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Abstract 

Increased drought frequency in many parts of the world, especially in the global South, is expected 

due to accelerating climate change. We present bioeconomic model aimed that unpacks the role of 

soil biodiversity as contributing to both increasing and stabilizing agricultural productivity in low-

input rainfed farming systems. The natural insurance value of soil biodiversity mostly depends on 

farmers’ risk preferences as well as on the frequency of drought events to be insured against. We 

show that when the probability of drought increases, soil biodiversity conservation can be an 

optimal ecosystem-based adaptation strategy. However, this is only likely to be the case up to a 

given drought probability threshold. The natural insurance value of soil biodiversity for climate 

change adaptation in drought prone rainfed agricultural systems depends on a combination of key 

hydrological, agronomic and economic parameters.  
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1 Introduction 

In many parts of the global South, especially in sub-Saharan Africa (SSA), agricultural production 

is largely rainfed. Actually, < 5% of agricultural land in SSA is equipped for irrigation and large 

disparities are observed between countries (FAO, 2014). Rainfed agriculture in SSA is specially 

exposed to climate variability (Niang and Ruppel, 2014). Decrease in annual rainfall coupled with 

more frequent drought episodes has been observed over the past 30 years (Funk et al., 2008; 

Williams and Funk, 2011) and climate variability is expected to increase significantly in the region 

(Cooper et al., 2008; Niang and Ruppel, 2014). In this climatic context, significant crop yield 

losses are likely to occur (Roudier et al., 2011), putting the most vulnerable small scale farmers’ 

food security at risk (Challinor et al., 2007; Niang and Ruppel, 2014; Schmidhuber and Tubiello, 

2007).  

Infrastructural investments in ‘blue water’ (from lakes or rivers) for agricultural systems in SSA 

is limited for several reasons, including financial constraints for large scale expansion of irrigation 

schemes (Rogers et al., 2002) and associated high transaction costs (Kadigi et al., 2012; Rosegrant 

and Cline, 2003), increased concerns about the environmental impacts of irrigation (Smakhtin, 

2002); and also, the limited access of farmers to markets. In this context, investments in ‘green 

water’, i.e. water from precipitation and made available to plants in the soil, could reduce the risk 

of dry spells and drought locally (Falkenmark and Rockström, 2008). This is an ecosystem based 

strategy to manage soil ecosystems to improve adaptation to increased rainfall variability (Bewket, 

2007; Biazin et al., 2012; Rockström et al., 2010). However, agroecologically based practices such 

as those involved in conservation agriculture (Hobbs et al., 2008; Pittelkow et al., 2014) also imply 

some costs to farmers (Giller et al., 2009). 

Agricultural biodiversity is a complex and integral component of conservation agriculture, 

supporting multiple ecosystem functions and intermediate ecosystem services essential for 

agricultural productivity (Brussaard, 1997; Tscharntke et al., 2012) and food security (Pascual et 

al., 2013, 2011). It has been suggested that ecosystems with higher levels of biodiversity tend to 

use biotic and abiotic resources more effectively than less diverse ones and are more productive 
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and stable (Turnbull et al., 2013). In soils, soil biota is important for soil productivity (Barrios, 

2007; Hector and Bagchi, 2007), have complex interactions with aboveground biodiversity (De 

Deyn and Van der Putten, 2005), and impact hydrological pathways (Bardgett et al., 2001) and 

biogeochemical processes in the nutrient cycle (Swift et al., 2004). For example, Spurgeon et al. 

(2013) found in a meta-analysis that the abundance and complexity of fungal and earthworms 

impact soil structure stability and water infiltration rates. Species interact in a complex way; where 

soil macro fauna and earthworms, in particular, transform organic matter and facilitates and 

accelerate its decomposition by bacteria and fungi (Nielsen et al., 2011). Beyond the idea of species 

richness, an important hypothesis in ecology is that species are functionally redundant, and thus 

as a species may be lost in a system, another can take its place in terms of providing the same 

function (Bengtsson, 1998)2. Nielsen et al. (2011) have examined the functional redundancy 

hypothesis of soil biodiversity for carbon cycling. They found that both community composition 

and species richness influence carbon cycling. The role of species diversity within functional 

groups is thus important in soil ecology. In our approach, we use a standard definition of soil 

biodiversity as “the variation of soil life, from genes to communities, and the ecological complexes 

of which they are part, that is from micro-habitats to landscapes” (Turbé et al., 2010). 

The capacity of biodiversity to enhance the flow of ecosystem services and their stability has been 

conceptualized as the natural insurance value of biodiversity for risk averse users of ecosystem 

services (Baumgärtner, 2007); soil biodiversity thus confers to ecosystem users an insurance 

against the variability of income3. Identifying the productive and insurance values of soil 

biodiversity are seen as an important step to understand the role of soil biodiversity conservation 

in climate change adaptation (Pascual et al., 2015). The studies focusing explicitly on the role of 

biodiversity from a farmer’s perspective have been mostly concerned with plant biodiversity, 

focused on crop productivity (Chavas and Falco, 2012) and income variability (Di Falco and 

                                                 

2 Functional redundancy occurs if multiple species share a trait that enhances ecosystem functioning. The chance of 

adding a species with a trait not observed in the community becomes smaller as species richness increases. 
3 In this approach, the insurance value of soil biodiversity is measured as a change in the risk premium due to a 

marginal change of biodiversity. 
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Chavas, 2008; Finger and Buchmann, 2015). To date studies focused on soil biodiversity from a 

farmer’s perspective are theoretical contributions that analyze the notion of the value of 

agrobiodiversity at large (Baumgärtner and Quaas, 2010; Omer et al., 2010) or on the productive 

value of soil biota (Foudi, 2012). There is thus a scant literature that integrates economic 

considerations into the viability of soil ecosystem-based approaches for sustainable agricultural 

intensification or/and climate smart agriculture. Here we use a theoretical bioeconomic model to 

fill this gap. 

The insurance value is highly dependent upon the ecosystem properties, economic context and the 

risk preferences of users, and can be subjected to non-linearities and threshold effects 

(Baumgärtner and Strunz, 2014). Soil biodiversity has mainly an indirect value, as it influences 

intermediate ecosystem services such as water regulation via soil functions on water cycling 

(Pascual et al., 2015). To analyze some potential thresholds under which soil biodiversity 

conservation can help to manage soil moisture and lead to potential increase and a stabilization of 

crop production, we make the (intermediate) soil hydro-ecosystem service explicit via a production 

function approach. The model is particularly suitable for studying vulnerable small-holder farming 

systems, such as those associated with rainfed agriculture in SSA. Our model captures basic 

ecological-economic links between soil biodiversity, hydrological processes and small-scale farm 

economy under climate variability proxied by changes in the quantity of expected rainfall. Under 

such climatic variability, the management of soil moisture via soil biodiversity is seen as a key 

approach, mediated by farmers’ risk preferences4. The model contributes to the understanding of 

the risk reducing properties of soil biodiversity from a farmers’ perspective and helps to determine 

economically optimal soil conservation strategies in agroecosystems that rely on rainfall and that 

are not capitalized except via human and natural capital, such as those used by millions of 

smallholders in the global South. It highlights under which social-ecological conditions soil 

biodiversity conservation is seen as natural insurance against of rainfall variability. 

                                                 

4 The elicitation of risk aversion has a long history in agricultural economics (Antle, 1987; Just and Pope, 1979; Lence, 

2009) and its impact on policy is an active discussion topic (Just and Peterson, 2010; Just, 2008; Just and Just, 2011). 
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The next section presents the basic building blocks of the bioeconomic model and establishes how 

soil biodiversity influences the mean and variance of agricultural production. Section 3 determines 

the economic optimal conservation strategy of a representative risk averse small-scale farmer, 

typical of rainfed agriculture in SSA, with soil biodiversity being the main mechanism to regulate 

soil moisture. The next section focuses on the impact of increased drought frequency on the 

farmer’s optimal strategy towards soil biodiversity conservation. Finally, the last section concludes 

and offers some additional insights to enrich the current policy discourse on climate smart 

agriculture. 

2 The bioeconomic model 

We consider a rainfed farming system, typical of most of SSA, where rainfall is the only source of 

water for agricultural production. We assume soil biodiversity to be a stock of natural capital 

(Brock et al., 2009) which enables the supply of intermediate water regulation services in terms of 

water accumulation potential and water storage capacity, which in turn supports food production 

as a final ecosystem service (Pascual et al., 2015) or regulate nature’s contribution to people (NCP) 

(Pascual et al., 2017). We first describe the hydrological-agronomic submodel and then the 

economic submodel, as components of the bioeconomic model.  

2.1 The hydrological-agronomic model 

Given that the rainfall pattern is a central feature of rainfed agriculture, without loss of generality, 

we assume two stochastic rainfall periods or key rainfall events during a given agricultural season. 

For each event/period a low level of rainfall, denoted 𝜋௟ or a high level of rainfall, 𝜋௛ , occurs with 

probability 𝜑௟ and 𝜑௛ ൌ 1 െ 𝜑௟, respectively. Rainfall is then assumed to be absorbed by the soil 

prior to be used by plants for transpiration. 

Different soil organisms play complementary roles in determining the fundamental characteristics 

of the soil, soil structure and soil texture (Altieri, 1999). This partly determines the way water 

infiltrates into the soil and the way water is retained. For example, organisms such as earthworms 

affect soil permeability while smaller organisms tend to have a greater impact on soil porosity by 

gradually breaking down the soil components and therefore affecting the soil’s capacity to 
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withhold water (Edwards and Arancon, 2004; Gupta and Larson, 1979; Hudson, 1994). Following 

Allison (1973) and Bastardie et al. (2005), we therefore assume that the higher the diversity of soil 

organisms, the more likely it is that soil has a higher capacity to store water, as represented by 

equation (1): 

𝑆𝑐 ൌ 𝐿 ൈ ሾ𝐼𝑏ሿµ (1) 

where 𝑆௖ is the soil’s water storage capacity, L is a proportionality coefficient, 𝐼௕ is the stock of 

soil biodiversity and µ is a parameter between 0 and 1. Equation (1) also states that soil biodiversity 

increases the water storage capacity at a decreasing rate5. To describe the dynamics of water in the 

soil, we use a modified version of Darcy’s law6 that describes the infiltration of water in a porous 

medium (Kirkham, 2005). The flow of water in the soil is described by a difference equation as a 

function of the total quantity of water in the porous medium and the intrinsic properties of the 

medium (Roscoe, 1968). Equation (2) adapts Darcy’s law in a simple way: 

𝑉𝑡൅1 െ 𝑉𝑡 ൌ െ
𝑘
𝑆𝑐

𝑉𝑡        (2) 

where  𝑉௧ is the quantity of water in the soil at time t and 𝑘 represents some intrinsic properties of 

the soil. Equation (2) states that a greater volume of water in the soil will lead to a proportionally 

greater water flow out of the soil. The water flows out of soil due to the gravitational force. The 

volume of water at t+1 is positively related to its storage capacity, Sc. Combined with equation 

(1) it implies that more biodiverse soils today retain more water for future use. 

The total quantity of water available in the soil at any time is equal to the quantity previously 

available plus any new amount of water naturally brought by rainfall. When the quantity of water 

available is lower than the real evapotranspiration, the water becomes scarce, the plant is stressed, 

and withdraws the quantity of water available; when the water is not scarce7, the plant’s water 

                                                 

5 The incremental species enhances soil storage capacity by different mechanisms but the possibility to bring additional 
water holding capacity is limited because of the intrinsic properties of the soil (Jhonson, 2009) and because of the 
functional redundancy of additional species. 
6 Darcy’s law is a simplification of the more general Richard’s law that represents water flow in non-saturated soils. 
7 In a setting of water scarcity, we assume that the plant is not affected by an excess of water such as during a flood 
event. Moreover, we assume that rainfall does not affect soil biodiversity. 
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withdrawal corresponds to the evapotranspiration. That is, the amount of water used by plants is 

given by: 

𝑋𝑡 ൌ ൜
𝐸𝑇𝑡  𝑖𝑓 𝐸𝑇𝑡 ൑ 𝑉𝑡െ1 ൅ 𝜋෥𝑡

𝑉𝑡െ1 ൅ 𝜋෥𝑡  𝑖𝑓 𝑒𝑙𝑠𝑒
      (3) 

where 𝑋௧ is the uptake of water by the plants at time t; ET is the rate of real evapotranspiration, 

and 𝑉௧ିଵ ൅ 𝜋෤௧ represents the total amount of water available in the soil, which is an additive 

function of the water remaining in the soil from period 𝑡 െ 1 and the water that reaches the soil 

due to stochastic rainfall level 𝜋෤௧ at period t. Combining equations (2) and (3): 

𝑉𝑡 ൌ
𝑉𝑡െ1 ൅ 𝜋෥𝑡 െ 𝑋𝑡

ሺ1 ൅ 𝛽ሻ
 (4) 

where 𝛽 ൌ
௞

ௌ೎
 and a higher value of 𝛽 implies a lower level of soil biodiversity (as seen from 

equation (1)).  

The quantity of water in the soil at the end of any given period t depends on the level of rainfall 

and the plants’ demand at that period (𝜋෤௧ െ 𝑋௧), the quantity of water remaining from the previous 

period, 𝑉௧ିଵ, and the soil biodiversity-water storage function (1 ൅ 𝛽ሻ. Although not a crucial 

assumption, for simplicity, it is assumed that ET is the same for all development phases of the 

plant and that ET is higher than the low level of rainfall 𝜋௟ , as well as lower than the upper level 𝜋௛. 

Hence, 𝜋௛ ൌ 𝛾𝜋௟ and 𝐸𝑇 ൌ 𝛼𝜋௟ with 1 ൑ 𝛼 ൑ 𝛾. Also to simplify notations in subsequent 

equations, let us denote ℎ ൌ 1 ൅
ఊିఈ

ଵାఉ
 where 𝛾 is the ratio between the upper and lower level of 

rainfall, ሺ𝛾 െ 𝛼ሻ is the coefficient of rainfall water remaining in the soil once the plant demand 𝛼 

is satisfied, ℎ can thus be interpreted as a fraction of remaining rainfall water stored for the next 

period by soil biodiversity. When 𝛾 ൌ 𝛼, the plant water needs are satisfied by all the rainfall and 

there is no water to be stored by soil biodiversity. 

2.2 Soil biodiversity as natural capital in rainfed agriculture 

We consider two periods in an extended agricultural season: a first period lasting from the 

harvesting of the previous crop until planting of the next crop, and a second period lasting from 
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planting until harvesting of the crop8. In each period either a low (drought) or a high level of 

rainfall can occur. This yields four scenarios or states of nature (𝑆𝑁௜, 𝑖 ൌ ሼ1,2,3,4ሽ): (a) two 

consecutive periods of low rainfall or droughts (𝑆𝑁ଵ), (b) two consecutive periods of high levels 

of rainfall (𝑆𝑁ଷ); (c) a drought followed by a high rainfall period (𝑆𝑁ଶ) and a high level rainfall 

period followed by drought or dry spells (𝑆𝑁ସ). The water storage function provided by soil 

biodiversity occurs under 𝑆𝑁ସ (Table 1 and Appendix A). 

Table 1: Production functions under the different states of nature 

 
Period 2 

Low rainfall High rainfall 

Period 1 
Low rainfall 𝐹ଵሺ𝜋௟, 𝜋௟ሻ 𝐹ଶሺ𝜋௟, 𝛼𝜋௟ሻ 

High rainfall 𝐹ସሺ𝛼𝜋௟, ℎ𝜋௟ሻ 𝐹ଷሺ𝛼𝜋௟, 𝛼𝜋௟ሻ 

Agricultural production depends on the amount of water taken up by the plants, 𝑋௧ during period 

𝑡 ൌ ሼ1,2ሽ, given limited substitutability between water and other productive inputs (Schoengold 

et al., 2006). A standard agricultural production function, 𝐹ሺ𝑋ଵ, 𝑋ଶሻ where F is increasing in each 

of its variables at a decreasing rates (i.e., 𝐹ᇱ ൐ 0 and 𝐹ᇱᇱ ൏ 0) is used, where 𝐹ᇱ and  𝐹ᇱᇱ represent 

the first and second derivatives of 𝐹 with respect to 𝑋௧, respectively. 

Using notation from Table 1 , the expected agricultural production (or expected yield) can be 

written as follows: 

𝐸൫𝐹ሺ𝑋ଵ, 𝑋ଶሻ൯ ൌ  𝜑௟
ଶ𝐹ଵሺ𝜋௟, 𝜋௟ሻ ൅ 𝜑௟𝜑௛𝐹ଶሺ𝜋௟, 𝛼𝜋௟ሻ ൅ 𝜑௟𝜑௛𝐹ସሺ𝛼𝜋௟, ℎ𝜋௟ሻ ൅ 𝜑௛

ଶ𝐹ଷሺ𝛼𝜋௟, 𝛼𝜋௟ሻ (5) 

and the marginal effect of soil biodiversity on expected crop yield by: 

𝜕𝐸൫𝐹ሺ𝑋ଵ, 𝑋ଶሻ൯
𝜕𝐼௕

ൌ 𝜋௟ ൬
𝐿
𝑘

൰

ଵ
ఓ 𝜇ሺ𝛾 െ 𝛼ሻ𝛽

ଵ
ఓାଵ

ሺ1 ൅ 𝛽ሻଶ 𝜑௟𝜑௛ሾ𝐹ସ
ᇱሺ𝛼𝜋௟, ℎ𝜋௟ሻሿ ൒ 0 (6) 

which is positive for all positive values of 𝐼௕. That is, under the given assumptions, an increase in 

soil biodiversity leads to an increase in expected yields under rainfall uncertainty. In other words, 

                                                 

8 Another hypothesis giving similar results would be to consider two phases of growth of the plant during a given crop 

season. 
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soil biodiversity acts as intermediate agricultural input because of the water infiltration/storage 

function it provides to the soil leading to water regulation services. This ecosystem service is 

interpreted as the capacity to improve storage of moisture in the soil which reduces the negative 

impact of possible dry spells or drought in any given period 𝑡. The positive effect of soil 

biodiversity is asymptotical and the impact of soil biodiversity depends mainly on the rainfall ratio 

parameter 𝛾 and on the intrinsic properties of the soil, represented by parameter k. 

The variability of crop yield can be represented by the variance of the production function 

(equation 7): 

𝑉𝑎𝑟൫𝐹ሺ𝑋ଵ, 𝑋ଶሻ൯ ൌ 𝐸 ൤ቀ𝐸൫𝐹ሺ𝑋ଵ, 𝑋ଶሻ൯ െ 𝐹௜ሺ𝑋ଵ, 𝑋ଶሻቁ
ଶ

൨ ൌ 𝐸 ቀ൫𝐹ሺ𝑋ଵ, 𝑋ଶሻ൯
ଶ

ቁ െ ൣ𝐸൫𝐹ሺ𝑋ଵ, 𝑋ଶሻ൯൧
ଶ
 (7) 

where 𝑖 ൌ 1, … ,4 indexes the state of nature (cf. Table 1). The marginal effect of a change in soil 

biodiversity on the variance of crop yields is given by: 

𝜕𝑉𝑎𝑟൫𝐹ሺ𝑋ଵ, 𝑋ଶሻ൯
𝜕𝐼௕

ൌ 2 ቈ𝐸 ቆ𝐹ሺ𝑋ଵ, 𝑋ଶሻ
𝜕𝐹ሺ𝑋ଵ, 𝑋ଶሻ

𝜕𝐼௕
ቇ െ 𝐸൫𝐹ሺ𝑋ଵ, 𝑋ଶሻ൯

𝜕𝐸൫𝐹ሺ𝑋ଵ, 𝑋ଶሻ൯
𝜕𝐼௕

቉ 

ൌ 𝜋௟ ൬
𝐿
𝑘

൰

ଵ
ఓ 𝜇ሺ𝛾 െ 𝛼ሻ𝛽

ଵ
ఓାଵ

ሺ1 ൅ 𝛽ሻଶ 𝜑௟𝜑௛ሺ1 െ 𝜑௟𝜑௛ሻ𝐹ସ
ᇱሺ𝛼𝜋௟, ℎ𝜋௟ሻ ቆ𝐹ସሺ𝛼𝜋௟, ℎ𝜋௟ሻ െ

𝜑௟
ଶ𝐹ଵ ൅ 𝜑௟𝜑௛𝐹ଶ ൅ 𝜑௛

ଶ𝐹ଷ

𝜑௟
ଶ ൅ 𝜑௟𝜑௛ ൅ 𝜑௛

ଶ ቇ     (8) 

where 𝐹ଵ ൌ 𝐹ሺ𝜋௟, 𝜋௟ሻ, 𝐹ଶ ൌ 𝐹ሺ𝜋௟, 𝛼𝜋௟ሻ, 𝐹ଷ ൌ 𝐹ሺ𝛼𝜋௟, 𝛼𝜋௟ሻ. 

Let us denote 𝛽̅ the solution to equation (8) and 𝐼௕ഥ  the variance minimizing level of soil 

biodiversity. The condition for minimizing the variance (or maximizing stability) of crop yields 

under stochastic rainfall is determined by setting 
డ௏௔௥ሺிሻ

డூ್
ൌ 0 , which is achieved when the yield 

obtained in the state of nature 𝑆𝑁ସ (where a first wet period is followed by a dry period or a dry 

spell) equals the expected mean production of the other possible states of nature, 𝑆𝑁௜, 𝑖 ൌ ሼ1,2,3ሽ. 

In other words, the level of soil biodiversity that minimizes the variance of yields is associated 

with the level that makes expected yields in 𝑆𝑁ସ equal to the expected yields of the other states of 

nature.  

Soil biodiversity is thus considered here as a key asset that determines expected yields in rainfed 

agriculture under rainfall uncertainty. Further, soil biodiversity can be managed, i.e., through 
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investment in natural capital, since the soil serves as a buffer to store at least a certain fraction of 

water received after a period of rainfall. The underlying assumption is that the effectiveness of the 

soil storage capacity increases with soil biodiversity as a higher diversity of soil microorganisms 

contributes to build soil structure that facilitates the storage of soil moisture (Pascual et al., 2015). 

In the model, this storage function of the soil is possible only in state of nature 𝑆𝑁ସ, where a wet 

period is followed by a drier period. Hence, the expected agricultural production for the state of 

nature 4 increases with soil biodiversity.  

In addition, the variance of yields follows a U-shape with respect to soil biodiversity (Figure 1). 

There exists a threshold above which the role of the input on the variance of yields is reversed, in 

others terms the farmers have to tradeoff an increase of expected yield with a potential increase of 

the variance of yields (Baumgärtner, 2007; Baumgärtner and Strunz, 2014). The variance of yields 

decreases as soil biodiversity increases up to a certain level of biodiversity (𝐼௕ഥ ሻ, as the expected 

yield under 𝑆𝑁ସ approximates the expected yield given any of the other possible states of nature, 

E[F1, F2, F3]. Above such soil biodiversity threshold, the variance of yields increases. This occurs 

when the expected yield under 𝑆𝑁ସ moves away from the expected yield of the three other states 

of nature. Therefore, for 𝐼௕ ൏ 𝐼௕ഥ  the variance of yields decreases and then increases for 𝐼௕ ൐ 𝐼௕ഥ . 

This also implies that soil biodiversity provides an insurance value up to a level, 𝐼௕ഥ , beyond which 

such insurance mechanism weakens.  

 

Figure 1: Expected yield and variance of yields under the different states of nature 
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However, rational farmers would not necessarily aim at minimizing the variance of yields – unless 

they are extremely risk averse. They would rather maximize an expected profit that takes into 

account risks reflected by the variance of yields. Our model allows to set the following question: 

how would a farmer choose the optimal level of effort into conserving soil biodiversity in the 

context of rainfed agriculture in the global South that is prone to suffer from increased probability 

of droughts due to climate change? And how would farmers’ risk aversion affect their soil 

biodiversity conservation decisions? To try to shed light on these questions, the hydro-agronomic 

model needs to account for economic factors, for example as regards the price of the output as well 

as the costs of inputs (e.g., cost of effort to conserve soil biodiversity). The next section develops 

the economic/decision making dimension and integrates it into the hydro-agronomic model.  

3 The role of risk aversion in natural insurance from soil biodiversity 

conservation  

In the case of stochastic production functions, it has been shown that an additive specification of 

the mean and the variance enables to disconnect the mean effect from the variance effect (Just and 

Pope, 1978). This means that as one factor of production increases. e.g., soil biodiversity, the 

specification of the model allows observing opposed effects like an increase of the mean 

production and a decrease of the variance. Other approaches (Antle, 1983) showed that this 

specification restricts the higher order moment like skewness and kurtosis to be proportional to the 

second moment. Here we focus our analysis on the two first moments given the lack of information 

on the role of biodiversity on higher order moments.  

The literature generally concurs with farmers’ preferences towards risk aversion, while the degree 

of risk aversion is seen to depend on a variety of factors including among others, wealth (Lybbert 

and McPeak, 2012), assets (Mosley and Verschoor, 2005), education (Tanaka et al., 2010), age 

and gender (Harrison et al., 2010), cultural factors (Henrich and McElreath, 2002), crop diversity 

(Di Falco and Chavas, 2009) or credit constraints (Boucher et al., 2009). Here we also consider a 

risk averse farmer, who prefers to obtain a stable agricultural income, from selling his produce, 

than to obtain a higher variable level of expected income. The farmer’s problem is to maximize 

the level of expected utility, approximated by a linear mean-variance function of the market value 
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of agricultural production9 (Levy and Markowitz, 1979; Markowitz, 2014), which in turn depends 

on the market price and the opportunity cost of soil biodiversity conservation. The economic model 

of soil biodiversity conservation may be written as follows: 

max
𝐼𝑏

𝐸൫𝑝𝐹ሺ𝑋1, 𝑋2ሻ൯ െ 𝜆𝑉𝑎𝑟൫𝑝𝐹ሺ𝑋1, 𝑋2ሻ൯ െ 𝑐𝑏𝐼𝑏 (9) 

where 𝜆 represents the degree of risk aversion for the farmer, with a higher value of 𝜆 indicating a 

higher risk aversion; p represents the unit market price of the crop and 𝑐𝑏 is the marginal cost of 

soil biodiversity conservation. This cost reflects the efforts made to conserve biodiversity through 

diverse soil management options, and without loss of generality, is assumed constant. The first 

order condition of problem (9) is stated as follows: 

𝑐௕ ൌ െ𝜋௟𝜑௟𝜑௛𝜇𝑝 ൬
𝐿
𝑘

൰
ሺ𝛾 െ 𝛼ሻ𝛽

ଵ
ఓାଵ

ሺ1 ൅ 𝛽ሻଶ 𝐹ସ
ᇱሺ𝛼𝜋௟, ℎ𝜋௛ሻ ൈ 

     ൛𝑝𝜆ൣ൫𝜑௟
ଶ ൅ 𝜑௟𝜑௛ ൅ 𝜑௛

ଶ൯𝐹ସሺ𝛼𝜋௟, ℎ𝜋௟ሻ െ ൫𝜑௟
ଶ𝐹ଵ ൅ 𝜑௟𝜑௛𝐹ଶ ൅ 𝜑௛

ଶ𝐹ଷ൯൧ െ 1ൟ (10) 

Equation (10) is interpreted as the arbitrage condition: the optimal stock of soil biodiversity,  𝐼௕
∗ , 

is achieved when its marginal effect on the expected yield net of its marginal effect on the variance 

of yields (compounded by risk aversion) equals the marginal cost of soil biodiversity conservation. 

As it can be seen  𝐼௕
∗ depends on factors such as the probabilities of rainfall, 𝜑௟ and 𝜑௛ and the 

associated level of rainfall 𝜋௟ and 𝜋௛, the intensity of drought 𝛾, the rate of change of soil 

biodiversity 𝜇, the market price, 𝑝, the crop’s water demand, 𝛼, yield levels 𝐹 under the four states 

of the nature, SNi, the marginal productivity under SN4, and the farmer’s degree of risk aversion, 

𝜆.  

Equation (10) above has a closed solution when the following condition is satisfied: 

𝐹ସሺ𝛼𝜋ଵ, ℎ𝜋ଵሻ ൏
1

𝜑௟
ଶ ൅ 𝜑௟𝜑௛ ൅ 𝜑௛

ଶ ൤
1

𝑝𝜆
൅ 𝜑௟

ଶ𝐹ଵ ൅ 𝜑௟𝜑௛𝐹ଶ ൅ 𝜑௛
ଶ𝐹ଷ൨     (11) 

as otherwise the marginal cost of biodiversity conservation would be negative. If equation (11) 

does not hold then the optimal level of investment in soil biodiversity resulting from equation (10) 

would be zero. We focus only on the closed-form solution where equation (11) holds. 

                                                 

9 This approach already used by Levy and Markovitz (1979) has the advantage that the model is mathematically more 
tractable for empirical research than generalized forms of utility (Coyle, 1992).  
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The arbitrage condition (10) once rearranged is composed by (i) a term representing the marginal 

productivity under the state of nature 𝑆𝑁ସ, i.e., when water is storable between periods, and (ii) a 

term representing the coverage against risk aversion. That is, soil biodiversity has both an indirect 

output value and a natural insurance value (Pascual et al., 2015). An expected result from the 

mean-variance approach is that the natural insurance value is positive as long as soil biodiversity 

decreases the variance of yields, and negative otherwise. To further understand the conditions 

supporting a positive natural insurance value, we focus on how risk aversion affects the farmer’s 

optimal decision on soil biodiversity conservation, i.e. the marginal effect of 𝜆 on 𝛽∗. To that end, 

we differentiate equation (10) with respect to 𝜆: 

𝜕𝛽∗

𝜕𝜆
ൌ ൤െ

𝜕𝐺ሺ𝛽ሻ

𝜕𝛽
൛𝑝𝜆ൣ൫𝜑௟

ଶ ൅ 𝜑௟𝜑௛ ൅ 𝜑௛
ଶ൯𝐹ସሺ𝛼𝜋௟, ℎ𝜋௟ሻ െ ൫𝜑௟

ଶ𝐹ଵ ൅ 𝜑௟𝜑௛𝐹ଶ ൅ 𝜑௛
ଶ𝐹ଷ൯൧ െ 1ൟ

൅ 𝐺ሺ𝛽ሻ൫𝜑௟
ଶ ൅ 𝜑௟𝜑௛ ൅ 𝜑௛

ଶ൯ ൬𝜋ଵ
𝛾 െ 𝛼

ሺ1 ൅ 𝛽ሻଶ൰ 𝐹ସ
ᇱሺ𝛼𝜋ଵ, ℎ𝜋ଵሻ൨

ିଵ

 

 ൈ ൣ൫𝜑௟
ଶ ൅ 𝜑௟𝜑௛ ൅ 𝜑௛

ଶ൯𝐹ସሺ𝛼𝜋௟, ℎ𝜋௟ሻ െ ൫𝜑௟
ଶ𝐹ଵ ൅ 𝜑௟𝜑௛𝐹ଶ ൅ 𝜑௛

ଶ𝐹ଷ൯൧  (12) 

with 𝐺ሺ𝛽ሻ ൌ
ሺఊିఈሻఉ

భ
ഋశభ

ሺଵାఉሻమ 𝐹ସ
ᇱሺ𝛼𝜋௟, ℎ𝜋௟ሻ. 

The sign of 
డఉ

డఒ
 depends on the sign of expression ൣ൫𝜑௟

ଶ ൅ 𝜑௟𝜑௛ ൅ 𝜑௛
ଶ൯𝐹ସሺ𝛼𝜋௟, ℎ𝜋௟ሻ െ ൫𝜑௟

ଶ𝐹ଵ ൅

𝜑௟𝜑௛𝐹ଶ ൅ 𝜑௛
ଶ𝐹ଷ൯൧ considering equation (11) and the fact that 𝐺ሺ𝛽ሻ is increasing in 𝛽. To study this 

sign, we first draw the condition under which risk aversion has no influence on 𝛽 and derive the 

corresponding marginal cost of conservation 𝑐௕ഥ . Then, we compare this case to a situation where 

risk aversion has an influence on 𝛽. 

Let us note 𝛽̅ the solution to the equation ൫𝜑௟
ଶ ൅ 𝜑௟𝜑௛ ൅ 𝜑௛

ଶ൯𝐹ସሺ𝛼𝜋௟, ℎ𝜋௟ሻ െ ൫𝜑௟
ଶ𝐹ଵ ൅ 𝜑௟𝜑௛𝐹ଶ ൅

𝜑௛
ଶ𝐹ଷ൯ ൌ 0. 𝐼௕̅൫𝛽̅൯ is then the level of biodiversity associated with a degree of risk aversion that 

does not influence the stock of soil biodiversity, i.e. 
డఉ

డఒ
ൌ 0. Applying the arbitrage condition (10) 

to the case where risk aversion does not influence soil biodiversity level, we know that a level of 

soil biodiversity 𝐼௕̅൫𝛽̅൯ will be achieved when: 

𝑐௕ഥ ൌ 𝜋௟𝜑௟𝜑௛𝜇𝑝 ൬
𝐿
𝑘

൰
ሺ𝛾 െ 𝛼ሻ𝛽̅

ଵା
ଵ
ఓ

൫1 ൅ 𝛽̅൯
ଶ 𝐹ସ

ᇱ൫𝛼𝜋௟, ℎത𝜋௟൯ 
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𝑐௕ഥ  being the level of marginal cost of biodiversity conservation for which risk aversion does not 

influence the level of soil biodiversity conservation decision and the variance of yields is at 

minimum (i.e., setting equation (12) equal to zero10). For any other level of soil biodiversity 

different from 𝐼௕̅൫𝛽̅൯, the variance of yields is not minimized and soil biodiversity is either a risk 

increasing or a risk decreasing factor given the variance function, shown in Figure 2 through a 

simple parameterization (see appendix B, Table B1). If the marginal cost of soil biodiversity 

conservation is lower than the level 𝑐௕ഥ , the farmer is on the right side of the variance curve where 

any additional level of soil biodiversity increases the variance of crop yields, consequently, a more 

risk averse farmer will tend to disinvest in soil biodiversity11. But when 𝑐௕ ൐ 𝑐௕ഥ , the farmer is on 

the decreasing part of the variance curve and the risk averse farmer will invest in increasing soil 

biodiversity due to its natural insurance value, besides increasing mean yield.  

 

Figure 2: Variance of yields and cost functions superimposed. As the variance of yields is decreasing, soil 
biodiversity has both an indirect output value and an insurance (left hand side of  𝑰ഥ𝒃 ). As it is increasing, soil 
biodiversity has only an indirect output value (right hand side of  𝑰ഥ𝒃). Parameters of the functions are summarized in 
appendix B, Table B1. 

                                                 

10 By construction of the model the optimal condition 𝑐௕ഥ  is also the optimal condition under risk neutrality. 

11Here we use a very simple linear model of the costs of biodiversity investment. Disinvestment simply means that 
it will be optimal to invest less in biodiversity and incur lower cost of biodiversity conservation. 
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It can be noted from equation (10) that the marginal cost 𝑐௕, is proportional to agricultural 

productivity. This suggests that, ceteris paribus, farmers growing very productive crops under 

rainfed agriculture, would be more likely to rely on soil biodiversity for its productive use only, 

while farmers with lower productivity crops would use soil biodiversity conservation strategies 

partly for its productive value and partly for its natural insurance value.  

4 The impact of climate variability on soil biodiversity decisions 

An increase in the frequency or probability of drought in rainfed agricultural systems, such as those 

in the global South, and especially in SSA, is one of the major effects of climate change (IPCC, 

2013). We can use our model to analyze the relationship between an increase in the frequency of 

droughts and optimal soil biodiversity conservation decisions. Let us reconsider the first order 

condition of the optimization problem (9). The solution to that problem has been presented in 

equation (10) from which we can derive the marginal effect of drought frequency on the optimal 

level of the stock of soil biodiversity: 

 

𝜕𝐼௕
∗

𝜕𝜑௟
ൌ

1

ቀ𝐿
𝑘ቁ

ଵ
ఓ

𝜇𝛽
ଵ
ఓାଵ

ൈ 

൤െ𝐺ᇱሺ𝛽ሻሼ𝑝𝜆ሾሺ𝜑௟
ଶ ൅ 𝜑௟𝜑௛ ൅ 𝜑௛

ଶሻ𝐹ସሺ𝛼𝜋௟, ℎ𝜋௟ሻ െ ሺ𝜑௟
ଶ𝐹ଵ ൅ 𝜑௟𝜑௛𝐹ଶ ൅ 𝜑௛

ଶ𝐹ଷሻሿ െ 1ሽ

൅ 𝑝𝜆𝐺ሺ𝛽ሻ
𝛾 െ 𝛼

ሺ1 ൅ 𝛽ሻ
𝜋௟ሺ𝜑௟

ଶ ൅ 𝜑௟𝜑௛ ൅ 𝜑௛
ଶሻ𝐹ସሺ𝛼𝜋௟, ℎ𝜋௟ሻ൨

ିଵ

 

ൈ ൤
௖್ሺଵିଶఝ೗ሻ

൫ఝ೗ሺଵିఝ೗ሻ൯
మ ൅ 𝑝𝜆ሼሺ1 െ 2𝜑௟ሻ𝐹ସሺ𝛼𝜋௟, ℎ𝜋௟ሻ ൅ ሺ𝜑௟2ሺ𝐹ଵ െ 𝐹ଶ െ 𝐹ଷሻ ൅ 𝐹ଶ െ 2𝐹ଷሻሽ൨  (13) 

In the general case of risk aversion: 

lim
ఝ೗→଴

𝜕𝐼௕
∗

𝜕𝜑௟
ൌ ൅∞ and lim

ఝ೗→ଵ

𝜕𝐼௕
∗

𝜕𝜑௟
ൌ െ∞  

This implies that for the general case, there is at least an interval (a range of drought frequencies) 

where 𝐼௕
∗ increases with 𝜑௟ and at least another interval where 𝐼௕

∗ decreases with 𝜑௟. The 

implication is that an increase in drought frequency could in principle lead to either an increased 

or decreased biodiversity conservation effort. Let’s analyze this result. Consider the special case 

when the farmer is not sensitive to risk, 𝜆 ൌ 0. Then under risk neutrality, equation (13) becomes: 
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డூ್∗

డఝ೗
ൌ ଵ

గ೗ቀ
ಽ
ೖ

ቁ
మ
ഋഋሺംషഀሻቀക೗൫భషക೗൯ቁ

మ
ഁ

భ
ഋశభ

ሺభశഁሻర

ൈ ௖್ሺଵିଶఝ೗ሻ

ቈఉ
భ
ഋሺଵାఉሻቆଵା

భ
ഋ

ାఉቀ
భషഋ

ഋ
ቁቇிర

ᇲሺఈగ೗,௛గ೗ሻିగ೗ሺఊିఈሻிర
ᇲᇲሺఈగ೗,௛గ೗ሻ቉

          
(14) 

and it is now possible to analyze the variation of 𝐼௕ with respect to 𝜑௟. In other words, we can 

infer how the optimal biodiversity level changes with drought frequency in the specific case of a 

risk neutral farmer.  

We know that ቈ𝛽
భ
ഋሺ1 ൅ 𝛽ሻ ቆ1 ൅

ଵ

ఓ
൅ 𝛽 ቀ

ଵିఓ

ఓ
ቁቇ 𝐹ସ

ᇱሺ𝛼𝜋௟, ℎ𝜋௟ሻ െ 𝜋௟ሺ𝛾 െ 𝛼ሻ𝐹ସ
ᇱᇱሺ𝛼𝜋௟, ℎ𝜋௟ሻ቉ ൐ 0 since: 

𝐹ସ
ᇱሺ𝛼𝜋௟, ℎ𝜋௟ሻ ൐ 0 and 𝐹ସ

ᇱᇱሺ𝛼𝜋௟, ℎ𝜋௟ሻ ൏ 0; 𝛾 െ 𝛼 ൐ 0 and 𝜑௟ሺ1 െ 𝜑௟ሻ ൐ 0. Thus the sign of 
డூ್

∗

డఝ೗
 

depends on the sign of expression (1 െ 2𝜑௟). For 0 < 𝜑௟ < 0.5, we have 
డூ್

∗

డఝ೗
൐ 0 and for 0.5 < 𝜑௟  

< 1, we have డூ್
∗

డఝ೗
൏ 0. 

A numerical simulation clarifies the result further (Figure 3)12. In the case of risk neutrality (𝜆 ൌ

0), for relatively low probability (or frequency) of drought occurring (i.e., 0 < 𝜑௟ < 0.5) a marginal 

increase of drought frequency has a positive impact on 𝐼௕
∗ whereas for relatively high drought 

frequencies, the marginal effect is negative, that is, the farmer is discouraged to further conserve 

soil biodiversity. The intuition behind this result is that below a certain threshold of drought 

frequency (𝜑௟ < 0.5 as per Figure 3), when the probability of drought increases, it is rational to 

invest in enhancing the stock of soil biodiversity because this allows keeping soil moisture in the 

first period (i.e., intercrop period or first phase of plant growth) and store it for the second period 

when the probability of drought may increase. This moisture storage function by soil biodiversity 

allows the farmer to reduce the negative effects on expected yields in case of drought occurring in 

the second period. This role of soil biodiversity allows the agricultural system to be more 

                                                 

12 We use numerical simulations to study how the optimal level of biodiversity varies with drought frequency and for 

different degrees of risk aversion. We use the production function estimated by Terreaux et al. (2012) and their rainfall 

levels (see also appendix B, Table B1). 
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productive in a situation of increased probability of droughts, e.g., due to climate change. But 

beyond a certain level (𝜑௟ ൌ 0.5ሻ, droughts become so frequent that it becomes less likely for the 

soil to retain enough water in the first period for plant uptake as well as to store moisture for the 

second period; that is, the water regulating service provided by soil biodiversity is compromised 

beyond a probability threshold for drought occurrence. This means that farmers do not have 

incentives to invest in soil biodiversity. 

 

Figure 3: Soil biodiversity conservation in function of drought for varying levels of risk aversion. It represents the 
function 𝑰𝒃ሺ𝝋𝒍ሻ for different degrees of risk aversion λ and for μ=0.5, α=1.1 

A risk averse farmer (𝜆 ൐ 0ሻ will follow the same rationale about investing in soil biodiversity in 

terms of optimizing yield levels. But given the natural insurance provided by soil biodiversity to a 

risk averse farmer, such farmer would invest more in soil biodiversity than a risk neutral farmer 

(𝜆 ൌ 0ሻ and disinvest earlier when the probability of drought increases, in context of relatively 

low drought frequencies13 (Figure 3). The natural insurance value of biodiversity is thus contingent 

to a large extent on the level of risk aversion and on the frequency of the event to be insured 

against. Moreover, while it may appear at first, that the higher the probability of drought occurring 

in rainfed systems, the larger the role of soil biodiversity to buffer against crop failure, this only 

                                                 

13 A sensitivity analysis has been performed for different values of the parameters of the first order condition. It 
indicates that the tendency observed here is stable and consistent. Results are available upon request. 
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holds up to a given drought probability threshold. Beyond this point, soil biodiversity would be 

optimally disinvested. This indicates that the value of natural insurance in drought prone rainfed 

systems may be non-linear and that investing in soil biodiversity alone might not be sufficient to 

maintain soil moisture beyond a threshold of drought frequency. 

5 Conclusion 

Our bioeconomic model, based on the role of soil biodiversity and water regulation services 

establishes an ecological-economic link between soil biodiversity, its water storage function 

leading to water regulating ecosystem service, and the economic rationale of a utility maximizing 

farmer with risk aversion to the variability of rainfall. The theoretical results have two major 

implications in terms of policies about climate change adaptation in rainfed, low input agricultural 

systems, especially as those being used in much of the global South and sub-Saharan African, in 

particular. 

First, taking into account farmers’ risk aversion, the conservation of soil biodiversity is important 

both in terms of its productivity and natural insurance role against the fluctuations of agricultural 

income resulting from rainfall variability, as pointed by Pascual et al. (2015). This result is also in 

line with other theoretical models (e.g., Quaas and Baumgärtner, 2008). Conditions under which 

soil biodiversity conservation increases agricultural production and reduces the variance of yields 

can be made explicit. These conditions directly depend on the opportunity cost of biodiversity 

conservation. According to our model, agri-environmental measures should be designed to reduce 

this cost to incentivize risk averse farmers to conserve soil biodiversity to adapt to climate change, 

e.g., through climate robust agroecological practices. 

Second, more frequent droughts as a result of climate change, require increased investments in soil 

biodiversity conservation as this would allow reducing the negative impact of droughts on farmers’ 

profits and stabilizing their income. A possible policy is to increase the awareness of farmers of 

the different regulation services offered by soil biodiversity and how to adopt best practices for 

soil biodiversity conservation.  

However, a key result of the model is also that beyond a given level of drought frequency, 

increasing soil biodiversity conservation may lead to suboptimal outcomes from a farmer’s private 
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perspective. This is because, relative to the cost of biodiversity conservation, the level of the 

additional water regulation services it provides, might be reduced. This threshold effect depends 

on economic parameters such as crop prices, risk preferences and the agro-economic context.  

Despite its theoretical simplicity, the results of this bioeconomic model offer insights and 

hypotheses that require further empirical investigation. We think that these two results will help 

better locate the role of soil biodiversity for climate adaptation within broader climate smart 

agricultural strategies, especially in those regions, such as sub Saharan Africa, where climate 

change is expected to hit vulnerable farmers in rainfed systems, disproportionally. 
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Appendix A: Agricultural production in the different states of nature 

We recall the following relations: 

𝑋௧ ൌ ൜
𝐸𝑇௧  𝑖𝑓 𝐸𝑇௧ ൑ 𝑉௧ିଵ ൅ 𝜋෤௧

𝑉௧ିଵ ൅ 𝜋෤௧  𝑖𝑓 𝑒𝑙𝑠𝑒      ሺ3ሻ 

The equation above describes how the plant takes water from the soil. If the available water is 

higher than ET, the plant takes ET. If it is lower than ET, the plant takes what is available. 

𝑉௧ ൌ
𝑉௧ିଵ ൅ 𝜋෤௧ െ 𝑋௧

ሺ1 ൅ 𝛽ሻ
      

The equation above gives the quantity of water that remains in the soil after the plant has taken 

its need. It is assumed that the initial quantity of water before any rainfall is 0. The following 

table is built based on the 2 previous equations. 

Table A 1: Table showing the calculation steps of the quantity of water used by plants at each period. 

States of 
nature, 

SN 

Rainfall 
Period 1 

Rainfall 
Period 2 

Plant uptake X1 
Period 1 

Water remaining in the soil 
between the 2 periods 

Plant uptake X2 
Period 2 

1 𝜋௟ 𝜋௟ 𝜋௟ 0 𝜋௟ 

2 𝜋௟ 𝜋௛ 𝜋௟ 0 𝐸𝑇 ൌ 𝛼𝜋௟ 

3 𝜋௛ 𝜋௛ 𝐸𝑇 ൌ 𝛼𝜋௟ 
𝛾 െ 𝛼
1 ൅ 𝛽

𝜋௟ 𝐸𝑇 ൌ 𝛼𝜋௟ 

4 𝜋௛ 𝜋௟ 𝐸𝑇 ൌ 𝛼𝜋௟ 
𝛾 െ 𝛼
1 ൅ 𝛽

𝜋௟ ൬1 ൅
𝛾 െ 𝛼
1 ൅ 𝛽

൰ 𝜋௟ 
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Appendix B 1: Assumptions and Values used for numeric simulations 

Table B 1: Calibration of the parameters of the bioeconomic model 

Parameters Description Values 

𝜋௛ high level of rainfall 75.85 

𝜋௟ low level of rainfall 37 

𝜑௟ probability low level of rainfall 0.1 to 0.9 

𝜑௛ probability high level of rainfall 0.1 to 0.9 

𝛾 ratio between the upper and lower level of rainfall 2.05 

𝐿 proportionality coefficient 37 

𝐼௕ the stock of soil biodiversity 2.1 x 10-7 to 5.03 x 10-6 

µ rate of change of soil biodiversity 0.5 

𝑆௖ soil’s water storage capacity 0.017 to 0.083 

𝑘 intrinsic properties of the soil 1 

𝐸𝑇 evapotranspiration 40.7 

𝛼 plant demand coefficient for water 1.1 

𝜆 coefficient of risk aversion 0 to 0.5 

𝑝 crop price 1 

Functional form for 𝐹 is 𝐹ሺ𝑋ଵ, 𝑋ଶሻ ൌ 435.56 ሺ𝑋1 ൅ 𝑋2 ൅ 24ሻ0.5  

 


