamb Meat, USITC pub. no. 3176, April 1999. 
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adult sheep, which includes death from predation, disease and culling, and for lambs (see figure 7).  

Although the adult survival and culling rate was below the lamb survival rate before 1980, it has 

since tended towards the lamb survival rate. 

 
 
Figure 7 
Survival rates of adult sheep and lambs, by years, 1950-2000 
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Source:  Calculated from data available from the USDA, Economic Research Service. 

 

Also, no geographic distinction in the U.S. market is made, although the breeding cycle 

begins at different times in different parts of the country.  No distinctions are made regarding breed, 

even though breeds differ in their relative ability to produce lamb meat and wool.   

The following notation is used: 

yt = breeding inventory in numbers of sheep at the beginning of period t 
Ot = year t’s lamb crop 
gt  = Ot/yt  = proportional fecundity rate in year t 
Lt = number of slaughter lambs supplied to market in period t 
sLt = 1 - the proportional loss of lambs due to predation and disease in year t 
sAt = 1 - the proportional loss of adult sheep due to predation, disease and culling in year t 
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Inventory counts are reported at the beginning of each year.  All existing stock carried over 

from the previous year is depreciated at the beginning of the year.  The adult breeding stock at the 

beginning of period t (yt) consists of the surviving breeding stock from the previous period (sAt -1yt-

1) plus retained ewe lambs entering the breeding flock for the first time.  Although not precisely 

accurate, it is assumed that all ram lambs are sent to slaughter.  Ewe lambs not sold for slaughter 

enter the breeding stock as the following chart shows.  Very few lambs are born in January to 

March of each year, so this chart ignores the possibility that lambs are born and slaughtered in the 

same year.  After a lamb is born, about one year passes until the grower makes the decision to 

market it or to retain it for breeding (assuming it survives).  The part of the lamb crop that was not 

slaughtered is written as sLt Ot-1 - Lt.  If retained, a ewe lamb is bred for the first time at 

approximately 19 months of age.  Because at this point it is no longer considered a lamb, it survives 

at the adult survival rate, sAt. 

 

Timing of new ewes entering the breeding stock 

Period Action Variable 
t-2 Lamb crop born. Ot-2 

Part of lamb crop survives until next period. sLt-2 Ot-2 
t-1 

Portion of lamb crop sent to slaughter. Lt-1 

t Part of lamb crop not slaughtered that survives 
and enters breeding flock. sAt-1 (sLt-2 Ot-2 - Lt-1) 

 

 

The evolution of the breeding flock can be written as shown in equation 1.  

Equation 1 

yt = sAt-1 yt-1 + sAt-1 (sLt-2 Ot-2 - Lt-1 )  
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Because time-varying coefficients are used, equation 1 is viewed as an exact non-stochastic 

equation.  However, the relationship is not exact in the data because the time of breeding, the 

gestation period and the time until a ewe lamb is capable of reproducing does not correspond 

exactly to the data-reporting period.  See figure 8, which is a plot of the breeding stock levels 

according to the equation of motion, with sAt and sLt calculated year by year and the actual data.  

Although the correspondence is not exact, it is very close.  One measure of the correspondence 

between two series is the root mean squared error,17 which is 0.0427 in this case.  Reasons that the 

correspondence is not exact are that the timing of the biological processes may not correspond with 

the reporting period and some lambs may be born in the first three months of the year. 

Figure 8 
Breeding stock levels, in thousands of head, as determined by the equation of motion 
(motion) and the actual data (y), by years, 1952-2000 
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Source:  The equation of motion and data from USDA, National Agricultural Statistical Service. 

                                                           
17 This concept is explained more fully in the chapter on the Empirical Model, p. 64. 
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 The coefficients gt, sL,t and sAt are typically viewed as constants, as in Murphy, Rosen, and 

Scheinkman, for example.  Consistent with this view, individual operators usually have reliable 

information about their own flocks’ fecundity and survival rates, and these coefficients do not 

change quickly.  Nevertheless, as figures 6 and 7 show, these coefficients do evolve over time.  

Also, the time-varying coefficients lead to an equation of motion that closely matches the data as 

shown in figure 8.  These contrasting points suggest the following hybrid procedure:  the 

optimization procedure, discussed next, will assume that the representative owner knows the time-

varying coefficients and does not take future expectations with respect to these coefficients.  The 

econometric work in chapter V, which relies upon a long data series, will employ the time-varying 

coefficients. 

Profit Maximization 
 

To maintain the flock, the owner incurs costs for grazing or range use, labor and feed 

supplements.  The essential aspect of joint production is that incurring the cost to maintain the 

sheep flock enables the production of both slaughter lambs and wool.  The net value of the flock is 

the sum of the value of its uses minus the cost of maintaining it.  The primary value of the slaughter 

lamb is its meat value, but also includes the value of its fleece, which may be sheared before 

slaughter.  The primary processor either shears and sells the lamb’s wool before marketing the 

slaughter lamb to a packer or sells the lamb with the fleece intact and receives a premium from the 

packer.  In this case, the packer extracts and sells the pelt after slaughter.  Wool is typically sheared 

annually from the adult sheep flock.   

Because the lamb flock can regenerate itself, it is capable of generating a permanent 

income stream.  Decisions on flock management depend upon current and future prices.  The 

resource owner knows past and current variables with certainty; however, future variables are not 

part of the current information set.  In particular, flock management decisions depend upon future 

prices that are unknown when the decisions are made.  The resource owner bases expectations of 
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future prices on current and past variables in order to make the slaughter-retention decision.  This 

decision is made annually given expected future prices at that time.  As new information becomes 

available each period, the resource owner updates those future expectations based on current 

information.  The risk-neutral owner thus maximizes a profit function of the following type.  The 

current period is subscripted as 0, and T is the length of the planning horizon. 

Equation 2 

{ }max

( )

,

, ,L

t

L t t W t t t
t

T

t At t At Lt t t

t S t L t

t Lt t

t

E
R

p L p W H

subject to
y s y s s O L
W a y a O and
L s O

y y given

0
0

1 1 1

1

1 1

0 1

1
1+





 + −

= + −
= +
≤

=

+ − −

−

− −

−

∑

 

 
where   

Et = the expectation operator given the information available at time t 
Wt = wool (lbs.) supplied in period t 
pL = PL (price of slaughter lamb) minus tt (a constant per lamb marketing cost) 
pW = price of wool minus a constant per unit marketing cost 
aL, aS = input output coefficients (lbs per fleece) for lambs and adult sheep, respectively 
Ht(yt,Ot-1,wt) = a holding cost function, a function of inventory size, lamb crop and input 
costs  
wt = a vector of input costs 
R = the risk-adjusted rate of return from holding sheep inventory 

 

I assume the profit function is bounded each period and that [1/(1+R)]<1.  This is assured by 

specifying increasing marginal costs, HYY>0.  The first constraint is the equation of motion as 

previously discussed; the second constraint conveys the fixed-proportions production assumption, 

and the third constraint prevents the lamb supply from exceeding the lamb crop.   

In a static setting, Friedman (1962) showed that two outputs with a joint cost structure can 

be represented on a single graph with appropriate scaling and the assumption of fixed proportions.  

A given flock size leads to approximately a fixed amount of wool at any time, so the fixed 
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proportions assumption is appropriate for wool production.  The reasonableness of this assumption 

is discussed in the chapter on the empirical model (pp. 66).   Thus, let Wt = as yt + aL Ot-1.   

The supply of slaughter lambs is not bound by fixed proportions because the owner can 

market the entire lamb crop, none of it, or some proportion of it, as reflected in the equation of 

motion.  I replace Ot-1 with gt-1yt-1 in all of the constraints and solve the equation of motion for Lt = 

- yt+1 / sAt  +  yt + sLt-1 gt-1yt-1 and substitute it into the value function.  Note that with yt and yt-1 

given, determining Lt determines yt+1.  Thus, yt+1 is the control variable, and equation 2 can be 

rewritten as shown in equation 3, where Rt is a Kuhn-Tucker multiplier.  The profit maximization 

procedure is similar to Chavas' formulation of a stochastic dynamic programming problem where 

Vt(yt,yt-1) is an indirect objective function or value function with yt and yt-1 as state variables.  

Equation 3 is Bellman's equation of dynamic programming that recursively defines the value 

function. 

 

Equation 3 
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The optimization procedure depends upon the current information set.  Variables dated t or earlier 

are known with certainty, while those dated t+1 or higher have a random component.  The result 

will be an optimal value of yt+1 or Lt given current and expected future prices.  The procedure is 

updated each period as the information set changes.  The first order conditions are as follows. 
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Equation 4 

−
+

+
− =+

+

p
s R

E
V
y

L t

At
t

t

t
t

, 1
1

01

1

∂
∂

ψ  

( )
y s y

y s y
t At t t

t At t t

+

+

− ≥ ≥

− =
1

1

0 0

0

, ψ

ψ
 

 

The first equation shown in equation 4 is the first order necessary condition; the next two 

equations result from the inequality constraint.  The Kuhn-Tucker multiplier can be thought of as a 

shadow price on the slaughter lambs.  When Rt >0, the left-hand side of the first inequality in 

equation 4 must equal 0, and yt+1 = sAt yt , meaning that there are no new recruits into next year's 

breeding stock.  In other words, Lt= sLt-1 gt-1 yt-1; the entire available lamb crop is sold.  When the 

shadow price is positive, a ewe lamb has value and will be slaughtered at the margin. 

When the shadow price is 0 (Rt=0), at least one (and likely more) ewe lamb(s) will not 

slaughtered because an additional ewe lamb has zero marginal value as a slaughter lamb.  Lambs 

that are not slaughtered will be retained (yt+1>sAt yt).  In this case, the owner sells the lamb crop up 

to the point where the current slaughter lamb price minus marginal marketing costs equals the 

expected discounted marginal change in the value function with respect to a change in the future 

breeding stock.  In practice, some owners sell slaughter lambs each period, and the inventory of 

breeding stock has remained, even though some individuals may sell their entire lamb crop or cull 

all of their breeding stock.  The representative firm has always been at an interior point of the 

solution set. 

Assuming differentiability and an interior solution, from the envelope theorem applied to 

equation 3, we have equations 5a and 5b. 
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Equation 5a 
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I advance equation 5a one period and substitute it into the necessary condition in equation 4.   
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Advancing equation 5b two periods and substituting the results into the previous equation leads to 

the Euler equation shown in equation 6, where consistent with the earlier discussion the time-

varying coefficient gt+1 is outside the expectation operator. 

 

Equation 6 
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The stochastic Euler equation and the equation of motion yield an optimal yt+1 given the 

information known at time t=0.  Continuing for times t=1,2, …, a system of equations could be 

derived to determine the optimal yt+2, yt+3, ...  My approach assumes that a representative primary 

processor uses such an equation each period updated with information that becomes available 
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during the period.  By extension, this process also results in optimal outputs of slaughter lamb and 

wool.  The lead terms on the prices match the lag terms on the equation of motion, which is a 

standard feature of discrete-time Euler equations.18  The current price of a slaughter lamb net of 

marketing costs is the marginal benefit of selling a lamb for slaughter when Rt=0.  The net return of 

holding an additional ewe lamb consists of the one-period-ahead wool output of the retained ewe 

minus the marginal cost of the additional ewe, both discounted one-period and adjusted for the 

probability of surviving and also the two-period-ahead net return from the offspring of the ewe 

lamb.  Current period marginal cost is not a decision variable because decisions involving the 

current period flock size and holding costs have already been made.   

Because of the joint nature of the problem, both future slaughter lamb and wool prices 

affect the return from investment.  If expected future prices are high relative to current prices,  

owners have an incentive to hold more ewe lambs to take advantage of the expected higher future 

prices.  If all owners hold back ewe lambs, the current output of slaughter lambs is reduced, and the 

current price increases.  Conversely, if future prices are expected to decline relative to current 

prices, the incentive is to sell more now.  If all owners sell more in the current period, current price 

falls.  Responding in this way leads to an equilibrium sequence of breeding stock. 

 

Market equilibrium 

 Although individual growers may sell all or none of their slaughter lambs, in the aggregate, 

some slaughter lambs are marketed each period, and some are held to maintain inventory.  A 

representative agent model can represent this aggregate behavior.  Holding inventories yields a  

                                                           
18 Rosen et al.'s cattle model exhibits this feature although the timing is different and joint products are not 
considered. 
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payoff stream that includes a convenience yield.19  Convenience yield is the reason firms hold 

inventory even when the expected gain is below the risk-adjusted rate, or negative.  Holding 

inventories allows the grower to avoid costs of marketing slaughter lambs or to respond to 

unexpected positive price shocks.  The benefits of retaining inventory vary inversely with the 

aggregate level of inventories; thus, those holding inventories locally receive a benefit when 

aggregate inventories are small.  When stocks are high, convenience yield may be negligible.  

Substantial breeding stock relative to each year's lamb crop suggests that convenience yield for 

growers is usually close to 0, but it would rise rapidly if breeding stock fell, such as in response to 

several periods of selling almost all of the lamb crop.  This feature of convenience 

yield assures that the industry-level Euler equation has an interior solution.  Convenience yield 

reduces the economic cost of holding inventories and lowers future price expectations.  For  

commodities with futures markets, convenience yield can be measured directly, and commodity 

pricing can be explained solely in terms of spot and futures prices without resulting to inventory 

levels, costs, and supply and demand factors.  Because of the absence of futures markets for 

slaughter lambs, I take marginal convenience yield to be a function of breeding stock, and pricing 

will depend upon inventory and supply and demand features.   

 The categories of holding costs included in the model are expenses for range or grazing 

services, feed supplements and labor.  The USITC (USITC January 2001) found that these three 

costs categories represented from 79 to 81 percent of operating costs from 1997 to 1999 based on 

grower responses to a survey.   The next largest cost category consisted of repairs, fuel and 

electricity combined, which accounted for 16 percent of total costs.  An Idaho Cooperative 

Extension document (Smathers et al. 1998) reported that pasture, feed and labor costs accounted for  

                                                           
19 The concept of convenience yield has a long history in economics beginning with Kaldor (October 1939).  
Three more recent papers are Thurman (1988), Pindyck (May 1993) and Frechette (November 1997).  
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85.8 percent of holding costs.  Housing, other improvements and repairs were the next largest cost 

categories.  The USDA no longer prepares farm budgets for sheep operations. 

 Market equilibrium discussed here is consistent with the existence of firms with different 

cost structures that leave and enter the market in response to market prices, or with owners that 

expand onto less productive range when prices are high enough to justify increasing flock size.  

Industry marginal costs are the horizontal sum of the firm-level marginal costs.  The lamb industry 

is small in relation to the beef cattle industry and is a price taker in the input markets for grazing 

services, labor and feed supplements.  I assume that the industry marginal holding costs are an 

increasing function of inventory size.  While the industry is a price taker in grazing services, the 

different quality of rangeland results in higher unit costs when inventories are large and vice versa.  

This formulation is consistent with the previous model construction and ensures that the profit 

function is bounded each period.  

Marginal holding costs and marginal convenience yield are both functions of the inventory 

level.  Marginal convenience yield declines as inventory increases while marginal costs are 

increasing with inventory level.  I will begin with the assumption that marginal costs are linear in 

breeding stock and lamb crop, as would result from a quadratic cost function.  However, the 

empirical work will investigate nonlinear specifications, as these are more consistent with the 

concept of convenience yield.  The initial specification for marginal holding costs and marginal 

convenience yield is as follows, where the second term on the right hand side combines aspects of 

marginal costs and marginal convenience yield.  

 



 46

Equation 7 
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where  c is a vector of parameters to be estimated 
           w is a vector of input costs, and  

h is a parameter to be estimated. 
 

 
In usual circumstances with substantial inventory levels, marginal convenience yield is low and less 

than marginal costs, and equation 7 is positive (this entire cost term has a negative sign in the Euler 

equation); however, as inventory levels approach 0, marginal convenience yield becomes more 

important relative to marginal costs, and equation 7 becomes close to 0 or positive.  If it is positive, 

some inventory will be held in the aggregate, even if many individual growers no longer hold 

inventory. 

Because the risk-adjusted interest rate is unobservable, I follow Thurman (1988) in using 

the capital asset pricing model (CAPM) to transform the unobservable R into the expected return 

from holding another asset; here the 1-year Treasury bill is used.  Applying the CAPM leads to the 

following: 

Equation 8 
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where Rj, Rf, Rm, and R are, respectively, the returns from holding the 1-year Treasury bill, a risk-

free portfolio, the market portfolio and sheep inventory; $j and $L are the CAPM measures of risk 

for the 1-year treasury bill and the sheep inventory.  Solving the first equation above for Rm and 

substituting it into the second equation results in the following: 
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Let the discount factor, then, be defined as equation 9. 

Equation 9 
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The risk-free rate is assumed to be constant, and the first term on the right side of the first equation 

in 9 is a constant.  The ratio of betas in the second term measures the relative riskiness of investing 

in the Treasury bill and in the sheep inventory.  The second equation in 9 puts the first expression 

in a convenient form for use with the Euler equation; specifically, dt replaces the 1/(1+R) term. 

 I form the industry-level Euler equation by taking equation 6 and inserting the expression 

for marginal holding costs and marginal convenience yield (equation 7) for the marginal-cost term 

and also by substituting the risk-adjusted interest rate (dt) for 1/(1+R).  The time-varying 

coefficients are assumed to be known by the representative owner, and the differences between the 

expected values of the future-dated prices and the actual prices are included in the error term.  In 

the econometric work, instrumental variables techniques will be used to address the problem of 

future-dated prices.  The industry-level Euler equation at time t with the just-discussed 

modifications is shown as equation 10, where ep,t is an error term satisfying Et ep,t = 0.   

Equation 10 
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Demand at this stage is packer demand, which is derived from the demand for lamb meat at 

the consumer level.  At the packer level, demand depends upon the price of slaughter lamb (pL), 

processing cost (pu) and the price of pelts (pp).  At the consumer level, demand for lamb meat 

depends upon its own price (pm); the price of imperfect substitutes including imported lamb meat 
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(pf), beef (pB), pork (pH) and poultry (pC); and income (M).  Combining concepts from these two 

levels, the demand for domestic lamb meat is specified as the following linear function: 

 

Equation 11 
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The second shorter specification will be used in the theoretical work.  Consistent with downward 

sloping demand, bL is expected to be negative; bf is expected to be positive, based on the belief that 

domestic lamb meat and imported lamb meat are substitutes.20  Ideally, a retail price for both 

imported and domestic lamb meat would be used, but neither is available.   

The industry-level equation of motion is similar to the firm-level equation and is shown 

below.  

Equation 12 
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 The equilibrium condition is that the supply of slaughter lambs equals the demand for 

slaughter lambs.  The supply of slaughter lambs in number of head is set equal to the demand for 

slaughter lambs in hundredweight, as shown below, where kt is the inverse of slaughter weight per 

lamb in period t. 

                                                           
20 In the safeguards case at the USITC, importers argued that imported and domestic lamb meat were 
complements because marketing efforts of importers increased consumption of all lamb meat and the year-
round presence of imports made it easier for grocers to stock lamb meat continually.  The Commission was 
not convinced by this argument. 
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Equation 13 

L k Lt t t
D=  

 

Together equations 10, 11, 12 and 13 define a structural equilibrium model that generates 

equilibrium quantities of breeding stock and slaughter lamb prices.  It is viewed as the main model 

for both the empirical work and the policy analysis. 

 The demand for domestically produced wool will also be estimated.  Demand for raw wool 

is derived from the demand for wool in end-use products, such as apparel and carpets.  The demand 

for wool will be a function of its own price, the price of substitutes, and the price of other inputs 

into the production process, such as capital and labor.  Demand for wool will also be a function of 

the prices of outputs that incorporate wool, such as apparel.   

 Also, apart from the main model, the demand for imported lamb meat will be estimated.  

The demand for imported lamb meat is a final demand because lamb meat is the primary import, 

not live lambs or carcasses.  The demand for imported lamb meat is a function of its own price, the 

prices of substitutes and U.S. income.  Potential substitutes include domestic lamb meat, beef, pork 

and chicken. 
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V.  EMPIRICAL MODEL 

The purpose of the empirical work is to estimate the parameters needed to perform the 

welfare analysis.  Before beginning the estimation, I present the data to be used. 

Data 
 
Each data series that was used is discussed in turn below. 

The number of breeding ewes in thousands of head at the beginning of period t (yt) was provided 
by Gregg Bussler of the National Agricultural Statistical Service of the U.S. Department of 
Agriculture (NASS).  (NASS also provided, not shown, the total inventory, breeding stock plus 
lambs, on hand at the beginning of period t.) 
 
Gregg Bussler of NASS also provided the lamb crop data in thousands of head in year t. 
 
Lamb deaths in year t and sheep deaths in year t (both in thousands of head) are from Sheep and 
Lambs: Inventory Numbers, Lamb Crop, and Disposition, NASS, annually 1950 to 1964, Sheep 
and Lambs: Inventory, Supply, and Disposition, NASS, annually 1965-2000.  Note that the term 
proportional fecundity and initial year survival rate (gt) = (lamb crop in year t – lamb deaths in year 
t)/breeding ewes in year t. 
 
The number of slaughter lambs supplied to market in thousands of head in period t (Lt) is 
commercial lamb slaughter as reported in the Red Meat Yearbook, Economic Research Service 
(ERS), various issues. 
 
The weight of slaughter lambs supplied to the market in hundredweight in period t is from the Red 
Meat Yearbook, ERS, various issues. 
 
The number of cull slaughter in year t in thousands of head is from the Red Meat Yearbook, ERS, 
various issues.  Note that the proportional loss due to predation, disease and culling (s) = 1 - (sheep 
deaths + cull slaughter)/yt. 
 
The price of slaughter lamb (pL) in dollars per hundred ($/cwt) in year t for 1962 to 2000 is from 
Meat Animals, Production, Disposition, and Income, NASS, various issues.  Prices from 1950 to 
1961 are from Prices Received by Farmers for Sheep and Lambs: Monthly and Annual 
Average Prices 1909-1961, Crop Reporting Board, USDA Statistical Bulletin No. 326, 
March 1963. 
  
The price of domestic lamb meat (pm) in dollars per hundredweight ($/cwt.) in year t are lamb 
carcass prices, East Coast, choice-prime, 55-65 lbs. as reported in Livestock, Meat and Wool, 1970-
2000, Agricultural Marketing Service (AMS), USDA.  Data from 1957 to 1970 are based on a 
similar series reported in Livestock Meat Statistics, Statistical Bulletin 522, 1973, ERS and AMS.  
Similar data did not appear to be available between 1950 and 1956.  I constructed these values by 
projecting the carcass values onto the retail lamb meat prices, data which is not otherwise in the 
data set, for the years 1957 to 1972.  This resulted in a constant of 3.890 (s.e. 2.146), a coefficient 
on retail prices of 0.529 (s.e. 0.035) and an R-square of 0.942.  I constructed carcass prices for the 
period 1950-56 using this formula and retail prices for the same period.  
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The wage for meat packing labor in year t is from the Bureau of Labor Statistics (BLS). The meat 
packing wage rate (wMP) is the annual average of reported average weekly earnings of production 
workers in meat packing plants.   
 
The price of pelts (pp) from 1976 to 2000 was provided by the Livestock Information Center, an 
industry-funded organization in Lakewood, CO.  Data from this source are not available prior to 
1976.  This series was extended backwards to 1952 using the Bureau of Labor Statistics’ (BLS) 
wholesale price index for lamb hides and skins (f.o.b. New York) from 1952 to 1976.  Data in this 
particular series were not available before 1952.  The year 1976 was included in both series.  The 
BLS index was reset so that 1976 equaled 100; then, the percentage changes in that series were 
applied to the series from the Livestock Information Center back to 1952. 
 
The prices of beef, pork and poultry (respectively, pB, pH and pC) are producer price indexes from 
the BLS. 
 
The price of corn ($/bushel) in year t is from NASS’s electronic database.  Corn and hay are main 
determinants of the marketing costs (feedlot costs) of slaughter lambs. 
 
The price of hay ($/ton) in year t is from NASS’s electronic database. 
 
The wage of livestock workers in year t is an index that was prepared from data on livestock 
wages, which were available from 1978 to 2000.  The index was extended back to 1950 based on 
the wages of all hired farm workers, which were available back to 1950.  Steve Logan of NASS 
supplied both sets of data.  The livestock wage is relevant to the holding cost of the sheep flock and 
to the marketing costs of slaughter lambs and wool. 
 
Grazing fees on public land and on private land in year t are based on the charges for an animal 
unit month (AUM), which is theoretically based on the amount of forage that an adult cow and calf 
consume in one month of grazing.  The federal government (the Bureau of Land Management and 
the U.S. Forest Service) charges sheep owners one fifth of the fee for an AUM for a sheep unit.  
Data on private AUMs are based on surveys of private non-irrigated grazing in 17 Western States 
and are available from 1979 to the present.  Jim Williams of NASS supplied the data on private 
lands and on federal lands from 1980 to 2000.  The data for grazing on public lands was extended 
back to 1950 based on actual numbers of livestock, sheep and goats and actual revenues on 
National Forests and Grasslands, as reported in Agricultural Statistics, USDA, various issues.  
Grazing fees are the main determinant of the holding cost of the sheep flock. 
 
Domestic wool (Wt ) in millions of pounds supplied to the market in period t is from Cotton and 
Wool: Situation and Outlook, ERS, various issues. 
 
Domestic wool prices (pW) in dollars per lb. in year t are from Wool and Mohair, NASS, various 
issues and from Cotton and Wool: Situation and Outlook, ERS, various issues.  
 
The wool support price in year t (SPt) and the unshorn wool payment in year t (ut) in $/cwt are 
from Janise Zymont, National Wool Act Programs 1954-1995, Farm Service Agency, USDA. 
 
The wool parity price (WPt) was provided by the ERS. 
 
The price of apparel (pap) is the consumer price index for all apparel except footwear as reported 
by the BLS.  
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The price of synthetic substitutes (ps) is the producer price index for noncellulose manmade fiber, 
a category that includes nylon and polyester fiber from 1967 to 2000.  Before 1967 it is the 
wholesale price index of manmade fiber, which included rayon and nylon.  
 
Imported wool prices (pfW) from 1970 to 2000 are Australian wool offering prices (in $/lb.) in 
South Carolina, grade 64, type 63 from Australian Wool Source: Cotton and Wool: Situation and 
Outlook, USDA, 1988, 1992 and 1999 Yearbooks and March 2001.  Prices from 1950 to 1969 are 
from Wool Statistics and Related Data 1930-1969, ERS, USDA. 
 
The interest rate is the rate of return on the 1-year Treasury bill (dt) as reported in U.S. 
Government Securities, U.S. Department of the Treasury, various issues. 
 
Income (M) is wage and salary disbursements (billions of $) as reported in the Economic Report of 
the President (2001 and 1962). 
 
The GDP chain-type deflator, which will be used to deflate prices, is from the Department of 
Commerce. 
 
Exchange rates from Australia and New Zealand (fxA, fxNZ) from 1962 to 2000 are from the 
IMF Financial Statistics, March 2001 and December 1992.  From 1950 to 1961 these exchange 
rates are from Banking and Monetary Statistics 1941-1970, Board of Governors of the Federal 
Reserve System. 
 
Lamb meat imports are in pounds (actual weight) as reported by the Department of Commerce. 
 
The price of imported lamb meat is the average unit value of chilled, fresh and frozen lamb meat 
as reported by the Department of Commerce.   
 
 Actual data that were used are shown in the following pages. 
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Year 

Breeding 
ewes (y) 

(thousands 
of head) 

Lamb crop 
(thousands 

of head) 
 

Lamb 
deaths 

(thousands 
of head) 

Sheep 
deaths 

(thousands 
of head) 

Lamb 
slaughter 

(L) 
(thousands 

of head) 

Lamb 
slaughter 
(hundred-

weight 
=cwt) 

Cull 
Slaughter 

(thousands 
of head) 

1950 20,057 17,905 1717 2558 11,230 11,389,429 1166 
1951 20,446 17,978 1725 2495 9,510 9,895,361 1167 
1952 20,952 18,479 1736 2533 12,050 12,102,016 1405 
1953 21,648 19,497 1751 2501 14,054 13,842,788 1010 
1954 21,471 20,340 1742 2365 14,036 13,827,100 883 
1955 21,321 20,214 1788 2455 14,302 14,058,432 865 
1956 21,323 20,336 1850 2472 14,091 13,875,393 914 
1957 20,976 19,810 1860 2493 13,209 13,108,698 743 
1958 21,208 20,686 1916 2434 13,052 12,972,840 963 
1959 21,832 21,120 2010 2529 13,980 13,778,739 1034 
1960 22,406 21,012 2132 2458 14,637 14,349,429 1084 
1961 22,199 20,782 2062 2437 15,816 15,373,323 1173 
1962 21,252 19,712 2007 2430 15,493 15,093,134 1149 
1963 20,028 18,516 1889 2268 14,566 14,288,028 1078 
1964 18,723 16,994 1797 2264 13,446 13,314,508 993 
1965 17,502 16,312 1711 2199 11,996 12,055,405 883 
1966 16,850 15,881 1674 1940 11,751 11,841,853 864 
1967 16,230 15,017 1649 1980 11,799 11,883,579 868 
1968 15,290 14,444 1580 1789 10,971 11,164,228 805 
1969 14,707 13,723 1556 1826 9,881 10,217,521 722 
1970 13,923 13,465 1478 1638 9,803 10,252,304 723 
1971 13,609 12,998 1446 1482 9,874 10,252,503 819 
1972 12,909 12,599 1480 1417 9,600 10,104,000 677 
1973 12,049 11,500 1441 1386 8,776 9,441,513 808 
1974 11,058 10,509 1409 1248 8,260 8,679,883 569 
1975 10,083 9,857 1269 1078 7,256 7,606,707 558 
1976 9,314 8,888 1162 967 6,281 6,846,290 416 
1977 8,850 8,573 1137 877 5,844 6,331,000 489 
1978 8,588 7,927 1077 885 4,994 5,622,412 359 
1979 8,366 7,974 1063 867 4,672 5,341,653 334 
1980 8,533 8,257 1026 894 5,169 5,802,203 393 
1981 8,780 8,820 1035 818 5,589 6,171,188 401 
1982 8,811 8,580 1060 815 5,985 6,658,313 454 
1983 8,343 8,214 934 674 6,127 6,908,193 479 
1984 7,936 7,837 932 792 6,225 6,930,500 513 
1985 7,431 7,501 841 544 5,752 6,586,040 399 
1986 6,960 7,396 773 496 5,315 6,253,983 310 
1987 7,037 7,289 721 474 4,919 5,878,205 271 
1988 7,348 7,205 699 511 4,991 6,205,477 293 
1989 7,186 7,721 731 509 5,122 6,385,427 334 
1990 7,608 7,686 809 519 5,321 6,713,328 323 
1991 7,409 7,651 741 476 5,379 6,741,680 330 
1992 7,129 7,225 759 434 5,178 6,550,170 308 
1993 6,537 6,377 686 388 4,878 6,264,165 293 
1994 5,844 5,968 615 333 4,635 5,789,677 292 
1995 5,404 5,643 580 314 4,272 5,362,039 274 
1996 5,134 5,361 579 343 3,905 4,984,198 270 
1997 4,912 5,356 543 305 3,685 4,906,825 213 
1998 4,570 5,007 501 291 3,587 4,734,181 211 
1999 4,322 4,719 482 261 3,505 4,646,976 188 
2000 4,228 4,530 463 255 3,251 4,457,744 167 
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Year 
Slaughter 
lamb price 

(pL) 
($/cwt) 

Lamb meat 
price (pm) 

($/cwt) 

Meat 
packing 

wage (wmp) 
($/week) 

Price of 
lamb pelts 

(pp) 
($/pelt) 

Beef price 
(pB) 

(index 
1982-

84=100) 

Price of 
pork (ph) 

(index 
1982-

84=100) 

Poultry 
price 
(pc) 

(index 
1982-

84=100) 
1950 25.1 42.61 58.20 NA 31.2 29.9 69.6 
1951 31.0 46.95 65.36 NA 36.5 31.7 73.0 
1952 24.3 45.78 70.06 2.24 36.2 31.4 73.2 
1953 19.3 39.96 73.93 1.82 28.5 35.0 71.4 
1954 19.1 40.28 75.99 1.14 27.4 36.1 64.5 
1955 18.4 39.12 83.10 1.50 27.1 31.0 67.1 
1956 18.5 39.38 87.78 1.66 26.7 29.5 58.8 
1957 19.9 42.85 91.88 1.42 28.7 33.9 57.3 
1958 21.0 45.73 97.34 1.69 33.4 36.2 56.7 
1959 18.7 42.35 106.50 2.00 34.4 32.2 51.6 
1960 17.9 41.73 109.20 1.39 33.5 32.0 52.5 
1961 15.8 37.29 112.71 1.16 33.0 33.5 47.4 
1962 17.3 40.31 116.06 2.16 34.2 33.8 50.1 
1963 21.8 40.65 119.99 2.34 33.8 32.9 49.3 
1964 20.8 42.70 125.13 2.62 32.8 32.8 48.2 
1965 23.2 49.90 126.18 3.28 34.4 37.3 49.7 
1966 24.8 50.49 129.78 2.52 36.2 42.7 52.4 
1967 25.0 48.73 137.38 2.25 36.4 39.1 49.1 
1968 25.4 55.81 146.97 1.89 37.9 39.2 50.6 
1969 27.1 60.16 155.61 3.28 41.7 42.7 53.5 
1970 27.4 58.64 169.95 3.14 43.5 45.4 53.2 
1971 27.2 60.28 180.18 3.32 45.5 41.1 53.5 
1972 30.7 64.77 186.43 7.03 49.7 47.6 54.2 
1973 38.1 71.68 197.06 4.99 59.6 63.3 76.0 
1974 40.5 80.78 219.44 7.21 61.3 63.0 72.1 
1975 44.4 93.83 234.74 4.65 61.9 77.1 79.7 
1976 49.9 99.42 253.91 5.61 59.9 78.1 76.4 
1977 54.2 104.31 273.97 8.11 59.5 73.9 76.9 
1978 65.5 120.76 293.53 8.15 73.1 83.4 84.9 
1979 68.6 125.29 322.34 9.73 93.1 84.7 89.1 
1980 67.0 126.06 351.49 8.84 98.4 81.9 93.7 
1981 59.2 120.60 371.36 4.99 99.2 89.5 97.5 
1982 56.9 121.86 371.70 3.13 100.6 101.0 95.8 
1983 57.9 125.86 354.35 2.35 99.1 100.1 97.0 
1984 62.8 130.99 334.15 3.59 100.3 98.8 107.3 
1985 68.8 140.23 332.91 4.60 98.2 99.1 106.2 
1986 69.7 140.32 337.02 6.40 98.8 107.2 114.2 
1987 78.1 150.41 350.70 10.25 106.3 116.0 112.6 
1988 68.8 137.81 352.77 7.35 112.1 112.5 120.7 
1989 67.3 131.35 357.70 6.56 119.3 113.2 132.7 
1990 55.4 121.47 360.09 5.51 128.8 129.8 132.5 
1991 53.2 117.33 365.72 4.82 132.4 134.1 131.5 
1992 61.0 131.66 380.14 5.89 132.3 127.8 131.4 
1993 64.4 143.97 381.51 5.61 137.1 131.7 136.9 
1994 65.6 147.62 410.64 6.98 136.0 133.9 141.5 
1995 78.2 163.45 416.11 10.00 134.9 134.8 143.5 
1996 88.2 177.58 415.39 14.09 134.5 148.2 152.4 
1997 90.3 178.67 422.26 15.54 136.8 155.9 156.6 
1998 72.3 156.75 447.72 11.47 136.5 148.5 157.1 
1999 74.5 169.31 474.56 2.40 139.2 145.9 157.9 
2000 79.9 184.92 477.86 6.92 148.1 156.5 159.8 
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Year Corn price 
($/bushel) 

Hay price 
($/ton) 

Livestock 
wage 
(index 

1950=100) 

Grazing, 
public 

($/AUM) 

Grazing, 
private 
($/AUM) 

1950 1.33 21.06 100.00 0.48 NA 
1951 1.62 22.32 111.59 0.63 NA 
1952 1.65 24.59 117.39 0.52 NA 
1953 1.44 22.62 118.84 0.27 NA 
1954 1.46 22.28 117.39 0.26 NA 
1955 1.30 21.58 118.84 0.26 NA 
1956 1.30 21.03 124.64 0.25 NA 
1957 1.16 19.77 127.54 0.35 NA 
1958 1.07 18.01 133.33 0.48 NA 
1959 1.07 19.47 137.68 0.63 NA 
1960 1.02 20.99 140.58 0.36 NA 
1961 1.01 20.16 143.48 0.37 NA 
1962 1.02 20.76 146.38 0.42 NA 
1963 1.12 22.61 152.17 0.36 NA 
1964 1.13 23.03 156.52 0.34 NA 
1965 1.18 23.92 165.22 0.31 NA 
1966 1.25 23.83 178.26 0.26 NA 
1967 1.17 23.52 192.75 0.29 NA 
1968 1.04 22.51 208.70 0.23 NA 
1969 1.13 23.40 224.64 0.31 NA 
1970 1.23 23.86 237.68 0.28 NA 
1971 1.27 25.23 250.72 0.48 NA 
1972 1.17 29.98 266.67 0.48 NA 
1973 1.89 39.12 289.86 0.73 NA 
1974 2.92 49.12 326.09 1.04 NA 
1975 2.70 51.38 352.17 0.97 NA 
1976 2.49 57.96 385.51 1.48 NA 
1977 2.03 57.13 415.94 1.71 NA 
1978 2.10 49.87 447.83 1.69 NA 
1979 2.36 56.30 492.78 1.99 7.72 
1980 2.70 67.01 541.05 2.77 8.39 
1981 2.92 67.67 587.67 2.31 9.01 
1982 2.37 69.17 629.29 1.86 9.43 
1983 2.99 73.66 627.62 1.39 8.63 
1984 3.05 75.38 670.07 1.37 9.49 
1985 2.49 69.93 672.57 1.35 8.93 
1986 1.96 61.64 709.20 1.35 8.71 
1987 1.56 62.42 714.19 1.35 8.39 
1988 2.27 77.31 760.80 1.54 8.92 
1989 2.43 89.17 794.10 1.86 10.05 
1990 2.40 85.25 825.73 1.81 10.04 
1991 2.33 74.67 880.67 1.97 9.51 
1992 2.29 71.87 923.95 1.92 10.22 
1993 2.22 82.27 930.61 1.86 10.30 
1994 2.41 87.99 958.91 1.98 11.00 
1995 2.56 83.21 997.20 1.61 10.60 
1996 3.55 90.42 1048.40 1.35 10.50 
1997 2.60 102.83 1092.93 1.35 11.00 
1998 2.20 89.69 1171.59 1.35 11.40 
1999 1.89 78.66 1221.53 1.35 11.10 
2000 1.86 80.89 1278.14 1.35 11.50 
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Year 

Wool 
supply 

(W) 
(million 

lbs) 

Wool 
price 
(wP) 
($/lb) 

Support 
price 
(SP) 
($/lb) 

Wool 
parity 
price 
(WP) 

Unshorn 
payment 

(u) 
($/cwt) 

Apparel 
price 
(pap) 

(index 
1982-

84=100) 

Synthetics 
Price 
(ps) 

(index 
1982-

84=100) 

Foreign 
wool 
price 
(pfw) 
($/lb) 

1950 216.9 0.62 0 0.514 0 47.2 NA 1.92 
1951 228.0 0.97 0 0.564 0 51.0 NA 2.50 
1952 233.3 0.54 0 0.597 0 50.6 60.7 1.44 
1953 232.3 0.55 0 0.584 0 50.1 59.1 1.72 
1954 235.8 0.53 0 0.587 0 49.7 60.3 1.66 
1955 241.3 0.43 0.62 0.590 0.77 49.3 58.6 1.35 
1956 242.2 0.44 0.62 0.610 0.71 49.8 55.7 1.33 
1957 239.1 0.54 0.62 0.653 0.33 50.2 56.8 1.49 
1958 243.7 0.36 0.62 0.706 1.02 50.1 54.9 1.13 
1959 259.9 0.43 0.62 0.720 0.75 50.2 56.2 1.03 
1960 265.3 0.42 0.62 0.741 0.80 50.7 53.8 1.12 
1961 259.2 0.43 0.62 0.749 0.76 51.0 52.3 1.06 
1962 246.6 0.48 0.62 0.737 0.57 51.1 64.8 1.11 
1963 232.4 0.49 0.62 0.777 0.54 51.6 65.4 1.24 
1964 212.3 0.53 0.62 0.794 0.35 52.0 66.9 1.35 
1965 201.5 0.47 0.62 0.828 0.60 52.4 63.5 1.11 
1966 195.1 0.52 0.65 0.853 0.52 53.3 60.1 1.21 
1967 189.0 0.40 0.66 0.866 1.05 55.4 63.8 1.10 
1968 177.4 0.41 0.67 0.888 1.06 58.6 63.0 1.13 
1969 165.7 0.42 0.69 0.935 1.09 62.0 63.0 1.12 
1970 161.6 0.36 0.72 0.970 1.46 64.5 62.8 1.10 
1971 160.2 0.19 0.72 1.012 2.10 66.5 62.5 0.86 
1972 158.5 0.35 0.72 1.060 1.48 67.8 62.5 1.00 
1973 143.7 0.83 0.72 1.193 0 70.1 62.5 1.63 
1974 131.4 0.59 0.72 1.325 0.52 75.2 64.3 1.60 
1975 119.5 0.45 0.72 1.369 1.09 78.0 64.8 1.12 
1976 111.1 0.66 0.72 1.372 0.25 80.3 65.2 1.27 
1977 107.3 0.72 0.99 1.365 1.08 83.5 67.9 1.62 
1978 102.9 0.75 1.08 1.455 1.34 85.5 68.6 2.06 
1979 104.9 0.86 1.15 1.655 1.15 87.9 75.0 2.38 
1980 105.4 0.88 1.23 1.837 1.40 93.0 84.5 2.74 
1981 109.8 0.95 1.35 1.952 1.62 96.5 99.3 2.96 
1982 106.1 0.68 1.37 2.012 2.74 98.1 102.5 2.77 
1983 102.9 0.61 1.53 2.102 3.67 100.2 99.9 2.56 
1984 95.7 0.80 1.65 2.251 3.42 101.6 101.5 2.53 
1985 88.1 0.63 1.65 2.340 4.07 104.3 97.6 2.19 
1986 84.4 0.67 1.78 2.438 4.45 104.7 94.2 2.26 
1987 84.5 0.92 1.81 2.615 3.57 109.6 92.2 3.14 
1988 89.5 1.38 1.78 2.815 1.60 114.4 96.8 4.77 
1989 89.2 1.24 1.77 3.010 2.12 117.1 101.5 4.21 
1990 88.0 0.80 1.82 3.204 4.08 122.8 102.7 3.60 
1991 87.6 0.55 1.88 3.338 5.32 127.4 101.9 2.32 
1992 82.9 0.74 1.97 3.423 4.92 130.2 101.6 2.32 
1993 77.5 0.51 2.04 3.650 6.12 131.9 101.7 1.70 
1994 68.6 0.78 2.09 3.740 5.24 131.2 103.0 2.43 
1995 63.4 1.04 2.12 3.940 4.32 129.3 107.9 2.81 
1996 56.2 0.70 0 4.224 0 128.5 109.3 2.34 
1997 53.6 0.84 0 4.136 0 129.4 107.7 2.57 
1998 49.3 0.60 0 4.096 0 129.3 106.7 1.94 
1999 46.6 0.38 0 1.933 0 127.8 98.9 1.51 
2000 46.4 0.33 0 1.815 0 126.2 101.6 1.51 



Year 
Interest 
rate (d) 

(percent) 

Income 
(M) 

(billions 
of $) 

Deflator 
(percent) 

US$ per 
Australian 

dollar 

US$ per 
New 

Zealand 
dollar 

Lamb meat 
imports 

(pounds) 

Price of 
imported 

lamb 
meat (pfm) 

($/lb) 
1950 1.26 154.2 17.41 1.120 1.398 3,330,140 0.45 
1951 1.73 180.3 18.60 1.120 1.398 6,653,155 0.48 
1952 1.81 195.0 18.98 1.120 1.398 5,351,888 0.36 
1953 2.24 208.8 19.24 1.120 1.398 1,726,777 0.44 
1954 0.92 207.6 19.45 1.120 1.398 1,788,937 0.24 
1955 1.88 223.9 19.74 1.120 1.398 1,426,070 0.30 
1956 2.85 242.5 20.42 1.120 1.398 810,103 0.28 
1957 3.52 255.5 21.13 1.120 1.398 1,796,492 0.13 
1958 2.09 257.1 21.64 1.120 1.398 6,802,160 0.29 
1959 4.64 271.0 21.88 1.120 1.398 9,455,325 0.27 
1960 3.42 281.1 22.19 1.120 1.398 12,433,704 0.25 
1961 2.81 284.0 22.43 1.120 1.398 10,940,462 0.26 
1962 3.01 293.3 22.74 1.120 1.390 13,178,217 0.24 
1963 3.30 314.8 23.00 1.120 1.390 5,227,709 0.27 
1964 3.75 337.7 23.34 1.120 1.390 10,438,986 0.26 
1965 4.06 363.7 23.77 1.120 1.390 12,517,237 0.27 
1966 5.07 400.3 24.45 1.120 1.390 14,884,345 0.34 
1967 4.70 428.9 25.21 1.120 1.368 12,267,181 0.32 
1968 5.46 471.9 26.29 1.120 1.120 22,896,110 0.35 
1969 6.79 518.3 27.59 1.120 1.120 43,864,640 0.35 
1970 6.49 551.5 29.05 1.120 1.120 43,492,671 0.37 
1971 4.67 584.5 30.52 1.342 1.361 38,229,699 0.35 
1972 4.76 638.7 31.81 1.192 1.952 37,289,292 0.36 
1973 7.02 708.6 33.60 1.423 1.362 27,292,115 0.56 
1974 7.72 772.2 36.61 1.439 1.400 17,811,519 0.80 
1975 6.30 814.7 40.03 1.310 1.216 24,616,781 0.72 
1976 5.52 899.6 42.30 1.225 0.996 34,272,521 0.72 
1977 5.70 994.0 45.02 1.109 0.971 21,154,453 0.86 
1978 7.74 1121.0 48.23 1.145 1.038 38,015,216 0.95 
1979 9.73 1255.6 52.24 1.118 1.023 42,629,808 1.12 
1980 10.84 1377.4 57.05 1.395 0.974 33,009,000 1.26 
1981 13.24 1517.3 62.37 1.149 0.870 31,081,237 1.41 
1982 11.10 1593.4 66.26 1.017 0.752 18,670,903 1.56 
1983 8.86 1684.3 68.87 0.902 0.669 17,957,816 1.42 
1984 9.91 1854.8 71.44 0.880 0.579 18,377,688 0.91 
1985 7.76 1995.2 73.70 0.701 0.498 31,933,438 1.16 
1986 6.07 2114.4 75.32 0.671 0.524 27,961,339 1.14 
1987 6.33 2270.2 77.57 0.701 0.592 27,942,640 1.27 
1988 7.17 2452.7 80.22 0.784 0.656 29,434,059 1.39 
1989 7.91 2596.8 83.27 0.793 0.599 28,451,640 1.53 
1990 7.36 2754.6 86.53 0.781 0.597 23,438,264 1.71 
1991 5.56 2824.2 89.66 0.779 0.579 23,756,079 1.72 
1992 3.72 2966.8 91.85 0.735 0.538 25,146,508 1.69 
1993 3.33 3091.6 94.05 0.680 0.541 38,172,069 1.72 
1994 4.91 3254.3 96.01 0.732 0.594 36,374,683 1.88 
1995 5.65 3441.1 98.10 0.742 0.656 39,722,996 2.18 
1996 5.23 3630.1 100.00 0.783 0.688 44,788,081 2.63 
1997 5.38 3886.0 101.95 0.744 0.663 53,232,098 2.67 
1998 4.85 4192.8 103.23 0.629 0.537 69,726,933 2.27 
1999 4.78 4475.1 104.77 0.645 0.530 74,215,663 2.39 
2000 5.85 4600.4 106.98 0.582 0.457 84,116,527 2.42 
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Empirical Estimation 

The main part of the statistical work is the estimation of the demand for slaughter lambs 

and the Euler equation.  These equations will be used to generate equilibrium slaughter-lamb 

quantities and prices.  Demand for domestic wool and demand for imported lamb meat are also 

estimated and could be used in any subsequent policy analysis.  These equations contain different 

variables and, as such, are estimated as single equations.  Prices in all equations were converted to 

1996 constant dollars using the GDP chain-type deflator from the Department of Commerce. 

The generalized method of moments (GMM) is used to estimate the demand for slaughter 

lambs and the Euler equation.   GMM is a flexible instrumental-variables technique and can be 

used to address the problem that some right hand side variables may be endogenous and correlated 

with the error term.  Also, in a manner similar to Chavas (2000), it permits instruments to be used 

for expected future prices that are not part of the current information set.  All of the instruments 

used are part of the current information set.  Instruments should be highly correlated with the 

variable but orthogonal to the error term.   

GMM only requires that a set of moment conditions be specified and makes no 

distributional assumptions.  It is well suited for instrumental-variable techniques, estimation of 

systems of equations, estimation of Euler equations and estimation of rational expectations models.  

The GMM estimator minimizes an objective function that is a quadratic form in the moment 

conditions and an optimal weighting matrix.  The inverse of the asymptotic variance matrix is the 

optimal weighting matrix.  If the number of parameters to be estimated, q, exactly equals the 

number of moment conditions, r, then minimization typically occurs when the objective function 

equals zero (adjusted for computer rounding error).  

GMM also permits the estimation of over-identified sets of equations.  When the number of 

moment conditions exceeds the number of parameters to be estimated (r > q), some parameters are 

over-identified.  How close a moment condition is to zero depends upon the weight given it by the 
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weighting matrix.  Minimization of the objective function in the over-identified case will not be 

identically zero as in the exactly identified model because some moment conditions will impose 

additional restrictions on the parameters.  If the sample moment conditions are close to zero, as 

would be the case if the corresponding population moment conditions were truly zero, the model is 

likely to be properly specified.  Hansen formalized this approach when he developed the over-

identifying restrictions test (HORT), which is T times the objective function.  Hansen showed that, 

under the null hypothesis that the data satisfy the over-identifying restrictions, the HORT statistic is 

asymptotically distributed as a chi-squared variable with r - q degrees of freedom.   

The iterated generalized method of moments (IGMM) procedure was used to estimate these 

equations.  In the over-identified case, estimation of the optimal-weighting matrix is somewhat 

circular.  The optimal-weighting matrix is the inverse of the covariance matrix, S.  Before S can be 

estimated, one needs to know the vector of parameters, but before the vector of parameters can be 

estimated, one needs an estimate of the matrix S.  The IGMM process begins the minimization 

procedure by estimating an initial parameter vector from a 2-stage least squares estimate, which it 

uses to make the initial estimate of S.  After obtaining an initial vector of parameters and initial 

estimate of the covariance matrix, the IGMM procedure then re-estimates the covariance matrix, S, 

at each iteration of the parameter estimates.  Ferson reported that the IGMM estimator performs 

better in small samples than regular GMM.  Estimation stops when the covariance matrix, S, and 

the parameter estimates differ by less than the convergence criterion from one iteration to the next.  

The convergence criterion in this case was 0.001 for both the parameters and the covariance matrix.  

The primary convergence measure for parameters measures the degree to which the residuals are 

orthogonal to the Jacobian matrix of partial derivatives of the predicted values with respect to the 

parameters.  This value approaches zero as the gradient of the objective function becomes small.  
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The measure for S is the maximum over i,j of the absolute value of the change from the k-1iteration 

to kth iteration over the absolute value of the k-1 iteration plus 1 to the minus sixth power.21 

The Parzen kernel was used to estimate a heteroskedastic and autocorrelation consistent 

(HAC) covariance matrix.  The Parzen kernel depends upon a bandwidth parameter,  which is 

automatically calculated from the data.  The quadratic spectral kernel, another HAC covariance 

estimator, was also used, but convergence was more reliable with the Parzen kernel, although when 

both converged the results did not differ greatly. 

The SAS system was used for the data analysis.  The SAS Model procedure contains 

options for invoking the IGMM estimator with the Parzen kernel and calculates various associated 

statistics. 

 

Demand for Slaughter Lambs 

 As previously mentioned, the demand for slaughter lambs was estimated using IGMM.  

Empirical analogs were available for all variables except for processing costs.  As a proxy, I used 

an index of the wage rate of meat packing workers (wmp,t) as a measure of meat processing costs.  

Thus, the following linear equation was estimated, where the other variables are the prices of 

slaughter lambs (pL,t), imported lamb meat (pf,t), pelts (pp,t) and domestic lamb meat (pm); price 

indexes for beef (pB), pork (pH) and poultry (pC); and income (M). 

Equation 14 

L b b p b p b p b p b p b p b M b p b wt
D

L L t f f t P p t b t h h t c t M t PM m mp mp t= + + + + + + + + +0 4 6, , , , , , ,  
 

 

In this demand equation, the possibility of simultaneous equation bias exists in that the explanatory 

variable pL,t and possibly pm,t may be correlated with the error term.  The presence of simultaneity 

could be tested with a version of the Hausman specification test.  Instead, it was assumed that pL,t 

                                                           
21 SAS On-line Documentation, version 8.2. 
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and Lt
D are jointly determined, and both are viewed as endogenous variables.  All other right hand-

side variables including pm,t were considered exogenous.  In order to identify the parameters, supply 

side variables, such as grazing cost and the wage for farm labor, were used as instruments. 

Early attempts to estimate this equation revealed problems.  There was multicollinearity, 

particularly between the price of slaughter lambs and the price of pelts, and the price of pelts was 

eliminated from the equation.  Also, there was significant autocorrelation in the residuals.  Ljung-

Box tests showed that that some of the autocorrelation coefficients of the first six lags were 

significantly different from zero.  Inspection of correlation and autocorrelation plots revealed that 

the first order autocorrelation coefficient was close to one.  A Phillips-Perron test failed to reject 

the hypothesis that a unit root process generated the residuals.  Tests on the exogenous variables 

did not reject the hypothesis that they were unit root processes.  I differenced the data once as 

shown in equation 15, where ∆ indicates the difference operator and where bR represents a time 

trend in the differenced equation, and the other variables are, respectively, slaughter lamb price, 

price of imported lamb meat, the price of domestic lamb meat, a price index for beef, a price index 

for pork, a price index for poultry, national income, and the wage for meat-packers.   

 

Equation 15 

∆ ∆ ∆ ∆ ∆ ∆

∆ ∆ ∆

L b b p b p b p b p b p
b p b M b w

t
D

R L Lt f ft pm mt b bt h ht

c ct M t wmp mpt

= + + + + +

+ + +
 

 

 The instruments used to estimate the demand equation were a constant and the following 

differenced variables:  slaughter lamb price lagged 1 period, grazing costs, farm labor costs, the 

wool parity index, the price of imported lamb meat, a beef price index, a pork price index, a poultry 

price index, a domestic lamb meat price index, and meat-packing labor price index, and the 

national income level.  There were thus 12 instruments to estimate 9 variables.   
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The IGMM estimator converged after only 9 iterations.  The p-value of Hansen’s over-

identifying restrictions test (HORT) was 0.3990; thus the hypothesis that the over-identifying 

restrictions satisfy the data is not rejected.  An examination of plots of autocorrelation, inverse 

autocorrelation and partial autocorrelation did not reveal any significant autocorrelation in the 

residuals.  The p-value for the portmanteau Ljung-Box statistic was 0.5923, which implies that the 

hypothesis that the first 6 lags of the residuals are white noise cannot be rejected.  Thus, the model 

appears to be adequate from the point of view of these global statistics.22 

 

Objective 0.0603 

T = number of observations minus 

number of lags 
49 

Objective*T   (HORT) 2.9524 

Pr(Objective*T) > (Χ23) 0.3990 

Ljung-Box Statistic (6 lags) 4.63 

Pr(Ljung-Box) > (Χ26) 0.5923 
 
 
 

 All parameter estimates had the expected signs, although only the own-price variable was 

significant at conventional significance levels (see below).   The negative time trend is consistent 

with the observation that the consumption of lamb meat has declined over the past 50 years.  As 

mentioned, the parameter related to slaughter lamb price was significant, and this estimate implies 

an own-price demand elasticity of -.809 when evaluated at the sample means.  This estimate is 

higher (in absolute value) than Purcell’s estimate of –0.511, which used data from 1970 to 1980, 

and roughly comparable to Babula’s estimate of –0.78, which used data from 1981 to 1994.  The 

cross-price parameter on imported lamb meat was positive, which indicates that it is a substitute  

                                                           
22 The model was also estimated without the trend term, bR, but the objective function and the HORT statistic 
were improved by including the trend. 
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with imported lamb meat, but the estimate had a fairly large standard error.  Estimates associated 

with price indexes for beef, poultry and pork may indicate that they are very weak substitutes with 

lamb meat, as they had the expected sign but were very statistically insignificant.  The estimate on 

the meat-packing wage was negative as expected, and the estimate on the price of domestic lamb 

meat was positive as expected, although neither was significant.   

 

Parameter Estimate 
Approximate 

standard 
error 

t-value Pr > |t| 

bR   -213.065 118.6 -1.80 0.0800

bL   -77.5407 25.9457 -2.99 0.0048

bf   211.304 242.1 0.87 0.3880

bb   1.355923 7.7066 0.18 0.8612

bc   0.385939 5.2444 0.07 0.9417

bh   0.716603 5.3597 0.13 0.8943

bwmp -1.65564 4.4149 -0.38 0.7096

bM   0.576908 1.0105 0.57 0.5712

bpm  14.28866 14.4893 0.99 0.3300

 

 

 Although it is unusual to retain a large number of insignificant variables in the model, 

collectively they improve the fit of the model; they have the expected signs, and there are 

theoretical reasons for including them.  Thus, on the basis of the expected signs of the parameters 

and the previously discussed global statistics, I continue to use this specification of slaughter lamb 

demand. 

 Ultimately the goal is simulation of the response of the lamb industry to changes in policy 

variables.  In this regard I take this equation for the demand for slaughter lambs and substitute it 

into equation 13, which is the equilibrium condition for the slaughter lamb market, which also 
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contains the factor (kt) to convert slaughter weight to number of heads.  I then substitute the 

ensuing equation into the equation of motion (equation 12).  As explained in the chapter on the 

economic model, the equation is regarded as nonstochastic because there are exact year-specific 

measures of the lamb crop (Ot), the survival rates (sAt and sLt).  The resulting equation is shown as 

equation 16. 

Equation 16 

y s y s s g y k Lt At t At Lt t t t t
D= + −− − − − − −1 2 2 2 1 1( )  

 

A plot of this equation and the actual breeding stock levels is shown in figure 9.  Equation 16 

appears to follow the actual data closely.  Two statistics that are commonly used in evaluating the 

goodness of fit between actual data and a simulation are the percent root mean squared error (rms) 

and Theil’s U statistic.  These statistics are calculated as shown in equation 17.23  In this case, the 

rms percent error is 0.0805, and Theil’s U is 0.0399.  These appear to be at acceptable levels, and 

equation 17 will be used in the simulation of prices and quantities. 

 

Equation 17 
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23 Robert Pindyck and Daniel Rubinfeld, Econometric Models and Economic Forecasts, 4th edition, pp. 384-
387. 
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Figure 9 
Actual breeding stock levels, in thousands of head, compared to those predicted by the 
model, by year 
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Source:  The equation of motion with the empirically-estimated demand equation inserted and data from 
USDA, National Agricultural Statistical Service. 
 
 
 

The Euler Equation 

The demand price for slaughter lambs (pL) and the unshorn subsidy (u) are in dollars per 

hundredweight, and the supply price for slaughter lambs (pS
L) is in dollars per head.  The following 

relationship thus exists between the demand price, the supply price and the unshorn subsidy: 

Equation 18 

p k p uL t t L t
S

t, ,= −  
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 The slaughter lamb price in the equation of motion (equation 16) is a demand price that 

originated from embedding the demand equation.  The Euler equation refers to supply conditions, 

and those slaughter lamb prices are supply prices.  I use the relationship in equation 18 to convert 

slaughter-lamb supply prices in the Euler equation to slaughter-lamb demand prices.  All slaughter 

lamb prices in the model will hence be in terms of dollars per hundredweight.   

I did not estimate the input-output coefficients, aS and aL, that result from the fixed 

proportions assumptions on wool.  There are data on wool output, total flock size and the number 

of ewes and lambs, but no separate data on wool yield per lamb and per sheep.  Administrators of 

the Wool Act based payment rates on observations that the fleece of an adult sheep yielded about 7 

pounds of wool while that of a lamb yielded about 5 pounds of wool (USDA 1998).  I assumed that 

the Wool Act administrators were correct in that lamb fleeces yielded 5 pounds of wool, and I 

subtracted this quantity (5 pounds times the number of lambs) from the total wool output to obtain 

the quantity of wool, say W*.   If these assumptions are correct, when W* is divided by the number 

of ewes, it should yield approximately 7 pounds.  When this operation was performed for each year 

in the data, the mean was 7.06 and the standard deviation was 0.628 (see figure 10).  Wool yields 

per sheep are relatively stable over time.  Growers move towards breeds that are relatively more 

efficient at meat or wool production, depending upon relative prices.  In some cases, when the price 

of wool is very low, it is possible that the cost of shearing wool may exceed its value, and the 

grower would decide not to market the wool.  I assume that wool is usually marketed and that the 

fixed proportions assumptions holds and use 7 pounds as the wool output of an adult sheep and 5 

pounds as the wool output of a lamb. 
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Figure 10 
Wool (pounds) per ewe (assuming that the wool per lamb is 5 pounds), by years 
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Source:  Calculated from data available from the USDA, Economic Research Service. 

 

The Euler equation (equation 10) is rewritten with these changes in equation 19. 

   

Equation 19 
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Empirical analogs were available for all terms in the Euler equation.  Instruments available 

in the current information set were used for all future dated variables.  As discussed on page 38, 

time-varying coefficients are used.  An alternative to this approach, whereby these coefficients 

were assumed to follow a linear trend, was used in an earlier iteration of estimating this equation; 

however, the results were not good, and I returned to the use of time-varying coefficients. 
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Different specifications of the marginal cost and convenience yield function were 

considered.  Measures of feed costs (wf), grazing costs (wg) and farm labor costs (wL) were 

generally included in most specifications.  I also used principal component analysis on these three 

cost variables in order to reduce the number of variables in the equation.  Although the first 

principal component accounted for almost 90 percent of the variation in these series, inclusion of 

the variables themselves improved the global statistics.  Theoretically, marginal costs may be a 

function of the size of the lamb crop as well as the size of the breeding stock.  The estimate of “h” 

varied little whether only breeding stock or both the lamb crop and the breeding stock were 

included.  Also, the lamb crop is proportional to the breeding stock.  Therefore, it was decided to 

include specifications with only the breeding stock variable.  A specification that could arise from a 

cubic cost function, which includes a squared breeding stock term and a cross product term 

between the first principal component of the input costs (wX) and breeding stock, was tested.  This 

nonlinear specification is more consistent with the concept of convenience yield. 

Because Euler equations are notoriously difficult to estimate, some extra parameters were 

added to test the specification.  These extra parameters are the t0, tP and tW  shown in equation 20. 

 

Equation 20 

(
) (

p u t d s t p u k t p c w c w c w c w y

h y h y d d g s t s p u k t p c w

c w c

L t t t At p L t t t w wt f ft g gt l lt xy xt t

t t t t t At p Lt L t t t w wt f ft

g gt

, ,

,

( ) [( )

] ( ) [( )

+ + − + + + + + +

+ + − + + +

+ +

+ + + + + + + +

+ + + + + + + + + +

+

0 1 1 1 1 1 1 1 1

1 1 2 1
2

1 1 1 2 2 1 2 2

2

7

5

)l lt xy xt t t t p tw c w y h y h y e+ + + + ++ + + =2 2 2 1 2 2 2
2 ] ,

 
 

 
 
Note that, except for the different specification of marginal cost and convenience yield, equation 20 

reduces to equation 19 if t0 (an intercept term) equals 0 and tp, and tw equal 1.  The other parameters 

to be estimated are in the marginal cost specification; cf, cg and cl are the coefficients on prices of 
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feed, grazing services and farm labor, respectively.  The h1 is the coefficient on breeding stock; h2 

is the coefficient on the square of breeding stock, and cxy is the coefficient on the product of 

breeding stock and the principal component of the prices of feed, grazing services and farm labor.   

The instruments used were: a constant, current period feed cost, current period grazing 

costs, current period cost of farm labor, current period wool price, slaughter lamb price lagged one 

period and lagged two periods, the wool parity index, previous period lamb crop, the U.S.-Australia 

exchange rate, breeding stock times the first principal component of the costs of grazing, feed and 

farm labor, current period breeding stock and current period breeding stock squared.  There were 

thus 13 instruments to estimate 9 parameters. 

Examination of the autocorrelation plots resulting from this estimation revealed borderline 

AR(1) correlation in the residuals.  I added a first order autocorrelation term for the residuals.  An 

alternative to the use of the autoregressive error term would be to include a time trend as an 

instrument.  The equation with the first order autocorrelation term, which now has 13 instruments 

and 10 parameters including the autoregressive error term, was re-estimated. 

The IGMM estimator converged in 14 iterations with the objective function very close to 0.  

The summary global statistics are shown in the following tabulation.  The HORT statistic is very 

good and fails to reject the hypothesis that the overidentifying restrictions are consistent with the 

data.  The Ljung Box statistic fails to reject the hypothesis that there is no autocorrelation in the 

first six lags of the residuals. 
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Objective 0.003209 

T = number of observations minus   

number of lags 
49 

Objective*T   (HORT) 0.1572 

Pr(Objective*T) > (Χ23) 0.9842 

Ljung-Box Statistic (6 lags) 3.51 

Pr(Ljung-Box) > (Χ26) 0.7429 

 

 

 The parameter estimates are shown in the following tabulation.  The intercept term t0 is 

significant and thus provides some evidence against the theoretical model.  The other test 

parameters, tP and tW, are not significant and do not repudiate the theoretical model.  The AR(1) 

error term is not significant but improves the fit of the model.  All first stage R-squares were one. 

The cost parameters have the expected signs.  Parameters associated with feed costs, 

grazing costs, and farm labor are all negative as expected, and the estimates for grazing costs and 

farm labor are significant.  The parameter associated with breeding stock  (h1) is significant at the 

10 percent level, although the parameter estimate associated with the square of breeding stock (h2) 

is not significant.  The negative value of h1 and the positive value of h2 imply that marginal costs 

are downward sloping in cost-breeding stock space up to 10,666 head and positively sloped 

thereafter.  Breeding stock levels ranged from a low of 4,228 to a high of 22,406 with a median of 

10,083. 
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Parameter Estimate 
Approximate 

Standard 
error 

t-value Pr > |t| 

 t0    284.5481 84.8837 3.35 0.0018 

 tp    0.699525 0.4487 1.56 0.1271 

 tw    0.566744 2.7643 0.21 0.8386 

 cf    -1.12205 9.9283 -0.11 0.9106 

 cg    -1.27754 0.3429 -3.73 0.0006 

 cl    -4.26761 1.8586 -2.30 0.0271 

 h1     -0.00797 0.00419 -1.90 0.0644 

 cxy   0.000147 0.000100 1.48 0.1470 

 h2    3.736E-07 3.697E-07 1.01 0.3184 

 AR(1) error 0.500147 0.6848 0.73 0.4696 

 

 

 This empirical version of the Euler equation is compared to actual data in figure 11.  The 

correspondence between the data and the model appears to be very good.  The percent rms statistic 

is 0.0658 and Theil’s U statistic is 0.0319, which are acceptable levels. 

Overall, the global statistics are encouraging, and the parameter estimates have the 

expected sign.  Given the good fit and the significance of the intercept term, the empirical version 

of the Euler equation will be used in lieu of the theoretical version. 
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Figure 11 
Actual slaughter lamb prices compared to those predicted by the empirical Euler equation, 
by years 
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Source:  The empirical Euler equation and data available from the USDA, Crop Reporting Board and the 
National Agricultural Statistical Service.   

 

 

 

Demand for Domestically-produced Wool 

The demand for wool was viewed as a derived demand, as might be derived from a profit 

function for the apparel industry.  As such, the quantity demanded of domestic wool is viewed as a 

function of its own price, the prices of other factors of production including potential substitutes 

and an output price.  The price of domestic wool (pW), as previously discussed, was used in the 

model.  Inputs needed to produce apparel include cloth inputs, such as wool, synthetics and cotton, 

labor and capital.  Wool may be imported or domestic, so the price of imported wool, piw, is used in 
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addition to the price of domestic wool.  Data on unit values of imported wool are available from the 

U.S. Department of Commerce.  Price indexes from the U.S. Bureau of Labor Statistics (BLS) were 

used for the prices of synthetics (ps) and cotton (pc).  The output price was an overall index of 

apparel prices (pA), which was available from the BLS.  For labor costs, the wage of apparel 

workers (waw), which is also available from the BLS, was used.  These data were only available 

beginning in 1975, so the data dates from 1975 to 2000.  The untransformed linear equation shown 

in equation 21 was estimated. 

 

Equation 21 

Wool f f p f p f p f p f p f wt w w t i iw t A A t c c t s s t aw aw t= + + + + + +0 , , , , , ,  

 

I estimated equation 21 with the IGMM estimator.  The domestic wool quantity (wool) and 

its current price (pW) were considered endogenous.  Instruments included a constant, the one-year 

T-Bill rate, domestic wool price lagged one period, the wool parity index, the price of grazing, mill 

output, the world price of wool, apparel price, price of synthetics, cotton price and the apparel 

workers wage.  There were thus 11 instruments to estimate 7 parameters.  The IGMM estimator 

converged after 10 iterations. 

 

 The global statistics are shown next.  The hypothesis that the over-identifying restrictions 

are consistent with the data is not rejected, as the p-value is 0.4964.  The p-value on the Ljung-Box 

statistic indicates that the hypothesis that the first six lags of the residuals are white noise cannot be 

rejected.  Thus, the model is not rejected. 
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Objective 0.1352 

T = number of observations minus   

number of lags 
25 

Objective*T   (HORT) 3.3796 

Pr(Objective*T) > (Χ24) 0.4964 

Ljung-Box Statistic (6 lags) 4.08 

Pr(Ljung-Box) > (Χ26) 0.6658 

 

 

Parameter estimates are shown next.  

 

Parameter Estimate 
Approximate 

standard 
error 

t-value Pr > |t| 

f0 30.69911 27.6469 1.11 0.2814 

fw -18.9235 10.8656 -1.74 0.0986 

fi 6.481699 3.0692 2.11 0.0489 

fA 0.547823 0.1248 4.39 0.0004 

fc -0.11861 0.0575 -2.06 0.0539 

fs 0.642477 0.0791 8.12 <.0001 

faw -0.33124 0.0608 -5.45 <.0001 

  

 

The own-price estimate (fw) is negative as expected and significant at the 10 percent level.  Of the 

potential substitutes, synthetics (fs) and imported wool (fi) have positive and significant coefficients 

as expected, although cotton (fc) has a negative coefficient, which may imply that it is a 

complement.  The output price parameter (fA) is positive as expected, and the parameter on apparel 
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wages (faw) is negative as expected.  The implied own-price elasticity of demand at the sample 

means is -0.227. 

 Overall the fit is good, and the parameter estimates are as expected.  Thus, the estimates are 

accepted. 

 

Demand for Imported Lamb Meat 

 An equation for the demand for imported lamb meat was estimated.  Lamb meat is a final 

consumer product, and demand for imported lamb meat is viewed as a function of its own price, 

prices of potential substitutes and income.  Potential substitutes include domestic lamb meat, beef, 

pork and poultry.  In keeping with past practice in this dissertation, the demand for imported lamb 

meat (FM) is viewed as the following linear specification, where all variables are as previously 

specified, and the a's are parameters to be estimated. 

Equation 22 

FM a a p a p a p a p a p a Mt f f m m b b c c h h M= + + + + + +0  

 

 The SAS Autoreg procedure was used with the possibility of autocorrelated  errors of up to 

4 lags.  Eliminating any lags of the error variable that are not significant at the 5 percent level 

resulted in the inclusion of a first order serial correlation term.   The initial estimation with all 

variables resulted in the parameters corresponding to the prices of pork and poultry being highly 

insignificant; both had p-values greater than 0.9.  These two variables were eliminated, and the 

model was rerun with the following explanatory variables:  the price of imported lamb meat, the 

price of domestic lamb meat, a price index for U.S. beef and the U.S. income level.  The same error 

structure resulted in this version.  The resulting model had a mean squared error of 39.95, a total R-

square of 0.898 and a Durbin-Watson statistic of 1.882, which implied a p-value for positive 

autocorrelation (probability < Durbin-Watson) of 0.252 and a p-value of negative autocorrelation of 
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0.748.  Thus, I concluded that the model fit was acceptable and that there was very little 

autocorrelation left in the error term.  The parameter estimates are shown in the table below. 

 

Parameter Estimate Approx. standard 
error 

t value Pr > |t| 

Intercept -66.3451  20.3698  -3.26  0.0021  

af     -4.3163  3.0251  -1.43  0.1605  

am     0.1758  0.0752  2.34  0.0240  

ab      0.0784  0.1017  0.77  0.4445  

aM       0.0244  0.003695  6.60  <.0001 

AR1     -0.7635  0.1099  -6.95  <.0001 
 

 

 The own-price term (af) is negative as expected, although it is not significant at 

conventional significance levels.  This parameter estimate implies an own-price elasticity of -0.300 

at the sample means of the variables in the model.  The parameters on domestic lamb meat (am) and 

beef (ab) are positive as expected and indicate that they are likely substitutes, but only the estimate 

for domestic lamb meat is significant.  The positive and significant term on income (aM) indicates 

that as incomes have increased, more imported lamb meat has been consumed.  Although the 

significance of the own-price term is low, the overall model fit and other parameter estimates 

appear adequate, and the model is accepted. 
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VI.  SIMULATION OF EQUILIBRIUM QUANTITIES AND PRICES 
 
 First, I present a base case that shows the equilibrium sequence of expected slaughter lamb 

quantities and prices based on exogenous policy variables as they actually occurred.  Secondly, I 

simulate prices and quantities that would have occurred if the Wool Act had been reauthorized in 

1996 and remained in place through 2000.  Next, I simulate the imposition of a tariff-rate quota on 

imports of lamb meat.  The tariff-rate quota is imposed beginning in 1998 and ends in 2000, which 

is similar to three-year Escape Clause intervention that actually occurred.  The model developed 

here includes joint outputs where policy variables, such as production subsidies and protection from 

imports, affect the equilibrium sequence of quantities and prices of the joint outputs.  Imported 

lamb meat, which is modeled as a separate product, affects the demand for domestic lamb meat 

because imported lamb meat and domestic lamb meat are substitutes and indirectly affects the 

demand for slaughter lambs.  In a manner similar to the decision making process of a flock owner, I 

simulate how prices and quantities respond to exogenous variables period by period incorporating 

new information as it becomes available.  This analysis is similar to Sargent’s (1987) generation of 

equilibrium prices and quantities from difference equations that result from an optimization 

process. 

 

Base Case 

Consider the empirical version of the Euler equation, which was reported in equation 20.  

This equation is linear in the parameters except for the terms involving the breeding stock level.  To 

employ the theory of linear difference equations, I force this term to be linear by the following 

procedure.  As previously explained, the terms h1yt+I+h2y2
t+I define a parabola in cost-breeding-

stock space.  I reduce this second-degree term to a first-degree term by taking a first order Taylor 

expansion, which defines a line tangent to the parabola.  By doing this at a large number of points, 

s, one could include a large number of tangent lines that very closely approximates the parabola.  I 
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am concerned with the time period from 1996 to 2000, a segment when the breeding stock level 

monotonically decreased from 5134 to 4228, a relatively small range, and where the parabola does 

not change directions.  I calculate the first order Taylor expansion about 4681 (the midpoint of 

4228 and 5134) and use the resulting coefficients in place of the estimated coefficients including 

the squared term.  I thus make the following substitution into equation 20 where his refers to the 

Taylor series coefficients for this segment, s. 

 
h y h y h h y for it i t i s s t i1 2

2
1 2 1 2+ + ++ ≈ + = ,  

 
 After making this substitution, the empirical version of the Euler equation (equation 20) 

becomes a linear second-order difference equation in pL,t and a first-order difference equation in 

yt+1 with time-varying coefficients.  I move these endogenous variables to the left-hand side and 

rewrite the equation using the backshift operator B (Bxt=xt-1 and B-1xt=xt+1), as shown in equation 

23. 
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The empirical equation of motion (equation 16) is a linear second-order difference equation 

in yt+1 with time-varying coefficients, and it also contains the endogenous variable pL,t.  In a manner 

similar to equation 23, I rewrite this equation as a polynomial in the backshift operator with the 

endogenous variables on the left hand side, as shown in equation 24.  Note that I continue to use the 
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abbreviated version of demand for slaughter lambs where all exogenous variables, except pf,t, and 

their associated parameters are contained in the term bA,t.  

Equation 24 

s k b p R B y s k b b p
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Equations 23 and 24 form a system of difference equations in two endogenous variables.  

Multiplying equation 23 by –sAtktbL and multiplying equation 24 by P(B-1) and adding the two 

equations together results in an equation in one endogenous variable, yt+1, as shown in equation 25. 

 
Equation 25 
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Expanding out the polynomials results in a fourth order equation in yt.  I choose to write 

the fourth order scalar equation as a first order matrix equation, as shown in equation 26. 
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Equation 26 
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The αit’s are the time-varying coefficients, and the vector Yt contains the endogenous 

variables.  The term Xt is known as the forcing term; it contains the exogenous policy variables, the 
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ut’s, the pw,t’s and the pft’s.  Given a starting period t0 and four initial values Y0=[y0  y1  y2  y3]′, the 

solution is given by the variation of parameters formula as shown in equation 27.24 

Equation 27 
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Equation 27 contains supply and demand factors and dynamic factors from the equation of 

motion and the Euler equation.  It produces an equilibrium sequence of breeding stock that depends 

upon the initial values and the set of exogenous factors in the forcing term Xt.  After this equation 

generates an equilibrium breeding stock level, the equation of motion, which embeds the slaughter 

lamb demand equation, can be used to calculate the associated equilibrium slaughter lamb price.  

The generated equilibrium breeding stock level is the beginning breeding stock level in the 

upcoming period.  The equation of motion embodies the relationship between the current period’s 

slaughter lamb quantity and the upcoming period’s breeding stock level.  Thus, the slaughter lamb 

price will be for the current period. 

To generate a set of equilibrium slaughter lamb prices and breeding stock quantities for the 

base case for comparison purposes from 1996 to 2000, I take the breeding stock levels from 1993 to 

1996 as starting values.  The values of the policy variables are as they actually occurred; the ut’s are 

set equal to 0, and the wool price is the national average price without any subsidies, and the price 

of imported lamb meat is not affected by additional restrictions.  The values of the other exogenous 

variables are set to their 1996 levels and held constant.  Then, equation 27 is used to generate the 

one-period-forward breeding stock levels from 1996 to 2000.   The equation of motion is then used 

to determine the slaughter lamb prices.  (Results for the base case and the other cases are shown at 

the end of this chapter in table 6.) 

                                                           
24 See Elaydi, An Introduction to Difference Equations, p. 116. 
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Re-imposition of the Wool Act 

 Next, I generate equilibrium slaughter lamb prices and breeding stock quantities assuming 

that the Wool Act was reauthorized and went into effect in 1996.  Effects vary depending upon 

whether the changes are temporary or permanent and anticipated or unanticipated.  A temporary 

subsidy only benefits producers during the period of the subsidy.  If a future subsidy is anticipated, 

its effects are felt before it is imposed.  To model the effects of a subsidy on wool production, it is 

assumed that the Wool Act was permanently (at least for the period of analysis) reinstated in 1996 

and that producers did not anticipate its re-imposition.  Thus, no effects are felt before the Act is 

reimposed, and the phase-out during 1994 and 1995 still took place.   

With reenactment of the subsidies, producers receive the support price (SP) for wool 

whenever it exceeds the market price (pW), and producers are paid an unshorn subsidy (u) for each 

slaughter lamb sold.  Within a single period, wool is inelastically supplied as long as the market 

price exceeds shearing and marketing costs because of the fixed portions assumption.  Here, the 

support price exceeds the market price, and the wool price exceeds the shearing and marketing 

costs.  From period to period, wool supply varies, and the producer considers wool prices when 

making the slaughter-retention decision.   

 The Wool Act is re-imposed as a policy experiment according to the 1988 formula.  For 

example, the 1998 wool support price is 76.4 percent of 62¢ times the average wool parity price 

from 1994-1996 divided by the average parity price from 1958 to 1960.  The unshorn subsidy is the 

difference between the wool support price and the national average price times 0.8 times 5.  This 

methodology was used to calculate the prices in table 3. 
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Table 3 
Exogenous policy changes under the hypothetical re-enactment of the  
Wool Act 

Year Wool Support Price Unshorn subsidy 

1996 $2.36 $6.65 

1997 2.43 6.42 

1998 2.52 7.76 

1999 2.57 8.81 

2000 2.55 8.95 

Source:  Calculated from wool parity prices and national average wool prices. 

 

 

The exogenous policy changes in table 3 were imposed on the model by altering the 

forcing term in equation 27.  The breeding stock level in the 1996, the year the Act was 

hypothetically reimposed, was already set and did not change.  Imposing the changes for 1996 on 

equation 27 generates an equilibrium breeding stock level for the upcoming period (1997).  

Through the equation of motion, the breeding stock level for the upcoming period determines a 

slaughter lamb price for the current period (1996).  The exogenous factors pertinent to 1997 are 

added to the forcing term, and equation 27 is recalculated to generate a new breeding stock level for 

1998.  I continued to move forward in time until equilibrium breeding stock levels and prices were 

computed up through year 2000.  (See table 6.)  An interpretation of the results is given in the 

“Results” section at the end of this chapter. 

 

Imposition of a Tariff-rate Quota 

 A trade restriction on imported lamb meat was hypothetically imposed.  The intervention is 

very similar to the actual Escape Clause intervention discussed in the background section, although 

the correspondence is not exact.  I impose the hypothetical intervention on top of the base case, as 

if no other intervention were in place.  Strictly speaking, the base case included a trade intervention 
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for part of this period, although it did not begin as soon as the one here, and an out-of-court 

settlement was later reached that terminated the intervention, as explained in the background 

section.  While I could have analyzed the intervention as it actually took place, the advantage of 

imposing the hypothetical intervention is that the full effects of an intervention can more easily be 

seen.   

A TRQ consists of a within-quota tariff, an over-quota tariff and a quota break point where 

the tariff rate switches from the within-quota rate to the over-quota rate, as shown in figure 14, 

which is for the case when the imported good is inelastically supplied, as pertains here.  The United 

States receives a relatively small portion of world lamb meat exports, and the small-country 

assumption applies.  The price that prevails after the tariff is imposed depends upon where demand 

intersects the effective supply.  With the TRQ, effective supply is kinked and equal to (1+w)Pf 

before the quota break and to (1+o)Pf after the quota break.  If demand intersects the effective 

supply before the quota break, then the within-quota tariff applies, and the price is (1+w)Pf in 

figure 12.  If demand intersects the effective supply after the quota break, the higher over-quota 

tariff applies, and (1+o)Pf becomes the market price.  Policy makers often try to design TRQs so 

that demand falls in the kink between the within-quota tariff and the over-quota tariff.  In such 

cases, the TRQ acts like a quota and restricts imports to the quota break point.  At this point, the 

market-clearing price may be at (1+w)Pf, (1+o)Pf, or somewhere in-between. 
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Figure 12 
Demand for imported lamb meat, elastic supply of imported lamb meat (Pf), effective price if 
the within quota tariff prevails (1+w)Pf, and effective price if the over quota tariff prevails 
(1+o)Pf 

0 

Pf
(1+w)Pf

(1+o)Pf

Source:  Schematic graph to explain a TRQ created by author. 

 

The TRQ is hypothetically imposed for three years.  The rationale for the timing of TRQs 

in Escape Clause cases is that the domestic industry is directed to use this time to become more 

competitive with imports.  The within-quota tariff rate, the over-quota tariff rate and the quota 

break points, which are announced at the beginning of the intervention, are shown below in table 4.  

The within-quota and over-quota tariff rates and the break points are identical to the actual 

intervention, but the intervention began mid-year and was terminated with almost a year left.  The 

over-quota tariff is initially set quite high at a 40 percent rate.  The tariff rates decrease in the latter 

years of the intervention, and the quota break points increase, both of which makes the TRQ less 

restrictive. 
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Table 4 
Exogenously imposed tariff-rate quota 

Year Within-quota tariff Over-quota tariff Quota break point 
(kilograms) 

1998  0.09 0.40 31,851,151 

1999  0.06 0.32 32,708,493 

2000  0.03 0.24 33,565,835 

Source:  The within-quota and over quota tariffs and quota break points are the same as 
those in Presidential Proclamation 7208 of July 7, 1999, but the implementation period is 
advanced by approximately six months.  
 
 
 

 To see which type of tariff rate applies, actual quantities of imported lamb meat and the 

quantities that would have prevailed if only the within-quota tariff had been applied and the 

quantities that would have prevailed if only the over-quota tariff had been applied are shown in 

table 5.  When application of the within-quota tariff results in imports greater than the quota break 

point, but the over-quota tariff results in imports less than the quota break point, demand intersects 

the effective supply at the kink.  Comparing the quantities with the quota breaks in table 4, I 

conclude that, with the TRQ, demand would intersect the lower segment of effective supply in 

1998, be at the kink in 1999 and intersect the upper portion of effective supply in 2000.   

 

Table 5 
Lamb meat imports under different tariffs 

Year Actual lamb meat 
imports 

Lamb meat imports with 
within-quota tariff 

Lamb meat imports with 
over-quota tariff 

1998  31,851,151 30,991,170 28,029,013 

1999  33,851,095 33,241,775 30,601,390 

2000  38,753,666 38,404,883 35,963,402 

Source:  Department of Commerce trade data and author calculation. 
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The TRQ was imposed with the within-quota tariff for 1998 and the over-quota tariff for 

2000.  For 1999 when demand intersects the kinked part, it is assumed that the price level is based 

on an average of the within-quota price and over-quota price weighted by the proportion that 

imports with the lower tariff would have exceeded the quota break point.  The price of imported 

lamb meat, thus, increased by 9 percent in 1998, by 6.9 in 1999 and by 24 percent in 2000.  After 

2000, price levels will return to the base level.  These exogenous changes were imposed on the 

forcing term in equation 27, and the same procedure was used to compute the equilibrium breeding 

stock levels and prices here as was used to compute the effects of the wool subsidies.  (The results 

are shown in table 6.) 

 

 

The Wool Act and the Tariff-Rate Quota 

 It is conceivable that wool subsidies and import restrictions could be implemented together, 

and the domestic industry would surely benefit from both interventions.  Here it is assumed that 

both of the just-discussed interventions were imposed.  Because the hypothetical re-imposition of 

Wool Act began before the TRQ, this dual intervention yields identical results in 1996 and 1997 as 

the Wool Act.  Thereafter, the TRQ is imposed together with the Wool Act by inserting the support 

price, the unshorn subsidy and the higher price for imported lamb meat into the forcing term of 

equation 27, and making the same calculations as in the other interventions.  The resulting 

sequence is shown in table 6. 
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Results 

 The equilibrium prices and quantities for the base case, the Wool Act, the TRQ and the 

Wool Act and TRQ together are shown in table 6.  

 
 
Table 6 
Equilibrium quantities and prices under different scenarios 

Base case Wool Act TRQ Wool Act and 
TRQ Year yt+1 pL,t yt+1 pL,t yt+1 pL,t yt+1 pL,t 

1996  4824 86.30 4950 90.55 - - 4950 90.55 

1997  4795 78.67 5060 86.73 - - 5060 86.73 

1998  3826 66.99 4369 72.09 3803 67.19 4343 72.26 

1999  3395 71.37 3761 77.29 3368 71.41 3731 77.43 

2000  3434 77.30 3717 80.21 3366 77.84 3643 80.66 

 
Source:  Calculation from equation 27.  

 

 

When the Wool Act is hypothetically reimposed, owners attempt to increase flock size to 

take advantage of the subsidized wool prices, so the breeding stock levels (yt+1) exceed those of the 

base case.  The owners increase flock size by holding back slaughter lambs; with fewer slaughter 

lambs marketed, slaughter lamb price increases.  Thus, imposition of the Wool Act raises the 

equilibrium breeding stock levels above the level of the base case.  Although under the Wool Act 

the next period’s breeding stock level in 1997 exceeded that of 1996, the breeding stock levels 

resumed their decline after 1997 in a manner similar to the base case.  It is likely that this feature of 

the model results from the αit’s that are based on parameters that were estimated from data, in 

which the breeding stock was in a long-term decline.  During much of this decline, the Wool Act 

was in place, and, as Whipple and Menkhaus noted, the Wool Act appears to have abated the 
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decline, but it did not prevent it.  Naturally, if the price shock is strong enough, breeding stock 

levels may increase, as between 1996 and 1997 in the case of Wool Act.  

If breeding stock levels increased significantly over the long run, slaughter lamb supply 

would eventually expand, and the price increases, compared to the base case, would be diminished 

or eliminated.   As shown in figure 13, the gap between prices under scenarios that contain the 

Wool Act appear to be narrowing by 2000. 

With imposition of the TRQ, the price of imported lamb meat increases, which shifts out 

the demand for slaughter lambs.  Increased demand results in higher slaughter lamb prices, and 

owners take advantage of the higher prices by selling more slaughter lambs, which decreases the 

number of new recruits into the breeding stock.  Breeding stock levels are thus below those of the 

base case (figure 14).  Slaughter lamb owners could not continue to increase the quantity of lambs 

slaughtered indefinitely because it would deplete the breeding stock and would eventually decrease 

the availability of slaughter lambs.  Convenience yield, however, would become significant as the 

size of the breeding flock diminished and would prevent the breeding flock from vanishing.  In a 

linearized model as implemented here, it would be possible for simulated breeding stock to become 

negative.  If this became an issue in a particular application, one could take Taylor series 

approximations at a greater number of points to allow marginal convenience yield to rise at low 

breeding stock levels.  The 201-204 legislation recognizes that the adjusted industry after the tariff 

remedy may be smaller than the original industry.  The temporarily higher prices present an 

opportunity to the marginal producer to liquidate his or her flock and exit the market. 

Because of the somewhat weak association between the demand for slaughter lambs and 

the price of imported lamb meat, the effects on the equilibrium sequence of breeding stock and 

slaughter lamb prices are small. 
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Figure 13 
Simulated slaughter lamb prices under different scenarios, 1996-2000 
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Source:  Simulation from equation 27. 
 
 
 
Figure 14 
Simulated breeding stock levels under different scenarios, 1996-2000 
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Source:  Simulation from equation 27. 
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When both the Wool Act and the TRQ are imposed in years 1998-2000, the effects of 

owners shifting back supply somewhat and the demand for slaughter lambs increasing from the 

higher price of imported lamb meat result in the highest prices for slaughter lamb of any scenario.  

Because demand has shifted outward, however, owners do not hold back as many ewe lambs to 

increase breeding stock.  Breeding stock levels, though higher than the base case, are not as high as  

those under the Wool Act alone.  The weak effect of the TRQ does not result in a large change  

from the effects of the Wool Act alone. 
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VII. CONCLUSION 

Economic aspects of this dissertation began with the formulation of a dynamic profit 

function.  Optimization resulted in an Euler equation that was empirically estimated by the 

generalized method of moments.  The demand for slaughter lambs was also estimated by the 

generalized method of moments.  The demand for slaughter lambs was inserted into the equation of 

motion, which together with the empirical version of the Euler equation formed a system of 

variable coefficient difference equations in the breeding stock quantity and slaughter lamb price.  

The solution to these equations led to an equilibrium sequence of breeding stock that depended 

upon initial values and a forcing term that contained the exogenous policy variables.  When an 

equilibrium breeding stock quantity was obtained, the equation of motion could be used to calculate 

an associated equilibrium slaughter lamb price.  The advantage of this approach is that the policy 

variables in the forcing term can be modified to simulate equilibrium sequences for different 

counterfactual policy options. 

Two such options were examined in this paper.  Wool subsidies were shown to increase the 

equilibrium breeding stock level and, at least in the short run, to increase slaughter lamb prices.  

Trade restrictions in the form of a tariff-rate quota were shown to decrease the equilibrium breeding 

stock and to raise slaughter lamb prices.  Specific features of those interventions resulted in the 

wool subsidies having a greater effect on the sheep industry than the tariff-rate quota. 

The approach was notable in that the profit function included joint outputs of wool and 

slaughter lambs.  This setup led to factors pertinent to both slaughter lambs and wool being 

included in the forcing term.  The inclusion of these factors permitted the comparison of different 

interventions such as wool subsidies, which operated primarily by raising the price of wool, with 

trade restrictions, which operated by shifting the demand for slaughter lambs. 

The model through the empirical Euler equation and the equation of motion make the 

dynamics of sheep industry explicit.  The industry cannot quickly adjust flock size, and decisions 
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made today affect future breeding stock levels and flows of slaughter lambs and wool.  The 

equilibrium sequences of breeding stock and slaughter lamb prices could be used as inputs into an 

analysis of producer and consumer welfare. 

The model could be generalized and used in other industries or in sector-wide studies 

where storage and lengthy adjustment periods call for the use of dynamic models.  The model could 

be used with a variety of tax, subsidy and trade interventions.  Many issues addressed in this paper 

commonly arise in policy discussions, such as how imports affect a domestic industry or how long 

it will take an industry to respond to a certain stimulus.  An obvious extension of the model in 

trade-related cases would be to include the effects on foreign producers.  This inclusion would 

require information about the supply conditions in the foreign country but would enable a more 

complete view of the benefits and costs of the policy changes. 

The model requires substantial amounts of data, and the reporting period for the data 

should match any important periodicity in the production process.  Acquisition of adequate data 

series is often difficult.  This model used aggregate public data, and several simplifying 

assumptions were made, as described in the report.   

The statistical estimation of the parameters appeared adequate, although some problems, 

such as autocorrelation occurred.  Euler equations are notoriously difficult to estimate, and at least 

one researcher (Carroll 2001) concluded that the empirical estimation of consumption Euler 

equations should be abandoned because it provides no useful information.  I do not believe that this 

is the case for the type of Euler equation estimated here because the statistical results imply that the 

model explains much of the variation in the data.  The model is complex, however, and could not 

quickly be implemented in situations with tight time constraints. 
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