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Abstract 

 

Insect pollination improves the yield of most crop species and contributes to one-third of global 

crop production. The importance of this ecosystem service in improving agricultural production has 

largely been overlooked, however, in favour of practices that improve soil conditions such as 

fertiliser use and supplementary irrigation. Using economic modelling, this study estimates the 

value of insect pollination under different land-use types in Kenya. Our model assumes that a 

combination of land-use type and the foraging distance of insect pollinators influences the intensity 

of pollination and the value of agricultural output. To demonstrate the hypothesised relationships, 

areas under different land-use types, e.g. forest, grassland and cropland, and their distances from 

households were used as proxies for insect pollination. Concentric buffer zones representing 

foraging distances of pollinators from the land-use types were drawn at 250 m, 500 m, 1 000 m, 

2 000 m and 3 000 m from the farms, and areas under each land use in the buffer zones were 

estimated for the years 2004, 2007 and 2010. Using the random-effects model and an output 

distance-function stochastic frontier model, the land-use areas, other factors of production and 

climate variables were regressed on the value of agricultural output in each buffer zone to 

determine their contribution to agricultural output resulting from insect pollination. The results 

indicate higher crop productivity on farms bordering forests and grasslands. This implies that 

insect pollinators are important for crop production, and increasing the number of pollinator 

habitats closer to the farms will increase food production in the tropics.  
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1. Introduction 

 

Improving soil conditions through fertiliser use and irrigation to maximise yields has been given 

pre-eminence in agriculture in sub‐Saharan Africa (SSA) (Gollin 2014; Lema et al. 2014; Güneralp 

et al. 2017), whereas the potential contribution of pollination to optimise crop yields has largely 

been overlooked. Pollination, a key mobile agent-based ecosystem service (MABES), is produced 

at a local scale both by wild, free-living organisms – mainly bees, but also by many butterflies, 

moths, flies, beetles and wasps, other invertebrates, birds and mammals; and by commercially 

managed bee species, primarily the honeybee (Lundberg & Moberg 2003; Sekercioglu 2006; 

Kremen et al. 2007). According to Klein et al. (2007), 35% of global food production comes from 

animal-pollinated crops, while the Intergovernmental Science‐Policy Platform on Biodiversity and 

Ecosystem Services (IPBES) has estimated the direct economic contribution of animal pollinators to 

global agricultural production to be in the range of 5% to 8% (IPBES 2016). The value of the 

worldwide contribution by pollinators to human food crops has been estimated at €153 billion, with 

the crops vulnerable to pollinator scarcity being more sensitive to price variation (Gallai et al. 

2009). Research from 200 countries shows that agricultural productivity of 87 out of 115 of the 

leading global food crops is dependent upon animal pollination (Klein et al. 2007).  

 

Over the last five decades, the volume of production by pollinator-dependent crops has increased by 

300%, making livelihoods increasingly dependent on the provision of pollination (Potts et al. 2010). 

In many parts of Africa, the most important cash crops, including coffee, cocoa, sesame, cotton and 

many pulses and oil crops, are pollinator-dependent (Munyuli 2014), and the negative consequence 

of any decline in pollinators can cause a reduction in average yield gap to a magnitude of 37% for 

cotton production and 59% for sesame production (Stein et al. 2017). The promotion of pollination 

services is therefore beneficial to agricultural productivity, food security, and the achievement of 

the UN’s sustainable development goals (Boruff et al. 2020; Sawe et al. 2020). For the many 

pollinator-dependent crops in SSA, pollinators provide a free and potentially diverse ecosystem 

service to farmers (Klein et al. 2008; Tibesigwa 2018); and, as the cultivated crop areas continue to 

increase, the supply of pollinators is becoming increasingly threatened, thus posing pollination-

driven declines in food production (Winfree 2003; Ghazoul 2007; Ollerton 2017). This is because 

the rich pollinator diversity found in SSA is under threat from potentially damaging practices, such 

as a growing reliance on fertilisers and pesticides in the region (Eardley et al. 2006; Raina et al. 

2011; Elisante et al. 2017). While the risk of falling crop yields due to inadequate pollination 

services is a key topic of policy importance (Kleijn et al. 2015), comparatively little research and 

policy focus have concentrated on developing countries, where reliance on insect-pollinated or 

pollinator-dependent crops is increasing (Aizen et al. 2019; Fijen et al. 2020).  

 

Insects comprise the most diverse and successful group of multicellular organisms on the planet and 

contribute significantly to vital ecological functions, such as pollination, pest control, 

decomposition and maintenance of wildlife species (Nee 2004; Losey & Vaughan 2006), and crop 

pollination is perhaps the best-known ecosystem service performed by insects. Wild or 

domesticated insects pollinate many fruits, nuts, vegetables, oils and animal forage. They provide 

pollination services by delivering a sufficient quantity and quality of pollen at the appropriate time 

and place for fertilisation in about 70% of crop species worldwide (Klein et al. 2007). Insect 

pollination improves the yield of most crop species and contributes to one-third of global crop 

production (Klatt et al. 2014). Several habitats influence the abundance of insect pollinators. These 

include forests (natural and artificial), shrublands and grasslands, agriculture, e.g. plantations, and 

settlements (urban and rural). Agriculture and urban settlements cover almost 40% of Earth’s ice-
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free terrestrial land, with an additional 37% being rangelands and semi-natural habitats that are 

embedded within agricultural or settled landscapes (Ellis et al. 2010). How much habitat is needed 

and how it should be distributed within agricultural landscapes is not yet known (Kremen et al. 

2007; Brosi et al. 2008). The habitat affinity of most pollinator species is also unknown, although 

natural or semi-natural landscapes within agricultural landscapes often provide habitat for wild 

pollinator species, from which they forage on flowering crops and weed plants in agricultural fields 

(Kremen et al. 2007; Ricketts et al. 2008). In addition, flowering crops themselves often provide 

important resources for many pollinator species, although their capacity to support diverse and 

abundant pollinator communities has been compromised by the short duration of floral availability, 

the low diversity of floral and nesting resources, and pesticide application and tillage (Potts et al. 

2010; Williams et al. 2010). Therefore, maintaining pollinator habitats and pollinator diversity 

within agricultural landscapes is essential to ensure food production, quality and security. 

 

Another important factor influencing insect pollination is the foraging distance, which strongly 

influences the sexual reproduction of most flowering plants and can determine the genetic structure 

of plant populations (Campbell 1985; Waser et al. 1996). For example, pollinators may not visit 

small or isolated plant populations, leading to plant reproductive failure (Cunningham 2000; 

Lennartsson 2002). In contrast, long-distance foraging, even by introduced species, may rescue 

mating in otherwise doomed plants within habitat fragments (Dick 2001). Many wild bees that 

pollinate crops do nest in their natural habitats and forage on crops within their daily travel distance 

(Ricketts 2004). Foraging distance therefore determines the spatial scale at which wild bees can 

provide pollination services to crops (Kremen 2005). According to Greenleaf et al. (2007), foraging 

distance non-linearly increases with body size, with larger bees having disproportionately larger 

foraging distances than smaller bees.  

 

Over the last few decades, there has been significant habitat transformation due to anthropogenic-

induced complex land-use change processes. Pollinator responses to this habitat transformation 

might be conditioned by the type and extent of land-use changes. According to Tilman et al. (2001), 

the interactions between plants and pollinators are increasingly situated within ecosystems 

dominated by human land use, which is predicted to increase rapidly over the next few decades as 

the human population grows. Many scientists are concerned that pollinators are declining globally. 

This is because there have been drastic shifts in the community composition of insects that visit 

flowering crops (Bommarco et al. 2010; Winfree et al. 2011; Bartomeus et al. 2013), and declines 

in the numbers of pollinator species observed in some regions (Potts et al. 2010; Carvalheiro et al. 

2011). Not all pollinator species respond equally to land-use change (Williams et al. 2010; Winfree 

et al. 2011), and some even increase in abundance with agricultural intensification (Westphal et al. 

2008; Carré et al. 2009). According to Kennedy et al. (2013), pollinator species richness 

consistently and drastically decays as agricultural landscapes are deprived of natural habitat and are 

more intensively cultivated (Ricketts et al. 2008; Garibaldi et al. 2011). However, the fruit set does 

not fail completely, as the remaining pollinators provide sufficient visitation even in homogenous, 

intensively cultivated landscapes, especially if the crop has a large degree of autonomous self-

pollination. Moreover, intensive landscapes are characterised by harbouring just a few generalist 

pollinator species (Bartomeus & Winfree 2013), but these might be insufficient numbers to deliver 

enough crop pollination services. In some cropping systems, this diversity of pollinator responses 

can buffer a loss of pollination functioning (Cariveau et al. 2013), especially if the pollinators are 

adapted to the ephemeral and patchy resource distribution that is typical of agricultural landscapes.  

 

Given the current era of increasing anthropogenic land-use change, it is important to understand the 

effects of such land use on insect species that provide pollination. This is because the response of 

pollinators to human-induced land-use change has important implications for plants and the species 

that depend on them (Winfree et al. 2011) and, by extension, the availability of human food and 
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animal forage. The composition of the landscape in which the flowering crop field is embedded 

emerges as an important driver of pollinator community composition, and the landscape context 

needs to be considered when linking land use to pollination provisioning and benefits in field crops. 

This will be useful in determining the economic value of pollination and help design policies to 

maintain the landscape necessary for insect pollinators. For this reason, this study assesses the 

contribution of insect pollination to agricultural production. Using the different land-use classes 

(forest, grassland and cropland), insect pollination is modelled as a component of the agricultural 

production process which, alongside other conventional inputs and climate factors, influences 

agricultural production. To focus our study, we confined ourselves to the estimation of the 

economic value of pollination produced by wild (i.e. unmanaged) native insects, especially bees, 

which are the primary pollinators in most ecological regions of the world (Axelrod 1960; Bawa 

1990).  

 

2. Methodological approaches 

 

Several studies have attempted to value wild pollinators, with a much larger body of literature 

focusing on the value of honey-bee pollination (Winfree et al. 2011). These evaluations have 

focused on the benefits to producers, which have been estimated as either the cost of alternative 

pollination sources (Allsopp et al. 2008) or the value of production resulting from insect pollination 

(Losey & Vaughan 2006). The cost of alternative pollination sources assumes a situation where 

insect pollination is substituted by an alternative technology, such as managed pollinators, hand 

pollination or pollen dusting, but offers a similar service, i.e. a replacement-value method (De Groot 

et al. 2002; Winfree et al. 2011). However, according to Gallai et al. (2009), the value-of- 

production approach is problematic because it attributes a crop’s full value to pollination, while the 

production of most crops suffers only to some degree in the absence of insect pollinators. The value 

of wild pollination services has also been estimated using rental fees paid for them (Rucker et al. 

2003), but this fails to capture consumer willingness to pay to ensure quality pollination and ignores 

production costs (National Research Council 2007). Other attempts have been to calculate the total 

value of insect-pollinated crops (Levin 1984; Robinson et al. 1989; Costanza et al. 1997; Pimentel 

et al. 1997).  

 

An improvement on the value-of-production approach is the bioeconomic approach, in which the 

crop’s total value is multiplied by a coefficient representing the crop’s dependence on pollination 

(Robinson et al. 1989; Morse & Calderone 2000; Gallai et al. 2009). The bioeconomic approach is 

more widely used and focuses on the value of crop production attributable to pollination. The logic 

is that, for pollination-dependent crops, production, or yield, is assumed to fall when pollinators 

decline. The reduction in production or yield is approximated using studies of the dependence of 

fruit set on the presence of insect pollinators (Klein et al. 2007). The expected fractional yield loss 

in the absence of pollinators is then multiplied by the market value of production (Robinson et al. 

1989; Morse & Calderone 2000). The general framework, which was also used by Winfree et al. 

(2011), assumes that the change in the value of pollination, 𝑉, is given by 

 

𝑉 = (𝑝𝑌 − 𝑐𝑌). 𝐷. 𝜌,                    (1a) 

 

where 𝑝 is the price of the output 𝑌, and 𝑐 is the variable cost of production. 𝐷 is the dependence of 

the crop on insect pollination, while 𝜌 is the proportion of or percentage reduction in pollinators. 

Although widely applied (Robinson et al. 1989; Morse & Calderone 2000; Losey & Vaughan 2006; 

Gallai et al. 2009), this approach gives only a general picture of how much the value of pollination 

is expected to change if the proportion of pollinators reduces. The shortfall of this method is that it 

attributes crop market value solely to pollination, ignoring the contribution of other inputs (National 
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Research Council 2007). Hein (2009) improves on the bioeconomic approach by introducing other 

factors of production. His formulation estimates the influence of pollination on welfare as 

 

𝑊 = 𝑆. ∆𝑞(𝑝𝑄 − 𝑐𝑄),                  (1b) 

 

where 𝑊 is welfare, 𝑆 is area under production (ha), ∆𝑞 is the increase in productivity due to 

pollination, 𝑝 is the farmgate price of output, 𝑐 are the variable costs of production, and 𝑄 is the 

output. An increase in productivity due to pollination (∆𝑞) can be estimated from an appropriate 

production function to determine the marginal effects of a unit change in pollination services on 

agricultural output. The value of crop pollination cannot be separated from the agricultural 

production process, since agricultural production depends on a range of inputs. These include 

labour, capital, land, inputs (e.g. seeds, fertilisers) and, for some crops, pollination. For this reason, 

pollination can be interpreted as one of the ‘inputs’ into agricultural production (Hein 2009); 

therefore, the production function approach method best suits this service (Freeman 1993).  

 

2.1 Proposed modelling of insect pollination and agricultural output 

 

To extend the production function, we propose an approach where insect pollination services 

influence agricultural output and therefore should enter the farm’s production function in some 

form. Our theoretical model follows the damage control function of Lichtenberg and Zilberman 

(1986). In their model, they argued that pesticides that control pests cannot be treated the same as 

fertilisers, because fertilisers are used directly in crop production, while pesticides are used to 

control any pests that might attack the plant, hence are damage control inputs. They discuss the 

special nature of damage control inputs (pesticides, herbicides, etc.) by using a built-in ‘damage 

control function’ in the production function. The same argument can be used for pollination 

services, which cannot enter the production function directly as a conventional input, although they 

have a bearing on the level of production through their support of pollination. This calls for the 

specification of a ‘pollination service function’ alongside the usual production function. 

Lichtenberg and Zilberman (1986) modelled the damage control function using a separate structure, 

given as:  

 

𝒚 = 𝐹(𝒙𝐷, 𝑔(𝒙𝑃, 𝒛)),                     (2) 

 

where 𝒙𝐷 is a vector of 𝑀 direct inputs (labour, seed, fertilisers and other inputs), 𝒙𝑃 is the vector of 

𝑅 damage control inputs (such as pesticides), and 𝒛 is the vector of 𝑆 damage factors (pests). Using 

the same argument in a pollination service setup, we assume (𝑘 = 1, … , 𝐾) farming households 

operating in time periods denoted 𝑡 = (1, … , 𝑇), using technology subset 𝛤. The households use a 

vector of direct inputs (labour, seed, fertilisers and other inputs), denoted by 𝒙 = (𝑥1, … , 𝑥𝑛) ∈
ℜ𝑁+, which are used to produce a non-negative vector of farm outputs (e.g. fruits, cereals, 

vegetables, legumes, etc.), denoted by 𝒚 = (𝑦1, … , 𝑦𝑚) ∈ ℜ𝑀+, which may or may not depend on 

insect pollination. The 𝐾 households are located in specific agro-ecological zones with different 

climate variables, e.g. rainfall and temperature, as in 𝒘 = (𝑤1, … , 𝑤𝑞) ∈ ℜ𝑄+, and land-use types, 

e.g. forests, grasslands and croplands, denoted as 𝒍 = (𝑙1, … , 𝑙𝑑) ∈ ℜ𝐷+, which are expected to 

influence the level of pollination as they harbour insect pollinators at various concentrations. 

Borrowing from Lichtenberg and Zilberman (1986) and Kuosmanen et al. (2006), we assume that 

agricultural production is subject to farm inputs, climatic variables and pollination services, and can 

be modelled by production function 𝑓 and climate-pollination function 𝑔, with a separable structure 

expressed as:  

 

𝒚 = 𝐹 ((𝒙), 𝑔( 𝒘, 𝒍))                     (3) 
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In practice, the functional forms 𝑓 and 𝑔 are not usually known, and the common approach has 

been to assume certain parametric forms (e.g. Cobb-Douglas, CES, translog, etc.) and use either 

OLS or MLE to estimate the function. However, there is no theoretical reason for assuming a 

certain functional form a priori. The output 𝒚 in the production function can be a single output – as 

is the case with most conventional estimations – or a vector of more than one output, in which case 

the standard estimation technique may not suffice. For example, in this study, the value of 

agricultural output (dependent variable) has been treated as a vector with three categories of values 

of outputs. These are: a) value of pollination-dependent crops; b) value of pollination-independent 

crops; and c) value of pollination-indeterminate crops. This categorisation of the dependent variable 

requires the adoption of a multi-output multi-input production function specification. 

 

2.2 Extending into multi-output production function 

 

Many production processes produce more than one output, which are often aggregated into one. For 

example, in mixed cropping agriculture, a household may produce cereals, legumes, fruits and 

vegetables on the same plot, while using common inputs like fertiliser, labour, herbicides, etc. It 

might, for instance, be difficult to separate the inputs due to a specific output. The most natural way 

to handle this kind of production problem is to aggregate output into a single output using some 

monetary measure, e.g. profit, revenue, etc. In other cases, however, this aggregation, although 

feasible, may not achieve the desired results, hence the need to handle different outputs separately. 

In such instances, the multi-output distance function formulation is used. To motivate this 

formulation, we define the production set of the farming household using the transformation 

function, 𝐴𝑇 (𝒙, 𝒚), which represents the set of all output vectors, 𝒚 ∈ 𝑅+
𝑀 , which can be produced 

using the input vector 𝒙 ∈ 𝑅+
𝑁. The 𝐴 term captures the influence of observed and unobserved 

factors that affect the transformation function neutrally. The production technology can therefore be 

expressed as 

 

𝐴𝑇 (𝒙, 𝒚) = 𝑃(𝒙) = {𝒚 ∈ 𝑅+
𝑀: 𝒙 𝑐𝑎𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 𝒚}                 (4) 

 

From this transformation function we can either define an output distance function or an input 

distance function (Coelli et al. 1998; Coelli & Perelman 1999, 2000). However, for the purposes of 

this study, we only explore the output distance function (Shephard 1970), which is defined on the 

output set, 𝑃(𝒙), as 

 

𝐴𝑇 (𝒙, 𝒚) = 𝐷𝑜(𝒙, 𝒚) = 𝑚𝑖𝑛[ 𝛿: (𝑦/𝛿) ∈ 𝑃(𝒙)]                 (5) 

 

The output distance function, 𝐷𝑜(𝒙, 𝒚), is non-decreasing, positively linearly homogeneous and 

convex in 𝒚, and decreasing in 𝒙. It will take a value less than or equal to one if the output vector, 

𝒚, is an element of the feasible production set, 𝑃(𝒙). That is, 𝐷𝑜(𝒙, 𝒚) ≤ 1 if 𝒚 ∈ 𝑃(𝒙)]. In 

addition, the output distance takes a value of one if 𝑦 is located on the outer boundary of the 

production possibility set. That is, 𝐷𝑜(𝒙, 𝒚) = 1 if 𝒚 ∈ Isoq 𝑃(𝒙)] (Lovell et al. 1994). If the 

transformation function is separable (i.e. the output function is separable from the input function), 

we rewrite Equation (5) as  

 

𝐴𝑇𝑦(𝛿𝒚). 𝑇𝑥(𝒙) = 𝐷𝑜(𝒙, 𝒚)                   (6a) 

 

If we assume that that both 𝑇𝑦(·) and 𝑇𝑥(·) are of Cobb-Douglas1 functional form, then, if 

producers use a vector of 𝑁 inputs to produce 𝑀 outputs in 𝑡 different periods, the output-oriented 

distance frontier is defined as follows: 

 
1 Note that this can be relaxed to accommodate other flexible functional forms. 
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𝐴 ∏ 𝜆{𝑦𝑚𝑡}𝛼𝑚𝑡 .𝑚 ∏ {𝑥𝑛𝑡}𝛽𝑛𝑡
𝑛 = 𝐷𝑘𝑡

𝑂 (𝒙, 𝒚, 𝒕),                (6b) 

 

where 𝛼𝑚 and 𝛽𝑛  parameters are of opposite signs. That is, either (𝛼𝑚 < 0 ∀𝑚) or (𝛽𝑛 <
0 ∀𝑛), and vice versa. There is an identification issue in Equation (6b), viz. (𝐴, 𝛼𝑚, 𝛽𝑛) cannot be 

separately identified without further restrictions. Therefore, we can always rescale 𝒚 or 𝒙 along 

with 𝐴 and still obtain 1. To circumvent this issue, we select one parameter to fix for the 

normalisation. For the output distance function, (𝛿 = 1), the linearisation of Equation (6b) gives 

 

𝑙𝑛𝐴 + ∑ 𝛼𝑚𝑙𝑛𝒚𝑚𝑘𝑡
𝑀
𝑚=1 + ∑ 𝛽𝑛𝑙𝑛𝒙𝑛𝑘𝑡

𝑁
𝑛=1 = 𝑙𝑛𝐷𝑘𝑡

𝑂 (𝒙, 𝒚, 𝒕).                (7) 

 

In order to qualify as an output-oriented distance frontier, Equation (7) must fulfil the following 

regularity conditions: symmetry, monotonicity, positive linear homogeneity, non-decreasing and 

convex in outputs (𝒚), and decreasing in inputs (𝒙) (Lovell et al. 1994). The convexity condition 

ensures that the distance frontier displays diminishing marginal rates of technical substitution. 

Empirically, the homogeneity restriction can be imposed by normalising all outputs in the function 

by an arbitrary output (e.g. 𝑦1), which, according to Coelli and Perelman (2000), yields  

 

𝑙𝑛𝐴 + ∑ 𝛼𝑚𝑙𝑛
𝒚𝑚𝑘𝑡

𝒚1𝑘𝑡

𝑀
𝑚=1 + ∑ 𝛽𝑛𝑙𝑛𝒙𝑛𝑘𝑡

𝑁
𝑛=1 = 𝑙𝑛

𝐷𝑘𝑡
𝑂 (𝒙,𝒚,𝒕)

𝒚1𝑘𝑡
                (8) 

 

Note that the inputs remain constant in this transformation, and we are seeking to expand output by 

the largest margin feasible while holding the inputs constant. Equation (8) can be rewritten as 

 

𝑙𝑛𝐴 + ∑ 𝛼𝑚𝑙𝑛
𝒚𝑚𝑘𝑡

𝒚1𝑘𝑡

𝑀−1
𝑚=1 + ∑ 𝛽𝑛𝑙𝑛𝒙𝑛𝑘𝑡

𝑁
𝑛=1 = 𝑙𝑛𝐷𝑘𝑡

𝑂 (𝒙, 𝒚, 𝒕) − 𝑙𝑛𝒚1𝑘𝑡,             (9a) 

 

which can be rearranged to 

 

−𝑙𝑛𝒚1𝑘𝑡  = 𝑙𝑛𝐴 + ∑ 𝛼𝑚𝑙𝑛
𝒚𝑚𝑘𝑡

𝒚1𝑘𝑡

𝑀−1
𝑚=1 + ∑ 𝛽𝑛𝑙𝑛𝒙𝑛𝑘𝑡

𝑁
𝑛=1 −𝑙𝑛𝐷𝑘𝑡

𝑂 (𝒙, 𝒚, 𝒕),            (9b) 

 

where −𝑙𝑛𝐷𝑘𝑡
𝑂 (𝒙, 𝒚, 𝒕) corresponds to the radial distance function from the boundary of the frontier. 

From Equation (9b), we can select parameter values for the Cobb-Douglas function that ensure the 

function fits the observed data as closely as possible, while maintaining the requirement that 0 ≤
𝐷𝑜(𝒙, 𝒚) ≤ 1, which implies that −∞ ≤ 𝑙𝑛[𝐷𝑜(𝒙, 𝒚)] ≤ 0. In a stochastic frontier framework 

(Aigner et al. 1977; Meeusen & Van den Broeck 1977), the distance from each observation to the 

frontier is defined as inefficiency and can be expressed as [−𝑙𝑛𝐷𝑘𝑡
𝑂 (𝒙, 𝒚, 𝒕) = 𝑢𝑘𝑡] (Coelli & 

Perelman 1999, 2000). If the symmetric error term, 𝑣𝑘𝑡, is added to Equation (9b), the normalised 

output-oriented distance frontier can be written as: 

 

𝑙𝑛𝒚1𝑘𝑡 = − [𝑙𝑛𝐴 + ∑ 𝛼𝑚𝑙𝑛
𝒚𝑚𝑘𝑡

𝒚1𝑘𝑡

𝑀−1
𝑚=1 + ∑ 𝛽𝑛𝑙𝑛𝒙𝑛𝑘𝑡

𝑁
𝑛=1 + 𝑣𝑘𝑡 + 𝑢𝑘𝑡]             (9c) 

 

In a non-stochastic frontier framework, the formulation takes the form (𝑣𝑘𝑡 + 𝑢𝑘𝑡 =  𝜀𝑘𝑡). In line 

with the way Equation (9c) is specified, a negative sign in front of the input distance elasticities is 

interpreted as a positive contribution of the inputs (𝒙) to the production of the output (𝒚). Similarly, 

a positive sign in front of other outputs’ distance elasticity implies a negative shadow share 

contribution of other outputs relative to the dependent output in the overall production (i.e. 

reflecting the degree of substitution) (Mensah & Brümmer 2016). However, to avoid confusion in 

interpretation, we will express the dependent variable in absolute terms. 
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Given the forgoing discussion, we can now express Equation (3) in the form of a multi-output 

Cobb-Douglas production function. We do this by expressing conventional factors of production, 

𝑓(𝒙), and climate variables, 𝑔(𝒘), differently from pollination services variables. From Equation 

(9c), pollination service variables 𝑔(𝒍) are modelled as exponential functions of 𝒚 in a multi-output 

production framework. That is, 

 

|𝒚| = 𝐴 ∏ (
𝒚𝑚

𝑦1
)

𝛼

. ∏ (𝒙)𝛽.𝑁
𝑛=1

𝑀−1
𝑚=1 ∏ (𝒘)𝜇.𝑄

𝑞=1 ∏ 𝑒𝑥𝑝(𝒍𝛾)𝐷
𝑑=1 . 𝑒𝑥𝑝(𝜺)             (9d) 

 

Including time (𝑡) and individual farm (𝑘) notations, Equation (9d) can be expressed in the 

following linear additive form: 

 

𝑙𝑛|𝑦1𝑘𝑡| = 𝑙𝑛𝐴 + ∑ 𝛼𝑚𝑙𝑛
𝒚𝑚𝑘𝑡

𝑦1𝑘𝑡

𝑀−1
𝑚=1 + ∑ 𝛽𝑛𝑙𝑛𝒙𝑛𝑘𝑡

𝑁
𝑛=1 + ∑ 𝜇𝑞𝑙𝑛𝒘𝑞𝑘𝑡

𝑄
𝑞=1 + ∑ 𝛾𝑑𝒍𝑑𝑘𝑡

𝐷
𝑑=1 + 𝜀𝑘𝑡,     (9e) 

 

where 𝑦1𝑘𝑡 is dependent and normalising output, 𝒚𝑚𝑘𝑡 is a vector of other outputs, 𝒙 is a vector of 

conventional production inputs (seed, fertiliser, etc.), 𝒘 is a vector of climate variables (rainfall and 

temperature), 𝒍 is a vector of land-use classes used to proxy pollination, and 𝛼, 𝛽, 𝜇, 𝛾 are 

parameters to be estimated. Note that, for multi-output functions, the parameter estimates do not 

change, irrespective of the output chosen (i.e. you can recover model information from one 

equation, so it is not necessary to estimate all the equations). For instance, in this study, by 

estimating one equation (e.g. pollination-dependent equation), one can recover information for the 

remaining two.  

 

3. Data 

 

This study used Kenya’s rural household survey datasets for the periods 2000, 2007 and 2010. The 

Tegemeo Institute of Agricultural Policy and Development (a research institute of Egerton 

University, Kenya) conducted the surveys in collaboration with Michigan State University.2 The 

collected data were from 2 297, 1 342 and 1 313 households in the three years respectively, spread 

over 24 districts in the country. For our analysis, however, 1 301 households for each period (a 

balanced panel of a total 3 903 households for the three panels) from 22 districts across the country 

were used. The districts were drawn from six of the eight provinces in Kenya and covered four main 

agroecological zones and their sub-categorisations. These included coastal lowlands, lowlands, 

lower and upper midlands, and highlands (lower and upper). The districts vary in a range of 

agroclimatic conditions (i.e. rainfall, temperature, drought conditions or precipitation-

evapotranspiration index, and elevation). The data captured socio-economic characteristics, 

including age, education and household size. Household income sources, besides crop and 

livestock, include salary earning and individual business activities. The survey data were also 

complemented by data on climate variables, namely rainfall and temperature. Rainfall data were 

obtained from CHIRPS3 (the Climate Hazards Group InfraRed Precipitation with Stations) data 

archive. Temperature data were sourced from the Global Historical Climatology Network version 2 

dataset and the Climate Anomaly Monitoring System (GHCN CAMS).4 The dependent variable in 

the model is the agricultural value of harvested crops, categorised into pollination-dependent, 

pollution-independent and pollution-indeterminate categories. This classification of the different 
 

2 http://www.tegemeo.org/ 
3 CHIRPS is a 30+ year quasi-global rainfall dataset that incorporates satellite imagery with in situ station data to create 

gridded rainfall time series for trend analysis and seasonal drought monitoring (Funk et al. 2014). 
4 GHCN CAMS contains high-resolution analysed global land surface temperatures from 1948 to the present, and 

captures the most common temporal-spatial features in the observed climatology and anomaly fields over both regional 

and global domains (Fan & Van den Dool 2008).  
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pollination classes is after Klein et al. (2007), who sorted crops by impact of biotic pollination 

(increased fruit set, weight and/or quality, seed volume and/or quality, and/or pollen deposition) 

into five categories: a) essential (pollinator loss would lead to production loss of at least 90%); b) 

great (potential production loss of 40% to 90%); c) modest (potential production loss of 10% to 

40%); d) little (potential production loss of 0% to 10%); and e) no increase (pollinators do not 

increase production).  

 

Our categorisation aggregated all crops that depend on pollination for any proportion of their 

production into one category, i.e. the classes essential, great, modest and little pollination 

dependency were grouped under pollination dependent. In this category are most fruits and 

vegetables. The second category included those that showed no increase in production, even with 

pollination. These were categorised as pollination independent. This category comprises most 

cereals. The third category is the value of crops for which the effect of pollination is not known. 

These were categorised under pollination indeterminate, and consisted of crops like tobacco, 

amaranth, spinach, etc. The aggregated values and the total agricultural value are shown in Table 1. 

The total mean revenue for the farms considered in this study was Ksh 27 129 (US$ 271.29) per 

acre, which comprised of Ksh 10 019 (US$ 100.19) per acre from pollination-dependent crops, Ksh 

13 143 (US$ 131.43) per acre from pollination-independent crops, and Ksh 1 919 (US$ (19.19) per 

acre from pollination-indeterminate crops. 

 

To produce the values of agricultural output presented in Table 1, households require conventional 

inputs, which include seed, fertiliser, labour and other consumable inputs (pesticides, herbicides, 

etc.). The mean values in Ksh per acre for the inputs is given in Table 2. 

 

Table 1: Insect pollination dependence of agricultural values (Ksh) per acre/year 
Year 2004 2007 2010 Overall 

Statistic Mean St. dev. Mean St. dev. Mean St. dev. Mean St. dev. 

Increase 4 310.08 10 552.81 4 697.24 10 524.65 7 649.21 17 763.18 5 552.50 13 467.38 

Essential 451.52 1 520.39 315.90 1 455.37 256.06 1 140.72 341.14 1 384.15 

Great 506.21 2 013.58 463.49 1 726.41 524.15 1 494.39 497.96 1 757.34 

Little 1 844.44 3 395.63 1 941.32 5 719.20 3 066.02 5 430.56 2 284.01 4 986.95 

Moderate 938.24 6 969.62 1 171.16 5 457.25 1 932.09 8 472.24 1 347.16 7 085.18 

Dependent 8 045.32 16 006.24 8 585.77 16 108.88 13 425.64 24 072.72 10 018.91 19 254.34 

Independent 9 881.63 15 783.56 11 797.34 17 646.76 17 751.34 26 814.10 13 143.44 20 916.99 

Indeterminate 766.01 4 437.52 2 410.35 5 741.48 2 579.88 4 793.33 1 918.87 5 086.16 

Total farm value 21 672.43 32 564.80 24 143.91 29 611.45 35 572.86 42 975.81 27 129.73 36 019.89 

1US$ = Ksh 100 

 

Table 2: Cost of conventional inputs (Ksh per acre/year) 
Year 2004 2007 2010 Overall 

Statistic Mean St. dev. Mean St. dev. Mean St. dev. Mean St. dev. 

Seed  282.84 587.54 399.28 753.91 1 117.03 1 942.42 599.80 1303.00 

Fertiliser 1 012.43 3 774.28 51.74 72.20 665.20 2 036.52 576.45 2507.44 

Labour  2 560.94 8 691.38 2 943.37 5 674.48 2 904.88 3 084.45 2803.07 6252.53 

Others  507.21 3 124.87 2 664.78 4 744.69 3 665.76 6 756.08 2279.80 5263.13 

1US$ = Ksh 100 

 

Pollinators inhabit different land-use types, which were identified using regional land-cover maps. 

The areas under different land-use types were divided into concentric buffer zones of 250 m, 500 m, 

1 000 m, 2 000 m and 3 000 m. The rationale for creating these buffer zones was informed by the 

fact that pollinators fly from different distances to forage, and the proximity of the farm to the 

pollinator habitat influences the frequency and number of pollinators on a farm. Six major 

categories of land-use classes (forest, shrub/grassland, cropland, settlement/bare, wetlands and 
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water) were defined from regional land-cover maps. Our concern, however, was with pollinator 

habitats, and land-use types deemed unimportant for pollinators, such as settlement/bare, wetlands 

and water, were dropped from the analysis. For the remaining land-use types, we estimated the 

areas (in square kilometre) in each buffer zone and calculated the proportions of the different areas 

in each buffer zone.  

 

The Tegemeo data for the different households had geographical coordinates that provided us with 

their latitude and longitude. This tabular data was converted into a spatial format using a 

geographical information system (GIS). The GIS platform used in this study was the ESRI ArcGIS 

10.1 suite. The household location data were stored as a point feature shapefile in a projected 

coordinate reference system. Buffers were generated around these point features using the buffer 

geoprocessing tool of ArcGIS. These buffers were generated separately for different distances from 

the household point. The distances specified were 250, 500, 1 000, 2 000 and 3 000 metres. Each 

buffer was maintained pristinely by not merging buffers, even where they overlapped. The buffers 

were named by using a unique household identity of their point features. 

 

 
 

Figure 1: An illustration of habitat buffers 

 

The other data used in this study were land-cover maps, showing the coverage of different land-

cover classes regionally. These maps were created by the European Space Agency using imagery 

from Earth-observation satellite sensors. Satellite imagery was processed to produce representations 

of the different land covers and map their spatial distribution across the land surface. These data 

were provided in raster format, with each grid cell having a value representing the land-cover class 

it represented. Land-cover maps of the years 2004, 2007 and 2010 were obtained to represent the 

years included in the study. The many land-use classes in these maps were amalgamated into six 

principal classes, viz. forest, croplands, wetlands, shrubs and grasslands, settlement and bare areas, 

and water. This generalisation was done using the Lookup tool of the Reclassify toolset of the 

Spatial Analyst toolbox. The reclassified rasters were converted to integer format using the Copy 

tool of the Raster Dataset toolset of the Data Management toolbox. The integer rasters were then 

converted into polygons using the Raster to Polygon tool of the From Raster toolset of the 

Conversion toolbox. The value of the grid cells was the chosen field for assigning value from the 

raster cells to the polygons. The outlines of the raster cells were not simplified in order to retain the 

spatial dimensions of the original datasets.  
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The Tabulate Intersection tool of the Statistics toolset of the Analysis toolbox was configured to 

analyse the described datasets. The buffers for each household were the input for the zone features, 

while the land-cover polygons were the input for the class features. A script was developed to 

compute a geometrical intersection of the feature classes and to cross-tabulate the areas and 

proportions of the intersecting features. This configuration allowed the calculation of how much of 

each buffer was intersected by each class. The resultant table specified the area of a buffer taken up 

by each -and cover class and the proportion this area represented. This analysis was iterated to 

exhaustively combine the five differently sized buffers and the three different years of land-cover 

data.  

 

The mean areas in hectares under the different buffer zones are as shown in Table 3. Our hypothesis 

is that insect pollinators originate from the different land-use classes, and that there is a decaying 

exponential relationship between household farm revenue and the insect foraging distance, such that 

the further the land-use type from the household, the lower the revenue from insect pollination. 

 

Table 3: Buffer areas for different land-use classes in hectares 
Year 2004 2007 2010 Overall 

Statistic Mean St. dev. Mean St. dev. Mean St. dev. Mean St. dev. 

Forest 250 m 8.96 9.1 9.02 9.08 9.01 9.08 9.00 9.09 

Forest 500 m 26.9 25.86 26.97 25.89 27.24 25.96 27.04 25.9 

Forest 1 000 m 107.9 97.18 107.80 97.06 109.40 97.46 108.36 97.21 

Forest 2 000 m 433.97 367.7 435.39 368.49 439.18 367.18 436.18 367.71 

Forest 3 000 m 725.81 591.16 727.30 594.23 732.02 592.10 728.38 592.35 

Grassland 250 m 3.46 7.13 3.60 7.20 3.45 7.12 3.50 7.15 

Grassland 500 m 10.43 20.68 10.84 20.95 10.36 20.70 10.54 20.77 

Grassland 1 000 m 42.53 79.33 43.94 80.66 42.00 79.42 42.82 79.79 

Grassland 2 000 m 176.63 304.7 177.97 306.25 173.85 302.78 176.15 304.51 

Grassland 3 000 m 293.71 483.95 295.64 489.55 289.98 483.11 293.11 485.43 

Crop area 250 m 6.95 8.7 6.71 8.54 6.84 8.64 6.83 8.63 

Crop area 500 m 20.77 24.75 20.14 24.35 20.30 24.53 20.40 24.54 

Crop area 1 000 m 81.66 92.23 79.80 90.87 80.12 91.39 80.52 91.48 

Crop area 2 000 m 316.79 342.13 312.52 340.54 312.53 339.76 313.95 340.73 

Crop area 3 000 m 525.69 545.68 520.66 545.12 520.31 542.41 522.22 544.27 

 

Besides for conventional inputs, it is expected that climate variables, such as rainfall and 

temperature, also influence crop production, and therefore revenue. The mean temperatures (°C) 

and rainfall (mm), both at levels and quadratic for the different years, are shown in Table 4. These 

also need to be controlled for so as to obtain the net effect of pollination on production. 

 

Table 4: Climate variables 
Year 2004 2007 2010 Overall 

Statistic Mean St. dev. Mean St. dev. Mean St. dev. Mean St. dev. 

Temp (°C) 20.24 2.54 20.10 2.62 20.60 2.64 20.31 2.61 

Rainfall (mm) 93.32 27.8 112.51 30.8 109.72 37.57 105.18 33.4 

 

4. Results 

 

Estimates of Equation (9e) were done using both the linear model and the stochastic frontier (which 

uses MLE) in R statistical software. In the linear model, we estimated the pooled panel data model, 

the fixed-effects model and the random-effects model. Initial tests indicate that the random-effects 

model is consistent with the data compared to fixed effects. The results are therefore presented for 

random effects and the output distance function stochastic frontier models, as shown in Tables 5 

and 6. In the estimations, we present the results of each buffer separately. The variables in all the 
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models remain the same across all buffers, except for areas under land-use classes, which change 

for each buffer. In total, five random-effects and stochastic frontier models are presented (one for 

each buffer). The aim of estimating each buffer separately was to avoid any possible confounding 

effects of areas under different land-use types if estimation was done in the same model.  

 

Table 5: Model coefficients for the random-effects model 
Random-effects Models 

Dependent variable: Log of value of agricultural output  

 Buffer 250 m Buffer 500 m Buffer 1 000 m Buffer 2 000 m Buffer 3 000 m 

Seed 0.0762*** 0.0762*** 0.0763*** 0.0761*** 0.0761*** 

Fertiliser 0.0985*** 0.0986*** 0.0985*** 0.0986*** 0.0987*** 

Inputs 0.0246*** 0.0246*** 0.0245*** 0.0245*** 0.0245*** 

Labour 0.1854*** 0.1855*** 0.1856*** 0.1856*** 0.1855*** 

Temperature -0.4687** -0.4671** -0.4639** -0.4667** -0.4606** 

Rainfall 0.2949*** 0.2963*** 0.2968*** 0.2974*** 0.2976*** 

Forest 0.0202** 0.0072* 0.0020**  0.00050** 0.00030* 

Grassland 0.0237** 0.0089** 0.0025**  0.00062** 0.00037** 

Cropland 0.0191* 0.0065* 0.0018*  0.00044* 0.00026* 

Pollination independent -0.384*** -0.384*** -0.384*** -0.384*** -0.384*** 

Pollination indeterminate -0.085*** -0.085*** -0.085*** -0.085*** -0.085*** 

Pollination dependent -0.531*** -0.531*** -0.531*** -0.531*** -0.531*** 

Constant 7.049*** 7.069*** 7.093*** 7.099*** 7.111*** 

Observations 3 903 3 903 3 903 3 903 3 903 

Adjusted R2 0.864 0.864 0.864 0.864 0.864 

F-statistic 2 256.79*** 2 258.13*** 2 258.79*** 2 258.34*** 2 257.97*** 

Note: * p < 0.1; ** p < 0.05; *** p < 0.01 

 

Note that, in all the models, the coefficients of the covariates do not change significantly across 

buffers, as only the buffer areas change while the other variables remain constant. From the random 

effects and output distance function (ODF) stochastic frontier models, all conventional inputs are 

significant and positive, indicating that increasing any of them would improve the agricultural 

output value. The random-effects model shows that a 1% increase in temperature decreases the 

agricultural output value by close to 0.47%, while a 1% increase in rainfall increases output by 

0.3%. The substitution between the different output values shows that an increase in the value of 

pollination-dependent output by 1% decreases the value of the pollination-independent and the 

value of pollination-indeterminate outputs by 0.384% and 0.085% respectively. This shows a strong 

substitution between pollination-dependent and pollination-independent crops. In the stochastic 

frontier model, the influence of conventional inputs on agricultural outputs is comparable to the 

results of the random-effects model.  

 

On climate change-related variables, a percentage increase in temperature by one degree reduces the 

value of output by 0.08% to 0.15%, depending on the buffer, while an increase in rainfall by 1 mm 

increases output by 0.22%. Substitution between outputs shows that a percentage increase in 

pollination-dependent output decreases pollination-independent and pollination-indeterminate 

outputs by 0.434% and 0.076% respectively.  
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Table 6: Model coefficients for the output distance function stochastic frontier 

MLE: Stochastic frontier 

Dependent variable: Log of agricultural output value 

 Buffer 250 m Buffer 500 m Buffer 1 000 m Buffer 2 000 m Buffer 3 000 m 

Seed 0.0975*** 0.0945*** 0.0943*** 0.0945*** 0.0940*** 

Fertiliser 0.1535*** 0.1552*** 0.1550*** 0.1549*** 0.1555*** 

Inputs 0.0795*** 0.0751*** 0.0765*** 0.0761*** 0.0753*** 

Labour 0.1916*** 0.1965*** 0.1966*** 0.1942*** 0.1958*** 

Temperature -0.1500 -0.0833 -0.1221 -0.1073 -0.0886 

Rainfall 0.2033*** 0.2270*** 0.2168*** 0.2167*** 0.2234*** 

Forest 0.0132* 0.0041* 0.0012* 0.00028* 0.00016* 

Grassland 0.0143* 0.0047* 0.0013* 0.00032* 0.00018* 

Cropland 0.0114 0.0034 0.0010 0.00025 0.00015 

Pollution independent -0.4342*** -0.4345*** -0.4342*** -0.4338*** -0.4342*** 

Pollution indeterminate -0.0746*** -0.0749*** -0.0750*** -0.0751*** -0.0749*** 

Pollution dependent -0.4902*** -0.4896*** -0.4898*** -0.4903*** -0.4899*** 

Sigma squared 5.424*** 5.198*** 5.896*** 5.093*** 5.211*** 

Gamma 0.8501*** 0.8415*** 0.8335*** 0.8367*** 0.8433*** 

𝜇 -4.295*** -4.183*** -4.125*** -4.129*** -4.193*** 

Time -0.7495*** -0.7244*** -0.715*** -0.722*** -0.724*** 

Constant 6.042*** 5.751*** 5.895*** 5.864*** 5.772*** 

Observations 3,903 3,903 3,903 3,903 3,903 

Log likelihood -5571.15 -5571.28 -5570.55 -5571.03 -5571.94 

Note: * p < 0.1; ** p < 0.05; *** p < 0.01 

 

Following Equation (9d), the areas covered by different land-use types in different buffers were 

modelled as an exponential function of the output. Therefore, the relationship between agricultural 

production value and area of a land-use type in any buffer takes the form [𝑦 = 𝐴𝑒−𝛽𝑥] or [𝑙𝑛𝑦 =

𝑙𝑛𝐴 − 𝛽𝑥], where (– 𝛽) is the decay rate of agricultural production value as the area of a specific 

buffer changes. In the exponential relationship, 𝛽 is regarded as intrinsically positive, thus negative 

coefficients of 𝛽𝑠 are ignored and the coefficients read as positive. It can be seen that the 

relationship is given by the coefficients of forest, grassland and crop land areas, as shown in Table 5 

(random-effects model) and Table 6 (maximum likelihood estimates – stochastic frontier). 

 

To interpret these coefficients, one would like to know by how much agricultural value would 

change if a certain land-use class changed (increased or decreased). To linearise the exponential 

relationship between agricultural output and pollination, we adopted the loglinear function 

interpretation. The marginal effects of pollination on agricultural output from this relationship are 

from the multiplication of land-use class coefficients in Table 5 and Table 6 above by a factor of 

100, as shown in Table 7a and Table 7b. 

 

Table 7a: Marginal effects (%) of pollination services (random effects) 

Land-use type 

Buffers 

250 m 500 m 1 000 m 2 000 m 3 000 m 

Forest 2.02 0.72 0.20 0.050 0.030 

Grassland 2.37 0.89 0.25 0.062 0.037 

Cropland 1.91 0.65 0.18 0.044 0.026 

 

Table 7b: Marginal effects (%) of pollination services (ODF stochastic frontier) 

Land-use type 

Buffers 

250 m 500 m 1 000 m 2 000 m 3 000 m 

Forest 1.32 0.41 0.12 0.028 0.016 

Grassland 1.43 0.47 0.13 0.032 0.018 

Cropland 1.14 0.34 0.10 0.025 0.015 
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From Table 7a it can be seen that a 1% increase in forest area in the 250 m buffer increases the 

value of pollinated agricultural output by 2.02%, while a similar increase in grassland area in the 

same buffer increases the value of pollinated agricultural output by 2.37%. Still in the same buffer, 

a 1% increase in the cropland class increases the same value (pollinated agricultural output) by 

1.91%. Our expectation was that forest would have a greater impact than grassland and cropland, 

but it was only higher than cropland. The other buffers can be interpreted in the same manner. 

Estimates from the stochastic frontier (MLE) are lower than those from the random-effects model, 

although the trends are similar (Table 7b). The declining influence of pollination on output as 

distance increases could be explained by the limit of insects’ forage distance, which for most bee 

species is about 1 000 m.  

 

One of the commitments of Kenya’s nationally determined contributions (NDCs) to emissions 

reductions under the Paris Agreement is to increase forest area by 10%. Using this argument, we 

calculated what an increase in 10% of the current land-use classes would mean changes in the 

values of agricultural output for pollination-dependent crops only. The results are shown in Table 

8a and Table 8b. Assuming a situation where the forest land-use class in each buffer zones increases 

by 10%, the results of the random-effects model indicate that the value of pollinated agricultural 

output would increase by Ksh 2020 (US$ 20.2) per acre for the 250 m buffer and Ksh 30.1 

(US$ 0.3) per acre for 3 000 m. Using the stochastic frontier approach (maximum likelihood 

estimation), a 10% increase in forest area would increase pollination-dependent agricultural value 

by Ksh 1 320 (US$ 13.2) per acre for the 250 m buffer. This amount declines significantly, to Ksh 

16 (US$ 0.16) per acre at a distance of 3 000 m. The results demonstrate that the effect of insect 

pollination on agricultural output declines with distance.  

 

Table 8a: Change in agricultural value (Ksh/acre) due to a 10% change in land-use classes 

(random effects) 

Land-use class 

Buffers 

250 m 500 m 1 000 m 2 000 m 3 000 m 

Forest 2 020 720 200 50 30 

Grassland 2 370 890 250 62 37 

Cropland 1 910 650 180 44 26 

 

Table 8b: Change in agricultural value (Ksh/acre) due to a 10% change in land-use classes 

(ODF stochastic frontier) 

Land-use class 

Buffers 

250 m 500 m 1 000 m 2 000 m 3 000 m 

Forest 1 320 410 120 28 16 

Grassland 1 430 470 130 32 18 

Cropland 1 140 340 100 25 15 

 

The results in Table 8a and Table 8b indicate that the value of output declines as the distance of the 

farm from the land-use class increases. The value of the output is highest if there is a higher 

percentage of forests, grassland or cropland around the farm. The explanation for the high 

contribution of croplands could be that insects would most likely pollinate crops on the 

neighbouring farms. These farm values are shown in Figures 2a and 2b. The surprising result was 

that an increase in grasslands contributes more to pollination than forests. This result suggests that 

area matters more for foraging by insect populations in less dense vegetation like grasslands than in 

the denser forest cover, i.e. the marginal contribution of an extra unit area of dense vegetation like 

forest is smaller than the same extra unit of grassland area. This strengthens the case for the 

increased recognition of grasslands ecosystems, which have largely remained underappreciated in 

the ecosystem services framework (Frélichová et al. 2014) and have sometimes been combined with 

other rangelands, including shrubland, deserts and savannas (see Sala et al. 2017). Similarly, 
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grasslands have received substantially less attention in the multiple ecosystem services framework 

compared to other production systems, such as forest (Gamfeldt et al. 2013) and cropland 

(Robertson et al. 2014), and have also, for the most part, been neglected in global policy discussions 

concerning ecosystem services (e.g. Parr et al. 2014; Díaz et al. 2015; Bond 2016). This is despite 

grasslands having been highlighted as important for the maintenance of biodiversity and food 

production, pollination, water regulation and climate regulation (Reyers et al. 2005; Turpie et al. 

2008; Bullock et al. 2011; Egoh et al. 2016).  

 

 
Figure 2a: Change in output value due to change in foraging distance (random effects) 

 

 
Figure 2b: Change in output value due to change in foraging distance (ODF stochastic 

frontier) 

 

The same information presented in Figures 2a and 2b is presented in Figures 3a and 3b, but in a line 

graph that presents the agricultural revenue as a decreasing function of pollination as distance 

increases. The increments of crop value due to pollination at distances of 2 000 m and 3 000 m from 

the farm are almost negligible.  
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Figure 3a: Change in output value due to change in foraging distance (random effects) 

 

 
Figure 3b: Change in output value due to change in foraging distance (ODF stochastic 

frontier) 

 

5. Conclusions and recommendations 

 

This study used three-wave panel data to estimate the effect of insect pollination on agricultural 

output using data from Kenya. Due to complexities in smallholder production, different crops are 

grown on the same or different plots, but on the same farm, either for diversification, hedging 

against risks, or for other, individual reasons. It therefore is challenging to separate the actual inputs 

used for each output of the farm. To overcome this challenge, we used a multiple-output production 

function approach to estimate the effect of insect pollination on the value of agricultural output. 

Since insect pollinators are expected to originate from or inhabit different land-use classes 

surrounding the farms, such as other croplands, grassland or forests, buffer zones were drawn 

around the farms at distances of 250 m, 500 m, 1 000 m, 2 000 m and 3 000 m, and the areas under 

the different land-use classes in each buffer zone were estimated as proxies for pollination services. 

The results indicate that changing the area under the different land-use classes in the different buffer 

zones by 1% would, on average, increase farm revenue by 2.1% at 250 m and 0.03% at 3 000 m.  

 

At present, the policy in Kenya is to increase tree cover by 10%. We therefore assumed a situation 

in which each land-use class in each buffer zone increased by 10%. The results indicate that the 

value of agricultural output would increase by about Ksh 2 100 (US$ 21.0) per acre at 250 m and 

Ksh 30 (US$ 0.3) per acre for 3 000 m. Using the output distance function stochastic frontier 

approach (MLE), a 10% increase in forest area would increase pollination-dependent revenue by 
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Ksh 1 320 (US$ 13.2) per acre for the 250 m buffer. This amount declines significantly, to Ksh 16 

(US$ 0.16) per acre, at a distance of 3 000 m. This is an indication that insect pollinators are more 

effective if they travel shorter distances, and that distances of over 1 000 m greatly reduce the 

effectiveness of the pollinators. In addition, forest, grassland and cropland land-use classes are 

important habitats for insect pollinators. From a policy perspective, it would pay to increase forest 

and grassland around farms. If Kenya’s 10% tree cover policy is realised, the country will increase 

pollinator habitats and improve insect pollination. Further, given the importance of cropland as a 

habitat for insect pollinators, it is also advisable for farmers to cultivate close to other farms so as to 

maximise pollination across farms. We have also demonstrated that grasslands are important 

habitats for insect pollinators, and that larger grassland vegetation areas contribute to higher 

pollination values than larger forest areas. Therefore, individual farmers may need to plan for 

relatively smaller land areas if forest vegetation is the habitat choice for pollinator foraging 

compared to a grassland ecosystem. Finally, having contiguous areas of farms next to forests or 

grasslands would be better for pollinators than having a mosaic of farms scattered all over the 

landscape. Realising this, however, will depend on the land tenure system, which as currently 

constituted in Kenya does not allow for the clustering of farms in one area, but prefers continued 

fragmentation. 
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