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Abstract

Pollination services are an intermediate input in agricultural production. These services
are threatened by external reasons such as pollution and diseases leading to a decline of
colonies resulting in a shortage of pollination services all around the globe. As a result,
it is critical to understand the influence of pollination on agricultural productivity. The
elasticity of substitution between man-made inputs and pollination services is an essential
measure to determining the long-run recognition of pollination services for agricultural
operations in the context of neoclassical growth models.

I exploit the USDA database, which provides data on every input used in agricultural
production at state level. The dataset for the analysis covers the years from 2000 until 2021
and most of the US states. In three out of four specifications, the elasticity of substitution
estimates has a value smaller than one.

These estimated values are significant and have an adjusted R-squared value between
0.944 and 0.944 that supports the fit of the data to the model. These estimates indicate
that the substitution of pollination services is limited. An important limitation of this
thesis is the limited data available for pollination services. Multiple insects provide these
services but, due to limited data, honey bee colonies in the USA are used as proxy for

pollination services.
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1 Introduction

The world population has more than doubled since 1960, from 2.9 billion to more than 8
billion today (Roser et al., 2013). The growing population leads to increased demand for
global agriculture production, which is successfully been met (Wik et al., 2008). This is
impressive considering that the cultivated land increased by 30% while the agricultural
output tripled during this period (Wik et al., 2008). However, high environmental costs
had to be paid for several reasons (Tilman et al., 2001). The increase in agricultural
land resulted in a loss of natural habitats (Hoekstra et al., 2005) and the degradation of
complex natural ecosystems in agricultural landscapes (Tscharntke et al., 2005). Other
environmental challenges, such as climate change, biotic invasions, and pollution, have
undermined ecosystem services (ES) vital to human well-being to the degree where biodi-
versity has been severely damaged (Millennium Ecosystem Assessment, 2005; Bommarco
et al., 2013; Hooper et al., 2005; Watson et al., 2011).

Environmental-friendly policies are essential to continue sustainable economic growth.
Quantitative analysis to serve informed policy-making is essential in order to make ratio-
nal choices and trade-offs concerning natural capital as choices between competing alter-
natives which implies that one has more value than the other. Therefore, ES should be
included in traditional economics (Dasgupta, 2021; Costanza, 2020). This thesis focuses
on integrating pollination services, provided by honey bees, in an agricultural production
function. The main objective of using this production function is to estimate the elastic-
ity of substitution between pollination services by honey bees, capital, and labour input.
The general research question is therefore: What is the degree of substitutability between
pollination services by honey bees, and capital and labour inputs in the USA?

This main research question is broken down by the following sub-research questions:
1. Are pollination services declining in the USA?

2. What is the degree of substitutability of pollination services with regard to capital
and labour in the USA?

3. What are the implications for sustainable growth?

Biodiversity enables nature to be productive and should therefore be included in the
financial system (Dasgupta, 2021). Hence, including ES in the economic models could
help to manage and mitigate risks resulting from unsustainable engagement with nature.
The importance of these ES, among which pollination services, are not represented by
traditional economics and thus to less extent explored in current literature. Therefore, I
will attempt in this thesis to estimate the elasticity of substitution of pollination services
for man-made inputs labour and capital. This contribution starts by reviewing existing

literature to better understand the role of pollination services and the role of substitution



in the Constant Elasticity of Substitution (CES) production function that is typical for
growth models which will address the first sub-question. Accordingly, a CES production
function will be formulated by using USDA data on capital, labour, and pollination
services. In total, four specifications will be formulated to check robustness. This analysis
will provide an answer to the sub-question 2. Finally, I will take advantage of the existing
growth model in the literature that incorporates ES as inputs to answer the third sub-
question in light of my empirical results.

The USDA database (USDA, 2023b; USDA, 2023a; USDA and NASS, 2023) provide
aggregate data for every input used in our agricultural production function. The data for
the analysis concerns the year 2000 to 2021 and includes the larger part of the US states.
In three out of four specifications, the elasticity of substitution estimates has a value
< 1. These estimated values of the baseline model are significant and have an adjusted
R-squared value between 0.944 and 0.944 that supports the fitness of the data inputs in
the model. These estimates indicate the substitution of pollination services is limited.
An important limitation of this thesis is the limited data available for pollination services.
Multiple insects provide these services but, due to limited data, honey bee colonies in the
USA are used as a proxy for pollination services.

There are limited studies that estimate the substitutability of pollination services.
These existing studies focus on the substitution of other ES by analyzing the elasticity
of the substitution of ecosystem services focused on consumption items and use a utility
function (Baumgértner et al., 2015; Drupp, 2018; Zhu et al., 2019). Only a few studies
use the elasticity of substitution when analyzing ecosystems as an intermediate input.
Several studies estimated the elasticity of substitution between ES and other inputs (Lee
et al., 2019). In this paper, an attempt is made to estimate the effect of elasticity
of substitution of pollination service for agricultural practices. The estimation of the
substitutability of pollination services concerning both agricultural capital and labour is
scarce in the literature. This could be used as a launching pad for other studies that are
interested in the long-term cost and benefits of pollination services.

The paper is organized as follows. Section 2 provides a literature review to underpin
the paper theoretically. Section 3 provides background information on pollination services
and explores mechanical pollination possibilities. The fourth section discusses the dataset
and the methods used to analyze the data. The results will then be discussed in section 5.
Section 6 will contain a robustness analysis of the main model by a Cobb-Douglas-in-CES
specification and the Kmenta approach. The discussion will be presented in section 7,

presenting the limitations and recommendations. Finally, section 8 concludes.



2 Literature review

This section provides an overview of the literature on the main themes of the thesis. 1
start by presenting a literature review on the substitutability of pollination services. Next,
the CES production function is introduced. Finally, discounting with scarce ecosystem
services is discussed to create a better understanding of the long-term implications of

declining pollination services.

2.1 Substitution of pollination services

A recurring discussion in sustainability literature is the use of an economic framework
where natural capital is included. The work "Blueprint for a Green Economy’ by Pearce
et al. (1994) is the first attempt to understand this concept in economic terms. After this
work, the importance of substitutability to determine the policy with regard to natural
resource conservation is discussed by multiple authors (Markandya and Pedroso-Galinato,
2007). Critics argue that wealth accounting of certain natural capital is only partly
complete as it is difficult to grasp the complete value in monetary terms. Also, in various
cases, it is impossible to substitute natural capital for manufactured goods (Markandya
and Pedroso-Galinato, 2007; World Bank, 2005). Accounting wealth, including natural
capital, is conducted with a production function. The base of the production function
includes certain assets, such as labour and capital to create the level of output in certain
combinations. Production functions are usually mathematical functions explaining the
link between the included inputs. The extent to which input is substitutable is referred
to as the elasticity of substitution. The elasticity of substitution is the ratio to which
extent a decrease in one input is compensated by the increase in the other inputs given
that the output of the function is constant. Therefore, the higher the elasticity, the easier
to replace a certain input (Markandya and Pedroso-Galinato, 2007).

The degree of substitution of natural services is a reoccurring topic in the literature
(Markandya and Pedroso-Galinato, 2007). Various economists argue that manufactured
capital could substitute natural capital to a certain extent (Méler, 1986; Reijnders, 2021;
Cohen et al., 2019; Solow, 1986). Others argue that, when one wants to link substitution
with nature, the sum of natural capital and manufactured capital should be constant
(Solow, 1986; Arrow et al., 2004). Other economists, such as Goodland and Daly (1996),
Pearce (1997), and Ayres (2007), argue that a critical level of natural capital should be
conserved in order to sustain long-run growth.

Substitution of ES is may not be easy or even possible when it is being used as input.
This is shown by a study of Zhu et al. (2019) where the Ramsey-growth model is used to
analyse the role of ES in production. The economy will converge towards a steady state
where all the inputs grow at an average growth rate g% while the discount factor converges

to state steady state following the Ramsey rule r = p+~g*. A decrease in these ecological
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services will result in less economic growth and a lower discount rate. They assume that
man-made inputs have more growth capacity than pollination services, gp < gy, as
pollination services are relatively more scarce over time than man-made inputs. The

following equation solves the growth rate over time of input X:

9o(t) = gir — gp/1 + he' ~P/P0n =900 gp b= BPYTVP /(1 — o — BYHY P (1)

This equation shows that the gy has two convergence options: (1) towards pollination
services P if p < 1, or (2) towards man-made input H if p > 1. This would suggest that
pollination services would decline if H could be substituted easily, converging economic
growth towards the limit of H. On the other hand, if the substitution of H for P would
not be easy, economic growth is restricted as pollination services are more scarce over
time. Moreover, Hy and F, determine the starting condition of gx. In the long-run
scenario of p > 1, gx converges to gp. This is close to the initial state of gy if h is either
close to 0 or Py > Hy. Being an (inverse) logarithmic growth curve, pollination services
are initially substituted and as g, comes close to gy, it converges to gp when pollination
services become relatively scarce. In the long-run scenario if p < 1, pollination services

will not become scarce due to substitution as gx converges to gp.

2.2 Constant Elasticity of Substitution production function

A relationship between factor inputs and output is described by a production function.
It shows the maximum level of output given the input of the production factor.

The general form of a production function is:

Y = f(x;) (2)

where Y represents the total output, = represents the inputs ¢ with ¢« = 1,2,....n. An
important assumption is that the agent maximizes the profit with the highest output
possible. Technology, such as knowledge and required skills, is needed to transform input
into output (Frankel and Frankel, 1990).

Several variants of production functions are defined, each for different purposes. Tech-
nology is however a central factor in every production function (Cobb and Douglas, 1928).
The production function can be estimated by minimizing the cost function (Shephard,
1954). A Cobb-Douglas function is often used as a production function (Cobb and Dou-
glas, 1928; Zhu et al., 2019). Here, it is assumed that the substitution elasticity remains
constant and is therefore not applicable to this study (Markandya and Pedroso-Galinato,
2007; Zhu et al., 2019). Another widely used production function is the Leontief func-

tion. The downside of this function is the assumption that goods are perfect complements.



However, the objective is to estimate the elasticity of the substitution of pollination ser-
vices and traditional human-made inputs. A function which fits this purpose and allows
for different elasticity rates is the CES production function (Markandya and Pedroso-
Galinato, 2007). The CES production function is related to the neoclassical theory of
economic growth (Klump and Preissler, 2000) and was contributed by Solow (1956). Ar-
row et al. (1961) built forth on this work which is considered as the standard specification

of the model. The general CES production function is as follows:
Y = A(aK ™ + (1 —a)L™")7V/° (3)

In this function, Y is the output, a shows the shares of the inputs K and L which are
the quantity of the capital and labour inputs respectively. The input share parameter
a is restricted, 0 < a < 1. Moreover, the efficiency parameter A should be larger than
0 (Kemfert, 1998) and is considered neutral with regard to Hicks (Klump and Preissler,
2000). The elasticity of substitution can be determined by o = fp. Here, p is the
substitution parameter.

When p — 1, indicates that two-factor inputs can be understood as complements. On
the other hand, when substitution elasticity is positive, the two inputs can be understood
as substituted. Furthermore, the elasticity of substitution allows us to understand the
CES production function as a different production function (Markandya and Pedroso-
Galinato, 2007; Zhu et al., 2019). When p — 0, the CES function can be understood as
a Cobb-Douglas function. Furthermore, the CES function will transform into a Leontief
or perfect complement production function in case p — —oco (Arrow et al., 1961). Fur-
thermore, 0 > 1 indicates that the inputs are good substitutes while o < 1 indicates that
inputs are poor substitutes (Black et al., 2009).

In order to include three inputs, this paper uses a nested CES production function
which allows the evaluation of the market on a macroeconomic level. The properties of
the two-level CES production function used in this paper follow from the general CES

function that includes three inputs formed by Zhu et al. (2019):

o—1 fed

F(P,K,L)=A(aP"s +B(K"" +(1—a— @)L )771) (4)

The final agricultural production contains three inputs: capital K, labour L, and pollination
services P are proxied by honey bee populations. Capital and labour are nested to test
the substitutability of pollination services. Parameter A denotes the total factor produc-
tivity which measures the efficiency of the production process. The production shares of

respectively capital, labour and pollination services are indicated by parameters a and
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2.3 Discounting ecosystem services

Ecosystem services could be understood as the benefits obtained from the ecosystem.
This comes in different forms, such as structures, functions, and processes contributing
to human well-being (Millennium Ecosystem Assessment, 2005). ES could be subdivided
into three main services: provisioning services such as food and water, regulating services
such as flood and climate control, and cultural services such as enjoyment or spiritual
fulfilment (Baumgértner et al., 2015). According to the Millennium Ecosystem Assess-
ment (2005), 60% of ES worldwide is declining, while the gross domestic product is still
growing.

Environmental discounting is used in public cost-benefit analyses to compare ES to
other inputs like capital and labour (Baumgértner et al., 2015; Zhu et al., 2019). The
discount rate is central in the debate with regard to the efforts to fight climate change
as it is considered crucial to understanding the long-term effects on nature (Gollier,
2010). Discounting is economically justified by a wealth effect (Ramsey, 1928). The
main thought behind Ramsey’s theory is that future generations obtain more wealth than
present generations. This would imply that a unit of consumption now is more valuable
than it would be in the future when the marginal utility of consumption is decreasing.
The discount rate in literature is often positive due to two main reasons: (1) society is
impatient and would prefer a unit of consumption now over a unit of consumption in the
future and (2) it is considered fair that consumption is spread over time and generation
as these generations are likely to be richer than us (Dasgupta, 2008)

Moreover, opportunity costs increase when production assets are not used immediately
(Pearce et al., 2006; Dasgupta, 2008). However, this does not hold when the quality of the
environment, or pollination services in this case, is considered. Biodiversity is for example
declining which leaves less biodiversity for future generations. This would imply that,
when there is evidence that the quality of the environment is declining over time and the
assumption is made that the marginal utility of the environment’s quality is decreasing,
investments in environmental quality are more valuable for future generations than for
present generations. Currently, the calculated discount rates without market prices, such
as ES, are too high on average (Baumgértner et al., 2015; Koetse et al., 2008). Therefore,
the value of ES should relatively be increased for other factor inputs (Baumgértner et al.,
2015). Another option would be to include time-declining discount rates (Zhu et al.,
2019).

3 Background information

This section provides background information on pollination services. Moreover, natural

pollination and mechanical pollination are discussed to provide a better understanding



of the importance of ecosystem services.

3.1 Pollination services

Pollination service is one of the ES that is critical to human survival (Kremen et al., 2002;
Millennium Ecosystem Assessment, 2005). Pollination by wild animals is an essential
element of the sexual reproduction of various crops and wild plants (Kremen et al., 2002).
Plant species can decline parallel with pollinating species when these decline in population
seize (Biesmeijer et al., 2006). One of the most economically valuable pollinators of crops
is honey bees (Rucker et al., 2012b). Especially the European honeybee, in specific the
Apis mellifera, is worldwide used to pollinate monoculture crops and is responsible for
a growing proportion of food production worldwide (McGregor, 1976; Watanabe, 1994;
Gallai et al., 2009; Klein et al., 2007). A decrease in the honey bee population could lead
to a lower yield of certain seeds, nuts and fruits of almost 90% (Southwick and Southwick
Jr, 1992).

An important reason for the declining wild bee population is the fragmentation and
deterioration of near- and semi-natural habitats (Kremen et al., 2002; Kremen et al.,
2004; Larsen et al., 2005). According to Klein et al. (2007), there are four main reasons
why this occurs: pests like parasitic mites such as the Varroa destructor (Downey and
Winston, 2001), the small hive beetle (Evans et al., 2003), and microsporidian parasite
Nosema ceranae (Higes et al., 2006) (1); the use of both pesticides and herbicides (Ingram
et al.,, 1996) (2); beekeeping is a declining profession in the EU and the USA (3); and
finally a decreasing price of supplied goods and services (4) (Klein et al., 2007).

The number of managed colonies is however declining in various parts of the world.
Honey bee populations are increasing on a global scale while populations in Europe and
North America are declining (vanEngelsdorp and Meixner, 2010). A shortage of wild
bees on agricultural sides can be compensated with managed honey bee colonies. Honey
bees are not the most effective pollinator for every crop (Klein et al., 2007). On average,
75% of crop species utilized as food rely at least somewhat on insect pollination (Klein
et al., 2007). Moreover, 52 of the leading 115 food items in the world depend on honey
bee pollination to produce fruit or seeds (Klein et al., 2007). A significant improvement
in general knowledge of the advantages of animal pollination to agricultural yields has
resulted from more than ten years of pollination research (e.g; Klein et al., 2007; Garibaldi
et al., 2011; Garibaldi et al., 2013). Increased numbers of pollinator-dependent crops are
grown for food, fuel, fiber, and micronutrients which are vital to human health (Rader
et al., 2016).

The dependency on insect pollination differs per crop. Important factors are the de-
gree of self-fertility, morphology and the arrangement of plants. The imperfect crops,

that separate male and female flowers, are most dependent on insect pollination. Per-



fect plants, that have both male and female flowers, can optimize efficiency by insect
pollination. The most insect pollination depended on crops in the USA are highbush
blueberry (Vaccinium corymbosum), apple (Maluspumila), sweet cherry (Prunus avium),
tart cherry (Prunus cerasus), almond (Prunus dulcis) (Klein et al., 2007; Reilly et al.,
2020). Moreover, Southwick and Southwick Jr (1992) found a high dependency on polli-
nation insects of asparagus seed, sunflower, and cabbage seed too.

The economic advantage of this benefit is estimated to be €153 billion yearly, or 9.5%
of the value of agricultural products worldwide (Gallai et al., 2009), demonstrating the
significance of the ecosystem services that pollinators provide (Dasgupta, 2021). When
the aggregate values of nature’s values are considered, the critics could ask whether it is
worth restoring populations. An example is given by Dasgupta (2021) regards agricultural
production. Pollination contributes £510-690 million to agricultural production yearly,
which seems like a significant value. On a national level, this is around 5% of the total
agricultural output and 0.03% of the GDP. However, because proportionate figures do not
indicate value, we should not devalue pollinators as pollinator projects are only included
with their accounting prices in national assessments (Dasgupta, 2021). Moreover, besides
the provision of ecosystem service by crop pollination, bees pollinate more than 16% of
the flowering plants worldwide (Buchmann and Nabhan, 1996). Natural ecosystems profit
from bees as plants grow that reduce erosion risks, create an environment that can be
enjoyed by humans, and increase property value. Moreover, the pollinated plants provide

food for other animals in the food chain (Delaplane and Mayer, 2022).

3.2 Mechanical vs natural pollination
3.2.1 Natural pollination

Pollination is an essential part of plant procreation. The flower is designed for sexual
reproduction which exists in various inflorescences types (Wardhaugh, 2015). Within
these flowers, the main stem is called peducle and while the other stems are pedicles.
The corolla protects the sexual interior as being the outer petals of the flower. The
stamens are male flower elements made consisting of a short filament bearing an anther
at the tip. When the anther matures, it opens and releases pollen grains. The female
components of a flower are termed the pistil, and each one consists of an ovary with ovules
and a stalk-like style with a sticky stigma on top. Some of the released pollen land on
a receptive female stigma. Then, a pollen tube is grown towards the ovary allowing the
pollen to fertilize and ovule. These ovules develop into seeds and the surrounding develops
into fruit also known as fruit-set. Fruit-set is not guaranteed after a pollination round as
there are various bottlenecks along the way. A shortage of pollinator populations or bad
weather could prevent pollination. The pollination method differs per flowering trend and

is as follows: cross-pollination, self-fertile, self-sterile, monoecious, and parthenocarpic
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(Delaplane and Mayer, 2022).

Insects collect pollen as food by visiting flowers. The majority of pollination insects
are flies, beetles, and bees. Beetles and flies are expected to be the largest group with
regard to species richness (Wardhaugh, 2015; Grimaldi and Engel, 2005). Bee-pollinated
flowers and bees are however depending on each other (Delaplane and Mayer, 2022).
They own characteristics such as plumose hairs that pick up pollen, feeding pollen to
their larvae, and a broader first foot segment that functions as a pollen basket (Delaplane
and Mayer, 2022; Michener, 2000). Both act however selfishly as the benefits must be
higher than the costs of the cooperation. Nectar is offered by flowers to attract pollination
insects. The production of nectar costs the plants however a lot of energy. Therefore,
this production should be a balanced return with regard to successful reproduction. From
a bee’s perspective, travelling and working are energy extensive and must be beneficial
with regard to nectar yield (Delaplane and Mayer, 2022; Southwick et al., 1981). Pyke
et al. (1977) found that bees tend to travel less and spend more time when flower patches
contain a rich amount of pollen and nectar. The bees move rapidly between the flowers
with a higher rate of pollination as a result. Moreover, bees tend to visit these food sites
more often (Southwick et al., 1981) and fly shorter distances (Pyke, 1978).

3.2.2 Mechanical pollination

The agricultural industry in certain regions cannot rely on natural pollinators to polli-
nate the crops. Therefore, production prices are increasing as honeybee colonies must be
rented to meet the demand for the pollination of monoculture crops (Watson et al., 2018)
which is also the case for the USA (Reilly et al., 2020). According to Broussard et al.
(2023), the supply of hives during the pollination window is limited due to the following
reasons: (1) the increase in the extreme weather events resulting in the destruction of
hives and resources (Chaffer, 2020); (2) transportation of the beehives is limited (Bixby
et al., 2020; Attia et al., 2022); (3) loss of colonies due to pesticides (Tosi et al., 2022);
and (4) competing producers for the available hives (Rucker et al., 2012a). Due to the de-
clining pollinating insects, among which the honey bees, scientific interest with regard to
artificial plant pollination is upcoming (Nimmo, 2022; Broussard et al., 2023; Mashilingi
et al., 2022).

Two main challenges arise with regard to artificial pollination as a result of the different
quantities of pollen required differ per species and pollination method: the collection
of inexpensive but high-quality, and prevent the waste of as much pollen as possible
(Nimmo, 2022). Some trees, such as wind-pollinated trees, produce large amounts of
pollen which are relatively easy to collect while other crop species produce less pollen
and are therefore more difficult to collect (Broussard et al., 2023; Vaknin et al., 1999).

The best moment to collect pollen is prior to the anthesis window to prevent the loss
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of pollen (Pinillos and Cuevas, 2007). According to Broussard et al. (2023), there are
three main approaches to collecting pollen: (1) the collection of pollen by hand-picking
or mechanically, (2) extracting pollen directly from flowers, and (3) pollen traps attached
to bee hive entrance to collect pollen from bees. The collection of pollen by hand can be
easily done when the crop either produces copious quantities of pollen (Salomén-Torres
et al., 2021) or is wind-pollinated (Zeraatkar et al., 2013; Ascari et al., 2017; Ah1 Kosar et
al., 2023). Plants pollinated by insects produce usually less pollen. These entomophilous
plants make the collection of pollen harder. Pollination of these plants could be done
manually by excising the anthers from each individual flower. This is however a very
labour-intensive production method making it only economically relevant for small-scale
production. Production on a larger scale is possible too by separating the pollen from
whole flowers mechanically. This is possible for multiple crops such as Almond (Pinillos
and Cuevas, 2007; Gianni and Vania, 2018; Salomoén-Torres et al., 2021). Before sepa-
rating the pollen by vacuum, flowers are dried and milled to separate the anthers where
both anthers and pollen are dried again (Broussard et al., 2023). Rising labour costs
drive the development of mechanical harvesting techniques. However, these techniques
are relatively expensive for certain crops (Broussard et al., 2023; Salomén-Torres et al.,
2021). To reduce costs, interest arose in pollen collected by honey bees. This pollen in-
cludes some impurities due to pollen being mixed with nectar nut trials on several crops
such as almond (Cunningham et al., 2020) and fruits like kiwi, apples and pears (Pyke
and Alspach, 1991; Parker et al., 2015; Okada et al., 1983; Johansen, 1956). It was found
that fruit drop was higher while the fruit weight was lower when plants were pollinated
with bee-collected pollen instead of pure pollen. Moreover, this method currently is not
being used on a larger scale (Broussard et al., 2023). Another method to collect pollen
is vacuuming the crop directly obtaining a higher yield than other methods in general
(Pinillos and Cuevas, 2007). This can either be by hand-held as mechanised devices
(Baldet, Philippe, et al., 1993). Harvested and processed pollen could be stored in cold
circumstances (Dinato et al., 2020; Salomén-Torres et al., 2021).

The application of pollen to pollinate the crop is the next phase. There are two main
approaches. The first approach is to apply the pollen dry. An advantage of this method
is that dry pollen remains viable for a longer period of time than wet pollen and can
be redistributed by bees (Broussard et al., 2023; Thomson and Eisenhart, 2003). Sec-
ondly, pollen can be applied wet. Here, the pollen is mixed with aqueous liquid and
ensured isotonic balances. The advantage of this approach is the increased target deliv-
ery when pollinator insects are limited (Gianni and Vania, 2018). Moreover, the wind is
not able to disperish the pollen due to the liquid mass. Within these approaches, several
methods to pollinate crops could be used: (1) hand-pollination (2) hand-held devices,
(3) Vehicle-mounted devices, (4) unmanned aerial vehicles (UAVs), and (5) robotics and

autonomous pollination (Broussard et al., 2023). There is an increasing focus on both
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drones and robotics. Several challenges have to be tackled before these solutions make
them attractive for wide commercial use with an exception for some crops such as walnut,
tomato and hybrid maize seeds (Broussard et al., 2023). It has been argued that me-
chanical pollination could replace living pollinators by reducing pollination ecology into
an economic function. Moreover, they expected to achieve higher pollination efficiency
than living pollinators. However, these machines still have to overcome key challenges
to replace living pollinators. According to Nimmo (2022), this confidence comes forward
from confident expectations of progress. These methods can not compete with actual
pollinator insects as these work non-stop and with large amounts. With the decline of
pollinator insects, they are used as supplementary devices to bees when conditions are
not optimal. Mechanical pollination should replace human labour when living pollinators

are lacking given that the price of mechanical pollination is lower than labour.

4 Data and Methods

4.1 Data

Data sets from the USDA are used to estimate the elasticity of the pollination services
in the US. Aggregated time panel data for capital and labour is drawn from the USDA
(2023a) concerning the period 2000 to 2021. Nominal aggregated agricultural labour
expenses per state represent labour input. The choice to use labour expenses as a proxy
for labour inputs was made because it creates a good understanding of the magnitude of
the labour expenses per state in the agricultural sector. Both cash and non-cash labour
expenses are included in total labour expenses. Herein, cash labour expenses are the sum
of contract and hired labour. Non-cash labour exists out of cash values of commodities
and other payments for farm work which is provided for hired labour, including among
others: feed, fuel, housing, etc (McGath et al., 2009).

Aggregated agricultural capital consumption per state represents the capital input
and is retrieved from the USDA (2023b). Capital consumption per state is the estimated
cost of capital within its useful service time that is used in agricultural production. The
estimation of these costs is done for each year’s production and could be understood
as compensation for the maintenance of the capital stock. Capital consumption is esti-
mated for multiple capital items such as trucks, tractors, farm machinery and operator
dwellings. The capital stock, which is the undepreciated aggregate of capital expendi-
ture, is maintained for each type of asset. The final calculation for the estimate is done
by multiplying the capital stock with a certain percentage matching the asset’s average
service life (USDA, 1988; McGath et al., 2009).

As discussed in section 3, the honey bee provides considerable value to agriculture

since they are dedicated to flower feeding. Therefore, honeybees are used as a proxy for
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pollination services. Aggregated time series data of honey-producing colonies, retrieved
from the USDA, from 2000 to 2022 is used (USDA and NASS, 2023). To be specific, this
is the maximum number of colonies that produced honey which was harvested. Honey
can be harvested from colonies that did not survive the whole year. The choice for this
physical input was made because it is, in this USDA data, the only variable that directly
explains the magnitude of the honey bee population. Table 1 summarizes the variables.
The data set exhibits 900 observations from 44 states. Capital and labour values are both
nominal and corrected for inflation by the US Bureau of Economic Analysis. Price Index
for Gross Domestic Product (USDA, 2023b; USDA, 2023a).

Table 1: Variables Description and Unit of Measurement

Variable Description Unit of Measurement

Labour Total labour expenses, including | In $1000 (Nominal)

operator dwellings

Capital Capital consumption, including | In $1000 (Nominal)

operator dwellings

Pollination services Honey producing colonies x 1000

4.2 Methodology

The empirical specification of the CES function used to estimate the elasticity of substi-
tution builds forth on functions (3). The baseline specification, similar to the method of
Papageorgiou et al. (2017), is selected to identify the substitution parameter p between
the capital-labour nest and pollination services. Then, the elasticity of substitution ¢ can
be calculated. Moreover, neutral technical change and production shares are assumed.
In the ideal scenario, all the relevant inputs would be included. To cover this, the data
input is from a national database collecting data by census and covers important aspects
of both production and labour costs. Specified to calculate for gross output of the agricul-
tural sector in the USA, the CES specification with equal production shares and neutral

technical change is:

P(KL)P
Yii = A+a;+a+ $In(6((BELY + (14 B)+ LEF) oxe 4((1—=6)% PP 7)) +ewr. (5)

P(KL)P
Here, Y}; represents the agricultural output in state ¢ in year ¢, A represents the factor-
augmenting technology parameter, L; is the labour input, Kj; is the capital input and
P;;. The production shares are the weights within the capital-labour nest 3, and between

the capital-labour nest and pollination ¢. The initial values in the model of the produc-
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tion values are kept at 0.5 respectively. The choice for neutral production shares is for
simplicity reasons as more research is needed to decide what the exact production shares
within and between the inputs are.

Moreover, the initial value of the technology parameter A is kept neutral at 1 assuming
endogenous growth. Furthermore, the initial value of pxr)p is kept at 0.5. This suggests
that pollination is a poor substitute for man-made inputs which is in line with the ne-
cessity of pollination described by the background literature. Finally, the initial value of
pir is set at 1 meaning that capital and labour have an elasticity which is indifferent.

The estimation of the elasticity of substitution between pollination services and tra-
ditional man-made inputs is represented by o(xr)p. Here, o(xr) is the elasticity of sub-
stitution between the capital-labour aggregate. The production function is nonlinear in
p and the elasticity within the capital-labour aggregate is ok is nonlinear too. Because
the man-made inputs are aggregated, the main focus of this study is on o(xr)p instead
of the elasticity of substitution of man-made inputs o(xr). The substitution elasticities

can be estimated by:

O’(KL)P:71+‘Z<;{L)P (6)
or
K L= — (7)

Furthermore, the model includes two fixed inputs d; which represents the dummy
variable for state fixed inputs and d; represents the dummy variable for state fixed inputs.
The baseline specification includes both year and state. In order to check the robustness
of the model, three other specifications are tested: neither year nor state is included, only
the year, and finally only state. Modifying the model by adding or removing regressors
creates the opportunity to examine how the core estimates behave as an indication of
the structural validity of the model (Lu and White, 2014). According to growth theory,
the main aim is not to analyse the influence of input on price increases. The aim is to

determine if pollination is a critical input for agricultural objectives.

5 Main Results

The CES function in equation (5) is estimated for the agricultural sector in the USA.
The output is measured as the total production of the agricultural sector. A nonlinear
least squares estimation is applied, which uses nonlinear optimisation techniques to de-
termine values for the parameters that minimise the residual sum of squares and estimate
confidence intervals for these estimations.

Equation (5) is run for four different specifications. Table 2 shows the estimated results
for the substitution parameter and substitution elasticity for the different specifications.

In the first specification, neither year nor state fixed effects are included. The substitution
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parameter between pollination and man-made materials is around —0.153. This implies
that the elasticity of substitution between pollination and man-made materials is 0.868.
Both estimation values are significant as a p-value of 0.000 indicates that these are precise
estimates. And it is statistically smaller than one. From the growth theory perspective,
this would suggest that pollination is a poor substitute for man-made materials. The
second specification includes only year fixed effects. The substitution parameter is 0.021
leading to a substitution parameter between pollination and man-made materials of 1.022.
This implies that pollination could be substituted for man-made materials as o(xr)p > 1.
However, the standard error for the substitution parameter is relatively large while the
z-value is relatively small resulting in an insignificant estimate. Furthermore, it is not
statistically different from 1. The estimate of the elasticity is on the other hand significant
and includes a relatively small standard error. Specification three includes only the state
fixed effects. This results in a o(xr)p of 0.837 and p(xr)p of 0.021 and both of these
estimates are significant. In the fourth specification, which is the main specification, both
year and state fixed effects are included. The elasticity of substitution is around 0.806
and a substitution parameter of —0.240 with a small p-value. Moreover, the adjusted
R-squared values in all specifications are between 0.944 and 0.984 implying therefore a
good fit of the inputs in the model. Also, the model seems to behave somewhat similarly
to each specification indicating a certain level of robustness.

Three out of four specifications show pollination and man-made inputs are poor sub-
stitutes. In the context of growth theory, considering the four specifications, this would
indicate that both inputs are complementary and thus both necessary in the agricultural

production processes.
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Table 2: Estimation results (NLS)

(1) (2) (3) (4)
O(KL)P 0.868 1.022 0.837 0.806
s.e. (0.003) (0.209) (4.68e-11) | (0.0002)
z 265.68 4.88 1.8e+10 344.00
P > |z| 0.000 0.000 0.000 0.000
PUL)P -0.153 0.021 -0.194 -0.240
s.e. (0.004) (0.201) (6.67e-11) | (0.004)
z -35.17 0.11 -2.9e+09 -66.60
P> |z 0.000 0.916 0.000 0.000
Year ID No Yes No Yes
State 1D No No Yes Yes
N 900 900 900 900
Adj R? 0.944 0.955 0.978 0.984

6 Robustness Analysis

Although the CES production function can estimate the elasticity of substitution and
robustness is checked by constructing the model in four varieties, robustness is checked by
two other methods. First, a production function for the agricultural sector is formulated.

Assuming neutral technical change, the following regression is obtained:

1
l?’LY;'t =a; + dit + —177,((513{2 —+ (1 — (S)XZ + €4 (8)
P

Here, Y}, represents the agricultural output in state ¢ in year ¢, and Xj; is the aggregate
of labour and capital. The production shares are represented by ¢ and a; is the technical
change controlled via state-fixed effects. Finally, d; presents the dummies for each year.
Again, the elasticity of substitution is obtained by o = 1—ip where p is the substitution
parameter.

The first check for robustness is conducted by assuming unitary elasticity of substitu-
tion between pollination service P and man-made inputs X. The Cobb-Douglas-in-CES

specification features aspects of the Cobb-Douglas and CES production functions which
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allow the elasticities and shares parameters to be combined. This allows for more flexibil-
ity in modelling production relationships by capturing different degrees of substitutability
between different inputs. This results in the following Cobb-Douglas-in-CES specifica-
tion:

InYy = a; +dy + %ln((SPi’Z + (1= 8)(KPL*™P)0) + e (9)

[ represents the distribution within the man-made inputs aggregate. The results of the
Cobb-Douglas-in-CES specification are presented in table 3. Except for scenario 1, the
elasticity estimates are significant with relatively small standard errors. The elasticities
are smaller than 1 indicating that pollinating services are poor substitutes for man-made
materials. The estimation of the substitution parameters seems however more challenging
as standard errors are relatively high with large p-values indicating that the estimates are
insignificant. Moreover, the adjusted R? are located in an acceptable range indicating a

sufficient goodness of fit.

Table 3: Cobb-Douglas-in-CES specification

(1) (2) (3) (4)
O(KL)P -0.138 0.881 0.962 0.968
s.e. (-) (0.251) (0.061) (0.242)
z - 3.50 15.83 4.00
P> |z - 0.000 0.000 0.000
P(KL)P 8.254 -0.135 -0.039 -0.033
s.e. (-) (0.324) (0.066) (0.258)
t - -0.42 -0.59 -0.13
P > |t| - 0.679 0.556 0.898
Year ID No Yes No Yes
State ID No No Yes Yes
N 900 900 900 900
Adj R? 0.944 0.956 0.981 0.984

The second robustness method to the nonlinear regression is the Kmenta approxima-
tion (Kmenta, 1967). The non-linear Kmenta model is used for estimating the parameters

of the relationship between one or more independent variables and a dependent variable.
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Compared to linear models, this form of model allows for more flexible and complicated
connections between variables. This is a translog function variation that represents the
first-order condition of equation (8) with the substitution parameter p = 0. This formula

is as follows:

InYy = a; +dy + 0InPy + (1 — §)InX + (1 —8)=(InP — InX)? (10)

NI

0 represents the distribution between pollination services and man-made inputs. The
results are presented in table 4 and show small elasticities of substitution when p = 0. All
four specifications show elasticity of substitution smaller than 1. Stata did not calculate
the standard errors and the p-values and are therefore not provided. The Adjusted R?

values are again close to 1 indicating a sufficient goodness of fit.

Table 4: Kmenta approach with p =0

(1) (2) (3) (4)
O(KL)P 0.628 0.715 0.477 0.541
p -0.592 -0.0399 -1.098 -0.847
Year ID No Yes No Yes
State ID No No Yes Yes
N 900 900 900 900
Adj R? 0.947 0.952 0.979 0.984

Expression (9) can be rewritten per capital units indicated by lowercase variables

normalized by dividing Y;; and P; by X in the following equation:

Inyy = a; + dy + Bilnpy — Balnpi + € (11)

Yit
Xit

output for each state ¢ and year ¢ per man-made input. Furthermore, p; can be calcu-

Parameter y;; = expresses the per capital units. Here, y;; represents the agricultural
lated by ;—tt and represents per capital unit of pollination. The CES parameters can be

calculated by:
o= pi(1—051)/(Bi(l = B1) — 2% Ba) (12)

where 31 = ¢ is the distribution parameter between pollination services and man-made
inputs and [, can be calculated by y = %
The results are presented in table 5. The translog function has the disadvantage

that the two-input elasticities converge to one for large input ratios. Moreover, the
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conditions for a neoclassical production function are only locally satisfied. The elasticity
of substitution tends to bias elasticity parameters of CES towards 1 when p is around
zero (Papageorgiou et al., 2017), which is in line with the results. The estimations of
B1 are significant but the estimations of (3, are, excluding specification 3, insignificant

indicating that.

Table 5: Kmenta in per capital units

(1) 2) 3) (4)
O(KL)P 1 1.001 1.046 1
s.e. (-) (0.020) (0.025) (-)
z - 49.87 41.35 -
P> |z - 0.000 0.000 -
B4 15.659 16.68868 15.033 12.721
s.e. ( 0.453) (3.380) (12.365) (0.638)
t 34.55 4.94 6.36 19.95
P > |z| 0.000 0.000 0.000 0.000
Ba -9.59e-10 -0.168 -4.678 -2.51e-11
s.e. ( 14.069) (2.689) (0.925) ( 5.823)
t -0.00 -0.06 -5.06 -0.00
P > |z| 1.000 0.950 0.000 1.000
Year 1D No Yes No Yes
State ID No No Yes Yes
N 900 900 900 900
Adj R? 0.932 0.935 0.970 0.983

7 Discussion

The elasticity of substitution between pollination and man-made materials is of great
concern for the agricultural sector due to the decrease in bee populations, especially in the
EU and the USA. Therefore, this thesis undertakes an attempt to estimate the elasticity
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of substitution between man-made inputs and pollination services. The elasticity of
substitution below 1 suggests that pollination is a necessary input to create long-run
growth for the agricultural sector. Even if a neutral or endogenous directed technical
change is assumed, the substitution parameter has a fundamental impact on long-term
growth. The empirical results support that the elasticity between pollination and man-
made inputs recede 1 significantly. Therefore, the first piece of econometric evidence is
presented that provides an indication of the importance of pollination services.

The estimations are interesting but should be handled with care as the empirical
estimation is not without limitations. To estimate the pollination services, the number
of production colonies is used. As discussed in the background information, various
species contribute to the pollination of crops (Klein et al., 2007). Although the sample
contains 900 observations, honey bees do not represent pollination services by themselves
and are therefore a limited proxy for pollination services. This would suggest that the
total production values of pollination services are underestimated. However, it is also
confirmed by literature that honey bees are the most valuable pollinator because they
are widely used for agricultural pollination. Therefore, honey bees are considered a valid
proxy.

Furthermore, man-made inputs labour and capital are partly represented by the data.
In an ideal scenario, every aspect of labour and capital input would be included. These
two inputs are covered by ’total labour expenses’ and ’capital consumption’. Especially
capital might be underestimated compared to labour as the total expenditures on labour
are used as a proxy while total capital expenses are only partly included. However, the
choice for these proxies is made because both contain some of the key elements which
provide an understanding of the magnitude of both inputs.

Some critical notes could be placed on the model used to estimate the parameters.
Neutral technical change has been assumed. But, according to the literature, there is a
lot of interest to develop new technical pollination methods that could be of increasing
significance in future crop pollination. This could indicate a larger growth potential for
the agricultural sector. Although technical change can be expected, it is held neutral
to imply endogenous growth leading to an underestimation of growth of the agricultural
sector. However, it has been established that technology is complementary to natural
pollination. Finally, the R? values are within the acceptable goodness of fit band which
suggests that the data fits the model well. However, it could also indicate multicollinear-
ity. This might occur due to the combination of aggregated data including time series
and growth per state (Papageorgiou et al., 2017). The consequence would be that the
explanatory variables might not be precisely estimated. In addition, dummy variables
tend to be correlated with one another, particularly with multiple categories. This can
lead to multicollinearity, which makes interpreting the individual effects of the multiple

categories on the dependent variable challenging due to overestimated standard errors

21



and unstable coefficients (Frost, 2023).

This thesis presents an analysis of a first attempt and a point of reference for the elas-
ticity of pollination services. Future research may use this as inspiration. The elasticity
of substitution is an important parameter to get a better understanding of discounting
rates which explains the growth rate over time. Interesting follow-up research might be
to test the results of this thesis with other estimation approaches. In the background
information, it has been discussed that crops have co-evolved with different pollinator
species. The effectiveness of honey bee pollination differs therefore per crop. General-
ization of the results to all the crops should be carefully handled because crops are not
independently examined. Moreover, including data which includes the added value of
other pollinators, such as wild bees, might be interesting to create a more in-depth and
comprehensive understanding of the elasticity of substitution. Furthermore, this thesis
could serve as a launching pad for researchers interested in the growth rate of the agri-
cultural sector or who want to identify the long-term costs and benefits of honey bee
colonies to estimate their corresponding values. Also, using the constructed data source,
the elasticity of substitution of pollination per state can be evaluated to get a better

understanding of the state’s dependency on pollination services.

8 Conclusion

Pollination services are an intermediate input in agricultural production. These services
are threatened by external reasons such as pollution and diseases leading to a decline
of colonies resulting in a shortage of pollination services in certain places. Therefore it
is crucial to understand the importance of pollination for agricultural production. The
elasticity of substitution between man-made inputs and pollination services represents an
important parameter, within the context of growth models with neoclassical production
functions, in assessing the conditions necessary to long-run recognition of pollination
services for agricultural practices. In this thesis, I present the econometric evidence of
elasticity on a macroeconomic level.

This contribution started by reviewing existing literature to create a better under-
standing of the role of pollination services and the role of substitution in CES functions
that are typical for growth models. Equation (3) leads to the production function shown
in equation (5) that can be used in econometric analysis to estimate the elasticity of sub-
stitution. Moreover, using the USDA data, a data set is constructed by combining the
USDA data including capital, labour, and pollination input. These inputs are combined
for 45 different states from 2000 to 2021. Finally, evidence is presented that man-made
materials in the form of a capital-labour nest are a poor substitute for pollination services.

The elasticity of substitution estimates has a value < 1 in three out of four specifi-

cations. These estimates are significant and have an adjusted R-squared value between
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0.944 and 0.944 that supports the fitness of the data inputs in the model. In the context
of growth economy, this indicates that both inputs are necessary for agricultural produc-
tion in the USA. As p < 1 in every specification, it is suggested that pollination would
not become scarce in the long run.

Thus, pollination services seem a necessity for agricultural practices and should be
used complementary to man-made inputs. If pollination would have been an ordinary
economic input, it would not become scarce over time. However, due to all sorts of
external threats, it might not be within the power of the market to decide the fate of

pollination services.

References

Ahi Kosar, Dilan, Ekiile S6nmez, Adem Argag, and Umran Ertiirk (2023). “An Unmanned
Aerial Vehicle Based Artificial Pollination in Frost-Affected Walnut (Juglans regia)
Orchard”. In: Journal of Agricultural Sciences :Early View, pp. 8-8. 1SsSN: 1300-7580.
DOI: 10.15832/ankutbd.1163150.

Arrow, Kenneth, Partha Dasgupta, Lawrence Goulder, Gretchen Daily, Paul Ehrlich,
Geoffrey Heal, Simon Levin, Karl-Géran Maler, Stephen Schneider, David Starrett,
and Brian Walker (2004). “Are We Consuming Too Much?” In: Journal of Economic
Perspectives 18.3 (Sept. 2004), pp. 147-172. DOIL: 10.1257/0895330042162377.

Arrow, Kenneth J, Hollis B Chenery, Bagicha S Minhas, and Robert M Solow (1961).
“Capital-labor substitution and economic efficiency”. In: The review of FEconomics
and Statistics, pp. 225-250.

Ascari, L, D Guastella, M Sigwebela, G Engelbrecht, O Stubbs, D Hills, T De Gregorio,
and C Siniscalco (2017). “Artificial pollination on hazelnut in South Africa: pre-
liminary data and perspectives”. In: IX International Congress on Hazelnut 1226,
pp. 141-148.

Attia, Youssef A, Gianpaolo M Giorgio, Nicola F Addeo, Khalid A Asiry, Giovanni Pic-
colo, Antonino Nizza, Carmelo Di Meo, Naimah A Alanazi, Adel D Al-Qurashi, Mo-
hamed E Abd El-Hack, et al. (2022). “COVID-19 pandemic: impacts on bees, beekeep-
ing, and potential role of bee products as antiviral agents and immune enhancers”.
In: Environmental Science and Pollution Research, pp. 1-14.

Ayres, Robert U. (2007). “On the practical limits to substitution”. In: Ecological Eco-
nomics 61.1, pp. 115-128. 1SSN: 0921-8009. DOI: https://doi.org/10.1016/7.
ecolecon.2006.02.011.

Baldet, Patrick, Gwenaél Philippe, et al. (1993). “Mechanized pollen harvesting in larch
seed orchards.” In: Tree Planters’ Notes 44.4, pp. 141-145.

23


https://doi.org/10.15832/ankutbd.1163150
https://doi.org/10.1257/0895330042162377
https://doi.org/https://doi.org/10.1016/j.ecolecon.2006.02.011
https://doi.org/https://doi.org/10.1016/j.ecolecon.2006.02.011

Baumgéartner, Stefan, Alexandra Klein, Denise Thiel, and Klara Winkler (2015). “Ramsey
Discounting of Ecosystem Services”. In: Environmental Resource Economics 61.2,
pp- 273-296.

Biesmeijer, J. C., S. P. M. Roberts, M. Reemer, R. Ohlemiiller, M. Edwards, T. Peeters,
A. P. Schaffers, S. G. Potts, R. Kleukers, C. D. Thomas, J. Settele, and W. E. Kunin
(2006). “Parallel Declines in Pollinators and Insect-Pollinated Plants in Britain and
the Netherlands”. In: Science 313.5785, pp. 351-354. DOIL: 10 . 1126 /science .
1127863. eprint: https://www.science.org/doi/pdf/10.1126/science.1127863.

Bixby, Miriam, Shelley E Hoover, Robyn McCallum, Abdullah Ibrahim, Lynae Ovinge,
Sawyer Olmstead, Stephen F Pernal, Amro Zayed, Leonard J Foster, and M Marta
Guarna (2020). “Honey bee queen production: Canadian costing case study and
profitability analysis”. In: Journal of Economic Entomology 113.4, pp. 1618-1627.

Black, J., N. Hashimzade, and G.D. Myles (2009). A Dictionary of Economics. Oxford
Reference Online. Oxford University Press. 1SBN: 9780199237043.

Bommarco, Riccardo, David Kleijn, and Simon G Potts (2013). “Ecological intensifi-
cation: harnessing ecosystem services for food security”. In: Trends in ecology &
evolution 28.4, pp. 230-238.

Broussard, Melissa A, Michael Coates, and Paul Martinsen (2023). “Artificial Pollination
Technologies: A Review”. In: Agronomy 13.5. 1SSN: 2073-4395. DOI: 10 . 3390/
agronomy13051351.

Buchmann, S.L. and G.P. Nabhan (1996). The Forgotten Pollinators. A Shearwater book.
Island Press. 1SBN: 9781559633536.

Chatffer, Lorraine (2020). “Pollinators, bees and food”. In: Geography Bulletin 52.2,
pp- 68-69.

Cobb, Charles W and Paul H Douglas (1928). “A theory of production”. In.

Cohen, Frangois, Cameron J. Hepburn, and Alexander Teytelboym (2019). “Is Natural
Capital Really Substitutable?” In: Annual Review of Environment and Resources
44.1, pp. 425-448. DOI: 10.1146/annurev-environ-101718-033055.

Costanza, Robert (2020). “Valuing natural capital and ecosystem services toward the
goals of efficiency, fairness, and sustainability”. In: Ecosystem Services 43, p. 101096.
ISSN: 2212-0416. DOI: https://doi.org/10.1016/j.ecoser.2020.101096.

Cunningham, Saul A, Maldwyn J Evans, Mick Neave, Joel Armstrong, and Philip S
Barton (2020). “Pollination and resource limitation as interacting constraints on
almond fruit set”. In: Plant Biology 22.1, pp. 113-119.

Dasgupta, Partha (2008). “Discounting climate change”. In: Journal of risk and uncer-
tainty 37, pp. 141-169.

Dasgupta, Partha (2021). “Economics of Biodiversity: The Dasgupta Review World in
Data”. In: https://assets.publishing.service.gov.uk /government /uploads/system /uploads/attachmer

24


https://doi.org/10.1126/science.1127863
https://doi.org/10.1126/science.1127863
https://www.science.org/doi/pdf/10.1126/science.1127863
https://doi.org/10.3390/agronomy13051351
https://doi.org/10.3390/agronomy13051351
https://doi.org/10.1146/annurev-environ-101718-033055
https://doi.org/https://doi.org/10.1016/j.ecoser.2020.101096

Delaplane, K. S. and D. F. Mayer (2022). Benefits of bee pollination. Chap. 1, pp. 1-T7.
DOI: 10.1079/9780851994482.0001. eprint: https://www.cabidigitallibrary.
org/doi/pdf/10.1079/9780851994482.0001.

Dinato, Naiana Barbosa, Izulmé Rita Imaculada Santos, Bianca Baccili Zanotto Vigna,
Ailton Ferreira de Paula, and Alessandra Pereira Favero (2020). “Pollen cryopreser-
vation for plant breeding and genetic resources conservation.” In.

Downey, Danielle L. and Mark L. Winston (2001). “Honey bee colony mortality and
productivity with single and dual infestations of parasitic mite species”. In: Apidologie
32.6, pp. 567-575. DOIL: 10.1051/apido: 2001144,

Drupp, Moritz A (2018). “Limits to substitution between ecosystem services and man-
ufactured goods and implications for social discounting”. In: Environmental and Re-
source FEconomics 69, pp. 135—158.

Evans, J.D., J.S. Pettis, W.M. Hood, and H. Shimanuki (2003). “Tracking an invasive
honey bee pest: mitochondrial DNA variation in North American small hive beetles”.
In: Apidologie 34.2, pp. 103-109. 1SSN: 0044-8435. DOI: 10.1051/apido:2003004.

Frankel, Ernst G and Ernst G Frankel (1990). “Economics of Production and Techno-
logical Change”. In: Management of Technological Change: The Great Challenge of
Management to the Future, pp. 30—47.

Frost, Jim (2023). Multicollinearity in regression analysis: Problems, detection, and so-
lutions. Jan. 2023.

Gallai, Nicola, Jean-Michel Salles, Josef Settele, and Bernard E. Vaissiere (2009). “Eco-
nomic valuation of the vulnerability of world agriculture confronted with pollinator
decline”. In: Ecological Economics 68.3, pp. 810-821. 1SSN: 0921-8009. DOI: https:
//doi.org/10.1016/j.ecolecon.2008.06.014.

Garibaldi, Lucas A, Ingolf Steffan-Dewenter, Claire Kremen, Juan M Morales, Riccardo
Bommarco, Saul A Cunningham, Luisa G Carvalheiro, Natacha P Chacoff, Jan H Du-
denhéffer, Sarah S Greenleaf, et al. (2011). “Stability of pollination services decreases
with isolation from natural areas despite honey bee visits”. In: FEcology letters 14.10,
pp- 1062-1072.

Garibaldi, Lucas A, Ingolf Steffan-Dewenter, Rachael Winfree, Marcelo A Aizen, Riccardo
Bommarco, Saul A Cunningham, Claire Kremen, Luisa G Carvalheiro, Lawrence D
Harder, Ohad Afik, et al. (2013). “Wild pollinators enhance fruit set of crops regardless
of honey bee abundance”. In: science 339.6127, pp. 1608-1611.

Gianni, Tacconi and Michelotti Vania (2018). “Artificial pollination in kiwifruit and olive
trees”. In: Pollination in Plants, pp. 59-80.

Gollier, Christian (2010). “Ecological discounting”. In: Journal of Economic Theory
145.2. Judgment Aggregation, pp. 812-829. 1ssN: 0022-0531. DOI: https://doi.org/
10.1016/j.jet.2009.10.001.

25


https://doi.org/10.1079/9780851994482.0001
https://www.cabidigitallibrary.org/doi/pdf/10.1079/9780851994482.0001
https://www.cabidigitallibrary.org/doi/pdf/10.1079/9780851994482.0001
https://doi.org/10.1051/apido:2001144
https://doi.org/10.1051/apido:2003004
https://doi.org/https://doi.org/10.1016/j.ecolecon.2008.06.014
https://doi.org/https://doi.org/10.1016/j.ecolecon.2008.06.014
https://doi.org/https://doi.org/10.1016/j.jet.2009.10.001
https://doi.org/https://doi.org/10.1016/j.jet.2009.10.001

Goodland, Robert and Herman Daly (1996). “Environmental Sustainability: Universal
and Non-Negotiable”. In: Ecological Applications 6.4, pp. 1002-1017. DOI: https:
//doi.org/10.2307/2269583. eprint: https://esajournals.onlinelibrary.
wiley.com/doi/pdf/10.2307/2269583.

Grimaldi, D. and M.S. Engel (2005). FEwvolution of the Insects. Cambridge Evolution
Series. Cambridge University Press. 1SBN: 9780521821490.

Higes, Mariano, Raquel Martin-Hernandez, and Aranzazu Meana (2006). “Higes M,
Martin R, Meana A.. Nosema ceranae, a new microsporidian parasite in honeybees in
Europe. J Invertebr Pathol 92: 93-95”. In: Journal of invertebrate pathology 92 (July
2006), pp. 93-5. DOL: 10.1016/7.jip.2006.02.005.

Hoekstra, Jonathan M., Timothy M. Boucher, Taylor H. Ricketts, and Carter Roberts
(2005). “Confronting a biome crisis: global disparities of habitat loss and protection”.
In: Ecology Letters 8.1, pp. 23-29. DOI: https://doi.org/10.1111/7.1461~
0248 .2004 .00686 .x. eprint: https://onlinelibrary.wiley.com/doi/pdf/10.
1111/7.1461-0248.2004.00686 . x.

Hooper, David U, F Stuart Chapin III, John J Ewel, Andrew Hector, Pablo Inchausti,
Sandra Lavorel, John Hartley Lawton, David M Lodge, Michel Loreau, Shahid Naeem,
et al. (2005). “Effects of biodiversity on ecosystem functioning: a consensus of current
knowledge”. In: Ecological monographs 75.1, pp. 3-35.

Ingram, M, GC Nabhan, and SL. Buchmann (1996). “Impending pollination crisis threat-
ens biodiversity and agriculture”. In: Tropinet.

Johansen, Carl (1956). “Artificial pollination of apples with bee-collected pollen”. In:
Journal of Economic Entomology 49.6, pp. 825-828.

Kemfert, Claudia (1998). “Estimated substitution elasticities of a nested CES production
function approach for Germany”. In: Energy Economics 20.3, pp. 249-264. 1ssN: 0140-
9883. DOI: https://doi.org/10.1016/50140-9883(97)00014-5.

Klein, Alexandra-Maria, Bernard E Vaissiere, James H Cane, Ingolf Steffan-Dewenter,
Saul A Cunningham, Claire Kremen, and Teja Tscharntke (2007). “Importance of
pollinators in changing landscapes for world crops”. In: Proceedings of the royal
society B: biological sciences 274.1608, pp. 303—-313.

Klump, Rainer and Harald Preissler (2000). “CES Production Functions and Economic
Growth”. In: The Scandinavian Journal of Economics 102.1, pp. 41-56. DOI: https:
//doi.org/10.1111/1467-9442.00183.

Kmenta, J. (1967). “On Estimation of the CES Production Function”. In: International
Economic Review 8.2, pp. 180-189. 1ssN: 00206598, 14682354.

Koetse, Mark J, Henri LF De Groot, and Raymond JGM Florax (2008). “Capital-energy
substitution and shifts in factor demand: A meta-analysis”. In: Energy Economics

30.5, pp. 2236-2251.

26


https://doi.org/https://doi.org/10.2307/2269583
https://doi.org/https://doi.org/10.2307/2269583
https://esajournals.onlinelibrary.wiley.com/doi/pdf/10.2307/2269583
https://esajournals.onlinelibrary.wiley.com/doi/pdf/10.2307/2269583
https://doi.org/10.1016/j.jip.2006.02.005
https://doi.org/https://doi.org/10.1111/j.1461-0248.2004.00686.x
https://doi.org/https://doi.org/10.1111/j.1461-0248.2004.00686.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1461-0248.2004.00686.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1461-0248.2004.00686.x
https://doi.org/https://doi.org/10.1016/S0140-9883(97)00014-5
https://doi.org/https://doi.org/10.1111/1467-9442.00183
https://doi.org/https://doi.org/10.1111/1467-9442.00183

Kremen, Claire, Neal M. Williams, Robert L. Bugg, John P. Fay, and Robin W. Thorp
(2004). “The area requirements of an ecosystem service: crop pollination by native bee
communities in California”. In: Ecology Letters 7.11, pp. 1109-1119. DOTI: https://
doi.org/10.1111/j.1461-0248.2004.00662.x. eprint: https://onlinelibrary.
wiley.com/doi/pdf/10.1111/3j.1461-0248.2004.00662.x.

Kremen, Claire, Neal M. Williams, and Robbin W. Thorp (2002). “Crop pollination from
native bees at risk from agricultural intensification”. In: Proceedings of the National
Academy of Sciences 99.26, pp. 16812—-16816. DOI: 10.1073/pnas.262413599. eprint:
https://www.pnas.org/doi/pdf/10.1073/pnas.262413599.

Larsen, Trond H., Neal M. Williams, and Claire Kremen (2005). “Extinction order and al-
tered community structure rapidly disrupt ecosystem functioning”. In: FEcology Letters
8.5, pp. 538-547. DOI: https://doi.org/10.1111/j.1461-0248.2005.00749.x.
eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1461-0248.
2005.00749.x.

Lee, Hyunok, Daniel A. Sumner, and Antoine Champetier (2019). “Pollination Markets
and the Coupled Futures of Almonds and Honey Bees: Simulating Impacts of Shifts
in Demands and Costs”. In: American Journal of Agricultural Economics 101.1,
pp- 230-249. DOI: https://doi.org/10.1093/ajae/aay063. eprint: https :
//onlinelibrary.wiley.com/doi/pdf/10.1093/ajae/aay063.

Lu, Xun and Halbert White (2014). “Robustness checks and robustness tests in applied
economics”. In: Journal of Econometrics 178. Annals Issue: Misspecification Test
Methods in Econometrics, pp. 194-206. 1SSN: 0304-4076. DOI: https://doi.org/10.
1016/j.jeconom.2013.08.016.

Maler, Karl-Goéran (1986). “Comment on R. M. Solow, "On the Intergenerational Al-

299

location of Natural Resources””. In: The Scandinavian Journal of Economics 88.1,
pp. 151-152. 18SN: 03470520, 14679442.

Markandya, Anil and Suzette Pedroso-Galinato (2007). “How substitutable is natural
capital?” In: Environmental and Resource Economics 37, pp. 297-312.

Mashilingi, Shibonage K, Hong Zhang, Lucas A Garibaldi, and Jiandong An (2022).
“Honeybees are far too insufficient to supply optimum pollination services in agricul-
tural systems worldwide”. In: Agriculture, Ecosystems € Environment 335, p. 108003.

McGath, Christopher., USDA, and ERS. (2009). “Forecasting farm income:documenting
USDA’s forecast model”. In: Annual review of energy and the environment 24.

McGregor, Samuel Emmett (1976). [Insect pollination of cultivated crop plants. 496.
Agricultural Research Service, US Department of Agriculture.

Michener, Charles Duncan (2000). The bees of the world. Vol. 1. JHU press.

Millennium Ecosystem Assessment (2005). Ecosystems and human well-being: wetlands

and water. World Resources Institute.

27


https://doi.org/https://doi.org/10.1111/j.1461-0248.2004.00662.x
https://doi.org/https://doi.org/10.1111/j.1461-0248.2004.00662.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1461-0248.2004.00662.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1461-0248.2004.00662.x
https://doi.org/10.1073/pnas.262413599
https://www.pnas.org/doi/pdf/10.1073/pnas.262413599
https://doi.org/https://doi.org/10.1111/j.1461-0248.2005.00749.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1461-0248.2005.00749.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1461-0248.2005.00749.x
https://doi.org/https://doi.org/10.1093/ajae/aay063
https://onlinelibrary.wiley.com/doi/pdf/10.1093/ajae/aay063
https://onlinelibrary.wiley.com/doi/pdf/10.1093/ajae/aay063
https://doi.org/https://doi.org/10.1016/j.jeconom.2013.08.016
https://doi.org/https://doi.org/10.1016/j.jeconom.2013.08.016

Nimmo, Richie (2022). “Replacing cheap nature? Sustainability, capitalist future-making
and political ecologies of robotic pollination”. In: Environment and Planning E: Na-
ture and Space 5.1, pp. 426-446. DOI: 10.1177/2514848620987368. eprint: https:
//doi.org/10.1177/2514848620987368.

Okada, I, T Sakai, and M Sasaki (1983). “Washed and pulverized pollen loads of the hon-
eybees, Apis mellifera L., for artificial pollination of fruit trees [peach, pear, apple]”.
In: Bulletin of the Faculty of Agriculture-Tamagawa University (Japan).

Papageorgiou, Chris, Marianne Saam, and Patrick Schulte (2017). “Substitution be-
tween clean and dirty energy inputs: A macroeconomic perspective”. In: Review of
Economics and Statistics 99.2, pp. 281-290. 1SSN: 15309142. pDOI: 10.1162/REST_a_
00592.

Parker, Alison J, Jennifer L. Tran, Jennifer L Ison, Ji Dong K Bai, Arthur E Weis, and
James D Thomson (2015). “Pollen packing affects the function of pollen on corbiculate
bees but not non-corbiculate bees”. In: Arthropod-Plant Interactions 9, pp. 197-203.

Pearce, David (1997). “Substitution and sustainability: some reflections on Georgescu-
Roegen”. In: Ecological Economics 22.3, pp. 295-297. 1ssN: 0921-8009. DOI: https:
//doi.org/10.1016/50921-8009(97)00087-6.

Pearce, David, Giles Atkinson, and Susana Mourato (2006). Cost-benefit analysis and
the environment: recent developments. Organisation for Economic Co-operation and
development.

Pearce, David W, Giles D Atkinson, and W Richard Dubourg (1994). “The economics
of sustainable development”. In: Annual review of energy and the environment 19.1,
pp. 457-474.

Pinillos, Virginia and Julidn Cuevas (2007). “Artificial pollination in tree crop produc-
tion”. In: Horticultural reviews 34, pp. 239-276.

Pyke, G. H., H. R. Pulliam, and E. L. Charnov (1977). “Optimal Foraging: A Selective
Review of Theory and Tests”. In: The Quarterly Review of Biology 52.2, pp. 137-154.
1SSN: 00335770, 15397718.

Pyke, Graham H. (1978). “Optimal foraging: Movement patterns of bumblebees between
inflorescences”. In: Theoretical Population Biology 13.1, pp. 72-98. 1SSN: 0040-5809.
DOI: https://doi.org/10.1016/0040-5809(78)90036-9.

Pyke, NB and PA Alspach (1991). “Variability in the performance of bee collected
kiwifruit pollen”. In: II International Symposium on Kiwifruit 297, pp. 291-298.
Rader, Romina, Ignasi Bartomeus, Lucas A Garibaldi, Michael PD Garratt, Brad G
Howlett, Rachael Winfree, Saul A Cunningham, Margaret M Mayfield, Anthony D
Arthur, Georg KS Andersson, et al. (2016). “Non-bee insects are important contribu-
tors to global crop pollination”. In: Proceedings of the National Academy of Sciences

113.1, pp. 146-151.

28


https://doi.org/10.1177/2514848620987368
https://doi.org/10.1177/2514848620987368
https://doi.org/10.1177/2514848620987368
https://doi.org/10.1162/REST_a_00592
https://doi.org/10.1162/REST_a_00592
https://doi.org/https://doi.org/10.1016/S0921-8009(97)00087-6
https://doi.org/https://doi.org/10.1016/S0921-8009(97)00087-6
https://doi.org/https://doi.org/10.1016/0040-5809(78)90036-9

Ramsey, Frank Plumpton (1928). “A mathematical theory of saving”. In: The economic
jJournal 38.152, pp. 543-559.

Reijnders, Lucas (2021). “Substitution, natural capital and sustainability”. In: Journal
of Integrative Environmental Sciences 18.1, pp. 115-142. DOI: 10.1080/1943815X.
2021.2007133.

Reilly, J. R. et al. (2020). “Crop production in the USA is frequently limited by a lack
of pollinators”. In: Proceedings of the Royal Society B: Biological Sciences 287.1931,
p- 20200922. DOI: 10.1098/rspb.2020.0922. eprint: https://royalsocietypublishing.
org/doi/pdf/10.1098/rspb.2020.0922.

Roser, Max, Hannah Ritchie, Esteban Ortiz-Ospina, and Lucas Rodés-Guirao (2013).
“World Population Growth”. In: Our World in Data. https://ourworldindata.org/world-
population-growth.

Rucker, Randal R, Walter N Thurman, and Michael Burgett (2012a). “Honey bee polli-
nation markets and the internalization of reciprocal benefits”. In: American Journal
of Agricultural Economics 94.4 (2012), pp. 956-977.

Rucker, Randal R., Walter N. Thurman, and Michael Burgett (2012b). “Honey Bee Polli-
nation Markets and the Internalization of Reciprocal Benefits”. In: American Journal
of Agricultural Economics 94.4 (2012), pp. 956-977. 1SSN: 00029092, 14678276.

Salomén-Torres, Ricardo, Robert Krueger, Juan Pablo Garcia-Vazquez, Rafael Villa-
Angulo, Carlos Villa-Angulo, Noé Ortiz-Uribe, Jesis Arturo Sol-Uribe, and Laura
Samaniego-Sandoval (2021). “Date palm pollen: Features, production, extraction and
pollination methods”. In: Agronomy 11.3, p. 504.

Shephard, Ronald W. (1954). “Cost and production functions. By Ronald W. Shephard,
Princeton University Press, 1953, 104 pp”. In: Nawval Research Logistics Quarterly
1.2, pp. 171-171. DOL: https://doi .org/10.1002/nav .3800010218. eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/nav.3800010218.

Solow, Robert M. (1956). “A Contribution to the Theory of Economic Growth”. In: The
Quarterly Journal of Economics 70.1, pp. 65-94. 18SN: 00335533, 15314650.

Solow, Robert M. (1986). “On the Intergenerational Allocation of Natural Resources”. In:
The Scandinavian Journal of Economics 88.1, pp. 141-149. 18SN: 03470520, 14679442.

Southwick, Edward E and Lawrence Southwick Jr (1992). “Estimating the economic
value of honey bees (Hymenoptera: Apidae) as agricultural pollinators in the United
States”. In: Journal of Economic Entomology 85.3, pp. 621-633.

Southwick, Edward E., Gerald M. Loper, and Steven E. Sadwick (1981). “NECTAR
PRODUCTION, COMPOSITION, ENERGETICS AND POLLINATOR ATTRAC-
TIVENESS IN SPRING FLOWERS OF WESTERN NEW YORK”. In: American
Journal of Botany 68.7, pp. 994-1002. DOIL: https://doi.org/10.1002/7.1537~
2197.1981.tb07816.x. eprint: https://bsapubs.onlinelibrary.wiley.com/doi/
pdf/10.1002/3j.15637-2197.1981.tb07816.x.

29


https://doi.org/10.1080/1943815X.2021.2007133
https://doi.org/10.1080/1943815X.2021.2007133
https://doi.org/10.1098/rspb.2020.0922
https://royalsocietypublishing.org/doi/pdf/10.1098/rspb.2020.0922
https://royalsocietypublishing.org/doi/pdf/10.1098/rspb.2020.0922
https://doi.org/https://doi.org/10.1002/nav.3800010218
https://onlinelibrary.wiley.com/doi/pdf/10.1002/nav.3800010218
https://doi.org/https://doi.org/10.1002/j.1537-2197.1981.tb07816.x
https://doi.org/https://doi.org/10.1002/j.1537-2197.1981.tb07816.x
https://bsapubs.onlinelibrary.wiley.com/doi/pdf/10.1002/j.1537-2197.1981.tb07816.x
https://bsapubs.onlinelibrary.wiley.com/doi/pdf/10.1002/j.1537-2197.1981.tb07816.x

Thomson, James D. and Karen S. Eisenhart (2003). “Rescue of stranded pollen grains
by secondary transfer”. In: Plant Species Biology 18.2-3, pp. 67-74. DOI: https:
//doi.org/10.1111/j.1442-1984.2003.00089.x. eprint: https://esj-journals.
onlinelibrary.wiley.com/doi/pdf/10.1111/j.1442-1984.2003.00089.x.

Tilman, David, Joseph Fargione, Brian Wolff, Carla D’Antonio, Andrew Dobson, Robert
Howarth, David Schindler, William H. Schlesinger, Daniel Simberloff, and Debo-
rah Swackhamer (2001). “Forecasting Agriculturally Driven Global Environmental
Change”. In: Science 292.5515, pp. 281-284. DOI: 10. 1126 /science . 1057544,
eprint: https://www.science.org/doi/pdf/10.1126/science.1057544.

Tosi, Simone, Cynthia Sfeir, Edoardo Carnesecchi, Marie-Pierre Chauzat, et al. (2022).
“Lethal, sublethal, and combined effects of pesticides on bees: A meta-analysis and
new risk assessment tools”. In: Science of The Total Environment, p. 156857.

Tscharntke, Teja, Alexandra M. Klein, Andreas Kruess, Ingolf Steffan-Dewenter, and
Carsten Thies (2005). “Landscape perspectives on agricultural intensification and
biodiversity — ecosystem service management”. In: Ecology Letters 8.8, pp. 857-874.
DOI: https://doi.org/10.1111/j.1461-0248.2005.00782.x. eprint: https:
//onlinelibrary.wiley.com/doi/pdf/10.1111/j.1461-0248.2005.00782.x.

USDA, ERD (2023a). “Production expenses by type, State ranking”. In: (Feb. 2023).

USDA, ERS (2023b). “Production expenses”. In: (Feb. 2023).

USDA, ESR (1988). “Major statistical series of the U.S. Department of Agriculture,
Volume 3, Farm income”. In: Annual review of energy and the environment 3.

USDA and NASS (2023). “Honey”. In: (Mar. 2023).

Vaknin, Yiftach, Samuel Gan-Mor, Avital Bechar, Beni Ronen, and Dan Eisikowitch
(1999). “Effects of desiccation and dilution on germinability of almond pollen”. In:
The Journal of Horticultural Science and Biotechnology 74.3, pp. 321-327.

vanEngelsdorp, Dennis and Marina Doris Meixner (2010). “A historical review of man-
aged honey bee populations in Europe and the United States and the factors that may
affect them”. In: Journal of Invertebrate Pathology 103, S80-S95. 1SSN: 0022-2011.
DOL: https://doi.org/10.1016/5.jip.2009.06.011.

Wardhaugh, Carl W (2015). “How many species of arthropods visit flowers?” In:
Arthropod-Plant Interactions 9.6, pp. 547-565.

Watanabe, Myrna E (1994). “Pollination worries rise as honey bees decline”. In: Science
265.5176, pp. 1170-1170.

Watson, R, S Albon, R Aspinall, M Austen, B Bardgett, I Bateman, P Berry, W Bird,
R Bradbury, C Brown, et al. (2011). UK National Ecosystem Assessment: Technical
Report. United Nations Environment Programme World Conservation Monitoring
Centre.

Watson, Ryan, Jason Gross, and Cagri Kilic (2018). “Design of an Autonomous Precision
Pollination Robot”. In: Aug. 2018.

30


https://doi.org/https://doi.org/10.1111/j.1442-1984.2003.00089.x
https://doi.org/https://doi.org/10.1111/j.1442-1984.2003.00089.x
https://esj-journals.onlinelibrary.wiley.com/doi/pdf/10.1111/j.1442-1984.2003.00089.x
https://esj-journals.onlinelibrary.wiley.com/doi/pdf/10.1111/j.1442-1984.2003.00089.x
https://doi.org/10.1126/science.1057544
https://www.science.org/doi/pdf/10.1126/science.1057544
https://doi.org/https://doi.org/10.1111/j.1461-0248.2005.00782.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1461-0248.2005.00782.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1461-0248.2005.00782.x
https://doi.org/https://doi.org/10.1016/j.jip.2009.06.011

Wik, Mette, Prabhu Pingali, and Sumiter Broca (2008). “Global Agricultural Perfor-
mance: Past Trends and Future Prospects”. In: (Jan. 2008).

World Bank (2005). Where Is the Wealth of Nations? The World Bank. por: 10.1596/
978-0-8213-6354-6. eprint: https://elibrary.worldbank. org/doi/pdf/10.
1596/978-0-8213-6354-6.

Zeraatkar, Hajar, Hamid Reza Karimi, Mohammad Hossein Shamshiri, and Ali Ta-
jabadipur (2013). “Preliminary evaluation of artificial pollination in pistachio using
pollen suspension spray”. In: Plant Knowledge Journal 2.3, pp. 94-98.

Zhu, Xueqin, Sjak Smulders, and Aart de Zeeuw (2019). “Discounting in the presence of
scarce ecosystem services”. In: Journal of Environmental Economics and Management
98, p. 102272. 18sN: 0095-0696. DOI: https://doi.org/10.1016/] . jeem.2019.
102272.

Table 6: Estimation results

(1) (2) (3) (4)
O(KL)P 0.868 1.022 0.837 0.806
s.e. (0.003) (0.209) (4.68e-11) | (0.0002)
z 265.68 4.88 1.8e+10 344.00
P> |z 0.000 0.000 0.000 0.000
P(KL)P -0.153 0.021 -0.194 -0.240
s.e. (0.004) (0.201) (6.67e-11) | (0.004)
z -35.17 0.11 -2.9e+09 -66.60
P> |z 0.000 0.916 0.000 0.000
Year ID No Yes No Yes
State ID No No Yes Yes
N 900 900 900 900
Adj R? 0.944 0.955 0.978 0.984

31


https://doi.org/10.1596/978-0-8213-6354-6
https://doi.org/10.1596/978-0-8213-6354-6
https://elibrary.worldbank.org/doi/pdf/10.1596/978-0-8213-6354-6
https://elibrary.worldbank.org/doi/pdf/10.1596/978-0-8213-6354-6
https://doi.org/https://doi.org/10.1016/j.jeem.2019.102272
https://doi.org/https://doi.org/10.1016/j.jeem.2019.102272

	Introduction
	Literature review
	Substitution of pollination services
	Constant Elasticity of Substitution production function
	Discounting ecosystem services 

	Background information
	Pollination services
	Mechanical vs natural pollination
	Natural pollination
	Mechanical pollination


	Data and Methods
	Data
	Methodology

	Main Results
	Robustness Analysis
	Discussion
	Conclusion

