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Bio-economic modelling for better
quantification of agriculture
environmental impacts

Daniel Deybe

Economics, Policies and Markets program,
Coopération Internationale en Recherche Agricole pour le Développement (CIRAD), France

Abstract: Bio-economic models, through the combination of biophysical crop growth models and
economic simulation models, allow a better representation of farmers’ behaviour and thus improve
the quality of the analysis of policy scenarios. In this paper the principles of this approach and the
practical methodological aspects for the construction of bio-economic models are presented.
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Introduction

Agriculture activity is necessary to satisfy human food demand, but it also implies disturbances
of natural resources equilibrium. These disturbances can imply resource depletion due to ill-
management and thus have negative impacts on the environment. However, in most cases the
effects can only be observed in the long-term and farmers do not always consider them when
making their decisions. Besides, most policy measures do not take into consideration these im-
pacts and induce farmers reactions that might jeopardise future generations well-being. It is
necessary to simulate alternative policy scenarios and evaluate their impact in the short and in
the long-term in order to help policy makers.

Economic models can be used for policy analysis. Either considering the economy as a whole
(general equilibrium models) or concentrating in a sector (partial equilibrium models), they are
based on the hypothesis of a "convex world", implying a convex function of optimal input allo-
cation for a given level of output, any other combination being sub-optimal. They result in asso-
ciating a unique optimal resource allocation to each policy. Environmental and natural resource
economics largely relies on the same methods and hypothesis. However this convexity hy-
pothesis is not always well adapted to represent the complexities of agricultural production
systems due to discontinuities in response to physical changes, or for capturing unexpected re-
sponses to policies. In agriculture factor substitution is sometimes better represented with a
concave function, implying that there might be two optimal levels of input use for the same
production, which invalidates the results of the models relying on the convexity hypothesis.
Examples of this exception can be found when analysing the relationship between yield levels
and temperature (in some cases, higher temperature might decrease the growth cycle and di-
minish the water stress during critical periods of growth), or the direct impact of fertiliser use
and pollution (rotations using higher doses might imply less pollution due to year long soil oc-
cupancy), or the physical complementarity between inputs (sometimes the optimal input use is
not economically feasible at the household level) or the effects of risk in farmers decision mak-
ing (implying unexpected substitution between activities with differentiated variability in
commodity prices). Divergence from standard economic approach is also necessary when ana-
lysing the environmental externalities, for instance looking at the implementation of pollution
permits. Additionally, it should not be neglected that the impact of policies on agriculture and
on the environment takes place both in the short- and in the long-term. There is a clear need to
build up more realistic models that take into consideration this characteristic of the agricultural
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sector and its impact on the environment, to identify policies able to enhance sustainable use of
natural resources without jeopardising agricultural incomes.

To improve the degree of representation of economic models for the agriculture sector they can
include engineering production functions, based on pure bio-physical relationships, so as to
allow for the consideration of the complex relationships between multiple levels of inputs and
consequent outputs in terms of production as well as externalities throughout time. This means
a degree of internalisation of some of the externalities of agriculture. The economic models, rep-
resenting farmers' behaviour, will therefore optimise, as farmers do, the use of inputs and other
production factor to enhance the outcome according to their own objective function.

Biophysical models, which provide detailed information on the effects of agricultural activities
on the environment in the short and long-run, allow for the required precision in the economic
representation of both the input/output relationships and the long-term impacts within behav-
ioural farm models. They can also help to introduce the recursive or dynamic aspects of the de-
cision making process, thus capturing farmers’ possible reactions to policies throughout time.
Bio-physical models could therefore be combined with mathematical programming models, in
which an utility function could be maximised.

The bio-economic models

Bio-economic modelling seeks to improve the representation of reality to enhance policy sce-
narios analysis in order to facilitate decision making. This approach implies to enhance the con-
sideration of biological and/or physical aspects of agricultural systems in economic models. The
first examples of this approach can be found in fisheries economics, where it was used to de-
termine the optimal capture rate and in forestry to estimate the optimal extraction rate. In these
cases, the methodology applies an economic function to a population growth function in order
to define the maximum sustainable yield and the optimum level of effort of extraction of the
renewable natural resource without jeopardising its existence (Clark, 1990). Mathematically, the
optimal use of any resource could be found analytically through dynamic programming or op-
timal control methods. Additional approaches to consider the complexity of agricultural pro-
duction systems and the importance of externalities can be implemented to find the optimal
level of resources use at the farm level, the essential decision making unit.
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Figure 1. The structure of Crop Growth Models

Farm models can better consider resources by using crop-growth models (GGM). This field of
research, which began at the end of the sixties with the pioneering work of De Witt (1992)
opened a new perspective because they allow to simulate quite complex agricultural systems.
These models, through the integration of several (main) production functions (responses to
water, nutriments, soil capacity, etc.), allow the estimation of total plant growth based on the
effect of the most limiting factors on potential growth. The first type of models were very de-
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tailed and specialised to one individual crop’. Later on, the need to take into consideration some
cumulative effects on soil characteristics (such as erosion, fertility, water content, etc.) drove the
developments of multi-crop multi-year models. They include several simplified production
functional forms in order to be able to cope with different crops and allow to simulate rotations
and thus short- and long-term impacts on soils. It is possible to study impacts on soil (C content,
organic matter, fertility, structure), erosion, nutrients’ leaking into ground water, water stress
due to lost retention capacity, total bio-mass production, etc. Examples of these models are
EPIC (Jones et al, 1991) and CropSyst (Stockle et Nelson, 1996). They carefully distinguish be-
tween potential yields, nutrient-limited and water-limited yields, and in some cases yield losses
due to pests and diseases (Figure 1).

With information on soil and weather conditions prevailing in specific regions of the world,
actual and potential yields can be estimated, and the most limiting factors can be identified, not
only for crops and techniques presently done in each area but also for potential crops and tech-
niques. This feature turns the CGM into an extremely powerful tool to objectively compare pro-
ductivity as well as future variability of yields between activities, because both the soil “behav-
iour” as well as the weather impacts are homogeneous for each activity in each specific situa-
tion: the differences in results are due mainly to farmers’ management, i.e. seed choice,
technology implementation and alternative factors’ use.

Crop Growth Model

y
Technical Coefficients Other activities <= Resources
- Yield and
- Variability constraints
- Inputs
- Soil depletion or fertility
enhancement

- Biomass production

Economic coefficients

Objective function (Optimisation)

Figure 2. CGM data integration in bio-economic models

For economic evaluation, this feature is extremely important. Policies seek to modify actors” be-
haviour and induce some specific actions, i.e. increase productivity through the use of subsi-
dised fertilisers, promote a specific crop production through the use of price incentives, enhance
bio-diversity by taxing mono-cropping activities, etc. As management is the consequence of
human (farmers’) behaviour, in order to help policy maker’s decision process, economic models
try to represent as close as possible actors’ behaviour. Thus the possibility to identify and isolate
agricultural physical response as a consequence of specific farmer’s management enhance con-
siderably the possibility of economic models to better represent farmers” behaviour.

Crop growth model results? can then be used to generate the technical coefficients used in eco-
nomic models (factors requirement such as labour, machinery, fertilisers, irrigation water), the

1 CERES (Godwin et al. 1989) family of models is one example: PNUTGROW (Boot et al. 1989), SOYGRO (Jones et al. 1988)
See Thornton et al 1991 for an early description of these models.

2 |tis possible to include CGM within the economic models as Barbier,and Hazell did at IFPRI, However resolution time
increases exponentially and does not provide more detailed information than when the process is undertaken iterativelly.
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production indicators (yield, yield variability, bio-mass, etc) as well as some environmental in-
dicators such as erosion, nitrogen leaking, CO: fixed (in soil and bio-mass), etc. This inclusion
allows: 1. a common basis for comparison between alternatives (they use the same soil and
weather characteristics, which implies that the difference in yields can only be due to crop char-
acteristics, management or rotation patterns), 2. to take into account explicitly the long-term
impacts and 3. quantify some of the impacts on the environment (erosion, C fixation or CO:
emissions).

The detailed data from CGM allow for a better representation of substitution and complemen-
tarity mechanisms between activities and technologies (Figure 2). But farmers' behaviour is
mainly dependant on their objectives, constraints and resource endowment, which have to be
first identified and then formalised in mathematical models. Constraints and endowments can
be dealt with as inequalities: the use of a given factor can only be equal or less than farmers'
availability, except in the case of purchase, location or loan. These three latter mechanisms have
to be considered thoroughly: in farm (micro) models, the possibility is included as an exoge-
nous variable, in the case of village or regional models, once the problem of aggregation is
solved?, markets for some of the factors can be included and thus the exchanges are endoge-
nous, which implies that the optimal transfer is estimated to better satisfy the resource alloca-
tion of every actor (Figure 3).

Farm 1

Farm 2

Farm 3

Common endowments
Figure 3. Structure of an economic model with

transfers between actors

The inequalities can be represented by :

Z Aj tech-Xex,i, tech < ng t ZbEX

i,tech EX=#ex

The coefficients aitch represent the technical requirements for each activity, and in the case of
agriculture, they can be provided by the CGM for each crop i and each technique tech, X exitech
represents the activity level in farm e (i.e. the number of hectares with crop i and technique tech),
b is the total endowment of a specific factor, which can be increased or decreased through ex-
changes with other farmers b ex.

The representation of farmers' objectives is more complex, in particular to estimate some of the
coefficients that can help in the process. Many behaviours can be identified: income maximisa-
tion, cost minimisation, self-consumption optimisation, risk reduction, wealth increase, etc., or
in most cases, a combination of all of them. Risk is essentially the consequence of two factors:
weather and market prices. CGM are again extremely useful to represent weather and soil use
impacts on yields and provide better information to include in the models (coefficients o itech
and Y itecn). Other important factor that is considered as influencing risk is the financial cost as-
sociated with short- and long-term credit, to cover operating costs, investment or exceptional

3 This is one of the most difficult issues to deal with. In most models, for simplicity reasons all farmers of a category are
supposed to react in the same way, which is proven to be wrong. A partial solution resides in the inclusion of time depending
response functions (i.e. adoption of technology, market access) for each category which try to represent the adaptation of
farmers to changes in the general or specific context.
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requirements of cash. Risk related attitude is one of the main component of farmers' decision
making process. Farmers can be risk averse, risk neutral or risk taker, even if this last possibility
is rarely found. Thus, the risk attitude has to be considered in the objective function affecting
the production plan, i.e. expected income is maximised at the same time that expected variance
is minimised (Markovitz, 1959, E-V criterium).

2,
Max z [((Yi,tech Pz - Ci,tech )'xex,i,tech) -1 / zaexa i, tech 'xex,i,tech

ex,i,tech

Where Y are the yields, P the prices and c the costs of each activity and technique, aex represents
each farmers’ attitude concerning risk and o? the variance of the activities revenus.

A
Supply
Pa
Q
A
Supply
Pr
Demand
> Figure 4. limpacts of expected prices on supply
and the subsequent impact on “real” prices as a
function of the demand

Two more specific features should be taken into account when modelling farmers' behaviour.
First, there can be a difference between expected prices and "actual” prices received by the
farmers. In most models both prices have the same value, but this is hardly observed in reality.
Farmers anticipate prices according to several factors : last year prices, the season, etc. and thus
decide their factor allocation. Their income will be the consequence of their total outcome (de-
pendant on weather and management), of other farmers outcome and of consumers' decisions
(demand) which influence the level of "actual" prices (Figure 4 and 5). This can be dealt with in
a separate model which undertakes a thorough representation of consumers' demand with the
corresponding elasticities for the different products according to their different budgetary con-
straints. In this case, total production arriving at the market is provided by the bio-economic
model and the prices for each commodity is the result of this non-linear optimisation of the con-
sumers' utility function (Deybe and Robilliard 1997, Deybe 2001). Second, resource depletion
will have an impact on future productivity. These two aspects call for dynamic or recursive
models (Gérard et al. 1995). The dynamic models imply to define alternative resource uses for a
certain period of time, recursive models call for reinitialising resource status after each model
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step. In both cases CGM are also useful because they provide precise data on crop responses to
rotations or resource depletion (Deybe,2001).

Expected prices > Production decision
v
< Weather
Production Other farmers’
production
4
Farmers’ revenus P R
< rices| @
v
Demand
........................ Recursive .
’ Direct
aspects — . .
relationships

Figure 5. The recursive linkages in the bio-economic model

Experience on bio-economic modelling and the environment

Bio-economic modelling, based on the coupling of biophysical and economic models, started in
the USA in the eighties, specially at lowa State University and Texas A&M University, both for
studying problems of nitrate pollution and soil erosion. In Europe, research in this field has
been developed in several countries, particularly in The Netherlands, Germany and France. Im-
portant progress has been reached by Wageningen Agricultural University in the development
of integrated bio-economic modes based on a modular analytical framework. Intensive collabo-
ration between soil scientists, crop and livestock modellers and micro- and macroeconomists
enabled the specification of interactive models for land use, farm household choice and regional
development. These models were tested and applied in specific semi-arid and humid settings in
order to identify specific policy instruments for bridging the gaps between sustainable land use
and farmers welfare (van Keulen et al, 1998).

Even if bio-economic models have still many drawbacks to overcome, in particular enhancing
the consideration of site specific characteristics as well as the aggregation of farmers' responses,
they provide a step forward in the representation of the agricultural component affecting farm-
ers' behaviour. This representation allows to better concentrate in the analysis of specific farm-
ers characteristics, specially on the identification of their objective function and their risk atti-
tude. They also allow to improve the inclusion in the analysis of alternative agriculture activi-
ties, for which data is not always available, and which can eventually be adopted by farmers, if
the context allow it. Finally, they admit the quantification of some of the environmental impacts
(i.e. nitrate lixiviation, erosion, etc.) which can be useful for the policy maker to compare be-
tween alternatives.
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