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Abstract

Benefit—cost analysis (BCA) and geographic information systems (GIS) are both useful tools for aiding land
management decisions. In this study, benefit—cost ratios (BCRs) for treatment of sheet and rill erosion are derived at
the farm level. The biophysical and management factors that most influence these BCRs are then determined. Using
GIS predictive modelling, these farm-level BCRs are disaggregated according to soil erosion, slope, and soil type for
a higher resolution of information in the form of mapped output. This economic information relates directly to
important biophysical attributes, at a scale useful for landholders to make improved land management decisions.

© 1997 Elsevier Science B.V.

Keywords: Land degradation; Benefit—cost analysis; GIS; Predictive modelling

1. Introduction

At the farm level, maintenance of land quality
is just one of a number of management issues
requiring attention from the landholder. Each
farm may be faced with a variety of land degrada-
tion types of different intensity and scale. In
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Australia, most landholders now have access to
information from various management agencies
about the types of programs that may be under-
taken to combat a particular land degradation
problem, and the emergence of voluntary commu-
nity land conservation groups (Landcare) has as-
sisted in the dissemination of this information.
Certainly, there appears to be an increasing will
amongst the agricultural community, encouraged
by increased government funding, to undertake
land management programs such as tree planting,
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gully stabilisation and conservation tillage. How-
ever, is this conservation work warranted on a
financial basis? Does information exist at the farm
or sub-catchment level on the profitability of par-
ticular land management projects? How can this
information be integrated with more broadly-
based information systems?

Estimates of the benefits of land management
programs at the farm level are important for the
landholder both for short and long-term manage-
ment decisions. If a landholder is able to under-
take a whole-farm planning program, the
knowledge that specific forms of land manage-
ment activities on particular land types will gener-
ate certain levels of benefit is certain to be of
assistance. Alternatively, if a group of landholders
within a sub-catchment are able to identify areas
of greatest agricultural loss and potential benefit
from conservation programs, this information
should assist their claims for funding from gov-
ernment agencies.

The area chosen to examine these issues is
located in north-western New South Wales, Aus-
tralia, and is based on a 1:25000 map sheet, near
the town of Gunnedah. This area falls within the
wheat—sheep zone of NSW, and there is a docu-
mented history of serious sheet and rill erosion in
the region (Junor et al., 1979; Anonymous, 1991).
Many landholders in the area have implemented
major soil conservation earthworks in the past,
although some of these are now in need of further
maintenance.

In this context, the objectives of this paper are
to
e derive farm-level information about the

benefit—cost ratios for treatment of sheet and

rill erosion for particular land management
situations,

e determine the biophysical and management
factors that most influence these benefit—cost
ratios, and

e using predictive modelling in a geographic in-
formation system (GIS), disaggregate farm-
level benefit—cost ratios according to biophysi-
cal and land management factors, to give a
higher resolution of information.

The higher level of resolution of the benefit—
cost information, and its display through GIS,

should provide a useful planning tool for land-
holders.

1.1. Geographic information systems as a tool for
land management

Geographic information systems can be a pow-
erful tool to assist land management decisions.
Resource management applications are, under-
standably, quite varied. For example, GIS has
been used by Kessell (1990) as a decision support
system for fire-prone rural land, and by Pressey
and Ferrier (1994) as part of an interactive system
to determine conservation importance of pastoral
holdings for conservation planning purposes. Ap-
plications specifically relating to land degradation
management include Turner and Ruffio (1993),
who used GIS to identify agricultural land requir-
ing improved management for non-point source
pollution, and Mellerowicz et al. (1994) who inte-
grated information on soils, climate and land use
using GIS, to aid in soil and water conservation
planning at the catchment level.

A number of GIS applications to resource man-
agement have gone beyond purely physical esti-
mates, by incorporating some form of economic
indicators. Lowes and Bellamy (1994) have incor-
porated a GIS of land units and property in-
frastructure with a knowledge-based system of
management and ecological knowledge, a data-
base system and scientific and economic models to
develop the Landassess Decision Support System.
Bockstael et al. (1995) combined ecological simu-
lation models and economic models in an ap-
proach that relied upon data in GIS form to be
able to incorporate the ecological and economic
features of the landscape.

There are many GIS packages available. For
the purposes of this study, the Environmental-Re-
source Mapping System (E-RMS; Ferrier, 1988)
will be the GIS used.

2. Method
The impact of land degradation on agricultural

production, and the profitability of land manage-
ment programs, has been estimated at the state
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and regional level in New South Wales by Yapp
et al. (1992) and Walpole et al. (1996). The issues
facing individual landholders at the farm level are
somewhat different; however, it is possible to
apply a general method of analysis at this scale.
The general method consists of specifying a pro-
duction function to relate changes in land quality
to changes in output, estimating the empirical
models, and then calculating the costs of degrada-
tion and benefits of conservation from the empiri-
cal results.

2.1. Estimate benefits of treatment

A production function depicts the relationship
between output and inputs. If all land were ho-
mogenous, the production function would be

y=Ma, L k), (H

where y represents quantity of output, ¢ quantity
of land under production, / quantity of labour,
and k quantity of human-made capital (Heady
and Dillon, 1961). The analyst, presumably,
would apply this function to each type of land
quality. The test for the occurrence and extent of
degradation would involve comparisons of coeffi-
cients on the variables between the functions for
each land quality, as illustrated by Singh and
Singh (1995). Heady and Dillon (1961) suggest
that a specific variable could be used for land
quality when there are significant differences in
quality between land units. This formulation
would be

y=fla, Lk, q), 2)

where ¢ is a measure of the land quality.
Expanding k to include the likely inputs of

fertiliser and chemicals, the formulation of the

production function in any year would be

y=falf c q), (3)

where f represents quantity of fertiliser, and ¢
quantity of chemicals. Rainfall is not included in
the model, as it is assumed to be constant across
all farms for the given year of analysis.

Using a Cobb-Douglas specification of Eq. (3),
estimates of the increase in agricultural produc-
tion, if all degradation were reduced to negligible

levels, can be derived for the study area. We are
concerned with the benefits of restoring degrada-
tion and so moving from a degraded situation to
an undegraded situation. The inclusion of a sepa-
rate degradation variable in this model has impor-
tant implications for the shift of the production
function due to degradation and soil conserva-
tion. When degradation is represented in logarith-
mic form, there would be increasing returns to
given decreases in degradation. That is, there
would be increasing returns to given investments
in conservation works. This situation seems un-
likely because of the relatively fixed nature of the
required conservation works within the homoge-
nous region of our study area. For example, the
type of treatment recommended from paddock to
paddock and farm to farm is unlikely to vary
much—there are standard types of earthworks
and management practices prescribed by Soil
Conservation Officers. When degradation is repre-
sented in linear form, there would be constant
returns to given investments in conservation
works. The latter situation is more likely, and so
the linear form is to be preferred.

This change in y, when ¢ is improved to a
negligible level of degradation, gives a farm-level
estimate of increased revenue from conservation
works in the form of a net benefit value per
hectare per year (BENPH), which can then be
discounted to a present value (PVB). It is assumed
that a ‘negligible’ level of sheet and rill erosion is
0.5 t/ha per year. Soil conservation measures to
control sheet and rill erosion are rarely 100%
effective, so sensitivity tests to consider the im-
pacts of lower levels of effectiveness need to be
undertaken.

2.2. Estimate costs of treatment

Estimates are required for the costs of conser-
vation measures for each farm. Costs incurred
with treatment may include those due to installa-
tion of works, operation and maintenance, and
change in management practices. These estimates
reflect particular land management scenarios, and
a theoretical representation of the flows of net
income over time under alternative management
scenarios are illustrated in Fig. 1. The net income
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OS represents the income per unit area from
undegraded land, or land where all degradation
has been treated, using current technologies, and
at current prices. The net income OE represents
income at present, from degraded land. Thus, the
opportunity cost of degradation in year 0 is repre-
sented by the decrease in net income ES.

(1) In the ‘do-nothing situation’, no mainte-
nance or conservation of the land is undertaken,
and there is a decline in net income, as shown by
EA. The curve EA shows income decreasing at an
increasing rate with respect to time. For example,
in time 7 the opportunity cost of degradation
would be the net income FS, if the present degra-
dation trends continue and nothing is done. How-
ever, there is some evidence to suggest that
income may decline at a decreasing rate as erosion
proceeds (G. Fox, personal communication,
1995). Rather than net income continuing to fall
to zero, the curve EA could flatten out as the land
becomes more resilient to further productivity
loss. This might occur where the years following
initial cultivation show relatively steep declines in
organic matter and certain nutrients in the root
zone. Continued cultivation, however, may result
in these characteristics stabilising at a lower level.

(2) Areas with soil conservation work, but re-
quiring additional maintenance, exhibit a declin-
ing level of net income due to the decreasing
effectiveness of the earthworks constructed in the
past. The curve EB reflects this situation, with an

Net income
%)

Change to stabilised
flow of net income

Restore the land

Maintain current
land management

Do nothing

0 T Time

Fig. 1. Flows of net income over time under alternative land
management scenarios. Source: Walpole (1994).

nitial decrease in net income due to the outlay for
earthworks, and then an increase above EA, and
a lesser decline in net income.

(3) Areas with soil conservation works, not re-
quiring any significant additional work, reflect a
more stable level of net income. However, over
time there will be a gradual decrease in net in-
come as further land restoration becomes neces-
sary (EC).

(4) To reach the stable higher level of net in-
come OS, all degradation is treated and manage-
ment changes are undertaken to ensure a
stabilised net income flow (ED). The curve of net
income now moves from EA to ED. The stable
level assumes that prices, yields and costs are
constant, and in this case study, that a change to
pasture land use will provide a stable flow of net
income. In areas where the land is highly de-
graded, there is some doubt as to whether the
curve ED would ever be achievable; however, this
study assumes that a 100% achievement of soil
conservation targets is possible.

The costs of treatment are estimated as follows.

2.2.1. Maintenance costs

These costs are those required to maintain the
current management position (MAINT). They
consist of the costs of establishing and maintain-
ing contour banks and other earthworks, and they
vary with soil type, land use and slope. Regular
low levels of erosion damage may have a signifi-
cant effect on agricultural output. Also. some soil
conservation works undertaken in the past may
now require significant maintenance work. There-
fore, a maintenance cost for the entire farm area
under agricultural production 1s estimated.

2.2.2. Change in land use costs

These costs are those required to change the
land use of the management system to achieve a
stable higher flow of net income (CHANGE).
They include any loss in gross margin due to
changing from cropping to either rotational or
pasture land use. It is assumed that prices, yields
and costs will remain constant. Once these land
uses are established, and once all maintenance
and capital costs have been invested, it is assumed
that the net income will settle to a stable level as
if all existing degradation were restored.
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Both of these costs are discounted to present
values and added to represent the costs of conser-
vation for the entire farm (PVC).

2.3. Estimate the benefit—cost ratio

The benefit—-cost ratio (BCR) for each farm is
calculated as follows:

BCR =PVB/PVC, 4)

where PVB is calculated as in Section 2.1, and
PVC is calculated as in Section 2.2.

Putting altruistic and community consider-
ations aside, and given that a BCR other than 1.0
at the margin suggests that farmers are acting
irrationally, it is important to justify any variation
that occurs in the estimated ratios. A major rea-
son for departure of these marginal ratios from
1.0 may well be uncertainty of the actual benefits
and costs associated with degradation. For exam-
ple, a landholder may perceive some change in
overall output levels due to degradation, but may
not be aware of the actual extent of the change. A
stochastic simulation is undertaken to estimate
the level of uncertainty in the BCR values using
@RISK (Palisade Corporation, 1992).

2.4. Estimate site-specific benefit—cost ratios

To increase the resolution of the BCRs, the
biophysical and management factors that are the
most influential in changing the BCR levels are
determined. The following model, developed by
Walpole (1994), describes this relationship:

BCR = f(m, b), (5)

where BCR is the benefit—cost ratio, m represents
land use and management factors, and b repre-
sents biophysical factors such as soil and slope.
This equation is the basis of a procedure where
the BCR can be predicted for a farm with a
particular combination of the defined attributes.
The profitability of site-specific land-management
proposals can then be predicted. This allows the
BCR results from the farm level to be disaggre-
gated below the farm level, and therefore provides
economic information at a scale that is useful for
landholders in a decision-making process. The

disaggregation of BCRs is undertaken using pre-
dictive modelling in the GIS.

3. Data

An area near Gunnedah was chosen for the
study due to the availability of GIS data collected
for 1:25000 map sheets by the NSW Department
of Land and Water Conservation. Following con-
sultation with staff from the Department of Land
and Water Conservation Research Station at
Gunnedah, a map sheet was chosen that had a
range of land use, topography, vegetation, soil,
and land management types. Using a map of
property names and boundaries from the
Gunnedah Shire Council, it was possible to iden-
tify all farms that occurred within the boundaries
of the chosen map sheet. Landholders were then
contacted by telephone to arrange a time for an
interview. At the time of the survey (early 1995),
drought was having a significant effect on the
area, and some landholders were reluctant to
co-operate due to the major difficulties associated
with the prevailing conditions. Due to these con-
straints, selection of properties was based on the
first 31 landholders out of a possible 45 with
whom appointments could be made. The data
collected from these landholders are considered to
be representative of properties in the area, provid-
ing a good coverage of the map sheet.

The variables used in the analysis are now
discussed.

3.1. Property characteristics

Data collected in the survey are based on the
92/93 season because the GIS data were collected
at this time. The total area of the farm (AREA) is
measured in hectares. Productivity is measured in
terms of gross value of agricultural output
(GVAP), with the number of stock (STOCK), and
tonnes of grain (TGRAIN) also recorded. The
numbers of farm workers (LABOUR) were ob-
tained, as were the tonnes of fertiliser (FERT)
and litres of chemicals applied (CHEM). Mem-
bership of a landcare group (LCARE), whether
the owner intended to sell the property in the
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future (SELL), and intention to undertake soil
conservation (CONS) were also recorded (1, yes
or 0, no; for all three variables).

Using an overlay of property boundaries on
the GIS data, detailed biophysical information
was determined for each farm on the map sheet.
Measured attributes included slope, terrain, land
use, timber, erosion, rock, soil and soil erosion
control earthworks. The erosion classifications
ranged from no appreciable to very severe for
sheet, wind, rill, gully and streambank erosion.
Mass movement and saline indications were also
recorded. However, for this particular study
area, only sheet and rill erosion and salinity were
recorded as present. The following data were ex-
tracted from the GIS as average values per farm;
slope (SLOPE) in degrees; area under cropping
(CROP), pasture (PAST), lucerne (ALUC), and
trees (TREES) in hectares; total amount of sheet
and rill erosion per farm (EROSION) in tonnes,
and area of sheet and rill erosion (AEROS) in
hectares. Data were also extracted on presence or
absence of red brown earth (RBE), skeletal soil
(SKEL), and euchrozem (EUCH) (1, present or
0, absent; for all three variables).

3.2. Cost estimates

Costs were estimated according to areas re-
quiring some form of soil conservation treat-
ment. Cost data were obtained from DLWC
staff at Gunnedah. The costs were provided for
different soil, slope and land use categories.
Therefore cost estimates can be made to reflect
more closely the true condition of the land.

The economic information available at the
farm level from the survey, coupled with the
detailed biophysical data from the GIS, allows
for a more detailed examination of the factors
influencing the benefits and costs associated with
land degradation.

4. Analysis and results
4.1. Estimation of models

The estimated model for Eq. (3) shows the

influence of degradation on the value of agricul-
tural production, and the significant negative co-
efficient indicates that increases in degradation
are associated with decreases in production. The
preferred Cobb-Douglas model is:

LGVAP = 5.751 + 0.797LAREA (4.0)***
+0.058LALUC (1.4)*
+0.118LFERT (2.4)**
+0.119LCHEM(3.9)***

— 0.235LSLOPE(1.8)**
— 0.00008EROSION(2.4)** 6)

The levels of significance on the ¢-statistics in
parentheses are as follows: *, 10% or better; **,
5% or better; *** 1% or better. R% 0.793, ad-
justed R? 0.741. The dependent variable is;
LGVAP, the gross value of agricultural output
($), in logarithms. The independent variables are;
LAREA, the total area in agricultural produc-
tion (ha), in logarithms; LALUC, the total area
of lucerne in agricultural production (ha), in log-
arithms; LFERT, the total amount of any kind
of artificial fertiliser applied (tonnes), in loga-
rithms; LCHEM, the total amount of any kind
of chemical applied (1), in logarithms; LSLOPE,
average slope across the farm, in logarithms;
EROSION, sheet and rill erosion, as the total
amount of soil loss per year (tonnes).

The process of model estimation must include
consideration of the model specification, the
problem of reversibility, the nature of the shift in
the production function, spatial correlation and
multicollinearity.

An attempt was made to calculate models us-
ing per hectare variables; however, this type of
alternative specification could not be successfully
estimated. Soil type was included in the original
specification, but was not significant so was
dropped from the model. It was suspected that
LSLOPE might be a surrogate for soil type;
however, examination of the correlations be-
tween LSLOPE and the three soil type variables
did not reveal any significant relationships.
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Table 1

Comparison of benefits and costs for treating sheet and rill erosion for selected farms

Farm number Area Soil loss PVB PVC MAINT PVC CHGE PVC BCR
(ha) (tonnes/year) ($/ha) ($/ha) ($/ha) ($/ha)

1 1003 2319 185.91 122.88 14.92 137.80 1.35

9 450 3650 218.94 201.25 28.68 229.94 0.95

17 520 3566 1404.33 77.74 194.76 272.49 5.15

27 607 815 37.92 88.41 0.00 88.41 043

This analysis assumes that land degradation is
technically reversible, thus allowing for an up-
wards shift in the production function from its
present (degraded) level to some future (unde-
graded) level. The degree of the reversibility of
this shift is examined in the following section. But
is the shift parallel, convergent or divergent? A
non-parallel shift may be caused by non-neutral
technology. For example, the response of output
to fertiliser application may vary between farms
with different erosion levels. A non-parallel shift
of the production function reflects the presence of
heteroskedasticity in the data. Griffiths et al.
(1993) discuss the forms of heteroskedasticity and
the tests for it, and note that a major difficulty in
testing is the need to know which form of het-
eroskedasticity is present. The variance of
LGVAP is likely to depend on several variables in
addition to degradation, and these variables can-
not be expected to always move in the same
direction. Griffiths et al. (1993) suggest that the
Breusch-Pagan test is useful in this situation. Ac-
cordingly, the Breusch-Pagan statistic (BP) was
estimated for Eq. (6) using Shazam (White, 1993).
The estimated BP statistic was 9.867, which is
lower than the critical y2 value at a significance
level of 5% (x2=12.592). Hence, we conclude
that heteroskedasticity is not present in the esti-
mated model (Griffiths et al., 1993). Thus, the
shift is assumed to be parallel.

Spatial correlation may be present between er-
rors corresponding to neighbouring properties,
which are similar in terms of geographical and
climatic features. This may occur when important
variables are excluded from the model, causing
the residuals corresponding to neighbouring prop-
erties to be correlated. To detect the presence of

spatial correlation, the farms were ordered first by
northing, then by easting, and the residuals plot-
ted and examined for any trends. No obvious
trends could be detected, but for completeness the
Durbin-Watson test was applied to the ordered
farms. A Durbin-Watson statistic for the esti-
mated model (DW = 1.723) is inconclusive in that
H_ (no autocorrelation) is neither rejected nor
accepted according to the Durbin-Watson Bounds
Test (Griffiths et al., 1993). However, the esti-
mated values are closer to 2 than 0, indicating
that autocorrelation is negligible (Doran and
Guise, 1984).

The problem of multicollinearity must aiso be
examined. In Eq. (6), the highest correlations were
between LAREA and LSLOPE (0.57) and (0.46)
between LSLOPE and EROSION. Griffiths et al.
(1993) suggest that correlation coefficients greater
than 0.80 between independent variables may be
harmful. There appear to be no harmful collinear
relationships between any of the independent vari-
ables.

4.2. Farm-level benefits, costs and benefit—cost
ratios

The benefits and costs for each farm are calcu-
lated according to the procedures outlined in Sec-
tion 2. A 5% real discount rate was used, as this is
close to the ‘real’ private rate of discount for
farmers borrowing money for soil conservation
works through the New South Wales Rural Assis-
tance Authority (N. Flavel, personal communica-
tion, 1996). Benefit—cost ratios are then calculated
for each farm according to Eq. (4). The area of
the farm, the amount of erosion, PVB, PVC-
MAINT, PVCCHANGE, PVC, and BCR are






