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Abstract
Research on producer willingness to adopt individual best pasture management practices (BMPs) is exten-
sive, but less attention has been paid to producers simultaneously adopting multiple, complementary
BMPs. Applications linking primary survey data on BMP adoption to water quality biophysical models
are also limited. A choice-experiment survey of livestock producers is analyzed to determine willingness
to adopt pasture BMPs. Sediment abatement curves are derived by linking estimates of producer respon-
siveness to incentives to adopt rotational grazing with a biophysical simulation model. Current cost share
rates of $24/acre should yield a 12% decrease in sediment loading from pastures.

Keywords: Censored system; choice experiment; convexity; rotational grazing; sediment; willingness to adopt

JEL Classifications: C3; Q12; Q2

1. Introduction
One approach for reducing soil loss caused by poorly managed pasture is to offer beef cattle pro-
ducers incentives to adopt best pasture management practices (BMPs). Research on the voluntary
adoption of BMPs is extensive (Baumgart-Getz, Prokopy, and Flores, 2012; Knowler and
Bradshaw, 2007; Liu, Bruins, and Heberling, 2018; Pannell, Llewellyn, and Corbeels, 2014;
Prokopy et al., 2008). A number of these studies focus on forage or pasture BMPs adopted by
livestock producers (e.g., Gillespie, Kim, and Paudel, 2007; Jensen et al., 2015; Kim, Gillespie,
and Paudel, 2005, 2008). Examples of these BMPs include rotational grazing, water tanks, stream
crossings, and pasture rehabilitation. The private benefits of managing pasture with one or a com-
bination of these practices include increased forage yield, reduction in soil erosion, and improved
herd health. Off-site benefits from implementing these practices include reduced sediment loading
into streams and waterways, improved water quality, and increased use and nonuse values. The
private benefits to producers from adopting BMPs are offset by the costs of structure installation
and maintenance. From the perspective of an agency mediating public demand for off-site water
quality improvements, adoption incentives are expected to increase the provision of off-site
benefits by tilting the calculus of private operators in favor of BMP adoption. Given adoption,
the extent or intensity with which a producer implements a technology is also expected to be
positively related to the incentives provided (Smale and Heisey, 1993).
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Information asymmetries between producers and implementing agencies and heterogeneity
across producers and landscapes complicate the analysis of the effects incentives have on BMP
adoption and the desired off-site environmental outcomes. Variations in producer willingness
to adopt arise from differences in BMP suitability and effectiveness in promoting livestock
production, while variations in BMP effectiveness in reducing environmental externalities can
be traced to heterogeneity in landscape features and other farm and farmer characteristics.
These differences manifest directly or indirectly through differences in the scope and scale at
which a BMP is adopted, which can also lead to variation in performance effectiveness.

This research analyzes the results of a hypothetical choice experiment from a mail survey to
elicit the willingness of beef cattle producers to adopt four pasture BMPs—rotational grazing,
water tanks, stream crossings, and pasture rehabilitation—in the Oostanaula Creek watershed
in East Tennessee (Hydrologic Unit Code TN06020002083;1 details of BMPs in online supplemen-
tary Appendix I). Each of these BMPs confers both on-site (private) benefits, such as increased
forage productivity, and off-site (public) benefits, such as improved water quality. Pasture
improvement requires reseeding or planting grasses to increase forage yield and repair overgrazed
areas (bare spots) and erosion. Water tank systems provide cattle a source of water other than
streams or ponds, thereby increasing pasture utilization and reducing nutrient and sediment load-
ing to streams. Stream crossings protect stream banks from erosion. Rotational grazing enhances
forage quality and productivity by resting pasture.

Adoption of a practice is a discrete event (adoption/nonadoption), whereas the intensity
(or scale) of implementation is a continuous variable (e.g., acres allocated to rotational grazing)
or count (e.g., water tanks). In this study, estimation of producer response to monetary incentives
maintains economic conditions consistent with profit maximizing behavior. To the authors’
knowledge, this study is the first to use a choice experiment to estimate pasture BMP adoption
as a theoretically consistent system of supply equations that integrates to an indirect profit func-
tion. Best management practice supply functions are modeled as a censored system using a
two-step estimation procedure while imposing convexity. An empirical application links the sup-
ply function estimates with a biophysical simulation model to determine the effect of changing
incentive levels on sediment reduction. We adopt the optimization approach suggested
by Govindasamy and Huffman (1993), Govindasamy and Cochran (1995), and Smith et al.
(2014). Smith et al. find that targeted BMP programs are more cost effective than those
“randomly” implemented with an incentive equally mandated throughout a watershed. The
optimization approach we apply here builds on their premise but parameterizes sedimentation
reduction with econometric estimates of producer willingness to adopt and implement pasture
BMPs. Applications of this method could encourage agencies to consider ex ante the effects of
both own- and cross-incentive elasticities on BMP adoption and sediment abatement when setting
incentives for complementary BMPs.

2. Conceptual model
The pasture BMPs analyzed are designed to increase forage productivity and reduce sedimenta-
tion. Components of forage management considered here include rotational grazing (R) and
pasture improvement (P). Producers can augment forage productivity by rotating cattle on pas-
ture and reestablishing grasses and legumes on bare soils. Cattle have access to water tanks (W) in
enclosed paddocks. Producers may also connect paddocks on opposite sides of a stream with
fenced crossings (stream crossings, S) to stabilize stream banks and ensure animal safety.

The changes in net revenue (Δπ) livestock producers might expect from accepting an incentive
to adopt a BMP are approximated with a symmetric normalized quadratic indirect profit function
(SNQ) (Diewert and Wales, 1987; Kohli, 1993). The SNQ approximation is a linearly

1A map of the watershed is given by Lambert et al. (2014).
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homogeneous, flexible functional form that allows the signs of cross-price elasticities to be unre-
stricted (Diewert and Wales, 1987). The advantage of the SNQ system, rather than the “standard”
normalized quadratic profit function (Chambers, 1988), is that one need not arbitrarily designate
a netput as a numeraire. As Paudel and McIntosh (2007) indicated, the signs and magnitudes of
elasticties calculated from the standard form of the normalized quadratic profit function may vary,
depending on the numeraire choice.

Returns from adopting a practice are approximated as a second-order expansion around an
arbitrary normalized indirect profit function with incentives (v) the decision variable,

Δπi �
X

L
‘�1

b‘ � vi‘ �
1
2
c�1i

X
L
‘�1

X
L
m�1

b‘m � vi‘ � vim � o ui� �; (1)

where l= P, R,W, S; indexm aliases ‘; i indexes producers; o ui� � is a truncation remainder of the
expansion with an expected mean of zero and constant variance; b‘; b‘m� � are linear and quadratic
slope parameters, respectively, with b‘m � bm‘; ‘≠m (symmetry restriction); and ci �

PL
‘�1

ωi‘ � vi‘,
a normalizing index with ωi‘ a predetermined weight. We use the normalization strategy sug-
gested by Diewert andWales (1992) such that the predetermined weights sum to 1 and vary across
producers. In the absence of monetary incentives encouraging BMP adoption, Δπ � 0.

Differentiating the profit function with respect to incentives results in a linear system of
equations, with the typical BMP supply function,

qi‘ � b‘ � c�1i
X

L
‘�1

b‘m � vi‘ �
ωi‘

2 � c2i
X

L
‘�1

X
L
m�1

b‘m � vi‘ � vim � u‘i ; (2)

where qi‘ are the BMP acres or number of structures adopted, given the offered incentive, and the
u’s are independent and identically distributed errors with covariance Σ. The supply system of
equation (2) is differentiated with respect to own- and cross-incentives to calculate elasticities.
Own- and cross-incentives characterize producer responsiveness to incentives in terms of the
percentage change in the quantity of the BMP supplied for each 1% change in the incentive.

2.1. Censored system and convexity

The extent of BMP adoption is censored at zero when a producer refuses an offered incentive. This
problem complicates estimation of typical producer or consumer demand systems because of cross-
equation residual correlation caused by the symmetry restrictions. The applied econometrics litera-
ture has generally approached quantity-censoring problems from the consumer side, but the logic
supporting the estimation procedures extends directly to estimation of indirect profit functions.
Shonkwiler and Yen (1999) introduced an inefficient but consistent procedure to estimate con-
strained censored demand systems. Su and Yen (2000) and Yen, Kan, and Su (2002) applied the
two-step approach to estimate demand for meat and fats and oils, respectively. Other two-step
approaches include Perali and Chavas’s (2000) minimum distance estimator. More efficient
maximum likelihood (ML) estimators for censored demand systems were developed by Yen
(2005) and applied by Yen and Lin (2006). Bayesian Markov chain Monte Carlo estimators have
also been used to estimate demand systems with censoring (Kasteridis, Yen, and Feng, 2011).

This analysis extends the two-step censored system estimator of Yen, Kan, and Su (2002) to
model the voluntary adoption of BMPs by producers given cost share incentives. From equation
(2), set β � bP; bR; bW ; bS; bPP; bRR; bWW ; bSS; bPR; bPW ; bPS; bRW ; bRS; bWS� �0. Then, for the ‘th
pasture BMP conditioned on the producer’s willingness to adopt the BMP given the offered
incentive, the quantity of the BMP supplied by the producer is

qi‘ � xi�‘�β�‘� � u‘i if ziγ‘ � ɛ
‘
i > 0

0 otherwise

�
; (3)
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where zi are variables hypothesized to influence the producer’s decision to adopt BMP ‘ apart
from the offered incentives; γ‘ are parameters; ɛ‘i is a random error term, and the product
ziγ‘ is a linear index function (Maddala, 1983). The stochastic terms of the adoption and supply
equations share common omitted factors because of the cross-equation parameter restrictions
(e.g., adopt= 1 when ɛ

‘
i > � ziγ‘) and acres allocated to (or units of) a BMP. This feature could

cause correlation between the residuals of the index functions and their respective quantity equa-
tions. The selection mechanism is typically modeled as a standard normal random variable with
the probability of adoptionΦ ziγ‘� � (the standard normal cumulative density function, CDF), and
a corresponding standard normal probability density φ ziγ‘� � (the standard normal probability
density function, PDF). The parameters are estimated with probit regression and ML. It is impor-
tant to note that the incentives do not appear in the index function because of the homogeneity
and symmetry constraints required by the indirect profit function (e.g., Yen and Lin, 2006). Thus,
the linear index function only includes nonpecuniary variables corresponding with operator
attributes and farm structure and management characteristics. The unconditional mean of the
BMP quantity supplied by a producer is

E�qi‘jxi ‘� �; zi‘� � Φ zi‘γ‘� � � xi ‘� �β ‘� � � λ‘ � φ zi‘γ‘� �; (4)

where λ‘ is the covariance between the error terms of the participation decision and the quantity
of the BMP adopted; that is, λ‘ � ρ‘ � σ‘ (Cameron and Trivedi, 2005; Maddala, 1983; Shonkwiler
and Yen, 1999).

An advantage of the SNQ indirect profit function is that global convexity can be imposed using
ex post procedures (Henningsen and Henning, 2009; Koebel, 1998; Perali and Chavas, 2000) or by
directly estimating the Cholesky factorization of the Hessian matrix (e.g., Diewert and Wales,
1987; Lau, 1978). Any positive semidefinite matrix can be written as B � AA0, where A is a
lower-triangular matrix. Then, for the parameters in B,

A �
aPP 0 0 0
aRP aRR 0 0
aWP aWR aWW 0
aSP aSR aSW 0

2
664

3
775; (5)

where aSS � 0 such that A01 � 0 (Diewert and Wales, 1992). This restriction ensures the homo-
geneity requirement b‘‘ � �P

L
‘�1;m≠ ‘ b‘m. The α‘m� 	 elements enter directly into the system

defined in equation (2) and are estimated with ML, along with the PDF and CDF evaluated at
the first-stage probit ML estimates.

2.2. Estimation

The system is estimated with iterated feasible generalized nonlinear least squares (IFGNLS), which
converges to the ML estimator (Zellner, 1962), using the ifgnls option in STATA’s nlsur routine
(StataCorp, 2015). Applying IFGNLS in the second step yields consistent estimators because the
ML probit estimates of γ are consistent (Shonkwiler and Yen, 1999).

Breusch and Pagan’s (1980) test is used to determine if the seemingly unrelated regression
(SUR) error covariance matrix is diagonal. The null hypothesis is H0 : σPR � σPW �
σPS � σRW � σRS � σWS � 0. Under this null, the test statistic is a chi-square random variable
with six degrees of freedom and a critical value of 12.59 at the 5% level of significance. A likelihood
ratio (LR) test is used to select the preferred model, with the null hypothesis
H0 : λP � λR � λW � λS � 0. The test is a chi-squared random variable with four degrees of
freedom and a critical value of 9.49 at the 5% level of significance.

Yen, Kan, and Su (2002) suggest estimating the error covariance of the two-step censored sys-
tem using a Murphy-Topel estimator. This application uses a jackknife covariance procedure to
estimate the parameter covariance matrix (Perali and Chavas, 2000). The probit regression, the
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standard normal CDF and PDF, and the system of BMP supply equations were reestimated with
IFGNLS for each jackknife replicate. Standard errors of the regression coefficients are estimated as
the mean squared error difference between the replicate parameters and the parameters estimated
with the original data set. Own- and cross-incentive elasticities are calculated for each jackknife
replicate, with the lower 5% and upper 95% bounds determined by the elasticity distributions.

2.3. Application: adoption of survey best pasture management practices

Sediment load reductions generated by rotational grazing and the suite of the survey BMPs,
including improved pasture management, water tanks, and stream crossings, are simulated by
maintaining minimum pasture forage stands. The ArcSWAT (Version 2012, Release 10) graphical
user interface was used to develop a Soil and Water Assessment Tool (SWAT) model of the
Oostanaula Creek watershed in ArcGIS Desktop (ESRI, Version 10.5). SWAT is a physically based
model developed to simulate land-management and rainfall-runoff processes in predominantly
agricultural watersheds with a high level of spatial detail using hydrologic response units
(HRUs). HRUs are unique combinations of soil type, slope, and land use/management practices
(Gassman et al., 2007).

For the adoption effects analysis, management practice modifications were made to pasture
HRUs. Land use, soils, and digital elevation data were downloaded from the U.S. Department
of Agriculture’s (USDA) Geospatial Data Gateway (USDA, Natural Resource Conservation
Service [NRCS], 2018). Land use corresponded with the 2009 Croplands Data Layer (Johnson
and Mueller, 2010). Soil types were classified according to the State Soil Geographic
(STATSGO) data set (Wang and Melesse, 2006). Slopes (0–2%, 2%–8%, 8%–16%, and >16%)
were established using the National Elevation Dataset (10 m resolution; Gesch et al., 2002).
Rainfall input data for the model were obtained from the National Weather Station Coop database
for two stations in Athens and Cleveland, Tennessee (Leeper, Rennie, and Palecki, 2015). Models
were run from January 1990 to October 2013, with a monthly time step and a two-year startup
period. Model development, calibration, and validation details are provided in online supplemen-
tary Appendix II.

A total of 466 HRUs represented the watershed’s unique land use/slope/soil combinations. Of
these, 207 were classified as pasture, representing a total of 18,114 acres. Fescue forage was
produced in pasture HRUs using fertilization and grazing management routines (online
supplementary Appendix II). The adoption of the survey suite of BMPs was modeled through
modifications to the management practice schedule for grazed fescue (“FESC”) land use category
by varying the BIOMIN setting. This BIOMIN setting is used in SWAT to avoid pasture damage
and increased erosion caused by overgrazing (White et al., 2010). This procedure constrains min-
imum vegetation in kilograms of dry matter per hectare after which grazing is discontinued.
A calibrated and validated model run with a BIOMIN setting of 300 was completed to assess
sediment loss when the potential for severely overgrazed pastures existed. A second model run
with a BIOMIN setting of 1,000 was used to assess sediment loss potential after implementing
the suite of survey BMPs.

Fifty-two of the 207 pasture HRUs accounted for 90% of the annual sediment runoff from
pasture (Figure 1).2 The total area represented by these 52 HRUs was 4,821 acres. In the absence
of rotational grazing on any of these pasture HRUs (BIOMIN setting of 300), the SWAT model
estimated an annual sediment yield of 22,839 tons/year from the watershed’s pastureland. When
rotational grazing was implemented on the 52 pasture HRUs (BIOMIN setting of 1,000), the
annual sediment yield from these HRUs decreased to 13,230 tons/year. Thus, the ability to identify
and differentiate land use/soil/slope combinations offers the potential for more cost-effective
sediment abatement.

2“Pasture” is based on the NRCS classification.
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The simulation focuses on the adoption of the survey suite of BMPs to increase forage
productivity and reduce sediment runoff from pasture. The total program cost of achieving a sedi-
ment abatement goal for the watershed could be calculated as the solution to a cost minimization
problem, subject to producer responsiveness to monetary incentives encouraging the enrollment
of pasture acres into the hypothetical rotational grazing program. Along these lines, we adopt the
optimization approach suggested by Govindasamy and Huffman (1993) and Smith et al. (2014).
Parameters and variables used to estimate the cost of meeting a sediment abatement target
through the adoption of rotational grazing are in Table 1.

The optimization problem minimizes the cost of reaching a watershed sediment abatement
goal by choosing an HRU-specific incentive to encourage enrollment of pasture acres into the
hypothetical program, subject to producer willingness to enroll acres into the program and animal
water requirements.3 By allowing incentives to vary among HRUs, we are implicitly assuming that
the agency administering the incentive program has the information and authority to discriminate
among land uses based on sediment loading rates.

The objective function for the optimization problem is

minpR�k� > 0

X
52
k�1

pR k� � � qR k� � (6)

subject to:

Sk � S0�k� � S1�k�8k: (7)X
52
k�1

Sk � Q: (8)

qR�k� � b̂RR �
pR�k�
c̄

� �
1 � ω̄R

2
� pR�k�

c̄

� �� �
8k: (9)

qR�k� ≤ Tk8k: (10)

The objective minimizes the total cost of enrolling private pasture into the rotational grazing pro-
gram, with pR k� � the dollars per acre paid annually to producers in HRU k (equation 6). Equation
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Figure 1. Distribution of differences in sedimentation loading for hydrologic response units managed with and without
rotational grazing.

3The NRCS does not vary incentives based on an HRU. However, NRCS can choose or not choose a county or increase or
decrease conservation budgets based on the severity of problems.
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(7) is the total amount of sediment loading generated by the k th HRU from areas managed with
and without rotational grazing. The sediment abatement target is equation (8), which aggregates
sediment (annual tons) loading across the watershed. Equation (9) is the estimated acreage supply
equation for rotational grazing from the normalized quadratic profit function. The parameter c is
the average of Diewert and Wales’s (1992) price index over the sample (c= 351), and ωR the sam-
ple average of the weighting factors for rotational grazing (ωR = 0.08). The intercept term is omit-
ted because, in the absence of incentives, enrollment of pasture acres into the hypothetical
rotational grazing program would be zero. The number of acres enrolled into the program cannot
exceed the total available acres in HRU k (Tk, equation 10).

The rotational grazing acreage supply equation is used to generate a watershed abatement
curve. The abatement curve represents the dollars per ton the agency would have to pay in incen-
tives to achieve an annual sediment target. Enrollment of pasture acres into rotational grazing is
calculated for each HRU at the optimized incentives, corresponding with a target level of sedi-
ment. Then, using equation (7), the change in sediment loading because of the pasture managed
under a rotational grazing system of BMPs (qR k� � � �r0 k� � � r1 k� �	) is aggregated across HRUs at a
given per acre incentive offered to producers to manage pasture acres using rotational grazing. The
dollar per acre incentive is converted to dollar per sediment ton using the sediment yield param-
eters (r0 k� � and r1 k� �, Table 1) generated by SWAT. We vary the target sedimentation level Q from
13,000 to 22,800 tons/year in increments of 426 tons (24 intervals), solving the problem at each
target with the General Algebraic Modeling System (GAMS Development Corporation) using a
sparse nonlinear optimization procedure (snopt).

Project costs used to calculate the abatement curves include the incentives paid for the instal-
lation of water tanks. Water tanks are required when animals are in paddocks for rotational
grazing and prevented from accessing streams or ponds. The number of water tanks required
was calculated based on cattle water requirements and the number of beef cattle that could be
supported by the optimal enrolled acreage levels for the different sediment targets. The number
of beef cattle (BeefCattle) that can be supported by pasture forage in HRU k is (Undersander et al.,
2002)

BeefCattlek �
qR�k� × Forage Yield

Forage Access × AnimalWeight × Days Grazed
: (11)

Forage productivity (Forage Yield) is assumed to be 4,000 lb./acre (Undersander et al., 2002), and
animal forage requirements (Forage Access) assumes that animals require 4% of their live weight in
forage per grazing day (Undersander et al., 2002). Based on what is typical for the region’s pasture
forage systems, we also assume a 153-day grazing period (Days Grazed) and a finishing weight of
1,250 lb. (Animal Weight).

The number of water tanks required in a rotational grazing paddock in an HRU (qWT k� �) was
determined as the number of beef cattle supported by the HRU times the gallons per day con-
sumed by each animal (10 gallons/animal/day; Undersander et al., 2002) divided by the tank size
(800 gallons):

qW�k� �
10 × BeefCattlek

800
: (12)

The 75% cost share rate of $1,150 per 800-gallon tank was held constant across the water shed.

3. Data
The survey of beef cattle producers was conducted in 2011 and 2013. Respondents were mailed an
initial package that included an introductory letter, a booklet questionnaire, and a return stamped
envelope. A reminder postcard was mailed 1 week later, and, for nonresponders, a second packet
(cover letter, questionnaire, and return envelope) was sent 2 weeks later. The sample was collected
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using addresses from a publicly available tax parcel list frame, which included the physical
addresses, boundaries, assessed property values, and land use classifications of the parcels.
Survey responses of livestock producers were collected in two waves for budgetary and logistical
reasons. The first mailing was sent in March 2011 to 1,480 owners of 1,736 unique parcels classi-
fied as agricultural land. The second wave was sent in February 2013 to 3,678 unique owners of
4,720 agricultural parcels. The response rate was 32%. After removing observations with missing
records and focusing only on beef cattle operations indicating access to a stream, there were 195
observations available for this analysis.

There were four sections in the survey. The questions in the first section, “Your Farm
Operation,” focused on producer and farm operation characteristics and the value respondents
placed on objectives related to BMPs (e.g., improving forage quality and providing cattle access
to a year-round supply of clean drinking water). The second section, “Best Management
Practices,” asked respondents about their previous experience with the BMPs (rotational grazing,
water tanks, stream crossings, and pasture improvement) and included a hypothetical choice
experiment to elicit producer willingness to adopt the BMPs. A description of the on- and off-
site benefits and required actions for each BMP were provided to respondents on an informational
page (online supplementary Appendix III).

Respondents were also provided per unit establishment and/or installation cost estimates for
each BMP. These cost estimates—rotational grazing= $79.08/ha ($32.00/ac.), pasture improve-
ment= $626/ha ($253.33/ac.), stream crossing= $41.63/m2 ($3.87/ft.2), and cattle water
tanks= $1,533.33/tank—were determined by dividing the equipment and practice cost share
dollar amounts reported by the NRCS for Tennessee by the cost share rate used by the NRCS
for Tennessee (0.75).

For the choice experiment, there were 47 possible combinations of cost share amounts offered
for the BMPs. The %mktex macro (SAS version 9.2) was used to determine an optimal factorial
design and the optimal number (49) of practice/incentive combinations (Lambert et al., 2014).

Table 1. Parameters and variables used in the optimization procedure

Parameters and Variables Definition Units

Tk (parameter) Total pasture area in HRU k acres

qR k� � (variable) HRU k’s area in rotational grazing acres

qW k� � (parameter) Water tanks (800 gallons), HRU k count

r0 k� � (parameter) HRU k’s sediment loading rate, no rotational grazing tons/acre/year

rRG k� � (parameter) HRU k’s sediment loading rate, rotational grazing tons/acre/year

pR k� � (variable) Per acre incentive for rotational grazing $/acre

pW (parameter) Unit cost for water tank $1,150

S0 k� � � r0 k� � � Tk � qR k� �
� �

Sediment load for HRU k not in rotational grazing tons/year

S1 k� � � rRG k� � � qR k� � Sediment load for HRU k in rotational grazing tons/year

Sk � S0 k� � � S1 k� � Total sediment load in HRU k tons/year

Q � P
k Sk Target sediment load in watershed tons/year

Forage Yield Forage yield for pasture 4,000 lb./acre

Animal Weight Target animal weight 1,250 lb.

Days Grazed Days animals grazed on forage 153 days

Feed Access Feed requirement 0.04%

Notes: HRU, hydrologic response unit (see text for definitions); P, pasture improvement; R, rotational grazing; S, stream
crossing; W, water tank.
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There were 49 versions of the survey mailed to respondents. The cost share amounts offered to
producers were determined by multiplying the expected costs of the BMPs by 50%, 62.5%, 75%,
87.5%, 100%, 112.5%, and 125% (Table 2). Online supplementary Appendix III summarizes the
distribution of cost share amounts and corresponding survey response frequencies. The survey
presented respondents only with the dollar/unit amounts they would be eligible to receive for
adopting a BMP. Respondents were not made aware that the dollar/unit amount corresponded
with a specific cost share. The hypothetical cost share amounts varied randomly both between
practices and across respondents.

Best management practice quantities that respondents were willing to adopt were scaled
using a Laspeyres index benchmarked to the sum-product of the average quantity-incentive
vectors of each practice. For each respondent, the index was calculated as Ii �P

v‘ � qi‘
� �

=
P

v‘ � qi‘
� �

, where vi‘ is the incentive offered for practice ‘ to respondent i; and
q‘ and v‘ are the sample averages of the quantity adopted of, and the incentive offered for,
the ‘th BMP, respectively. The indexed quantities used in the regressions are eqi‘ � qi‘=Ii.
This procedure rescales the BMP quantities to a common scale (Henningsen, 2018). Indexing

Table 2. Summary statistics for practices, cost shares, and probit regressions

N Mean Standard Deviation Minimum Maximum

Practices:

Pasture improvement (acres) 146 60 63 5 400

Rotational grazing (acres) 104 73 81 5 400

Water tanks (number) 109 2.61 1.45 1 5

Stream crossing (square feet) 47 921 1,095 100 5,000

Cost shares:

Pasture improvement ($/acre) 195 217 66 127 317

Rational grazing ($/acre) 195 28 8 16 40

Water tanks ($/unit) 195 1,362 367 767 1,917

Stream crossing ($/square foot) 195 3.29 0.96 1.94 4.84

Probit model covariates:

Age (years) 195 62.49 11.92 33 91

College (yes= 1) 195 0.41 0 1

Acres owned 195 225.79 232.82 5 1,500

Percent area in pasture 195 75.86 27.18 5 100

Pass on farm (yes= 1) 195 0.91 0 1

Stocking density (beef cattle/area) 195 0.78 1.10 0.05 12

Owned/operated area 195 1.28 1.47 0.04 12

Use pasture improvement (yes= 1) 195 0.65 0 1

Use stream crossing (yes= 1) 195 0.42 0 1

Use rotational grazing (yes= 1) 195 0.61 0 1

Use water tanks (yes= 1) 195 0.50 0 1

Land value ($/acre) 195 4,932 1,647 518 8,408

Slope classification (scale, 1 to 4) 195 2.70 0.88 1 4
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the practices to a common scale is important in this analysis because the BMP quantity units are
different for each practice.

3.1. Operator and farm characteristics

Operator and farm characteristics are hypothesized to influence the probability of adopting one or
more of the BMPs (Table 2). Operator characteristics included in the probit adoption equations
are age, educational attainment, and plans to pass on the farm to a family member. Farmers with
more years of education may be inclined to adopt new technologies or practices (Daberkow and
McBride, 2003; Roberts et al., 2004). Younger producers may be willing to experiment with new
technologies because their planning horizons are longer (Schimmelpfennig and Ebel, 2011;
Watcharaanantapong et al., 2014). A respondent’s ties to the farm and the prospect of passing
on the operation to kin could also effectively extend a respondent’s time horizon and increase
the likelihood of adopting BMPs (Claytor et al., 2018). Farmers who own relatively more of
the land they operate may be more likely to adopt practices they perceive would improve the
aesthetic or property value of their farm (Roberts et al., 2004). Higher property values may
be associated with proximity to other parcels that have been developed for residential or commer-
cial uses. The assessed per acre property value of the parcel may therefore also influence the deci-
sion to adopt a pasture BMP. Farm topography may also affect the decision to adopt pasture
BMPs. Slope was assigned to parcels based on the majority of the area associated with the parcel
classified into one of four categories represented in the watershed: 0–2%, 2%–8%, 8%–16%, and
>16% slope (Medwid, 2016).

Farm operation variables include farm size, the percent of land farmed in pasture, and animal
stocking density. Larger operations are more likely to adopt new technologies because of scale
economies (Fernandez-Cornejo, Daberkow, and McBride, 2001). Farms allocating relatively more
of the land they manage to pasture may be more likely to incorporate pasture BMPs into their
operation (Jensen et al., 2015). Operations stocking pasture with cattle at relatively higher densi-
ties may also be more inclined to perceive the adoption of a suite of pasture BMPs as a way to
sustain or increase productivity (Jensen et al., 2015). Familiarity and experience with each of the
BMPs considered in this analysis may also explain willingness to participate in the hypothetical
BMP incentive program.

4. Results
Seventy-five percent (146/195) of the respondents indicated willingness to adopt pasture improve-
ment, given the incentive offered (Table 2). On average, respondents willing to improve their pas-
ture were willing to rehabilitate 60 acres. Fifty-three percent (104/195) of the respondents were
willing to adopt rotational grazing, while 56% (109/195) were willing to adopt water tanks.
Respondents willing to adopt rotational grazing would enroll an average of 73 acres into the hypo-
thetical program. Respondents willing to adopt water tanks would, on average, install 2.6 tanks.
Twenty-four percent (46/195) of the respondents were willing to adopt stream crossings.
Anecdotal evidence from extension agents working with cattle operators in the study’s region
reports that stream crossings are not popular with producers because of the effort needed to keep
fences free of debris.

4.1. Adoption of best pasture management practices

The overall fit of the probit models ranges from 0.17 for stream crossings (McKelvey and
Zavoina’s [1975] R2) to 0.36 for water tanks (Table 3). Correct predictions range from 62%
for rotational grazing to 80% for pasture improvement. For all probit models, the joint null
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hypothesis that the probit ML coefficients were not different from zero was rejected at the 1% level
of significance. Variables significant at the 10% level or lower are discussed.

Older producers were less likely to adopt rotational grazing, water tanks, and stream crossings
(Table 2). Producers with a college education were 0.10 more likely to adopt pasture improvement
practices and 0.11 more likely to adopt stream crossings. Respondents planning to pass their farm
on to family members were 0.22, 0.24, and 0.29 more likely to adopt rotational grazing, water
tanks, and pasture rehabilitation, respectively.

Table 3. Probit average marginal effects

Variable Pasture Improvement Rotational Grazing Water Tanks Stream Crossing

Age (years) −0.003 −0.0055** −0.014*** −0.0047*

(0.0023) (0.0028) (0.0025) (0.0025)

College (yes= 1) 0.1019* 0.0896 0.0103 0.1061

(0.0603) (0.0706) (0.0687) (0.0639)

Acres owned −0.0003*** −0.0003* 0.00003 0.0003***

(0.0001) (0.0002) (0.0005) (0.0001)

Percent area in pasture −0.0008 −0.0034*** −0.0015 0.0008

(0.0013) (0.0014) (0.0013) (0.0013)

Pass on farm (yes= 1) 0.2921*** 0.2152* 0.2400** 0.0072

(0.0832) (0.1127) (0.0930) (0.1029)

Stocking density (beef cattle/area) 0.0746 −0.0653** −0.0121 0.0151

(0.0602) (0.0312) (0.0390) (0.0265)

Owned/operated land −0.0145 0.0412* −0.0421** −0.0375*

(0.0175) (0.0238) (0.0196) (0.0225)

Use pasture improvement (yes= 1) 0.0994 0.1495** 0.1695*** −0.0249

(0.0645) (0.0715) (0.0681) (0.0711)

Use stream crossing (yes= 1) −0.018 −0.0019 −0.0333 0.1035

(0.0581) (0.0633) (0.0666) (0.0627)

Use rotational grazing (yes= 1) −0.0484 0.1453** 0.0457 0.0366

(0.0613) (0.0719) (0.0692) (0.0642)

Use water tanks (yes= 1) −0.0653 −0.0658 0.1161* −0.1354***

(0.0610) (0.0731) (0.0663) (0.0639)

Land value ($/acre) −0.0268 −0.0502*** −0.0248 −0.0109

(0.0160) (0.0210) (0.0208) (0.0191)

Slope classification −0.0061 −0.025 0.0457 −0.0124

(0.0339) (0.0397) (0.0394) (0.0365)

Sample size 195 195 195 195

Log likelihood −122 −135 −134 −113

McKelvey and Zavoina’s R2 0.31 0.26 0.36 0.17

Percent correctly predicted 80 62 72 77

Notes: Standard errors are in parentheses. Asterisks (***,**, and *) indicate significance at the 1%, 5%, and 10% levels, respectively.
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Larger farms were less likely to adopt pasture improvement or rotational grazing than smaller
farms, but more likely to adopt stream crossings (Table 3). Operators managing relatively more of
their land as pasture were less likely to adopt rotational grazing. Respondents using higher stock-
ing rates were also less likely to adopt rotational grazing; for a 1-unit change in the number of beef
cattle grazed on pasture, the likelihood of adopting rotational grazing decreased by 0.07. This is a
surprising result. On average, respondents managing relatively more cattle per acre ostensibly per-
ceive the opportunity costs and extra level of management needed to move cattle from one pad-
dock to another to be too high. Land tenure had a positive effect on the adoption of rotational
grazing, but a negative effect on the adoption of water tanks and stream crossings. The latter
results are also unexpected. The simple Pearson’s correlation (r) between land tenure and acres
owned also suggests a significant inverse relationship between these two variables (r=−0.16,
P< 0.05). Thus, tenure rates are relatively higher for smaller operations in the study region.
A possible explanation could be that owners of relatively smaller operations are less willing to
invest in structures that require additional management. Assessed property value had a negative
effect on the adoption of pasture improvement and rotational grazing. For a dollar increase in the
assessed property value of a parcel, the probability of adopting pasture improvement decreased by
0.03 and the probability of adopting rotational grazing decreased by 0.05. One explanation for this
finding might be that owners of more highly valued property perceive the opportunity cost of beef
cattle production to be higher and are, thus, less committed to producing cattle in the future.

There is evidence of interrelationships between the BMPs used by operators and willingness to
adopt the choice experiment’s BMPs (Table 3). Producers who had either previously improved pas-
ture or who already practiced rotational grazing were 0.15 more likely to be willing to adopt or
increase the extent to which they had adopted rotational grazing. Similarly, producers who had pre-
viously improved pasture were 0.17 more likely to be willing to adopt water tanks. Producers who
already used water tanks were 0.12 more likely to be willing to install additional water tanks through
the hypothetical cost share program. The results were mixed for willingness to adopt stream
crossings. Producers who used tanks to water cattle were 0.14 less likely to adopt a stream crossing
system at the offered cost share rate, while producers who had already installed or managed stream
crossing systems were 0.10 more likely to be willing to adopt additional stream crossings.

4.2. Response to incentives and pasture BMP adoption

SUR and SUR with sample selection estimates of the SNQ profit function violated the convexity
requirement. Both models were reestimated, imposing convexity. The null hypothesis that the
coefficients on the PDF variables in equation (4) were jointly equal to zero was rejected at the
1% level of significance (LR test= 33, degrees of freedom= 4). The Breusch-Pagan test for diag-
onality of the system’s error covariance matrix was rejected at the 1% level (test statistic= 121,
degrees of freedom= 6; Table 4). The preferred model is therefore the SNQ indirect profit func-
tion estimated as a two-step SUR with convexity imposed.

Complementary effects are evident for water tanks and rotational grazing according to their
cross-incentive supply elasticities (Table 5). When the cost share incentives of rotational grazing
and water tanks are simultaneously increased by 1%, their combined effect results in a 1.3%
change in acres enrolled into the hypothetical rotational grazing program. Larger percent
increases in the rotational grazing and water tank costs shares induced an even larger response.
If the cost share rates for rotational grazing and water tanks were increased by 14.49% and 12.56%
to their market values (100% cost share), then the corresponding change in acres in rotational
grazing are 17.58%. For water tanks and rotational grazing, the incentive for their adoption
appears to “crowd in” private investment in the form of additional acres in rotational grazing
or additional water tanks (Fleming, 2017).

A 1% increase in the incentive offered to adopt pasture improving practices corresponds with a
−0.11% decrease in areas respondents are willing to manage with a rotational grazing system,
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thereby “crowding out” private investment (Fleming, 2017). The incentive for water tanks crowds
out willingness to improve pasture as a 1% increase in the incentive offered to adopt a water tank
is associated with a 0.54% decrease in the number of pasture acres respondents are willing to
rehabilitate (Table 5).

Table 4. Seemingly unrelated regression: symmetric indirect normalized quadratic profit function

Parameter 1/ Estimate Standard Error Z-Score

bP 60.80 11.95 5.09

bR 0.78 37.81 0.02

bW 0.10 1.88 0.05

bS 593.46 785.54 0.76

bPP 0.20 2.51 0.08

bPR −7.76 27.09 −0.29

bPW −0.39 1.42 −0.28

bPS 7.95 27.51 0.29

bRR 299.57 178.57 1.68

bRW 15.24 9.31 1.64

bRS −307.05 184.33 −1.67

bWW 0.78 0.65 1.19

bWS −15.62 9.35 −1.67

bSS 314.72 193.15 1.63

ρP 0.42 0.48 0.86

ρS 0.05 0.68 0.07

ρW −0.24 0.56 −0.44

ρR 0.42 1.20 0.35

σP 66.77 9.01 7.41

σR 66.47 8.23 8.08

σW 1.66 0.13 13.12

σS 621.91 103.91 5.99

Sample size 195

R2: prescribed grazing 0.34

R2: rotational grazing 0.28

R2: water tanks 0.48

R2: stream crossing 0.13

Unrestricted log likelihood −4,035

Restricted log likelihood −4,057

Breusch-Pagan test 2/ 121

Notes: 1/, Parameter labels are described in equations (1) and (2). 2/, The null hypothesis is that the off-diagonal
elements of the error covariance matrix are zero. The statistic is a chi-squared random variable, with a critical
value of 12.59 at the 5% level of significance. P, prescribed grazing; R, rotational grazing; S, stream crossing;
W, water tank.
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4.3. Application results

The maximum number of acres that could be enrolled into the hypothetical rotational grazing
program, subject to the optimization model’s constraints and parameters, is 1,891 (Figure 2a),
or 39% of the total acres included in the simulation sample. The acreage supply curve becomes
perfectly inelastic at the cost share rate of $198/acre, which corresponds with a sediment
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Figure 2. Pasture supply and sediment abatement curves.

Table 5. Supply elasticities for pasture best pasture management practices (standard errors in parentheses)

Pasture Improvement Rotational Grazing Water Tanks Stream Crossing

Pasture improvement 0.17 −0.11 −0.08 0.01

(0.09) (0.07) (0.04) (0.01)

Rotational grazing −1.11 0.73 0.57 −0.09

(0.68) (0.53) (0.44) (0.07)

Water tanks −0.54 0.36 0.32 −0.05

(0.55) (0.43) (0.37) (0.05)

Stream Crossing 0.25 −0.17 −0.12 0.02

(0.48) (0.30) (0.29) (0.06)
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abatement target of 8,520 tons/year (Figure 2b). The maximum feasible sediment abatement target
of 8,520 tons/year corresponds with a 37% reduction in sedimentation for the 52 HRUs included
in the simulation, and a 31% overall reduction in sediment loading for all 207 pasture HRUs in the
watershed. At this level of sediment abatement, total incentive payments for enrolled acres and
water tanks are estimated to be $170,000 per year (Figure 2c), or roughly $20/ton of decreased
sediment yield (Figure 2d).

5. Conclusions
This study uses the results of a hypothetical choice experiment measuring cattle producer will-
ingness to adopt four pasture-based best management practices (rotational grazing, pasture
improvement, water tanks, and stream crossings) to estimate a theoretically consistent system
of supply (or extent of adoption) equations. The usual constraints of homogeneity, symmetry,
and convexity were imposed, and a two-step nonlinear procedure was used to estimate the indirect
profit function. The supply equation for any one practice quantifies the relationship between acres
or units of the practice likely to be adopted by livestock producers and the incentive level offered
for the adoption of the practice (the own-incentive), holding the incentive levels for the other
practices (the cross-incentives) constant.

The supply equation for rotational grazing was linked to a SWAT to simulate the effects of the
adoption of rotational grazing on sediment yields to generate an aggregate sediment abatement
curve for a watershed in East Tennessee. The sediment abatement curve summarizes the relation-
ship between the land class-specific incentive levels for rotational grazing and watershed-level
reductions in sediment yield. Thus, the abatement curve differentiates among the land classes
based on sediment yield rates and implicitly assumes an incentive program that can target land
classes because of this difference.

Application of the methods used here would enable agencies to consider the effects of both
own- and cross-incentive elasticities on practice adoption and sedimentation abatement when
defining and setting incentives for a suite of best management practices. Previous studies estab-
lished the existence of cross-incentive effects but did not apply methods to account for these
effects when setting incentive rates. Thus, this study extends this literature by proposing an empir-
ical strategy for generating theoretically consistent own- and cross-incentive effects for a suite of
pasture management best management practices and then linking these effects with a biophysical
simulation model to generate sediment reduction cost curves as well as the corresponding acreage
supply/cost rate schedule. In this way, the article proposes an approach for resolving some of the
complexities involved in setting incentive rates that will both entice producers to adopt BMPs
while cost-effectively achieving desirable environmental outcomes.

The results should be put into perspective. The findings of the choice experiment are subject to
all of the usual qualifications regarding hypothetical markets. In addition, there were limitations to
the choice experiment performed for this analysis. Landowners who used pasture to raise beef
cattle with access to streams were the larger population of interest in this study. The number
of landowners meeting these criteria was unknown before the survey. This means the sample used
may underrepresent the population of interest. In terms of the estimation of the best management
practice supply equations, the two-step procedure used here generates consistent estimates, but
these estimates are inefficient compared with full-information ML estimators. However, the
advantage of the two-step estimator rests in the relative ease at which nonlinearities can be intro-
duced into supply equations to impose a function consistent with profit maximizing behavior.
An empirical challenge remains to specify fully the system proposed here as a “full-information”
system of censored equations with curvature imposed by the procedures used here.4

4Recent advances in modeling demand systems by, for example, Plastina and Lence (2018) hold some promise. Adapting
their simulation approach to censoring mechanisms is a challenge for future applications.
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Further, one might expect willingness to adopt to vary with the characteristics of the land clas-
ses. For example, owners of steeper land classes might be more willing to adopt erosion-reducing
practices because of higher erosion rates and, possibly, lower opportunity costs. Thus, additional
research could focus on differentiating between land classes both in terms of sediment yields and
between producer willingness to adopt best pasture practices.

Supplementary material. To view supplementary material for this article, please visit https://doi.org/10.1017/aae.2019.42.
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