
 
 

Give to AgEcon Search 

 
 

 

The World’s Largest Open Access Agricultural & Applied Economics Digital Library 
 

 
 

This document is discoverable and free to researchers across the 
globe due to the work of AgEcon Search. 

 
 
 

Help ensure our sustainability. 
 

 
 
 
 
 
 
 

AgEcon Search 
http://ageconsearch.umn.edu 

aesearch@umn.edu 
 
 
 

 
 
 
 
 
 
Papers downloaded from AgEcon Search may be used for non-commercial purposes and personal study only. 
No other use, including posting to another Internet site, is permitted without permission from the copyright 
owner (not AgEcon Search), or as allowed under the provisions of Fair Use, U.S. Copyright Act, Title 17 U.S.C. 

https://makingagift.umn.edu/give/yourgift.html?&cart=2313
https://makingagift.umn.edu/give/yourgift.html?&cart=2313
https://makingagift.umn.edu/give/yourgift.html?&cart=2313
http://ageconsearch.umn.edu/
mailto:aesearch@umn.edu


Optimal Grazing Termination Date for

Dual-Purpose Winter Wheat Production

Karen W. Taylor, Francis M. Epplin, B. Wade Brorsen,

Brian G. Fieser, and Gerald W. Horn

Dual-purpose winter wheat (fall-winter forage plus grain) production is an important eco-
nomic enterprise in the southern Great Plains. Grazing termination to enable grain production
is a critical decision. The objective is to determine the optimal grazing termination date for
dual-purpose wheat. The value of knowing the occurrence of first hollow stem (FHS), a wheat
growth threshold for grazing termination, is also determined. Results indicate that for most
price situations grazing should be terminated at or before FHS. Marginal wheat returns from
extended grazing were negative and the value of FHS information ranges from $1.50 to $10
per acre.

Key Words: dual-purpose, first hollow stem, plateau function, stocker cattle, value of
information, wheat

JEL Classifications: Q12, Q16

In the Southern Plains of the United States, win-

ter wheat may be produced as a dual-purpose

crop in which the fall winter forage may be

used to pasture livestock. If the livestock are

removed in the late winter prior to the time

when the wheat plants emerge from winter

dormancy, the wheat will mature and produce

a grain crop for harvest in June. The wheat may

be planted in September and grazed by live-

stock from mid-November into the late winter.

Most wheat pastures are stocked with young

steers or heifers that are purchased in the fall

and sold at the end of the winter grazing season.

Precise estimates of the number of acres

used to produce dual-purpose wheat in the re-

gion are not provided by the USDA. Pinchak

et al. (1996) hypothesized that between 20–

60% of the acres seeded to winter wheat in the

Southern Plains are used as a dual-purpose

crop. Statewide surveys have found that two-

thirds of Oklahoma wheat acres are intended

for dual-purpose use (True et al., 2001; Hossain

et al., 2004). In a typical year 12 million acres

are planted to winter wheat in New Mexico,

Oklahoma, and Texas. It is likely that more

than half, 6 million acres, are managed to

produce dual-purpose wheat and provide fall-

winter forage for 3 million stocker cattle

(Brorsen et al. 1983; Coulibaly, Bernardo, and

Horn, 1996; Epplin, Hossain, and Krenzer,
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2000; Fieser et al., 2006; Hossain, Epplin, and

Krenzer, 2003; Kaitibie et al., 2003a; Ralston

et al., 1990; Redmon et al., 1995; Rodrı́guez

et al., 1990; Whitson et al., 1973; Zhang et al.,

2008). Dual-purpose wheat is also an important

crop in Argentina (Arzadún et al., 2006),

Australia, Morocco, Pakistan, Syria, and Uru-

guay (Rodriguez et al., 1990).

Grazing termination date is critical to the

economic success of dual-purpose winter wheat.

If grazing is terminated too early, livestock

weight gain will be less than what it could be. If

grazing is terminated too late, wheat grain yield

will be reduced. Prior research sought to de-

termine optimal grazing termination date (Fieser

et al., 2006; Horn, 2006; Redmon et al., 1995,

1996). Redmon et al. (1996) concluded that

grazing should be terminated at the first hollow

stem (FHS) growth stage of the winter wheat.

However, more recent research reported by

Fieser et al. (2006) concluded that in times of

high cattle prices and low wheat prices, it would

be economical to graze livestock past FHS.

FHS occurs when the stems of ungrazed

plants begin to elongate and the stem above the

roots, and below the developing head, becomes

hollow. The wheat plant is said to be at FHS

when the hollow stem portion of the plant is one

half inch long. The occurrence of FHS depends

on climatic factors including temperature and

precipitation and on wheat variety. Redmon et al.

(1996) found that when livestock are removed

prior to, or at development of FHS, there is little

or no loss of grain yield due to grazing. However,

grain yield is reduced when cattle are left on

wheat pasture after the development of FHS. If

cattle graze past FHS, they will consume leaves

of the wheat plant that produce photosynthate,

a chemical product of photosynthesis required to

grow the upper leaves of the plant and enable the

head to grow and fill (Edwards et al., 2007).

Maximizing returns from a dual-purpose

wheat enterprise requires an understanding of

the tradeoff between livestock weight gain and

wheat grain yield. Grazing past FHS reduces

wheat grain yield but increases livestock weight.

Redmon et al. (1996) reported that grain yield

fell dramatically (as much as 1.25 bushels per day)

for each day that wheat was grazed past FHS

(Redmon et al., 1996; Krenzer and Horn, 1997).

By this measure, at historical prices, for normal

livestock weight gain from wheat forage, grazing

a single day past FHS would not be economical.

Fieser et al. (2006) found that grain yield

declined nonlinearly with days grazed past FHS.

They concluded that there is a ‘‘safety zone’’

during which cattle may be grazed past FHS

without drastically reducing grain yields. The

two studies (Redmon et al., 1996; Fieser et al.,

2006) came to different conclusions for several

reasons. First, there were differences in the de-

sign and execution of the field trials used to

produce the data. Second, they used different

functional forms. Third, Redmon et al. (1996)

assumed an average daily steer weight gain of

2.4 pounds whereas Fieser et al. (2006) measured

weight gains of over 3.0 pounds per day. Neither

study estimated a cattle price response function

or analyzed the distribution of the occurrence of

FHS. Thus, there is a need to reevaluate weight

gain and grain yield in estimating how cattle and

grain returns are affected by grazing past FHS.

This study was motivated by the incon-

sistent findings of these prior studies. The ob-

jective of this research is to determine the op-

timal grazing termination date for dual-purpose

winter wheat. This study also determines the

value of knowing the occurrence of FHS. In the

model developed here, expected return maxi-

mization is used to determine the optimal

grazing termination date.

Theory

Fall-winter wheat pasture is assumed to be

stocked with young steers. Producers are assumed

to maximize net returns from dual-purpose

winter wheat production that includes revenue

earned from steer weight gain and revenue earned

from wheat grain. The gain in revenue from

grazing past FHS must be weighed against the

loss in grain revenue. The expected profit op-

timization equation is:

(1)

Max
d

EðpÞ5fE½PCðd,WðdÞÞ� � E½WðdÞ�

� CCg � SD 1 E½PY �
� E½Yðd,FHSÞ� � CY ,

where E(p) represents expected profits of a

dual-purpose winter wheat enterprise ($/acre),
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d is steer removal/sale date (where d is equal to

1 on January 1), E[PC] is the expected sale price

of steers ($/cwt), E[W] is the expected weight

of steers on sale day (cwt/head), CC represents

the costs of purchasing steers, bringing them to

market and other costs incurred other than the

cost of wheat pasture ($/head), SD is stocking

density (head/acre), E[PY] is the expected sale

price of wheat ($/bushel), E[Y] is the expected

wheat yield (bushel/acre), FHS is the day of

FHS, and CY represents the costs of producing

wheat ($/acre).

The sale price of steers (PC) depends on the

sale weight (W), and since prices are seasonal,

on the day (d) of the year that they are sold.

Sale price is therefore modeled as a function of

sale weight and sale date. Steer sale weight is

a function of the number of grazing days. The

stocking density parameter is used to convert

steer value to an acre basis. Moderate stocking

density is assumed to have no effect on grain

yield, so stocking density is held constant and is

assumed to affect only steer returns (Redmon

et al., 1996; Kaitibie et al., 2003b).1 The first

order condition for the optimal grazing termi-

nation date is:

(2)

¶EðpÞ
¶d

5
¶fE½PCðd,WðdÞÞ � EðWðdÞÞ � SDg

¶d

1
¶fE½PY � � E½Yðd,FHSÞ�g

¶d
� 0,

where the variables are as previously defined.

Equation (2) can be solved numerically to find

d*, the optimal grazing termination date. Steers

are assumed to be sold at d*.

Value of Information

The distribution of FHS is required to determine

expected returns when FHS date is not known.

The value of FHS information is defined as:

(3)
Value of Information 5 Eðp=W,IMÞ

� Eðp=W,I1Þ,

where E(p/W,IM) is the expected profit given

the information set (W and IM), IM is the level

of available information based on the model of

the distribution of FHS, M represents the num-

ber of models of different levels of information

(M 5 1,. . . ,8), and E(p/W,I1) is the expected

profit given no information. Eight models of

FHS were formulated based on information

about year, variety, and growing conditions of

the wheat plant.

Data

Distribution of FHS data were obtained from

Edwards, Carver, and Payton (2007). These

data include the wheat variety, date of FHS,

heading date, and the cumulative thermal units

present at both the time of FHS and heading.

Data were available from eight years (1998–

2005) for 52 varieties at a location near Still-

water, Oklahoma. Temperature data used to

compute growing degree days were collected

from an on-site weather station. FHS occurred

between February 10 and March 28 across the

52 varieties and eight years.

Steer cash and futures price data were

obtained from the Livestock Market Informa-

tion Center (USDA, 2005). Cash prices were

1 The most common alternative to dual-purpose
wheat in the region is wheat for grain-only. Based on
surveys, Oklahoma producers indicate that typically
they intend to mange two-thirds of their wheat acres
for dual-purpose use (Hossain et al., 2004; True et al.,
2001). This suggests that in the region the expected
returns from dual-purpose wheat exceed the expected
returns from grain-only wheat. However, wheat pro-
duction practices (and production costs) are different
depending on intended use. The optimal seeding rate,
nitrogen fertilizer rate, and planting date are different
for dual-purpose wheat (Epplin, Hossain, and Krenzer,
2000; Hossain, Epplin, and Krenzer, 2003). Small plot
studies have found that the expected grain yield from
the earlier planted dual-purpose wheat is approxi-
mately 90 percent of the expected grain yield from
the later planted grain-only wheat. The value of
grazing must be sufficient to offset the cost of the
additional seed, additional nitrogen, and grain yield
loss. Budget estimates provided by Taylor et al. (2007)
are that the gross value of the grazing is about $60 per
acre; adjusting for the additional cost and grain yield
loss would leave a net value of about $20 per acre. The
net value of grazing is very sensitive to the sale price of
cattle. Epplin, Krenzer, and Horn (2001) reported that
in 16 of 20 years evaluated, the net returns from dual-
purpose wheat exceeded the net returns from grain-
only wheat on average $11 per acre. The difference in
net returns of dual-purpose relative to grain-only
ranged from a 2$7 to 1$35 per acre.
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available in 50-pound increments from 1992 to

2006. Steer futures prices were based on the

month of April. The expected price of wheat

was taken from the five-year average Oklahoma

cash price received during June and July from

2000 to 2005 (USDA, 2006).

Steer weight gain and wheat grain yield re-

sponse data were obtained from the four-year

study reported by Redmon et al. (1996) and the

Fieser et al. (2006) two-year study. The mean

wheat yield from both previous studies can be

found in Figure 1. Both experiments were con-

ducted at the Wheat Pasture Research Unit near

Marshall, Oklahoma (Kaitibie et al., 2003b).

Procedure

The model requires a distribution of FHS dates,

a cattle price response function, a cattle gain

function, and a wheat grain yield function. The

occurrence of FHS is stochastic because it is

affected by weather, but a distribution of FHS

can be estimated.

Distribution of FHS

The FHS data reported by Edwards, Carver,

and Payton (2007) were used to estimate eight

models of FHS distributions. Because collect-

ing data on FHS could be expensive for some

producers, we consider several models with

less than perfect information. Currently pro-

ducers in the region have several options re-

garding how to determine when to remove

livestock from dual-purpose wheat. One option

is to remove the cattle at the same calendar date

each year. Based on survey results (Hossain

et al., 2004) many producers use this method

and based on tradition and experience remove

cattle from wheat on or near a fixed date each

year. The average calendar date for removal as

reported by producers is March 3 which is close

to the average date of FHS of March 6 reported

by Edwards, Carver, and Payton (2007).

Equation (4) is used to represent this calendar

date strategy. It is referred to as a zero in-

formation system, which means that it assumes

that the farmer follows a calendar date strategy

and does not use the information provided by

agronomists for the specific year and variety.

(4) FHSi 5 a0 1 ei,

where FHSi is based only on the intercept, a0,

and an error term represented by ei where

ei ;
iid

Nð0,s2
eÞ. The estimate of this intercept is

Figure 1. Mean Wheat Yields Relative to First Hollow Stem (FHS) (Wheat yields relative to FHS

and date of grazing termination for six production seasons at the Wheat Pasture Research Unit,

Marshall, OK. Wheat yields in years 1990–1994 are based on Redmon et al. [1996] and wheat

yields in 2003 and 2005 are based on Fieser et al. [2006].)
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the average date of FHS across the eight years

for which data were available.

Since the weather is different across years,

producers that follow a calendar date strategy

forgo additional livestock weight gain and

value in years when the animals are removed

prior to FHS, and suffer a reduction in wheat

yield and value in years when steers are re-

moved after FHS. Over the period from 1998 to

2005, Edwards, Carver, and Payton (2007)

found that FHS occurred between February 10

and March 28, depending on year and variety.

Following a calendar date, the ‘‘no informa-

tion’’ strategy, could be costly.

A second option that has become available

to producers in the last decade is to consider

information provided by state agronomy ex-

tension wheat production specialist. Because of

the importance of FHS, beginning in February,

agronomists monitor the occurrence of FHS at

several locations across the region and provide

frequent updates via web sites, e-mail, and

newsletters. This information is also dissemi-

nated via mass media – radio and newspapers.

Producers can then use the information re-

garding the growth of wheat plants in the region

to make decisions regarding their fields. The

purpose of Equation (5) is to determine the

value of this regional information that is pro-

vided to producers during the growing season

each year. In this context, ‘‘year’’ refers to the

current year. The information will be less than

‘‘perfect’’ because conditions for a particular

field may differ from those of the field or plots

used by the agronomists to obtain the regional

information. The second model is based on

estimating FHS when only the year is known.

(5) FHSit 5 a0 1
XT�1

t51

btDit 1 eit,

where FHSit is the date of FHS as a function of

year, a0 represents the intercept, bt is the effect

of year on FHS to be estimated (t 5 1,. . . ,T 2

1), Dit is an indicator variable for year t (where

t is over the range 1998–2005), and eit is an

error term with eit ;
iid

Nð0,s2
itÞ.

Wheat variety also affects date of FHS. The

52 varieties were separated into four classifica-

tions relative to their occurrence of FHS (i.e.

early, middle, late and unknown) (Edwards et al.,

2006). Historical FHS data were not available for

14 of the 52 varieties. These 14 were classified as

unknown. The third model is defined as:

(6) FHSij 5 a0 1
XJ�1

j51

bjVij 1 eij,

where FHSij is the date of FHS as a function of

variety, bj is the effect of variety on FHS to be

estimated ( j 5 1,. . . ,J 2 1), Vij represents an

indicator variable for the variety relative to

timing of FHS (where j is equal to 1 for ‘‘early’’,

j is equal to 2 for ‘‘middle’’, j is equal to 3 for

‘‘late’’, and j is equal to 4 for ‘‘unknown’’), eij is

an error term with eij ;
iid

Nð0,s2
ijÞ, and the other

variables are as previously defined.

The fourth model is based on the combined

knowledge of variety and year:

(7) FHSijt 5 a0 1
XJ�1

j51

bjVij 1
XT�1

t51

btDit 1 eijt,

where FHSijt is the date of FHS as a function

of variety and year, eijt is an error term with

eijt ;
iid

Nð0,s2
ijtÞ, and the other variables are as

defined previously.

Cumulative thermal units are a weather in-

dicator in which larger values represent higher

temperatures and more favorable wheat grow-

ing conditions resulting in an earlier FHS date.

The fifth model assumes that the only in-

formation available is cumulative thermal units:

(8) FHSi5a0 1 bFFHSTUi 1 ei,

where FHSi is the date of FHS as a function of

thermal units, FHSTUi represents the cumula-

tive thermal units present on the day of FHS

in units of cd, and ei is an error term with

ei ;
iid

Nð0,s2
i Þ.2 The Oklahoma Mesonet pro-

vides real time growing degree days (a measure

of thermal units) data online and has the po-

tential to offer prediction of FHS.

Model six includes variety and cumulative

thermal units present at FHS:

2 cd stems from the Latin word Candela for ‘‘can-
dle’’. It is a unit measurement of the intensity of light.
An ordinary wax candle generates approximately one
candela. More specifically, one candela (cd) is the
monochromatic radiation of 540THz with a radiant
intensity of 1/683 watt per steradian in the same
direction.
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(9) FHSij 5 a0 1
XJ�1

j51

bjVij 1 bFFHSTUi 1 eij,

where FHSij is the date of FHS as a function of

variety and FHS thermal units, eij is an error

term with eij ;
iid

Nð0,s2
ijÞ, and other variables

are as defined previously.

Model seven includes the most information:

variety, year, and cumulative thermal units

present at FHS:

(10)
FHSijt 5 a0 1

XJ�1

j51

bjVij 1
XT�1

t51

btDit

1 bFFHSTUi 1 eijt,

where FHSijt is the date of FHS as a function of

variety, year and thermal units, eijt is an error

term with eijt ;
iid

Nð0,s2
ijtÞ, and the other vari-

ables are as previously defined.

Model eight is based on knowing the oc-

currence of FHS with perfect information:

(11) FHSit5FHSit,

where FHSit is the date of FHS and is equal to the

average FHS. In this case, certainty is assumed

and FHS date can be estimated as the annual

mean FHS across the 52 varieties and eight years.

Models 2 through 7 were estimated with the

SAS PROC MIXED command (SAS Institute,

2009). The Shapiro-Wilk test was performed to

test for normality and confirmed that the error

terms are normally distributed. The Breusch-

Pagan test was conducted to test for

heteroskedasticity. It tests whether the esti-

mated variance of the residuals from each re-

gression are dependent on FHS. Hetero-

skedasticity was corrected by weighting each

of the years equally. Thus, in determining the

expected date of FHS, the estimated mean FHS

for each year is determined and the eight years

are given equal weighting. Each of the eight

models of FHS were estimated, corrected for

heteroskedasticity, and used in the equations to

find the optimal grazing termination date,

depending on the varying levels of information.

Price Response

Since many steers are removed from wheat

pastures and sold during the relatively narrow

FHS time period, seasonal price patterns in

the region may be influenced. This temporary

surge in sales should affect cash price and not

futures prices and thus should be reflected in

the basis. The change in the steer price basis

(cash – futures) price was estimated as a func-

tion of weight and selling date, accounting for

a random year effect:

(12)

Basis%Wdt 5 ln
PCðWðdÞ,d,tÞ

PFðtÞ

� �
� 100

5 g0 1 g1 1 g2W2 1 ad

1 b1Wd 1 b2Wd2 1 eWdt 1 mt,

where Basis % represents the basis change

percent, PC is the cash price of steers as a

function of weight (W), removal date (d), and

year (t) in $/cwt, PF is the April futures price of

steers ($/cwt), g0, g1, g2, a, b1, and b2 are pa-

rameters to be estimated, eWdt is a random er-

ror term with eWdt ;
iid

Nð0,s2
eÞ, and mt is a year

random effect with mt ;
iid

Nð0,s2
mÞ. The expec-

ted steer price may be calculated using:

(13)

E½PCðWðdÞ,d,tÞ�5 exp g0 1 g1W 1 g2W2
��

1 ad 1 b1Wd 1 b2Wd2

1 s2
e=2
�
=100

�
� PF ,

where the variables are as defined previously.

The price function was estimated using the

maximum likelihood procedure available in

the SAS PROC MIXED command assuming

year random effects. The steer cash price was

found from weekly prices reported at the

Oklahoma City auction market from 1992 to

2006. The cash prices represent weight ranges

in 50-pound increments between 600–1000

pounds from the first week in January to the

last week in April (i.e. the time frame that the

cattle would be sold). The futures price is

based on April futures prices from the period

1992–2006. Over 1,870 observations were

used to estimate the steer price response

function. The natural log transformation de-

fined in Equation (13) was used to correct for

heteroskedasticity. The expected price of

wheat was assumed to be $2.89 per bushel, the

five-year average Oklahoma cash price re-

ceived during June and July from 2000 to 2005

(USDA, 2006).
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Steer Gain and Wheat Yield Response Functions

The expected steer weight on sale day was es-

timated as:

(14) E½WðdÞ�5 WP 1 ADG � d,

where W is steer weight on sale day (cwt/head),

WP is steer weight on January 1 (cwt/head), and

ADG is steer average daily gain (cwt/head). Ap-

proximately 30% of dual-purpose winter wheat

producers purchase steers in October or No-

vember. The grazing season usually begins in

mid-November. When stocked on wheat the av-

erage initial weight for these steers is 426 pounds

(Hossain et al., 2004). A January 1 steer weight

of 550 pounds was assumed. This was based on

a November 15 expected weight of 426 pounds

and an expected ADG of 2.75 pounds (i.e. 426

pounds 1 2.75 pounds � 45 day� 550 pounds).

The assumed ADG was based on a number

of studies. A survey of producers reported an

average ADG of 2.3 pounds (Hossain et al.,

2004). Fieser et al. (2006) reported an ADG of

3.5 pounds in 2003 and 3.3 pounds in 2005.

Redmon et al. (1996) reported an ADG of 2.43

pounds. Kaitibie et al. (2003a) reported an

expected ADG of 2.59 pounds. In this study

results are computed and reported for ADG

levels of 2.5, 2.75, 3.0 and 3.5 pounds.

Fieser et al. (2006) used a quadratic function

to estimate wheat grain yield (Figure 2a), while

Redmon et al. (1996) used a spline function

(Figure 2b). For the current study, wheat grain

yield is estimated as a function of the time the

steers are removed from the dual-purpose

wheat relative to FHS as well as the occurrence

of FHS. Two functions were estimated: one

with a known and a second with an unknown

switching point. The following model has a

known switching point at FHS:

(15)

Yðdit,FHSitÞ

5

Y 1 nit 1 ut if dit £ FHSit

Y 1 r1ðdit � FHSitÞ1 r2ðdit � FHSitÞ2

1 nit 1 ut if dit>FHSit

8
><

>:
,

where Y is the grain yield (bushels/acre), dit is

the grazing termination date for observation i in

year t, FHSit is the date of FHS, Yis the maxi-

mum wheat yield (bushels per acre) which will

differ by year as it is influenced by weather and

other factors, r1 and r2 are the parameters to

be estimated, nit is an error term where

nit ;
iid

Nð0,s2
nÞ, and ut is a year random effect

term with ut ;
iid

Nð0,s2
uÞ. Independence is as-

sumed between the two variance components,

s2
u and s2

n.

Data from the two-year Fieser et al. (2006)

study and Redmon et al. (1996) four-year study

were used to fit the function. Since the data

points from the two sources were based on

different numbers of replications the variances

were weighted to avoid heteroskedasticity

(Dickens, 1990). The weighted variance is

varðnitÞ5 s2
u 1 s2

n=Nt, where Nt is the number

of replications in year t.

The model with an unknown switching point

was estimated to nest the spline function used by

Redmon et al. (1996) and the quadratic function

of Fieser et al. (2006). The following model has

a switching point specified relative to FHS date:

(16)

Yðdit,FHSitÞ

5

Y 1 nit 1 ut if dit £ FHSit � d
Y 1 r1ðdit � FHSit � dÞ

1 r2ðdit � FHSit � dÞ2 1 nit 1 ut

if dit > FHSit � d

8
>>><

>>>:
,

where d represents an unknown value (days),

and all other variables are as previously defined.

Wheat Yield Estimation

Wheat grain yield was estimated by integrating

the models used to determine the distribution of

FHS:

(17)

E½Yðdit,FHSitÞ�

5

ð‘

�‘

Yðdit,FHSitÞf ðFHSitÞdFHSit,

Since the FHS distributions were based on

eight years of data the expected yield is:

(18)

E½Yðdit,FHSijtÞ�5
XJ

j51

1

J

XT

t51

�
ð‘

�‘

Yðdit,FHSijtÞf ðeijtÞdeijt

� �� �
=T,

where there are J variety categories and T years.

The wheat yield response function (15) may be

used to obtain:
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(19)

E½Yðdit,FHSijtÞ�5
XJ

j51

1

J

XT

t51

�
ð‘

�‘

fminðY ,Y 1 r1ðdit � FHSijtÞ

1 r2ðdit � FHSijtÞ2Þf ðeijtÞdeijtg=T

Based on the distribution assumption of

FHS, the normal density function of eijt is

expressed as:

(20) f ðeijtÞ5
1ffiffiffiffiffiffiffiffiffiffiffi

2ps2
e

p exp �
e2

ijt

2s2
e

 !
,

where eijt ;
iid

Nð0,s2
eÞ and the other variables

are as defined previously.

Profit Maximizing Grazing Termination Date

Given the expected price response function

(13), the expected weight function (14), and the

Figure 2. (a) Fieser et al.’s (2006) Estimated Wheat Yield Response to Different Grazing Ter-

mination Dates Expressed as Days before (2) or after (1) FHS. (b) Redmon et al.’s (1996) Esti-

mated Wheat Grain Yield Relative to FHS of Ungrazed Wheat and Date of Grazing Termination

Over a Four Year Period (1989–1990, 1991–1992, 1992–1993, and 1993–1994) Near Marshall,

Oklahoma
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wheat grain yield function (19), the expected

returns model is:

(21)

Max
d

EðpÞ5

PF expðfg0 1 g1W 1 g2W
2

1 ad 1 b1Wd 1 b2Wd2

1 s2=2g=100Þ
� fWP 1 ADG � dg � CC

2
6664

3
7775SD

1 PY

X4

j51

1

J

X8

t51

ð‘

�‘

fminðY ,Y

2
4

1 r1ðdit � FHSijtÞ1 r2ðdit � FHSijtÞ2Þ

� f ðeijtÞdeijtg=8

3
5� CY

PF was set equal to $81/cwt, the mean April

futures steer price from 1992 to 2006. WP was

set equal to 550 pounds. PY was set equal to

$2.89 per bushel, the five year average price of

wheat in June and July. Stocking density was

set at 0.64 steers per acre, the average stocking

density from previous studies. Expected returns

were optimized for each of the eight models of

FHS distribution for ADG levels of 2.5, 2.75,

3.0, and 3.5 pounds.

The estimated profit model can be ex-

pressed as:

(22)

Max
dM

EðpÞ5

81 expðf49:33� 9:54W

1 0:43W2 1 0:3d

� 0:04Wd

1 0:000025Wd2

1 8:38=2g=100Þ
� f550 1 2:74dg � CC

2

666666664

3

777777775

0:64

1 2:89
X4

j51

1

4

X8

t51

ð‘

�‘

fminð31:87,31:87

2

4

�1:00ðd � FĤSjtÞ1 0:011ðd � FĤSjtÞ2Þ

� f MðejtÞdejtg=8

3

5� CY

,

where W is the selling weight, dit is the optimal

grazing termination date, FĤSjt is the esti-

mated date of FHS depending on variety ( j) and

year (t), and fM(e) is the distribution of the error

term of the selected FHS model. The first order

condition follows:

(23)

¶EðpÞ
¶dM

5
¶

¶d
½81 expðf49:33� 9:54W

1 0:43W2 1 0:3d � 0:04Wd 1 0:000025Wd2

1 8:38=2g=100Þ � f550 1 2:75dg�0:64

1
¶

¶d
2:89

X4

j51

1

4

X8

t51

ð‘

�‘

fminð31:87,31:87

2

4

�1:00ðd � FĤSjtÞ1 0:011ðd � FĤSjtÞ2Þ

� f MðejtÞdejtg=8

3

550

Given the intractable nature of equation (23),

MAPLE software was used to plot the expected

profit (Equation 22) for each model (MAPLE,

2009). A grid search was used to determine the

optimal grazing termination date for each. The

value of information was also calculated for

each of the eight information levels.

Results

The date of FHS differs significantly across

years. Results from the eight models of FHS are

included in Table 1. The seventh model based on

most information (year, variety, and thermal

units at FHS) produced the best fit (R2 5 0.99).

The model is not intended to be used to forecast

the occurrence of FHS in future years, rather to

illustrate distributions of FHS over time and

estimate FHS based on different levels of in-

formation. The estimated values of FHS are in-

cluded in the expected return maximization

equations to determine the value of information.

The estimated steer price function results

are shown in Table 2. Heavier weight steers

receive a lower price per pound, which is

expected. The estimates of basis percent pos-

sess the expected signs and can be used to de-

termine the expected cash price. The expected

weight of cattle at grazing termination was

assumed to be:

(24) E½WðdÞ�55:50 1 ðADG=100Þd,

Selling weight depends on ADG and graz-

ing termination date.

Results for the expected wheat grain yield

function when FHS is known are included in

Table 3. The parameter estimates have the

expected signs. For the combined data the
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Table 1. Estimates of the Distribution of First Hollow Stem (FHS) using Six Models of Regression
(Models 2–7)

Estimatesa

Statistic Definition

Model 4 Model 6 Model 7

Model 2

f(FHS/

Year)

Model 3

f(FHS/

Variety)

f(FHS/

Variety,

Year)

Model 5

f(FHS/

FHSTU)

f(FHS/

Variety,

FHSTU)

f(FHS/

Variety,

Year, FHSTU)

a0 Intercept 54.57* 73.60* 57.59* 38.64* 46.34* 23.97*

(1.56) (1.59) (1.14) (2.49) (2.85) (0.59)

bt51998 1998 1.16 — 0.61 — — 3.35*

(2.99) (2.15) (1.00)

bt51999 1999 7.27* — 6.70* — — 27.71*

(1.90) (1.25) (0.42)

bt52000 2000 8.18* — 7.28* — — 25.33*

(1.92) (1.24) (0.48)

bt52001 2001 23.98* — 22.97* — — 16.32*

(1.60) (1.17) (0.26)

bt52002 2002 25.37* — 24.41* — — 7.71*

(1.88) (1.24) (0.38)

bt52003 2003 17.63* — 16.34* — — 17.24*

(1.71) (1.12) (0.32)

bt52004 2004 8.52* — 7.71* — — 6.90*

(2.05) (1.33) (0.23)

bt52005 2005 — — — — — —

bj51 ‘‘Early’’

Variety

— 210.74* 25.87* — 27.07* 20.47*

(1.96) (0.63) (1.47) (0.21)

bj52 ‘‘Middle’’

Variety

— 27.93* 21.93* — 26.03* 20.03

(2.72) (0.75) (2.40) (0.26)

bj53 ‘‘Late’’

Variety

— 21.18 1.66* — 3.66* 20.25

(1.89) (0.67) (1.50) (0.20)

bj54 ‘‘Unknown’’

Variety

— — — — — —

bF FHS Thermal

Units

— — — 0.08* 0.08* 0.11*

(0.007) (0.007) (0.002)

s2 Variance

of Error

27.70* 96.33* 10.99* 69.74 58.44* 1.30*

(2.99) (9.54) (1.61) (Mean Square

Error)

(7.53) (0.19)

R2 0.71 0.20 0.86 0.42 0.46 0.99

Adj. R2 0.70 0.19 0.86 0.41 0.45 0.99

Test for normality

S-W W statistic 0.98 0.98 0.98 0.99 0.93 0.84

(p-value) (0.02) (0.001) (0.03) (0.03) (0.0001) (0.0001)

Test for heteroskedasticity

B-P F value 71.52 16.75 124.19 145.36 43.41 1233.27

(p-value) (0.0001) (0.0001) (0.0001) (0.0001) (0.0001) (0.0001)

Notes: FHSTU represents cumulative thermal units (cd) present after January 1 at the wheat growing location in Stillwater,

Oklahoma. The parameter estimates were estimated using an analysis of variance (ANOVA) model and PROC MIXED in SAS.

Normality tests were performed to test if the errors were normally distributed. The Shapiro-Wilk (S-W) test confirms that all the

errors are normally distributed. Heteroskedasticity tests were done to test if the variance of the disturbance term is constant. The

Breusch-Pagan (B-P) test shows that heteroskedasticity exists, so regression was corrected.
a Asymptotic standard errors are shown in parentheses.

* Represents significance at the 5% level.
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estimates indicate that for the initial day cattle

are grazed past FHS, wheat yield is expected to

decrease by approximately one bushel per acre

and continue to decline at a decreasing rate as

grazing continues.

A chart of five wheat grain yield functions is

contained in Figure 3. The chart includes the

graphs of the original Redmon et al. (1996)

function; the original Fieser et al. (2006)

function; the Redmon et al. (1996) data with

the plateau function; the Fieser et al. (2006)

data with the plateau function; and the plateau

function fitted with the combined data. For the

combined data and unique plateau functional

form, results show that grazing one week past

FHS is expected to decrease grain yield by 6

bushels per acre from 32 to 26. For the base

price of $2.89 per bushel, this represents a loss

in grain returns of $17.34 per acre. For an ADG

of 2.75 pounds, a stocking density of 0.64

steers per acre and a steer price of $81/cwt,

grazing one week past FHS generates only

$9.98 per acre in additional steer returns.

For the base wheat price of $2.89 per bushel,

ADG of 2.75 pounds, and a stocking density of

0.64 steers per acre, the steer price would need

to be $144/cwt to compensate for the value of

wheat grain lost by grazing one additional

week. Alternatively, for a steer sale price of

$81/ cwt, ADG of 2.75 pounds, and stocking

density of 0.64 steers per acre, wheat price

would need to fall below $1.66 per bushel to

justify grazing one week past FHS. Therefore,

for an ADG of 2.75 pounds, stocking density of

0.64 steers per acre, steer prices of $81/cwt or

higher, and wheat prices of $1.66 per bushel or

lower, profits would be maximized by extending

grazing for a week past FHS. However, for most

expected levels of parameter values based on

historical ranges, the gain in steer value from

grazing an additional week past FHS would not

be sufficient to offset the loss in wheat grain

value. These findings follow from the assump-

tion that most producers would not be able to

increase stocking density in the last week of the

grazing season and that ADG during the last

week is the same as ADG during prior weeks.

To compensate for the loss in wheat grain

revenue from grazing cattle past FHS would

require (1) adding steers to increase the stock-

ing density from traditional fall-winter levels

and (2) substantial forage required to provide

nutrients necessary for the steers to achieve

high ADG. For example, for a wheat grain loss

of $17.34 per acre from grazing one week past

FHS, the breakeven stocking densities would

be 1.11 steers per acre for an ADG of 2.75

pounds, and 0.87 steers per acre for a an ADG

of 3.5 pounds.

Table 2. Steer Price Response as a Function of
Weight (W) and Removal/Selling Date (d)

Statistic Definition Estimatesa

g0 Intercept 49.33*

(4.02)

g1 Weight 29.54*

(1.00)

g2 Weight squared 0.43*

(0.06)

a Removal date 0.30*

(0.02)

b1 Weight � removal

date

20.04*

(0.002)

b2 Weight � removal

date squared

2.5E-5*

(9.7E-6)

s2
m Variance of year

random effect

2.80*

(1.08)

s2
e Variance of error term 8.38*

(0.29)

22LL 22 Log likelihood 8601.3

R2 Measure of fit 0.76

Adj. R2 Adjusted measure

of fit

0.76

Test for normality

S-W W statistic (p value) 0.99

(0.0001)

Test for heteroskedasticity

B-P F value (p-value) 1088.65

(0.0001)

Estimated response function

Basis % 49.33 – 9.54W 1 0.43W2 1 0.30d

– 0.04Wd 1 0.000025Wd2

Notes: The parameter estimates were estimated using PROC

MIXED in SAS with year random effects and corrected for

heteroskedasticity. Normality tests were performed to test if

the errors were normally distributed. The Shapiro-Wilk (S-W)

test confirms that all the errors are normally distributed.

Heteroskedasticity tests were done to test if the variance of

the disturbance term is constant. The Breusch-Pagan (B-P)

test shows that heteroskedasticity exists, so regression was

corrected.
a Asymptotic standard errors are in parentheses.

* Represents significance at the 5% level.
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Results from the wheat yield model with an

unknown switching point are also presented

in Table 3. This model is used to test whether

the date of FHS is the appropriate spline point.

The estimated value of d, 22.00 days, is not

significantly different from zero. This finding

confirms that, as expected, the spline point of

wheat yield (i.e., the point at which grazing

significantly decreases wheat grain yield) is

approximately at the occurrence of FHS.

Optimal removal dates and cost of grazing

one week past FHS for each of the eight models

for the four ADG levels are reported in Table 4.

For most situations, it is optimal to remove

Table 3. Plateau Model of Wheat Yield as a Function of First Hollow Stem (FHS) and Removal
Date (d) with Known and Unknown Switching Points

Known Switching Point Estimatesa

Statistic Definition Fieser et al. Data Redmon et al. Data Combined Datab

r1 Parameter estimate of (d-FHS) 20.25 21.70* 21.00*

(0.12) (0.27) (0.12)

r2 Parameter estimate of (d-FHS)2 20.004 0.025 0.011*

(0.003) (0.01) (0.003)

Y Expected wheat yield plateau 30.62 32.42* 31.87*

(5.22) (2.67) (2.53)

s2
u Variance of year random effect 52.85 26.66 35.74

(53.60) (19.76) (21.47)

s2
n Variance of error term 26.89 8.61* 48.69*

(4.22) (2.44) (6.69)

22LL 22 Log likelihood 517.6 157.3 732.1

Y(d,FHSit)
b

31.87 if d £ FHSit

31:87� 1:00ðd � FHSitÞ � 0:011ðd � FHSitÞ2 if d > FHSit

�
.

Unknown Switching Point Estimatesa

Statistic Definition Combined Datab

r1 Parameter estimate of (d-FHS) 20.90*

(0.16)

r2 Parameter estimate of (d-FHS)2 0.009

(0.004)

Y Expected wheat yield plateau 32.90*

(2.71)

d Delta (in days) 22.00

(2.24)

s2
d Variance of delta 4.97

s2
u Variance of year random effect 39.92

(26.95)

s2
n Variance of error term 42.20*

(5.16)

22LL 22 Log likelihood 731.2

Y(d,FHSit)
32.90 if d £ FHSit 1 d
32:90� 0:90ðd � FHSitÞ1 0:009ðd � FHSitÞ2 if d > FHSit 1 d

�
.

Notes: The parameter estimates were estimated using PROC NLMIXED in SAS with year random effects and corrected for

heteroskedasticity.
a Asymptotic standard errors are in parentheses.
b Based on data from Fieser et al. (2006) and Redmon et al. (1996).

* Represents significance at the 5% level.
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steers from the dual-purpose wheat at or before

FHS. However, when the distribution of FHS is

based on variety (Model 3), for an ADG of 3.5,

it is optimal to graze three days past FHS. The

finding is sensitive to steer weight and ADG.

For heavy fast-gaining steers, the net returns

curve is relatively flat around FHS such that the

optimal time to remove steers is around (rather

than precisely at) FHS. However, for most sit-

uations the optimal time to terminate grazing is

at or before FHS. With perfect information, the

optimal time to terminate grazing is at FHS.

The value of FHS information for each of

the eight situations and each of the four ADG

levels is also reported in Table 4. The extension

service in the region provides date of FHS in-

formation via e-mail and on web sites for most

varieties that are grown. This information is

worth from $2.72 to $3.02 per acre depending

on ADG. This is a substantial quantity given

that several million acres of dual-purpose

wheat are produced in the region.

Table 5 includes estimates of the marginal

values of one additional day and one additional

week of grazing past FHS. Grazing one day

past FHS increases steer returns between $1.42

and $1.92 per acre, while wheat returns are

decreased by $2.92 per acre. This tradeoff

value can be represented in the marginal ratio

between 21.5 and 22.1 of wheat loss relative

to cattle gains. Grazing one week past FHS

generates additional steer returns between

$10.56 and $11.32 per acre, while decreasing

wheat returns by $21.65 per acre (i.e., a mar-

ginal ratio between 21.9 and 22.1). Thus, the

increase in steer returns from grazing past FHS

is generally not sufficient to offset the decrease

in wheat returns.

Discussion

The FHS information was based on 52 winter

wheat varieties over eight years at one location.

The extension service in the region monitors

Figure 3. Estimated Wheat Yield Functions Based on Redmon et al. (1996) and Fieser et al.

(2006). Data with the Original Functional Forms, the Plateau Functional Form for Both Data Sets,

and the Plateau Functional Form with the Combined Data
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Table 4. Estimated FHS, Expected Returns, Removal Date (d), Value of Information, and Cost of
Grazing One Week Past FHS

Level of

Information

Average

Daily

Gain

(lb/hd/day)

Estimated

Variancea

Estimated

FHS

(FHSM)

Estimated

Gross

Returns

E(p) at d*b

Value of

Information

V (W/IM)b

Estimated

Optimal

Removal

Date d*

Cost of

Grazing 1

week past

FHSc

Model 1:

f(FHS/No

Information)

2.5 118.31 March 6 $487 — 65–March 5 $3.48

2.75 $492 — 66–March 6 $3.05

3.0 $498 — 66–March 6 $2.52

3.5 $508 — 68–March 8 $2.00

Model 2:

f(FHS/Year)

2.5 27.70 March 6 $492 $5.12 65–March 5 $6.80

2.75 $497 $5.11 66–March 6 $5.79

3.0 $503 $5.12 66–March 6 $5.64

3.5 $513 $5.10 66–March 6 $4.85

Model 3:

f(FHS/Variety)

2.5 96.33 March 6 $489 $1.50 66–March 6 $3.35

2.75 $494 $1.72 66–March 6 $2.65

3.0 $500 $1.72 67–March 7 $2.57

3.5 $510 $1.53 69–March 9 $1.46

Model 4:

f(FHS/Variety,

Year)

2.5 10.99 March 6 $494 $7.14 66–March 6 $8.44

2.75 $500 $7.40 66–March 6 $7.49

3.0 $505 $7.17 66–March 6 $7.16

3.5 $515 $6.89 66–March 6 $6.19

Model 5:d

f(FHS/FHSTU)

2.5 69.74 March 6 $489 $2.16 65–March 5 $4.72

2.75 $494 $2.10 66–March 6 $3.87

3.0 $500 $2.11 66–March 6 $3.63

3.5 $510 $2.04 67–March 7 $2.93

Model 6:d

f(FHS/Variety,

FHSTU)

2.5 58.44 March 6 $490 $2.83 65–March 5 $5.22

2.75 $495 $3.02 65–March 5 $4.63

3.0 $501 $2.79 66–March 6 $3.92

3.5 $511 $2.72 67–March 7 $3.54

Model 7:d

f(FHS/Variety,

Year, FHSTU)

2.5 1.30 March 6 $497 $9.21 66–March 6 $10.68

2.75 $502 $9.50 66–March 6 $9.58

3.0 $507 $9.59 66–March 6 $9.35

3.5 $518 $9.33 66–March 6 $9.21

Model 8:

f(FHS/Perfect

Information)

2.5 0 March 6 $497 $10.05 66–March 6 $11.09

2.75 $503 $10.33 66–March 6 $10.78

3.0 $508 $10.14 66–March 6 $10.33

3.5 $519 $10.47 66–March 6 $10.60

a Estimated Variance represents the variance of FHS dates between years 1998–2005 in Model 1, and the mean squared error

estimates from the ANOVA models of the distribution of FHS in Models 2 through 7.
b Gross returns are based on $/ac. Returns include the revenues generated from cattle and wheat per acre. Returns do not include

purchase or production costs of cattle or wheat.
c Cost of grazing one week past FHS is in $/ac.
d FHS based on models 5, 6, and 7 was calculated using average FHSTU of 350 cd.
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wheat growth on variety trial plots and provides

date of FHS information via e-mail, newslet-

ters, and on web sites for most varieties that are

grown. However, the distribution of FHS over

time and variety does not account for vari-

ability across fields or locations. Since FHS is

a function of weather, moisture, and planting

date, the occurrence of FHS differs across

fields. The information provided by the exten-

sion service can be used to inform producers

that FHS has occurred in the variety trial plots.

However, it is not a precise indicator for each

field in the region. Precise identification of FHS

on a specific field would require monitoring of

an established plot in the field on which steers

have not been permitted to graze. This is not

a costless activity. Additional research would be

required to determine if the expected benefits of

maintaining and monitoring an enclosed area in

each dual-purpose wheat field would exceed the

expected costs of doing so.

Data produced in experiment station trials

were used to estimate a unique wheat yield

function and a profit maximization model to

determine that grazing past FHS decreases

overall returns of dual-purpose wheat enter-

prises. On average, the value of the grain yield

lost from grazing past FHS exceeds the value of

the additional steer weight gain. The optimal

time to remove cattle from grazing in a typical

year is at or before the occurrence of FHS.

Knowledge of the date of FHS is valuable.

The findings reconcile conflicting results of

prior studies. Fieser et al. (2006) had extremely

high forage mass in the 2003 study period

(more than twice the amount of forage mass

than in their 2005 study period). This, coupled

with unusual wheat growing conditions and

heavy steers provided results inconsistent with

those found by Redmon et al. (1996). The

current study extended the prior research by

combining information from both prior studies,

Table 5. Marginal Values of One Additional Day and One Additional Week of Extended Grazing,
Relative to First Hollow Stem (FHS)

Grazing

Termination

Date

Average

Daily

Gain

Cattle

Returns

Wheat

Returns

Cattle

& Wheat

Returns

Marginal

Cattle

Returns from

Extended

Grazing

Marginal

Wheat

Returns from

Extended

Grazing

Ratio of

Wheat Loss

to Cattle

Gains from

Extended

Grazing

(d) (lb/hd/day) ($/acre) ($/acre) ($/acre) ($/acre) ($/acre)

At FHS 2.5 $405 $92 $497 — — —

At FHS 2.75 $411 $92 $503 — — —

At FHS 3.0 $416 $92 $508 — — —

At FHS 3.5 $427 $92 $519 — — —

1 day after FHS 2.5 $406 $89 $496 $1.42 2$2.92 22.1

1 day after FHS 2.75 $412 $89 $501 $1.54 2$2.92 21.9

1 day after FHS 3.0 $418 $89 $507 $1.67 2$2.92 21.7

1 day after FHS 3.5 $429 $89 $518 $1.92 2$2.92 21.5

1 week after FHS 2.5 $416 $70 $486 $10.56 2$21.65 22.1

1 week after FHS 2.75 $421 $70 $492 $10.86 2$21.65 22.0

1 week after FHS 3.0 $427 $70 $498 $11.32 2$21.65 21.9

1 week after FHS 3.5 $438 $70 $509 $11.05 2$21.65 22.0

Note: The values in this table are representative of a ‘‘Perfect Information’’ scenario based on a cattle cash price between $85–

$89/cwt (depending on ending weight) from the estimated price response function found in this study, a cattle stocking density

of 0.64 head/acre, a wheat price of $2.89/bushel, and estimated average wheat yields of 52 varieties from the estimated wheat

yield response function from the combined data as presented.
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estimating a unique wheat grain yield response

function, determining a price response func-

tion, and calculating the value of information

regarding FHS.

[Received March 2008; Accepted August 2009.]
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