
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Beneficial Bees and Pesky Pests: Three Essays on Ecosystem Services to Agriculture

Permalink
https://escholarship.org/uc/item/7gv7s9gq

Author
Gross, Brian James

Publication Date
2009
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7gv7s9gq
https://escholarship.org
http://www.cdlib.org/


Bene�cial Bees and Pesky Pests:

Three Essays on Ecosystem Services to Agriculture

by

Brian James Gross

A dissertation submitted in partial satisfaction of the

requirements for the degree of

Doctor of Philosophy

in

Agricultural and Resource Economics

in the

GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA, BERKELEY

Committee in charge:
Professor David Zilberman, Chair
Associate Professor Claire Kremen

Professor David Sunding

Spring 2010



Bene�cial Bees and Pesky Pests:

Three Essays on Ecosystem Services to Agriculture

Copyright 2010

by

Brian James Gross



1

Abstract

Bene�cial Bees and Pesky Pests:

Three Essays on Ecosystem Services to Agriculture

by

Brian James Gross

Doctor of Philosophy in Agricultural and Resource Economics

University of California, Berkeley

Professor David Zilberman, Chair

There is a growing literature on what is now termed ecosystem services, including

in particular the ways in which the environment augments agricultural productiv-

ity. The services are many, they are critical and we are still learning ways in which

we can enhance the bene�ts of positive services and mitigate the damages of nega-

tive services. There are many challenges confronting this quest, and in many cases

the problems bridge biological and economic systems, necessitating work integrating

facets of biology, ecology and economics in a holistic framework.

A few of these challenges are gaining particular prominence in the literature.

Measuring the services provided in terms of monetary value, what might seem like an

initial step in the process, is proving to be a stumbling block as valuation methodolo-

gies are many and produce con�icting measures. In this thesis I look at the existing

valuation studies for a particular context � crop pollination by bees � and develop a

framework that relates the existing methodologies, explain the di�erences in values

they produce, and then propose a new approach that better incorporates the biology

of the plants and economics of the farmer.

Another set of challenges arise from the fact that the bene�ts of ecosystem services

are heterogeneous over space and time. More than that, actions at a particular

location and time will often have dynamic consequences for other locations on the

landscape and into the future. Analysis that incorporates both spatial and temporal
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dynamic elements are complex, and few studies have been able to e�ectively deal with

both and result in meaningful policy implications. Continuing within the context

of crop pollination, I address a trade-o� that is of growing concern to producers

� determining whether to invest in the managed and recently troubled honey bee

for crop pollination, or whether to invest in on-/o�-farm habitat that can enhance

native bees providing pollination services. The results of the model demonstrate that

even in cases when an ecosystem and a domesticated organism/technology provide

substitutable services � as perhaps the case for native bee and honey bee pollination,

investments to enhance the respective services will not necessarily be substitutable

but can rather be necessary compliments.

Ultimately, these research e�orts aim to inform appropriate policy and the po-

tential role for government intervention and/or improvements to market institutions.

In most cases, ecosystem service problems boil down to externality problems. Even

barring the problems of quantifying these externalities at the margin or internalizing

them over space and time, the policy implications are still not always clear. There

are still in many cases important institutional organizational considerations, such as

when the product used to substitute or mitigate the service is provided by a patent-

generated monopoly. In such cases, the monopolist's restricted supply of the product

a�ects the role of government intervention. In the last part of this thesis I look at

the case of pesticides and the rising biological resistance to them, addressing the im-

plications of having a patent-generated monopoly producer of the pesticide on the

buildup of resistance to the product. The results of the dynamic optimization model

argue for sensitivity of policy to market structure and the life of relevant patents.

Professor David Zilberman
Dissertation Committee Chair
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Part I

Ecosystem Services to Agriculture:

An Introduction
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Nature provides many services and resources that augment the productivity of

agriculture and human society (Daily, 1997; WRI, 2000; Zhang et al., 2007). Atmo-

spheric, soil, forest and riparian ecosystems provide an immense number of services

that feed, clean, protect and replenish the productive slate for agriculture (Millen-

nium Ecosystem Assessment, 2003). One important class of ecosystem services are

those provided by wild organisms; these include soil generation, water puri�cation,

waste decomposition, natural pest control, seed dispersal and pollination (Kremen et

al., 2005).

As we learn more about the ways in which nature is providing these services, an

emerging question is then how to reconcile what these services do in comparison to

ones we provide ourselves. For many of the services nature provides, humans have

found ways to engineer substitutes or enhancements: irrigation technology conveys

and allocates water to crops diminishing our dependence on rainfall; fertilizers ar-

ti�cially replenish soil nutrient content, chemical pesticides and agricultural biotech

protects crops against pest populations. Insect pollination of crops is a service now

almost exclusively provided by the managed honey bee (Muth et al., 2003). So when

we discover that wild organisms are still providing helpful services along these lines,

the question becomes: do these natural services substitute, enhance or compete with

those provided through human-managed inputs?

Even in intensely managed domesticated systems, wild organisms will still play a

role. In some contexts such as �sheries there is ample reason to believe wild caught

animals can be maintained in equilibrium along side farmed ones (Carlson and Zilber-

man, 1993). Nature's bounty, that is, will not necessarily be displaced by farmed or

synthetic alternatives; wild and farmed resources can co-exist and indeed may prove

most bene�cial to humanity in balance.

The recent surge of studies of ecosystem services represents not only the recog-

nition of nature's continued contribution, but also a call to �nd this balance (Daily

et al., 1997). Many services to agriculture such as irrigation, fertilization, protection

against pests, and pollination are increasingly being provided via technical infras-

tructure, chemical products and the domestication of other animals. And yet such

substitution is not without evolutionary backlash: resistance is a growing threat to



3

chemical pesticides (FAO, 2010), and the chief farmed provider of crop pollination

� the honey bee � is plagued with ever increasing global losses (Cox-Foster and Va-

nEngelsdorp, 2009). The fact that in these settings natural environments are still

providing these services to some degree while these technologies are battling biology

brings to bear the question of balance: should these ecosystem services be protected

and how can they be best managed in conjunction with agricultural systems (Kremen

et al., 2002; Daily et al., 1997).

An initial question in ecosystem service studies has been to quantify the value

provided. Measuring the worth of ecosystem services provides numbers to discuss,

but more important the exercise of determining value helps de�ne the ways in which

we bene�t. This is not to say that monetary value of the service is a necessary piece

of information for management decisions (Heal, 2000), but there is no doubt the

urge to understand quantitatively how the ecosystems provide in comparison to other

elements of agriculture.

Nevertheless, the valuation exercise itself has dominated the literature on ecosys-

tem services and for many contexts con�icting measures that existing methodology

can yield very di�erent results leaving the question of worth unclear. For example,

a recent study of the value of pollination services provided by native, wild bees em-

ployed two common methodologies and the resulting values di�ered by nearly a factor

of a 100 (Allsopp et al., 2008). This alone is evidence that these methods deserve

further attention.

I examine this discrepancy in the context of crop pollination by bees in Part

II of this thesis. I survey existing valuation studies and develop a framework that

relates the existing methodologies, explain the di�erences in values they produce.

Then, utilizing �eld data collected on watermelon in Pennsylvania and New Jersey,

I construct a new approach that incorporates more systematically the pollination

requirements of the plant and further improves the value calculation by accounting

for the costs of other factors of production that in some of the existing methods are

attributed to pollinators.

But understanding the value of ecosystem services is but a small �rst step towards

improving management of these services. The ecological processes, as well as the
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economic landscape to which the service accrues bene�ts are often dynamic over

space and/or time. This implies in many cases that actions at a particular location

and time will often have spill-over consequences for other locations on the landscape

and into the future. These trade-o�s pose important challenges for environmental

management.

Studies of water basin puri�cation (Houlahan and Findlay, 2004), �ood protec-

tion (Guo et al., 2000), pest control (Brown et al., 2002), and insect pollination

(Kremen et al., 2004) have demonstrated the importance of the spatial distribution

of ecosystem service �ows. As such, strategic environmental management will be also

spatially explicit. In cases where distinct regions are interconnected ecologically, such

as with �sheries and reserve-site selection, optimal management � for both economic

rent maximization and environmental protection � can be improved by di�erentiating

policy based on location, accounting for the spatial �ow of the biological organisms

(Sanchirico and Wilen, 2005).

Another dimension of ecosystem service provision that is often over-looked and yet

also poses important dynamic trade-o�s for decision making is time. Many studies

of ecosystem services are in a temporal vacuum, ignoring the possible changes in the

economic landscape (Toman, 1998). Such changes are often dynamic and feedback

into the value and use of the ecosystem services. In particular, the presence of tech-

nological substitutes is dynamically dependent on the availability of the ecosystem

service.

Very few studies, however have addressed both the spatial and temporal dynamics

in a uni�ed framework. Smith et al. (2009) assess an emerging body of literature that

is integrating spatial-dynamic processes in a bioeconomic framework and articulate

the challenges associated with empirical analysis. In most studies that incorporate

both spatial and temporal dynamics, the analysis is primarily conceptual and em-

ploys an optimization framework to derive optimal conditions for e�cient resource

allocation (Brozovok et al., 2005; Xabadia et al., 2006; Brock and Xepapadeas, 2006).

I continue with the context of crop pollination by bees, which o�ers an interesting

set of trade-o�s. Native, wild bees from the environment pollinate agricultural crops,

but so too do honey bees, which are managed mobile livestock. The availability
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of native bees is heterogeneous over the landscape (Kremen et al., 2004), while the

recent plight of honey bees has left honey bee colonies unstable and dependent on

arti�cially enhancing population sizes to serve pollination contracts (Muth et al.,

2003; Cox-Foster and VanEngelsdorp, 2009). Thus a trade-o� that is of growing

concern to producers is determining whether to invest in the troubled honey bee for

crop pollination, or whether to invest in on-/o�-farm habitat that can enhance native

bees providing pollination services.

Part III of the thesis I develop an optimization framework to analyze this problem,

accounting for the spatial dynamics of native bees and the temporal dynamics of honey

bees. The results of the model suggest that investments in habitat enhancement will

be targeted to areas where native bees are most abundant, and further demonstrate

how sensitive this decision is to the availability of honey bees.

Another dimension of the interaction of nature with managed systems is the fact

that new forms of biological and evolutionary pressures are brought to bear on the

domesticated organism or synthetic substitute. The feedbacks between environmental

and economic systems are central to the question of ecosystem management, and this

is certainly seen in the context of ecosystem services to agriculture. While decisions

are often made assuming a static environment, the reality is that ecosystems respond

and the repercussions result in environmental costs. For example, the intensi�cation

of agriculture � concentrating the amount of plant or animal production in greater

quantities within smaller areas � provides an ecosystem more suitable to disease (Colla

et al., 2006).

Another example of this is the application of pest control to mitigate pest damage,

which over time usually results in populations that are increasingly resistant to that

pest control method and thus weaken its e�cacy. Current chemical pesticides are

facing ever increasing levels of resistance among target pest populations (FAO, 2010).

The temporal dynamics are thus important in this context, but so too is the economic

landscape. In the case of pesticides, in some cases they are supplied by a competitive

market while in other cases by a sole patent-holding �rm; these di�erent economic

contexts have di�erent repercussions on the buildup of resistance and thus optimal

policy.
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I address the e�ect of these di�ering market structures on the growth and sta-

bility of pest resistance in Part IV. While two previous studies have addressed this,

they have done so in a discrete time framework (Alix and Zilberman, 2003) or in

a static framework (Noonan, 2003). Here I develop a continuous time optimal con-

trol framework to solve for the outcomes under competition, monopoly and social

optimality. The results verify the intuition of existing studies and suggest patented

pesticides might be in fact under-used despite the resistance externality. This anal-

ysis argues for the sensitivity of regulation that aims to curb pesticide resistance to

market structure and life of relevant patents.
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Part II

Valuing Pollination Services to

Agriculture
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Chapter 1

Introduction to Part II

Pollination by animals is an important ecosystem service because crop plants ac-

counting for 35% of global crop-based food production bene�t from animal-mediated

pollination (Klein et al., 2007). Bees (Hymenoptera: Apiformes) are the primary pol-

linators for most of the crops requiring animal pollination (Free, 1993; Delaplane and

Mayer, 2000, Klein et al., 2007). In much of the world, the cornerstone of agricultural

pollination is the managed honey bee (Apis mellifera). Colonies of honey bees, which

are native to Europe and Africa but not North America, are maintained in hives

which are moved into agricultural areas during crop bloom. Despite the honey bee's

e�ectiveness as a pollinator for many crops, there are risks associated with reliance

on a single, managed pollinator species. Since 1949 managed honey bee stocks have

declined by 59% in the USA, due in part to infestation by parasitic mites (primarily

Varroa destructor (NRC, 2007). Since 2006, honey bees in the USA have experienced

increased die-o�s due to Colony Collapse Disorder (Cox-Foster and VanEngelsdorp,

2009) raising concern about the availability of agricultural pollination.

In contrast to the sole species of honey bee, there are at least 17,000 species of

native, wild bees worldwide (Michener, 2000). Many of these species visit crops (De-

laplane and Mayer, 2000; Klein et al., 2007) , and they contribute substantially to the

pollination of such crops as co�ee Co�ea spp. (e.g. (Klein et al., 2003), watermelon

Citrullus lanatus (Kremen et al., 2002; Winfree et al., 2007), tomato Solanum ly-

copersicum (Greenleaf and Kremen, 2006a), blueberry Vaccinium spp. (Cane, 1997),
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sun�ower Helianthus annuus (Greenleaf and Kremen, 2006b) and canola Brassica

spp. (Morandin and Winston, 2005). These native bees provide supplemental polli-

nation thus directly bene�ting crop production. In addition, they complement in a

number of ways the service provided by honey bees: biologically, by enhancing the

e�cacy of honey bee pollination in some cases (Greenleaf and Kremen, 2006b), and

economically, by insuring against pollination shortages. Having accurate estimates of

this value could improve land use planning by quantifying the costs and bene�ts of

conserving habitat for pollinators in agricultural systems.

A few studies have attempted to value wild pollinators, while a much larger liter-

ature has devoted e�ort to valuing honey bee pollination. For the most part, these

valuations have focused on the bene�ts to producers, calculated as either 1) the cost

of alternative pollination sources (Allsopp et al, 2008), or 2) the value of production

resulting from bee pollination (Kremen et al., 2007).

The �rst approach � estimating the cost of using an alternative technology or

organism to achieve the same function � is commonly known as the replacement

value method. The idea is the same as valuation via input or factor substitution

(Point, 1994). In the case of native pollinators, this typically involves measuring the

amount of managed pollinators (usually honey bees) needed to replace the service

(de Groot et al., 2002). In the case of honey bees, this involves measuring the cost of

achieving pollination through either another managed pollinator, hand pollination,

or pollen dusting (Allsopp et al., 2008).

The latter and more common approach has focused on the value of crop pro-

duction attributable to pollination. For all of these studies, yield is assumed to fall

when pollinators decline. The yield reduction is approximated using studies of the

dependency 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 and Calderone, 2000). Stud-

ies interested in breaking down the service between honey bees and native bees have

estimated the proportion of pollen deposited by respective taxa in crop �elds and

then used this to appropriate the value between the di�erent pollinators (Losey and

Vaughan, 2006; Allsopp et al., 2008). With one notable exception, Olschewski et al.
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(2006), these studies do not take account of production costs and will be collectively

referred to as �production value� approaches.

The replacement value and production value approaches produce widely divergent

results, and furthermore garner criticism on theoretical grounds. Allsopp et al. (2008)

estimate the value of managed honey bees and all unmanaged pollinators using both

approaches; the resulting values calculated for wild pollinators di�er by nearly a

factor of a 100 1. This alone is evidence that these methods deserve further attention.

But there are conceptual criticisms that additionally call into question the validity

of production value approaches. Muth and Thurman (1995) raise two concerns in

regards to the production dependency approach: (1) that it ignores the possibility for

�adjustments� that could abate the losses given su�cient time, and (2) that it �fails

to distinguish between the average contribution [of pollinators] and the marginal

contribution� (Muth and Thurman, 1995). These two concerns, coupled with the

empirical inconsistency, argue for an improvement to one or both of the methods.

I address all these issues through a modi�cation of the production value approach.

The choice to focus attention on the production value method is supported by three

considerations: it is the most common method employed, the calculations are simple,

and it is relatively easy to acquire the necessary data. The improved approach for

estimating the producer welfare of pollination by native bees, honey bees, or any

pollinator taxa is illustrated using a data set on watermelon pollination by native

bees and honey bees. I compare the resulting values to those obtained by using

the two traditional methods. By �native bees,� I mean the native, wild bees whose

pollination services constitute an ecosystem service. The de�nition of �honey bees�

includes both managed and feral Apis mellifera as it is not possible to separate the

two in most data sets.

1The authors calculate the value of wild pollinators using the production value (�proportional
dependence�) as $215.9 million. Although not specifying the value as such, they also calculate the
cost of replacing wild pollination with honey bees as $2.6 million (Allsopp et al, 2008).
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Chapter 2

Field study of watermelon - materials

and methods

The materials and methods for the �eld study of watermelon are brie�y summa-

rized here and are reported at length elsewhere (Winfree et al., 2007; Winfree et al.,

2008).

2.1 Study System

The �eld study was conducted in 2005 at 23 watermelon farms located in central

New Jersey and east-central Pennsylvania, USA. The study plant, watermelon, re-

quires insect vectors to produce fruit because it has separate male and female �owers

on the same plant (Delaplane and Mayer, 2000). An individual �ower is active for

only one day, opening at daybreak and closing by early afternoon. In order to be fully

pollinated and set a marketable fruit, a female �ower needs to receive at least 1400

pollen grains, and fruit production asymptotes when 50% of �owers are fully polli-

nated (Stanghellini et al., 1997; Stanghellini et al., 1998; Stanghellini et al., 2002;

Winfree et al., 2007). Knowledge of these values and in particular the rate of fruit

abortion gives greater con�dence in the economic estimates which could otherwise be

confounded by the relationship between pollination and fruit production (Bos et al.,

2007).
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Sixty-�ve percent of the farmers in the study either own or rent hived honey bees

for crop pollination purposes. Most honey bees recorded in the study were probably

managed bees, because feral honey bees have been rare in the study region since in the

1990s due to mites and other problems (Stanghellini and Raybold, 2004), although

they may be rebounding in recent years (Seeley, 2007). Because it is not possible to

separate managed and feral bees in the �eld the estimates of honey bee pollination

combine the two.

2.2 Measuring �ower visitation rates and pollen de-

position

The study visited each farm on two di�erent days and measured bee visitation

rate to watermelon �owers in units of bee visits �ower-1 time-1. Visits were recorded

separately for honey bees and various types of native bees. Per-visit pollen deposition

was measured by bagging unopened female �owers with pollinator-exclusion mesh,

and then o�ering virgin �owers to individual bees foraging on watermelon. After

a bee visited a �ower, the pollinated stigma was prepared as a microscope slide so

that the number of watermelon pollen grains could be counted with a compound

microscope (Kremen et al., 2002). Control �owers were left bagged until the end of

the �eld day, and contained few pollen grains (mean = 3 grains, N = 40 stigmas).

2.3 Simulation methods

In order to estimate the contributions of honey bees and native bees separately,

a Monte Carlo simulation (Matlab R2006a, The MathWorks, Inc., 2006) of the pol-

lination process was used. The simulation estimates total pollen deposition by each

bee taxon by multiplying the daily number of visits to a watermelon �ower by the

number of grains deposited per visit, using distributions based on the �eld data for

both variables (Winfree et al., 2007). The estimate is made separately for each of the

23 farms, and means and standard errors (SE) are calculated across farms. Program
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output is the distribution of the number of pollen grains deposited on a watermelon

�ower over its lifetime by (a) honey bees, and (b) all native bees combined. See

Winfree et al. (2007) for further details of the simulation.
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Chapter 3

Economic valuation of pollination:

theory and methods

3.1 A conceptual framework for pollination value

The goal of valuation studies of pollination service is to understand the value that

would be lost following an elimination of a certain amount, or set, of pollinators (say,

for example, native pollinators or the complete loss of insect pollination) to a speci�ed

region. For want of a logistically and ethically appropriate controlled experiment on

this scale, such a question is posed as a hypothetical experiment.

A loss of pollinators would a�ect production of a pollinator-dependent crop in a

number of potential ways: it may increase costs and/or reduce yield. If the pollina-

tion loss results in a signi�cant reduction in yield on a large enough scale, then the

market price of the crop may increase. All three � the cost, yield and price e�ects �

impact the producers of the crop in the a�ected region; while a price increase would

have an additional (positive) impact on producers of the crop outside the a�ected

region as well as a (negative) impact on consumers of the crop. In this study, the

(hypothetically) a�ected region, New Jersey and Pennsylvania, produces less than

2% of the domestic market supply of watermelon, so we can reasonably rule out price

e�ects and thus focus only on producer welfare of the region. I present in the ap-

pendix a valuation framework consistent with price changes to consider e�ects on



15

both producer groups as well as on consumer welfare.

How the pollination loss a�ects producers �nancially can be seen mathemati-

cally through a change in the pollination service input, represented by q. Following

McConnell and Bockstael (2005), I consider agricultural pro�t as the net value to

production � revenue minus cost:

π = P · Y (q)− C(Y (q), q) (3.1)

where P is crop price, Y (q) is the aggregate yield of the a�ected region, which is a

function of the amount of pollination service, q, to the region, and C (Y, q) is the

total cost of production, which is a function of aggregate yield and pollination service

to the region.

The value of a certain amount of insect pollination (∆q) can then be depicted

considering �rst order changes, with use of the chain rule, to net income were this

amount of service to be eliminated:

∆π =

[
P

(
∆Y

∆q

)
− CY

(
∆Y

∆q

)
− Cq

]
∆q (3.2)

where
(

∆Y
∆q

)
is the change in yield, if any, resulting from the change in pollination,

CY is the marginal cost of production � the extra cost for producing one more unit

of yield, and Cq is cost adjustment, if any, for the change in pollination, ∆q.

From equation 3.2 it can be seen that the value of pollination to production is

comprised of three components: revenue e�ects from yield changes, cost adjustments

to yield, and cost adjustments to pollination service. For a loss in pollination (∆q <

0), the value lost to producers is equal to the revenue gain from increased price, less

the revenue lost from reduced yield, less the cost savings from reduced yield, plus the

additional costs to substitute the lost pollinators.

Of course, there are circumstances in which one or more of the three components

will be negligible. In particular there are two important cases to consider, which

interestingly correspond with the two most prominent methodology currently em-

ployed. The �rst is if the pollinator loss is perfectly substituted and thus no yield is

lost. In this case, the �rst two components of equation 3.2 drop out and what's left
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is Cq∆q, the cost of the substitution. This is precisely what replacement cost studies

estimate, under the notion that yield remains constant. When this is not the case,

then replacement cost measures are not fully capturing the adjustments to production

(McConnell and Bockstael, 2005). Yield may fall despite substitution or substitution

may not occur if replacing the service is too costly. For instance, measures of replace-

ment cost that exceed the total production value, as Allsopp et al. (2008) �nd, would

never be pursued as farmers would rather lose the entire crop. Substitution is a key

component; however it typically cannot be decoupled from yield e�ects.

The second case would be one in which the farmer does not compensate in any way

for the loss in pollinators. If the farmer is unable to employ substitutive pollination,

nor reduce input costs in the face of yield losses � for example in the case of a sudden,

unanticipated loss of pollinators after all costs have already been outlaid � then the

latter two terms of equation 3.2 would be dropped, leaving simply P
(

∆Y
∆q

)
∆q, the

lost revenue. This is exactly the calculation of production value approaches, as we'll

show. However, if there is any time for adjustment to the hypothetical loss, then this

approach will be ignoring likely cost adjustments.

3.2 Improving the production value method

The production value method estimates the value of pollination under these latter

assumptions. To estimate the change in yield the production value approach uses the

crop's dependency on insect pollination, D, which represents the fractional reduction

in fruit set that occurs when insect pollinators are absent (Klein et al, 2007). D is

measured as 1−fpe/fp, where fpe = fruit set under conditions of pollinator exclusion and

fp = fruit set with insect pollinators present. Then
(

∆Y
∆q

)
∆q, the expected reduction

of yield for a ρ% reduction in insect pollinators, is approximated as −Y · D · ρ.
Substituting this expression in for the lost revenue results in the common equation

used in production value approaches (Robinson, 1989; Morse and Calderone, 2000;

Losey and Vaughn, 2006; Kremen et al., 2007; Allsopp et al., 2008; Gallai et al.,

2009):

V∆bees = P · Y ·D · ρ (3.3)
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The value of all bees is calculated by replacing ρ with 1. The value of all native

bees or of all honey bees is calculated by replace ρ with ρnb or ρhb, which I use to

represent the fraction of all pollen grains that are deposited by native bees or honey

bees, respectively.

The calculation of 3.3, however, is commonly applied in contexts other than the

special case for which it is appropriate. First, the calculation is often employed for

nation-wide or global analysis (e.g. Robinson, 1989, Morse and Calderone, 2000,

Losey and Vaughan, 2006, Gallai et al., 2009), in which case the assumption that

prices are una�ected is not valid. This is further detailed in the discussion section.

Secondly, most studies are interested in valuing the pollination service in annual

terms. Under these circumstances, the assumption that producers could not adjust

their input mix to accommodate the reduced pollination every year is �awed, and

leads to in�ated values for pollination services (Muth and Thurman, 1995).

The production value approach can be amended easily by considering changes to

costs. As equation 3.2 shows, cost adjustments to yield can be estimated using just

the estimates of yield change and the marginal cost of production. While measures for

marginal costs are di�cult to �nd, they can be approximated using average variable

costs. Variable costs will fall by approximately the same proportion that quantity

declines, D. Using Cv to denote total current variable costs, the assumption can be

expressed as ∆C(Y, q) ≈ Cv · ∆Y/Y ≈ −Cv · D. This approximation will generally

over-estimate the cost e�ect (McConnell and Bockstael, 2005), since some variable

costs may not be reduced in proportion to D � for example, if the farmer is not

aware of pollination failure until after some costs have been incurred.

We can now use a simple calculation to represent the value depicted in equation

3.2:

V∆bees ≈ (P · Y − Cv) ·D (3.4)

where Cv again denotes the total variable cost. I term this approach the net income

method following Point (1994), although note that Olschewski et al (2006) used a

similar approach by reporting changes in �net revenue� (the only distinction being

�variable� vs. �total� costs).
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The second issue this paper addresses is the expected yield reduction calculation

used in these production value studies. Not all pollen deposited is of use to the plant,

most obviously in cases when a �ower only needs a certain amount of pollen to fertilize

production of a fruit . The simplest way of addressing this is to incorporate the pollen

requirements of the crop. In some crops, there is a threshold limit of pollen grains

above which deposited pollen is of no consequence. In the study, pollen deposition

exceeded the threshold for watermelon fruit set at all farms (see B.1).

In the context of over-pollination, the question becomes: which pollen is valued

�rst? Or more exactly, which pollinators are super�uous? The answer to this question

need not be the same in all contexts. In many cases farmers rent honey bees for their

crops, a choice that can be revoked. This implies that honey bee pollination is more

easily removed and thus deemed super�uous. On the other hand, in some cases honey

bees are foraging from neighbors' lands and the farmer has no control over the hives,

whereas s/he can modify native bee populations via habitat modi�cation. In this

case, it would be more reasonable to consider native bee pollination as super�uous.

I present the results in both ways to cover all cases.

3.3 Attributable Net Income method

I derived the parameter values for the study area as follows. The annual dollar

value of watermelon production in New Jersey and Pennsylvania combined (P · Y )
was estimated using the total ha in watermelon production 1, watermelon production

in kg per ha 2, and price per kg2. For watermelon D = 1 because fpe = 0 (Stanghellini

et al., 1998). I then used the output of the simulation to calculate the fraction of all

pollen deposition attributable to native bees (ρnb), along with its SE. The value for

honey bee pollination was estimated with an analogous equation, using the simulation

output for fraction of all pollen deposition attributable to honey bees (ρhb).

1Based on data recorded by agricultural extension agents in each state: for New Jersey, by
M. Henninger of Rutgers University, and for Pennsylvania, by M. Orzolek of Pennsylvania State
University (Henninger and Orzolek, pers. com.).

2USDA-NASS 2009. Values from 2008 for the neighboring state of Delaware were used because
USDA-NASS does not record watermelon production statistics for New Jersey or Pennsylvania.
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In a second step, costs of variable inputs to production are subtracted from the

total production value. In place of P · Y , the total production value, we now use(
P · Y −

N∑
i=1

Cvi

)
, where Cvi is the cost of a variable input to production and these

costs are summed over all N variable inputs for which the cost is known and expected

to be reduced 3. As an intermediate step, I compare these results, which I term net

income, to the other methods.

I then modify the equation to relate the pollination delivered to the pollination

needs of the crop, and to partition the resulting value among various taxa of pollina-

tors. First, rather than attributing value to native bees according to the fraction of

total pollen that they deposit (ρnb), the attributable net income method values only

the pollen that is needed for fruit production, i.e., it does not value pollen delivered

in excess of the pollination requirements of the plant. In this way it directly ties the

ecosystem service (pollen deposition by native bees) to the production of value to

people (marketable watermelon fruits). Second, the attributable net income method

accounts for the presence of other pollinator taxa by optionally considering a given

taxon as either the primary pollinator in the system (i.e., all of the pollination it pro-

vides up to the plant's pollination threshold is valued) or residual (i.e., the pollination

it provides is only valued if the pollination already provided by other pollinator taxa

is insu�cient).

I demonstrate the attributable net income method by considering native bee pol-

lination �rst, and valuing honey bee pollination only in addition to native bee polli-

nation. However, the alternate order (honey bee pollination valued �rst, native bee

pollination second) can also be done and those numbers are also presented in the

Results (also see B.2).

Equation 3.5 values native bee pollination based on the extent to which native

bees alone fully pollinate the crop. There are two components to full pollination: at

the �ower scale, a �ower must receive ≥ 1400 conspeci�c pollen grains in order to

set a marketable watermelon fruit; and at the �eld scale, ≥ 50% of �owers must be

3Source for watermelon production cost budget: University of Delaware Co-
operative Extension Vegetable Crop Budgets 2005-2008, available online at
http://ag.udel.edu/extension/vegprogram/publications.htm.
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fully pollinated in order to achieve asymptotic fruit set (see Methods 2.1). Pollen

deposited by native bees above these pollination thresholds is not valued:

Vnb =

(
P · Y −

N∑
i=1

Cvi

)
·D ·min (2Fnb, 1) (3.5)

Where
N∑
i=1

Cvi= the summed costs of the producers' variable inputs to watermelon

production, Fnb = the fraction of �owers that are fully pollinated by native bees, i.e.,

that receive ≥ 1400 pollen grains from native bees 4, and the other parameters are as

in equation 3.3.

Honey bee pollination is valued based on the additional pollination honey bees

contribute, above the amount contributed by native bees but only up to the pollina-

tion threshold:

Vhb =

(
P · Y −

N∑
i=1

Cvi

)
·D ·min [2Fhb, 1−min (2Fnb, 1)] (3.6)

Where Fhb = the fraction of �owers that are fully pollinated by honey bees and

the other parameters are as in equations 3.3 and 3.5. As in equation 3.5, the factor of

two associated with the Fhb and Fnb terms accounts for the fact that fruit production

asymptotes when 50% of �owers are fully pollinated.

All valuations reported in this paper were done using 2008 US dollars. In all of the

estimates the errors could only be propogated through the parameters obtained from

work of Winfree et al. (2007) (ρnb, ρhb, Fnb, Fhb). The parameters obtained from other

sources did not include the information necessary to propagate error. Therefore, the

standard errors (SE) reported in the Results and Discussion are under-estimates of

the true SE.

3.4 Replacement value method

A replacement value for native bee pollination is what it would cost farmers to

rent enough honey bees to fully pollinate the watermelon crop. I calculated this value

4As for ρnb, values of Fnb come from the data and simulation presented in Winfree et al. 2007.
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by multiplying the area in watermelon production3 (746 ha) by the industry-wide

recommended honey bee stocking rate ( 4.5 hives ha−1 (Delaplane and Mayer, 2000)

by the annual rental cost of a honey bee hive in the study area5 ($60-$75 hive−1)

by the fraction of farms at which native bees alone are fully pollinating the crop

(0.91). This method has been used previously to estimate the value of native bee

pollination without accounting for the last term. Such estimates may be too high

when it is not clear that native bees could or ever did fully pollinate the crop in

question. I used the same method to estimate the replacement value of honey bee

pollination, substituting the fraction of farms fully pollinated by honey bees (0.78) for

the fraction fully pollinated by native bees (0.91). This replacement value represents

what it would cost to replace the pollination services currently provided by honey

bees with equivalent services provided by new honey bees.

5Range of 2008 rental costs for use in pollinating cucurbit crops in the study region; Tim Schuler,
State Apiarist for New Jersey, pers. com.
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Chapter 4

Results and Discussion

In a �eld study of watermelon, Winfree et al. (2007) observed a total of 6187 bee

visits (2359 by honey bees and 3828 by native bees) and collected 271 counts of per-

visit pollen deposition. Simulation results indicate that across the study system as a

whole, honey bees provide 38% (± 5%) of the pollen deposited on female watermelon

�owers, and native bees provide 62% (± 5%) (Winfree et al., 2007).

4.1 Replacement value and production value meth-

ods

The value of native bee pollination based on the replacement value of renting

enough honey bee hives to replace native bees is $0.18 - $0.23 million year−1 and

the replacement value of honey bee pollination is $0.16 - $0.20 million year−1 (Figure

B.2).

The production value method provides a higher estimate. The estimated annual

production value of watermelon in New Jersey and Pennsylvania combined (P · Y ),
before subtracting the costs of inputs to production, is $9.95 million year−1. Mul-

tiplying this production value by the 62% (± 5%) of all pollen deposition done by

native bees provides an annual value of $6.17 ± 0.50 (SE) million for the pollination

service provided by native bees. For honey bees, the corresponding value is $3.78 ±
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0.50 (SE) million year−1 (Figure B.2). After subtracting the costs of variable inputs

to production, the estimated annual production value of watermelon in New Jersey

and Pennsylvania combined is $5.94 million year−1, leading to estimates of $3.68 ±

0.30 (SE) million for the pollination services provided by native bees and $2.26 ±

0.30 (SE) million year−1 for honey bees (Figure B.2).

4.2 Attributable net income method

The attributable net income method begins with the annual value of watermelon

production less the variable input costs ($5.94 million, above). The annual value of

native bee pollination, when native bees are considered primary pollinators (equation

3.5), is $5.55 ± 0.27 (SE) million year−1. The value of honey bee pollination, when

honey bee pollination is valued residually (equation 3.6), is $0.39 ± 0.27 (SE) million

year−1 (Figure B.2). When honey bee pollination is valued as primary (equation 3.5),

its value is $5.03 ± 0.41 (SE) million year−1. When native bee pollination is valued

residually (equation 3.6), its value is $0.91 ± 0.41 (SE) million year−1 (Figure B.2).

4.3 Discussion

The goal here is to make these valuation methods more consistent and their as-

sumptions more explicit. I chose to modify the production value method because

it is the most common method employed, the calculations used are simple, and it

is relatively easy to acquire the necessary data. Published values are available for

the dependencies of many crops (e.g, Klein et al 2007), as are crop yield and price

data (e.g. for the U.S., through the USDA National Agricultural Statistics Service,

NASS). Cost budgets for many crops are available through university extension of-

�ces. To value native bees, �eld studies of bee visitation to crop �owers and pollen

deposition by bees are the only additional pieces of information required for studies

measuring impacts on a small sector of a given crop market. For studies evaluating a

larger market sector, additional analysis of market demand will be needed to estimate

changes in price and consequently consumer welfare as a function of the predicted
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change in production. In this case, I estimate the value of production for a region

producing <2% of the annual national value of the crop; therefore I do not consider

price feedback e�ects and subsequent changes to consumer welfare.

The replacement value for native bee pollination is based on the cost of renting

honey bees, since for most crops the given level of pollination from native bees could

be obtained equivalently from honey bees. I measured this value using current honey

bee rental costs and obtain a relatively small value (Figure B.2). Here I introduce a

modi�cation to the replacement value method to only value the pollination currently

being provided by each type of pollinator, rather than attributing the total value of

pollination to each pollinator regardless of its contribution. This reduces the values

obtained with this method. In this system the replacement value of honey bees is

slightly lower than that for native bees, because native bees do the majority of the

crop pollination.

An alternative way to use the replacement value method, which does not assume

the availability of honey bees, would be to calculate the cost of a replacement for

both native bees and honey bees, such as hand-pollination by people (Allsopp et al.,

2008). This approach is not always tractable, however. Unlike for the crops studied

by Allsopp et al., watermelon has never been pollinated by hand, such that no cost

estimates for this process are available.

Second, I used the production value method (Robinson et al., 1989; Morse and

Calderone, 2000; Losey and Vaughan, 2006; Kremen et al., 2007; Allsopp et al., 2008;

Gallai et al., 2009), which calculates the proportion of the total value of the crop that

depends on a particular pollinator. There are several problems with this approach

which may lead it to its over-estimating the producer welfare value of pollination.

First, it ignores the possible reduction of other inputs to production that would ensue

from a signi�cant loss in production capability (McConnell and Bockstael, 2005). In

reality, if pollination failed then farmers would not invest further in inputs that vary

with yield, such as harvest costs. Yet the production value method disregards these

cost savings, thereby over-estimating the value of pollination. This problem can be

ameliorated by subtracting the costs of variable inputs production from the value of

production, as I do here. In this case this reduces the value of pollination by 40%
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(Fig. 2), and suggests that many of the previous estimates of pollination value have

been too high. Absent the distinction of �xed and variable costs, the subtraction

of total costs as done by Olschewski et al. (2006) would still be preferable, thereby

attributing the net, not the gross, value of crop production to pollination.

A second problem with the production value method is that the method assumes

all the pollen deposited is necessary for fruit set, whereas in reality plants may be

getting more pollination than they need (Muth and Thurman, 1995). The attributable

net income method solves this problem by valuing only the pollination that is likely to

be utilized in fruit production, i.e., the pollen delivered up to the threshold pollination

requirements of the plant. The attributable net income method also allows for valuing

a given pollinator taxon either independent of, or in addition to, another taxon. In

systems such as this where most farms are over-pollinated, the decision about whether

to consider a pollinator taxon as primary can lead to a 6-13 fold di�erence in its

ecosystem service value (Figure B.2).

A third problem with the production value method is that it does not account

for opportunity costs � in this case changes growers could make if pollination became

more costly, such as switching to less pollination-dependent crops (Southwick and

Southwick, 1992; Muth and Thurman, 1995). These are long-term considerations,

however. Both the production value and the attributable net income methods are

best interpreted as estimates of short-term economic losses due to pollination failure.
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Part III

Trade-O�s of an Ecosystem Service

Over Space and Time
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Chapter 5

Introduction to Part III

Nature provides many services and resources that augment the productivity of

agriculture and human society (Daily, 1997; WRI, 2000; Zhang et al., 2007). Atmo-

spheric, soil, forest and riparian ecosystems provide an immense number of services

that feed, clean, protect and replenish the productive slate for agriculture (Millen-

nium Ecosystem Assessment, 2003). One important class of ecosystem services are

those provided by wild organisms; these include soil generation, water puri�cation,

waste decomposition, natural pest control, seed dispersal and pollination (Kremen et

al., 2005).

Many of these services are spatially heterogeneous and/or depend on spatial eco-

logical processes (Kremen et al., 2005). Studies of water basin puri�cation (Houlahan

and Findlay, 2004), �ood protection (Guo et al., 2000), pest control (Brown et al.,

2002), and insect pollination (Kremen et al., 2004) have demonstrated the importance

of the spatial distribution of ecosystem service �ows. As such, strategic environmen-

tal management will also be spatially explicit. In cases where distinct regions are

interconnected ecologically, such as with �sheries and reserve-site selection, optimal

management � for both economic rent maximization and environmental protection �

can be improved by di�erentiating policy based on location, accounting for the spatial

�ow of the biological organisms (Sanchirico and Wilen, 2005).

Another dimension of ecosystem service provision that is often over-looked and yet

also poses important dynamic trade-o�s for decision making is time. Many studies
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of ecosystem services are in a temporal vacuum, ignoring the possible changes in the

economic landscape (Toman, 1998). Such changes are often dynamic and feedback

into the value and use of the ecosystem services. In particular, the presence of tech-

nological substitutes is dynamically dependent on the availability of the ecosystem

service.

Very few studies, however have addressed both the spatial and temporal dynamics

in a uni�ed framework. Smith et al. (2009) assess an emerging body of literature that

is integrating spatial-dynamic processes in a bioeconomic framework and articulate

the challenges associated with empirical analysis. In most studies that incorporate

both spatial and temporal dynamics, the analysis is primarily conceptual and em-

ploys an optimization framework to derive optimal conditions for e�cient resource

allocation (Brozovok et al., 2005; Xabadia et al., 2006; Brock and Xepapadeas, 2006).

It is becoming increasingly obvious that we need a more �rm understanding of

biology and economics in a united framework to determine the optimal balance be-

tween nature and human intervention. This requires an operational understanding of

the economic and environmental trade-o�s involved. The complexity and particularly

the spatial, dynamic and/or spatial-dynamic features of agri-environmental systems

present key challenges (Wilen, 2007; Smith et al., 2009).

5.1 Crop Pollination

Pollination by bees is a crucial function in many terrestrial ecosystems and an

important contribution to many crops that require or bene�t from bee pollinators

(Klein et al., 2007). Crop production relies chie�y on the domesticated honey bee

(Apis mellifera) to pollinate the cultivars, but wild, native bees that dwell in natural

and semi-natural environments also can provide a signi�cant part of the service (Kre-

men et al., 2002; Winfree et al., 2007). The natural environments that o�er habitat

(shelter, nesting grounds and food resources) for these bees provide an economic ser-

vice to the nearby agricultural lands with pollinator-dependent crops (Kremen et al.,

2002). The study of pollination services can provide a model system within studies of

ecosystem services, not only because there is relatively strong ecological knowledge of
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the service and economic information on its value, but also as it can enlighten policies

that are addressing the increasing instability in honey bee populations.

In designing a payment scheme to enhance the ecosystem service, the chief problem

is in determining where to focus restoration strategies. This paper develops a model

for evaluating the allocation of biological resources on a spatially and intertemporally

heterogeneous landscape. Native bees, emanating from natural habitats, pollinate

nearby crops to a signi�cant extent, in some cases in such abundance that farmers

need not rent the domesticated honey bee (Kremen et al., 2002; Winfree et al., 2007).

This positive externality is di�erentiated signi�cantly and rather exclusively based

on the proximity to natural and semi-natural habitat (Kremen et al., 2002; Klein et

al., 2007, Ricketts et al., 2008). Protecting and enhancing the natural service can be

achieved through restoration strategies both o�-farm � by providing large �source�

areas through land conservation or restoration of upland habitat � as well as on-farm

� by reducing insecticide use, providing nesting sites and planting or allowing �oral

resources (Kremen et al., 2002).

In many respects, this problem mirrors that of pollution or pest control prob-

lems in which there is a directional (positive or negative) externality, �owing from a

source and a�ecting particular nearby agricultural lands (Chakravorty et al., 1995;

Brown et al., 2002; Goetz and Zilberman, 2000; Xabadia et al., 2006). One of the

principle issues in these contexts is the choice between source control/abatement and

in-situ mitigation/abatement: is optimal policy directed at stopping (or enhancing)

the source, at mitigating (or enhancing) the e�ects at �downstream� locations, or

at both? Brown et al. (2002) employ an optimal control framework over a spatial

dimension to analyze the spread of insect-transmitted diseases to agriculture, address-

ing the trade-o� between eliminating particular vegetation in a riparian ecosystem

and taking land out of production for a bu�er crop zone. In a similar study of a uni-

directional externality, water conveyance in a canal with leakage, Chakravorty et al.

(1995) demonstrate that such mitigation strategies cannot be viewed as substitutes

for control at the source.

Most all insect pollinator-dependent crops can be pollinated from a numerous

variety of native bee species, and most of these can be pollinated by the managed
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honey bee (Klein et al., 2007). Thus, except for a few crops, a crop's pollination can

be acquired through any su�cient combination of honey and native bees (Kremen et

al., 2002). There is little evidence to suggest that the interaction of di�erent taxa

hinders their respective services, and to the contrary in some cases it has been shown

that the two services exhibit synergy (Greenleaf and Kremen, 2006).

A two-stage optimization procedure (Goetz and Zilberman, 2000; Xabadia et al.,

2006) is employed to �nd the optimal restoration strategy. In the �rst stage, for

a given stock of honey bees, the optimal amounts of honey bees and native bee-

enhancing restoration are chosen over space. In the second stage, the stock of honey

bees evolves dynamically and optimal level of honey bee investment over time is

chosen. Part II unfolds as follows. I discuss native bee pollination and set up the

spatial decision problem. Then I discuss the problems with honey bees and set up the

intertemporal decision problem. Each problem is solved and the solution characterized

both graphically and intuitively.
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Chapter 6

The modeling framework

Consider an agricultural landscape that is bordered by or interspersed with natural

habitat areas. Natural habitat areas are de�ned as long-standing, uncultivated natu-

ral or semi-natural areas composing habitat suitable for native bee populations. This

includes preserved and unpreserved forest and grasslands, as well as long-standing fal-

lowed agricultural lands. In order to maintain the simplest possible setting, farmed

land is assumed to be identical in all respects except the availability of native bees,

which can be de�ned along a distance gradient from natural habitat areas (Kremen

et al., 2004). Land is located over a continuum of distance x from habitat bound-

aries, with maximum distance X. The agricultural landscape can be rectangular as

depicted in �gure B.3, or circumspect about a central natural habitat area, among

other arrangements.

A pollinator-dependent crop grown on this landscape is pollinated from two sources

� managed pollinators and wild, native pollinators. The input measure in both cases

is a density � that is, the number �ying around over a unit of space. The managed

pollinator input is denoted by hi(x, t), a continuous control variable chosen for lo-

cation x and time t. The wild, native bee population is considered a stock variable

dependent on location. N(x, t) is used to denote the density of native bees at x in

time t. The multitude � hundreds, in fact � of di�erent pollinator species is reduced

to a consideration of one conglomerate population � the meta-bee, which can also be

considered a pollinator score (Lonsdorf et al., 2009). In reality, the di�erent species
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nest in di�erent locations � some exclusively in the natural habitat, some on farms

no matter how far removed from natural areas � and each have di�erent �ying ranges

(Kremen et al., 2004; Greenleaf and Kremen, 2006). N(x, t) represents, in a sense,

a summation of each of these bee distributions at each location, which results in

a population concentrated greatest in natural habitat (where there are the greatest

abundance of nesting grounds and �oral resources), and diminishing with distance.

The cumulative forage and nesting resources on the landscape determines the aggre-

gate population, while the dispersal pattern of foragers relates principally to distance

from habitat source (Lonsdorf et al., 2009).

Yield is determined by the total amount of pollination, which is the combined

service of honey and wild bees at location x. Pollination a�ects productivity through

a �xed asset e�ect represented by

y = f(h(x, t) + βN(x, t)),

where β represents an equivalence factor to translate wild bee densities into equivalent

honey bee stocking densities, and f(·) is a twice continuously di�erentiable function,

with f ′(·) > 0, f ′′(·) < 0 (that is, the marginal e�ect of pollination on yield shrinks

or even saturates as the plants become over-pollinated).

6.1 Native bees and the spatial dynamics

The abundance and diversity of �owering vegetation on farms � in the form of

habitat enhancements such as inter-cropped �owering strips, hedgerows or riparian

bu�ers � can in�uence the overall population of native bees. To maintain simplicity, a

single investment decision is considered: there can be investment in �oral vegetation

in the form of a habitat enhancement, or not. Let φ(x, t) represent the proportion

of landcover devoted to a habitat enhancement chosen on land units at distance x in

time period t. Because there is limited space on farm plots for habitat enhancement,

apart from impacting production, the control variable is bounded by a maximum

φ(x, t) ≤ φ̄. The costs of the planting and upkeep are I per period.
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The spatial dynamics of wild bees is two-fold: the dispersal of pollinators over

cropland is spatially-dependent, while the population source is in�uenced by abun-

dance of habitat enhancement on cropland in a spatially-dependent manner as well.

Let the amount of native bees available in the natural habitat area (x = 0) in the

absence of farm land restoration be de�ned by N0. Let F (t) represent the additional

forage stock on the agricultural landscape from habitat enhancement. Then the na-

tive bee foraging density at distance x in period t is then represented by a simple

dispersal function (exponential decay):

N(x, t) = [N0 + F (t)]e−x/α (6.1)

The forage is �xed in each period, but it can be enhanced in the future by investing

in habitat enhancement. The stock of habitat enhancement can enhance the source

population, although forage further from the habitat is of declining value. Follow-

ing the modeling framework of Lonsdorf et al. (2009), the additional forage stock

on the agricultural landscape is modeled as the accumulative investment in habitat

enhancement over space, discounted for distance:

F (t) =

∫ X

0

φ(x, t)e−x/α dx (6.2)

6.2 Honey bees and the intertemporal dynamics

The number of managed honey bee colonies in the United States has been dropping

since 1947, falling by as much as 50%, and in recent years this decline has been

accelerated by disease (Ho�, 1995; Daberkow et al., 2009). Waning pro�ts from honey

sales coupled with rising pollination rents has led to a huge shift in the industry from

one geared towards honey production to one geared towards pollination. Disease and

parasites keep beekeepers in a constant race for numbers: expected winter loss rates,

once acceptable at 5-10%, have now �normalized� between 20-30% (CRS, 2006). In

addition to material costs, preventative practices are labour intensive, and in total

these costs can amount to $10-12 per colony, which alone accounts for 10 percent of

the value of a colony (USDA-NASS, 2004). Once a colony has been infected, the cost
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of replacing the losses with more workers and/or by re-queening can also add up.

Packages of bees, sometimes imported from Australia (since 2005 in the U.S.), cost

up to $100 for a 3-pound package which would round out one colony in decline.

These changes have three important e�ects: (1) the supply of honey bees for

pollination, once just a mere fraction of the total number of honey bee colonies, is

now a scarce resource, constrained by the number of beekeepers and available areas

for ample forage, (2) the stock of honey bees for pollination faces a steady decline

year to year due to disease and pest infestation, and (3) the stock is replenished each

year via packages. I capture the essence of these three new features in two parts. The

use of honey bees is assumed to be constrained by the available supply for the entire

landscape at time t, de�ned as S(t). Thus,∫ X

0

h(x, t) dx ≤ S(t) (6.3)

Trying to capture the essence of this intertemporal problem, I highlight the two most

important features: a steady rate of decline due to disease and pest infestation, and

the constant replenishment of stock via packages. Thus the stock of honey bees S(t)

is modeled to change based on the equation of motion:

Ṡ(t) = M(t)− ξS(t) (6.4)

where a dot over the variable S(t) represents the operator d/dt, ξ is the death rate

of honey bees determined by disease and parasites, and M(t) is the level of honey

bee package imports at time t. The cost of buying honey bee packages is given by

C(M(t)). As the evidence indicates that the market for packages is highly sensitive

to the needs of beekeepers, the price of a bee import is not assumed �xed and thus

the cost is increasing at an increasing rate: C ′(·) > 0, C ′′(·) > 0 .
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Chapter 7

The dynamics of the pollination

problem

A social planner is assumed to maximize the present discount value of net bene�ts

from production. The optimization problem is given by

max
h(x,t),φ(x,t),M(t),S(t)

∫ ∞
0

e−δt
[∫ X

0

(pf (h(x, t) + βN(x, t))− Iφ(x, t)) dx− C (M(t))

]
dt

subject to

N(x, t) = [N0 + F (t)] e−x/α, F (t) =

∫ X

0

φ(x, t)e−x/α dx

Ṡ(t) = M(t)− ξS(t), S(0) = S0∫ X

0

h(x, t) dx ≤ S(t), h(x, t) ≥ 0, φ(x, t) ∈ [0, φ̄]

where p is the market price of the output crop, S0 denotes the stock of honey bees at

time 0 and δ ∈ (0, 1) is the social discount rate.

The analytical solution to the above problem is di�cult to obtain, so a two-stage

solution technique (Goetz and Zilberman, 2000; Xabadia et al., 2006) is used to

solve the problem. In each period, the stock variables, S(t) is �xed, and the optimal
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allocation of honey bees and restoration is chosen over space. Then the problem is

maximized over time.

7.1 The solution to the optimization problem over

space

The decision problem over space takes the stock of honey bees, S, as given. The

allocation of this stock over space, h(x), is a control variable. The restoration of

agricultural land to enhance wild bee populations is also chosen at each location, φ(x),

and serves as the second control variable and implicitly determines the allocation of

wild bees over space. The variable F represents the accumulative bee habitat created

through agricultural land restoration.

So a farmer maximizes pro�t over the region, choosing honey bees and habitat

enhancement over space:

V (S) = max
h,φ,F,N

∫ X

0

[pf (h(x) + βN(x))− Iφ(x)] dx

subject to

N(x) = (N0 + F ) e−x/α (7.1)

F =

∫ X

0

φ(x)e−x/αdx (7.2)

S ≥
∫ X

0

h(x) dx (7.3)

h(x) ≥ 0 (7.4)

0 ≤ φ(x) ≤ φ̄ (7.5)

The maximization of this problem is aided by construction of the Hamiltonian

H1 = pf (h+ βN))− Iφ− ρh+ κφe−x/α + µ
[
(N0 + F )e−x/α −N

]
where ρ is the shadow cost of honey bee use, κ is the shadow value of habitat enhance-

ment and µ is the shadow value of wild bees. The shadow cost of the honey bee stock,
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ρ, represents in a sense the rental rate of honey bees. In reality, there is of course a

market for pollination so this price is not in fact �shadow�, but the setup here imposes

the binding stock constraint to do two things: 1) allow for �uctuations in rental rates

in honey bees and address how this impacts the spatial allocation problem, and 2) to

allow these �uctuations to depend on the demand for honey bee pollination from the

landscape, which depends on wild bee availability, and in this way ensures the rental

rate is endogenous to the decision problem. H1 represents then the total net value

to production units at distance x: revenue less taking into account the constraints.

In what follows, the �rst order derivatives of the Hamiltonian are used to solve the

maximization problem and will yield optimal honey bee allocation, h(x), the amount

of habitat enhancement, φ(x), as well as the marginal value of wild bees, µ(x), at

each point in space, all depending on the stock of honey bees, S.

First, consider the marginal impact of honey bee rental on the Hamiltonian

∂H1

∂h
= pf ′(h+ βN)− ρ ≤ 0 (7.6)

Taking account for the non-negativity constraint, this expression on the LHS must be

≤ 0 for a maximum. The expression is set equal to zero provided a positive h satis�es

the equation with equality, else the corner solution h = 0 is maximal. In other words,

if the marginal value of honey bee pollination is less than the shadow price, then

no honey bees will be rented. If honey bees are rented (i.e. h > 0), then the value

of marginal product and the shadow price of honey bees are equated. The farmer

employs honey bees provided the value of marginal product exceeds the shadow price.

Of course, with a su�cient availability of wild bees, this may not hold for land

close to the natural habitat. The point x1 ∈ [0, X] de�nes the threshold distance

for honey bee rental: within this distance crops rely exclusively on wild bees and at

distances beyond x1 honey bees hives are rented. Then for x > x1, a positive value in

the control ĥ(x) > 0 satis�es 7.6 with equality, and the shadow price is determined,

ρ = pf ′(ĥ(x) + βN(x)). (7.7)

Note that the shadow price ρ does not depend on location � the price of honey

bees is uniform on the landscape. Di�erentiating 7.7 with respect to x, and then
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substituting in the derivative of N(x) (equation 6.1) with respect to x, we �nd

dĥ

dx
= −pf

′′(h+ βN)

pf ′′(h+ βN)
β

(
dN

dx

)
= β/α (N0 + F ) e−x/α > 0, (7.8)

which implies optimal honey bee allocation increases with distance from the habitat

boundary. This makes sense since honey bees are naturally substituting for the di-

minishing supply of wild bees. This then proves the conjecture stated above: beyond

a certain distance honey bee hives are rented; since the amount of honey bee rental

is increasing with distance, once it becomes optimal to do so it will remain optimal

for production units further away.

Now consider the marginal impact on the Hamiltonian of having more native bees

at distance x:
∂H1

∂N
= pf ′(h+ βN)β − µ = 0 (7.9)

Substituting 7.7 into 7.9 we can see that for ĥ(x) > 0 (that is, x > x1), µ(x) = βρ,

which is not a function of distance. Thus native bees provide constant value beyond a

certain distance, with that distance being when pollination is scarce enough to justify

honey bee rental. For x ≤ x1, where ĥ(x) = 0, it can be shown that dµ
dx
> 0, which is

to say the marginal value increases with distance.

Next consider the marginal impact of restoration on the Hamiltonian:

∂H1

∂φ
= µκe−x/α − I (7.10)

The �rst derivative of the spatial maximization problem with respect to φ at

location x does not depend on φ; the Hamiltonian is linear in the control variable.

Thus, the optimal solution over space is a bang-bang solution: φ = 0 or φ = φ̄. To

see which corner solution is optimal where, we can di�erentiate 7.10 with respect to

x to achieve:
dµ

dx
κe−x/α − µ/ακe−x/α (7.11)

This expression is negative for x > x1, since
dµ
dx

= 0. This means that the only chance

this expression is positive is if
dµ/dx
µ

> 1
α
, or if α > − f ′()

f ′′()
α
βN

. If this condition is not

satis�ed, then dφ
dx
≤ 0. This implies optimal farmland restoration would focus greater
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e�ort on land closer to natural habitat. This makes intuitive sense since land closer

to the natural habitat boundary have more native bees with which to spread over

the landscape; reducing the rate of spatial decay has a larger impact with a larger

population. Land far from the natural habitat, with scant wild bees, might likely not

�nd positive net bene�ts for farmland restoration.

7.1.1 Characterizing the solution over space

Parameterizing the model with reasonable, though not quite realistic, numbers

can allow for a graphical presentation of the optimal spatial solution. The allocation

of native and honey bee densities over space with and without optimal investments

in native bee restoration is depicted in �gure B.4.

Using comparative statics and a numerical example, we can infer the e�ect of

honey bee stock on the spatial allocation problem. Figure B.5 graphs solutions to the

control variable, honey bee density, over space for di�ering levels of honey bee stocks.

As can be seen in the graph, the optimal amount of honey bee rental on production

units nearest the natural habitat is 0, the corner-solution to 7.6. Greater honey bee

stock sizes results in more honey bee rental on the landscape, and a reduction of

the zone of production units that rely only on wild pollination. Figure B.6 graphs

the solution to µ, the shadow value of wild bees, over space. The marginal value of

bees increases with distance from the habitat � because the total supply diminishes

� up until the point where the interior solution for honey bee rental is achieved.

Beyond this point the marginal values of honey bees and native bees (adjusted by the

e�ciency ratio, β) are equated.

I �nally conclude from this stage the following comparative static properties:

VS = ρ∗ ≥ 0, VSS = ρ∗S ≤ 0

The �rst order e�ects are clear from the optimization problem and the de�nition

of the shadow value, ρ. The second order e�ects follows from the convexity of the

problem. The basic notion is that the stock of honey bees exhibits decreasing marginal

bene�ts to the landscape, and these equations come in play as we now present the

intertemporal dynamics.



40

7.2 The solution to the optimization problem over

time

The dynamic optimization problem is then given by

max
M(t),S(t)

∫ ∞
0

e−δt [V (F (t), S(t))− C(M(t))] dt

subject to

Ṡ(t) = M(t)− ξS(t)

Utilizing the Pontryagin's Maximum Principle, the current Hamiltonian of the

optimal pollination restoration strategy is given by

H2 = V (F, S)− C(M) + λ [M − ξS]

where λ is the co-state variable. The solution of this problem has to satisfy the

following necessary conditions stated in Theorem 1 of Seierstad and Sydsaeter (1987):

λ− C ′(M) = 0 (7.12)

λ̇ = δλ−H2S = λ(δ + ξ)− VS (7.13)

Ṡ = M − ξS (7.14)

At a steady state solution, 7.13 and 7.14 vanish, leaving the following conditions

λ(δ + ξ) = VS(S) (7.15)

M = ξS (7.16)

Using 7.12, 7.15 and 7.16 to solve for λ, we are left with the steady-state relation-

ship

λ = C ′(ξS) =
VS(S)

δ + ξ
(7.17)
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7.2.1 Characterizing the optimal solution

The phase diagram for the problem is presented in �gure B.7.

The Jacobian of the system formed by 7.13 and 7.14 is represented by

J =

[
δ + ξ −VSS
Mλ −ξ

]
(7.18)

where Mλ = 1
C′′(C′−1(λ))

, which is positive given C ′(·) is increasing, C ′′(·) > 0.

Since the trace of J , Tr(J) = δ, is positive, and the discriminant of J , ∆J =

δ2 + 4 [ξ(δ + ξ)− VSSMλ] , is also positive, we know that J must have two real eigen-

values, one positive and one negative, and thus the steady-state is characterized as a

local saddle-point (Seierstad and Sydsaeter, 1987).

The steady-state solution depicted using the numerical simulation in �gure B.7 is

clearly a saddle point, with the stable converging trajectory indicated by the inward

arrows. When the initial honey bee stock exceeds the steady state level, shadow price

will be below its steady state level; the stock will fall over time while the shadow

price of honey bees will gradually rise. The opposite story would hold when the

initial honey bee stock is below the steady state level.

Totally di�erentiating 7.17, we can derive the following comparative static rela-

tionships:

Sδ =
C ′

VSS − d(δ + ξ)C ′′
< 0 (7.19)

Sξ =
C ′ + (δ + ξ)SC ′′

VSS − d(δ + ξ)C ′′
< 0 (7.20)

7.19 says that the steady-state stock of honey bees will be smaller with a higher social

discount rate: a more impatient society will place less value on future pollination needs

and thus spend less on building up stock size. 7.20 says that the steady state stock

of honey bees will be smaller with higher death rates, which quite trivially follows

from the equation of motion. This can be seen graphically by re-analyzing the phase

diagram and what happens in each case. With higher rates of disease, the locus of

points Ṡ = 0 would become steeper on the plotted axes.
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Figure B.8 presents a case where there is a sudden loss in native pollinators on

the landscape. The locus of points λ̇ = 0 shifts up. Immediately, the shadow value

of honey bees jumps and the stock of honey bees starts to increase to the reach the

new, higher steady state level of honey bees. Of course, this is completely intuitive,

since a reduced abundance of native bees implies a greater marginal value of honey

bees. It also means that more would be needed (and used) on the landscape.

The optimal solutions paths over time are graphed in �gures B.9 - B.11. The

solution paths are plotted for di�erent levels of native bees in the natural habitat to

show how the use of honey bees depends on the availability of native bees. A couple

of key �ndings are articulated in these �gures. The �rst is that even if native bee

habitat restoration is optimal in the long-run, it may be optimal to delay investing

in the restoration until the stock of honey bees is su�ciently depleted. A second

related �nding is that the corresponding scarcity rental rate of honey bees can rise

before depreciating to the long run steady state. This elucidates the dynamics of the

trade-o� between investing in honey bee stock (by bulking up the population) and

investing in native bee stock (by restoring habitat and increasing forage).

7.3 Discussion

I have taken a problem of pollination between wild and managed organisms,

wherein there are trade-o�s over both time and space. Wild bee populations can

be spread over the landscape at a cost to producers near the natural habitat, while

honey bees can be employed but carry a user cost for future availability. Combining

the two dynamics in a holistic optimal control framework yielded some common sense

conclusions as well as some less intuitive results.

A number of the results of the model follow fairly directly from the initial as-

sumptions. The suggestion to target land closest to natural habitat � the land that

is already well-endowed with native bees � for habitat enhancement is not wholly

surprising given the modeling assumptions. The bene�ts of habitat enhancement, as

modeled, depend on proximity to source populations. Thus enhancing the habitat on

these lands has the greatest impact on the landscape.
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Most of the comparative static relationships are also straightforward. One rela-

tionship, however, is a little surprising. In this problem, increasing the discount and

thus reducing the value of future cash �ows results in increased investment in on-

farm habitat enhancement. The result here is driven exclusively through the e�ects

of higher discount rates on steady state levels of honey bees. The cost savings from

not replenishing the honey bee stocks in the present are valued greater resulting in a

further depreciation of honey bee stocks to a lower steady state, and the consequence

of this is a relative increase in the value of native bees, driving up investment in

habitat enhancement.

What this model really demonstrates, however, is that the decision to invest in na-

tive bees depends highly on the dynamics of the honey bee. While native bees weren't

modeled to have any temporal dynamic processes, their economic importance is tied

to the honey bee. As honey bee populations dwindle, at some point investments in

native bee habitat enhancement become optimal, and the landscape swiftly switches

between one almost ignoring native bee pollination to one actively encouraging it.

If more beekeepers start producing honey bee packages, driving down the price of

supplementing colonies, then the value of native bees dwindles and the habitat en-

hancements would be foregone. One thing that was not addressed in this analysis

is the dynamics of habitat enhancement, which will likely entail a lag time between

initial investment and native pollinator dividends.
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Part IV

The E�ect of Market Structure on

Pest Resistance Buildup
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Chapter 8

Introduction to Part IV

According to the Food and Agriculture Organization, the number of pest species

with resistance to pesticides has increased from almost none 50 years ago to over 700

today (FAO, 2010). Heap (1997) reports that there are nine new cases of herbicide-

resistant weeds per year on average. The emergence of pesticide resistance has been

an important contributor to changes in pest management regimes. According to

Wu and Guo (2005), Chinese bollworm populations quickly evolved resistance to

organophosphate and of pyrethroid insecticides, resulting in yield e�ects of up to 10%

and led to the introduction of Bt cotton. Genetically engineered crops have added fuel

to the �re of the resistance discussion, as it is thought that the selective pressures

favoring resistance development work in many of them (Bt corn in particular) are

even stronger than for traditional pesticides (Morel et al, 2003).

Given its importance to farmers, it is not surprising that resistance has inspired a

large economic literature. Although much has been written regarding the role of farm-

ers and regulators in managing resistance, the literature maintains some conceptual

holes, one of which I hope to �ll with this paper. Hueth and Regev's (1974) seminal

work was followed by many studies (see surveys by Carlson and Wetzstein (1993);

and Regev, Shalit, and Gutierrez (1983)) that either theoretically or empirically de-

scribe di�erent facets of resistance problems. Transgenic crops have created a new

sub-branch of this literature, including Secchi and Babcock (2003), Morel et al (2003)

and Wesseler (2003). With the exception of Wesseler, which is a static model, cur-
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rent research views resistance in the context of renewable or nonrenewable resources,

beginning from the premise that markets are competitive. The main result of this

vein of research is that common pool problems and/or myopic behavior lead to the

overuse of pesticides. This useful insight has been followed, logically, by a call for col-

lective action or government intervention to reduce pesticide application and buildup

of resistance. However, the existing literature's emphasis on the resource framework

has ignored other features essential to understanding the dynamics of resistance in a

more complex reality.

In this part I make the simple observation that chemical producers receive patents

that e�ectively give them monopoly power for at least the �rst seventeen years of a

product's life, which implies that a monopoly is a reasonably accurate depiction of

the pesticide market. I �nd that this modi�cation leads to substantial changes in

the policy prescription for dealing with resistance. To my knowledge, there are two

previous papers that introduce this characteristic, Alix and Zilberman (2003) and

Noonan (2003). These two papers characterize and contrast the optimality condi-

tions of social optimum, monopoly and myopic cases, identifying the possibility of

slower buildup of resistance under monopolistic behavior. Here I formally develop a

continuous time optimal control framework, verifying the intuition of the discrete (in

the case of the former paper) and static (in the case of the latter) situations, demon-

strating the likelihood of stable steady-states, and quantifying the gap between the

di�erent outcomes using a numerical example.

The part is organized as follows: I begin by describing the assumptions I make

on resistance and demand. I then solve the social planner, myopic producer and

monopolistic supplier's problems, in each case brie�y considering the optimality and

stability of the steady-states. In the penultimate section, I compute a simple example

and show some numerical results. The �nal section concludes.
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Chapter 9

Modeling Resistance

In the sections following this one, I model two distinct decision-making processes,

that of a welfare-maximizing social planner and that of a pro�t-maximizing monop-

olist. I also mention the relevant results from the competitive solution. I begin with

a discussion of the dynamics of pest resistance. In the interest of not obscuring the

main result, I use a pared-down model of resistance relative to that of Regev, Shalit

and Gutierrez (1983). The assumptions are consistent with the literature on pesti-

cide resistance in agriculture (Secchi and Babcock, 2003) as well as that on antibiotic

resistance (Laxminarayan and Brown, 2001).

I formalize the speci�cation as follows. The change in the resistance stock over

time is de�ned by

Ṙ = g (X(t), R(t))− δR(t) (9.1)

where X(t) is the amount of pesticide applied at time t, R(t) is the proportion of

the pest population resistant to chemical applications, and δ is the death rate of the

resistant pest population 1. The function g(·) describes the relationship of these two

inputs to growth. Note that 0 ≤ R(t) ≤ 1. The above assumptions are integrated

into the resistance buildup function as follows:

1The death rate can be interpreted as the relative die-o� rate in the absence of pesticide applica-
tion, which arises from an assumed evolutionary cost of pesticide resistance to �natural� pressures.
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1. Pesticide applications increase resistance: ∂g
∂X

> 0. From here onwards, I will

denote partial derivatives with subscripts, so this assumption can be written:

gX > 0.

2. As the resistant population increases, the growth rate of resistance �rst in-

creases and then decreases: gR R 0 for R Q R̄(X), where the threshold of peak

growth may depend on level of pesticide use. This gives us a typical, s-shaped

population growth model.

3. As the resistant population increases, the marginal e�ect of spraying on the rate

at which resistance growth changes is �rst positive then negative: gXR R 0 for

R Q R̄(X).

4. There are constant returns to growth from chemical applications: gXX = 0.

5. Decreasing returns from resistance: gRR < 0.

6. Finally, g(X, 1) = 0.

These relationships constitute the constraint set faced by each agent.
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Chapter 10

Society's Problem

I assume that production is competitive with constant returns to scale technology,

and that there is a social planner who maximizes the farmers' surplus from pesticide

consumption subject to the growth of resistance. I follow the assumption of Hueth and

Regev that farmers do not take resistance into account when making their production

decision either because they do not know about it, or they know that their individual

e�ect on it will be approximately zero. This is a reasonable assumption in cases

where farmers are small relative to the resistance problem, such as in developing

countries in general and in the industrial world when resistance problems are not yet

well understood or the geographical extent of the resistance problem is regional rather

than local.

To formalize, let W (P (t), X(t), R(t))be farmers' inverse demand for pesticides.

P (t) is the price of the output produced with the pesticide, so it follows that W , the

price a farmer will pay for pesticides, will increase with P . The function behaves as

follows:

1. As the amount of pesticide used increases, its VMP decreases: WX < 0.

2. As farmers see increasing resistance, they will demand less pesticide: WR < 0.

3. The marginal impact of resistance on the change in price is negative: WXR < 0.

4. There are decreasing marginal e�ects of pesticide use on price: WXX > 0.



50

5. There are increasing marginal e�ects of resistance growth on price: WRR < 0.

To avoid messy notation, I will express farmer surplus as a bene�t function that

decreases in resistance and increases in pesticide use. Bene�ts are simply the area

under the demand curve, which is equal to

B (P (t), X(t), R(t)) =

∫ X(t)

0

W (P, ν,R(t)) dν (10.1)

where BR < 0, BX > 0, BRR < 0, and BXX < 0. Note that BX = W . There is

also a cost of producing pesticides, which I assume increases at an increasing rate,

therefore CX > 0, CXX ≥ 0. We can now write society's optimization problem as one

where the planner wishes to maximize the net present value of the stream of bene�ts

of pesticide use subject to the biological constraint of resistance growth:

max

∫ ∞
0

e−rt [B(P (t), X(t), R(t)− C(X(t))] dt (10.2)

subject to

Ṙ(t) = g (X(t), R(t))− δR(t)

The current value Hamiltonian can be expressed as follows:

H = B (P (t), X(t), R(t))− C(X(t)) + λ(t) [δR(t)− g (X(t), R(t))] (10.3)

This is a standard continuous optimal control problem, only here the equation of

motion enters in the reverse order than is customary. From here onwards I drop the

time-explicit notation. The necessary conditions for this problem are:

HX = W − CX − λgX ≤ 0 (10.4)

λ̇− rλ = HR = BR + λ (δ − gR) (10.5)

Ṙ = g(X,R)− δR (10.6)

lim
t→∞

e−rtH = 0 (10.7)
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where 10.4 holds with equality for X > 0.

First, note that 10.4 yields a positive value for the co-state, λ ≥ W−CX
gX

, which

can be interpreted as the cost of resistance. This result is comparable to Forster's

(1977) model of pollution control and occurs because the bene�ts of pesticide use to

farmers are greater than the marginal cost at the social optimum. Given a positive

level of pesticide use then we can rewrite expression 10.4 (with equality) to equate

the marginal bene�ts of pesticide use to society to the marginal cost of production

plus the marginal cost of resistance: W = CX + λgX . This expression also gives us

the slope of the function relating the co-state and the control variable:

Xλ =
gX

WX − CXX
< 0 (10.8)

This suggests that an increase in the cost of resistance decreases pesticide use.

From equation 10.6 we can note two possible steady state levels of resistance. If

g(X, 0) = 0, then R = 0 is a steady state solution to 10.6. This would signify a

situation with no resistance proneness and thus no resistance problem. The chosen

steady state solution occurs, therefore, where g(X,R)
R

= δ. If δ = 0 (say, for instance,

there is no evolutionary cost of resistance), then the only possible steady-state solution

is R = 1. This corresponds with the traditional result from Hueth and Regev (1974)

wherein pest control is treated as a purely exhaustible resource. Assuming δ > 0, the

steady state solution to resistance lies in the interior of (0,1).

10.1 Su�ciency

Note that the Hamiltonian is concave in X, the amount of pesticide produced:

HXX = WX − CXX < 0, thus assuring us that condition 10.4 is both necessary and

su�cient for optimal choice in control. A positive solution to 10.4 is thus the unique

optimum for pesticide use.

The Hamiltonian, however, is not necessarily concave with respect to resistance.

As HRR = BRR − λgRR, we can only guarantee 10.4-10.7 satis�es the maximum

principle when

λ =
W − CX
gX

<
BRR

gRR
∀R ∈ [0, 1] (10.9)
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which follows from the Arrow Su�ciency Theorem: given X∗(R, λ) maximizes

H(X,R, λ),HRR(X∗(R, λ), R, λ) ensures su�ciency of the �rst order conditions (Seier-

stad and Sydsaeter, 1987). Although the inequality may not hold on the entire domain

for R, it is unlikely that a solution to 10.4-10.7 describe a minimum with respect to

resistance rather than a maximum. This could only occur in a case with an extremely

accelerated growth of resistance (large |gRR|) and/or one where there are negligent

second order e�ects of resistance on production (small |BRR|). I cannot say more on

this without functional forms, but will discuss this issue in the context of the example

in the latter part of the paper. I now turn attention to stability.

10.2 Stability

The steady state is a saddle point except possibly in a situation with a very high

resistance level. I analyze the system in state, co-state space. Let denote a solution

to 10.4-10.7 and consider the Jacobian matrix of the system of equations formed by

10.5 and 10.6:

J∗ =

[
gR − δ + gXX

∗
R gXX

∗
λ

BRR − λgRR + (BXR − λgXR)X∗R r + δ − gR + (BXR − λgXR)X∗λ

]

where XR = −BXR−λgXR
WX−CXX

. The identi�cation of the sign of the determinant of J∗,

which is the product of the system's eigenvalues, hinges on whether the steady-state

resistance level R∗ is less than or greater than the threshold R̄(X), where growth in

resistance begins to decline. I �rst consider low levels of resistance and then discuss

the steady states in situations of high pest resistance.

If steady-state resistance is less than R̄(X), then the steady state is a local saddle

point. Note from my assumptions on resistance growth, a steady state in resistance

implies gR − δ < 0. Given the fact that gXR > 0 for R < R̄(X) and if the su�ciency

condition 10.9 holds, we can infer the elements J∗11 and J∗21 are negative and the

element J∗22is positive. The determinant is negative and thus the steady state is a

local saddle point (Seierstad and Sydsaeter, 1987).

The story is less clear for an steady-state resistance R∗ above the threshold, R̄(X).
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For higher levels of resistance it is possible that the determinant is positive. The

discriminant ∆(J) is of indeterminate sign for high levels of resistance, while the

trace of the matrix is Tr(J) = r is positive. This suggests that the high level steady

state, in the case where it is not a saddle point, is either an unstable node or unstable

focus, depending on whether the sign of the discriminant is positive or negative,

respectively (Ferguson and Lim, 1998). Such a situation, however, is unlikely. In

almost all cases the steady state will be a saddle point, meaning the social planner's

dynamic system 10.4-10.7would locally converge to a steady state.

10.3 Dynamics

I now consider the comparative dynamic properties of the social optimum through

the equation of motion of society's shadow price of resistance. The dynamics of the

shadow price follows:
λ̇

λ
= r +

BR

λ
− (gR − δ) (10.10)

This result follows from the �rst order conditions above. In sum, it represents the

net rate of return for borrowing o� of resistant stock: by shifting one unit of resistant

stock from the next period to the current period. There is a bene�t accrued through

the increased use of pesticides now while there is a cost in terms of lost productivity.

The interest rate, r, is the bene�t of exploiting resistance in the current period � it is

the rate of return earned on the extra product from increased pesticide application.

The second term accounts for the fact that as resistance increases in the current

period, this pesticide is e�ective for a smaller proportion of the pest population. Taken

together,
(
r + BR

λ

)
is the net bene�t in terms of current productivity of exploiting

resistance now.

The �nal term is slightly trickier, as it changes with the level of the resistant

population. When the population is small but growing quickly, there is an additional

cost for having higher resistance now, since it results in a higher additional resis-

tant stock next period. On the other hand, when resistance levels are high, higher

resistance means less additional growth and thus is an added bene�t for exploiting re-
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sistance now. In either case, this last term represents the trade-o� in terms of future

productivity. This trade o� between current and future bene�ts is quite standard

(see Carlson, Zilberman and Miranowski, 1993). When r + BR
λ
> gR − δ, then the

movement of the shadow price over time is positive. This implies that resistance is

becoming more costly, and, according to 10.8, pesticide application over time will fall.

In the case where the inequality is reversed, then pesticide application will increase

over time.

10.4 The Myopic Solution

In the case where the market structure is competitive and producers myopic, the

producers solve their individual maximization problems without taking account of

the resource constraint.

max

∫ ∞
0

e−rt [W (P,X,R)X − C(X)] dt (10.11)

Since individual behavior does not a�ect price, W is �xed and the current value

Hamiltonian is written as:

H = WX − C(X) (10.12)

The �rst order condition is:

W = CX (10.13)

This price is unambiguously lower than the socially optimal price derived from

10.4, which would lead to higher pesticide use and therefore a greater steady-state

level of resistance.

This result is the standard one in most of the literature, and implies that there

will be overuse of pesticides. It also implies that the appropriate policy response is to

implement a tax of size in order to arrive at the socially optimal level of pesticide use.

I now consider a modi�cation of the market structure to re�ect what is common in the

chemical industry, at least when products are young: the producer is a monopolist.

This situation will give us an entirely di�erent policy prescription for the management

of pesticide resistance.
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Chapter 11

The Monopolist's Problem

In the monopolist's maximization problem we have the same resistance constraint

as before. The inverse demand curve for pesticides is the same as above, as are the

assumptions on the farm sector. When pesticides are new, the monopolist derives

his power from a patent. Once the patent expires, the chemicals are produced by

competitive industries. I de�ne the patent length as T, and examine the problem

where the monopolist maximizes expected pro�t subject to 9.1.

The same conditions hold as for the previous problem, with the monopolist maxi-

mizing pro�ts as opposed to net bene�ts. The monopolist's production choice problem

can be described by

max

∫ T

0

e−rt [W (P,X,R)X − C(X)] dt (11.1)

subject to

Ṙ(t) = g (X(t), R(t))− δR(t)

I assume that the problem begins with some resistance level R(0) > 0, and that

there are no constraints on the terminal level of resistance. With this information in

hand, we can proceed to the current value Hamiltonian:

H(X,R, µ) = W (P,X.R)X − C(X) + µ [g(X,R)− δR] (11.2)
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where µ is the shadow price of resistance at time t. The optimality conditions are:

HX = W +WXX − CX − µgX ≤ 0 (11.3)

µ̇− rµ = HR = WRX + µ (δ − gR) (11.4)

Ṙ = g(X,R)− δR (11.5)

Where 11.3 holds with equality for X > 0. The appropriate transversality condition

on the multiplier is µ(T ) = 0. This makes sense, since it means that at the end

of the time period, the monopolist no longer cares about resistance. Given then a

positive level of pesticide use, condition 11.3 then tells the monopolist that he must

produce where the marginal revenue of production is just equal to the marginal cost

plus resistance cost:

W = CX + µgX −WXX

Rewriting the equation using the price elasticity of demand (ηD) gives us the monop-

olist's markup rule:

W =
CX + µgX

1 + 1
ηD

The monopolist therefore prices above the marginal cost plus resistance cost. The

monopolist's resistance cost, µgX , re�ects a loss in future revenue that would result

from reduced marginal productivity of pesticide if resistance increased. Given that

the revenue captures only part of total social surplus lost, we would expect the mo-

nopolist's resistance cost to be less than that of the social planner. How much less

depends in part on how elastic demand for pesticides is � the magnitude of the di�er-

ence being larger if the elasticity is small (close to �1). Yet a smaller elasticity implies

a higher markup rule. Unless the loss in future productivity of increased resistance

poses a signi�cant problem such that the user cost represents a signi�cant proportion

of price, the monopolist's markup will outweigh the lower cost of resistance.

As with the socially optimal case, equation 11.3 gives us the slope of the function

relating the co-state and the control variable along the optimal path:

Xµ =
gX

WXXX + 2WX − CXX
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which is negative provided WXXX + 2WX − CXX < 0. If this is true, pesticide

production falls as the cost of resistance increases; otherwise the opposite is true. As

this condition is precisely the second order condition needed to guarantee a maximum,

I will move now to a discussion of su�ciency for the monopolist.

11.1 Su�ciency conditions

Given the modeling assumptions, the Hamiltonian for the monopolist's problem

does not immediately satisfy the second order conditions for maximization. In par-

ticular, H is concave in pesticide use when HXX = 2WX +WXXX − CXX < 0. This

is only violated in situations with an upward sloping marginal revenue curve. I lose

nothing save the most bizarre cases in restricting attention to the downward sloping

range. Additionally, just as in the case of the social planner model, the Hamiltonian is

not always concave with respect to resistance. In particular, asHRR = WRRX−µgRR,
then we can only guarantee su�ciency of 11.3 provided:

µ =
W +WXX − CX

gX
<
WRRX

gRR
∀R (11.6)

For the steady-state solution to be sub-optimal, it must be that this condition

is violated for some solution to 11.3-11.5. This could only occur in situations with

accelerated growth of resistance or, in contrast to the social planner, when the second

order e�ects of resistance on revenue are negligent. Despite this quali�cation, I am

left with the same intuition as to when these might occur and cannot say anything

more without functional forms. I can, however, note as I do in the social planner case

that for δ > 0 and R(0) > 0, we are assured of an interior solution.

11.2 Stability

I follow the same logic as in the socially optimal case to derive the stability of

dynamic system for the monopolist's problem. I let (XM , RM) denote a solution to

11.3-11.5 satisfying the su�ciency conditions above. This results in the Jacobian of

the system given by 11.4 and 11.5 of:
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JM =

[
gR − δ + gXX

M
R

WRRX − µgRR + (WXRX +WR − µgXR)XM
R

gXX
M
µ

r + δ − gR + (WXRX +WR − µgXR)XM
µ

]

As in the socially optimal case, the sign of the determinant depends on whether

the steady-state resistance is above or below the threshold, R̄(X), where resistance

growth peaks. In the case when the steady-state resistance is less than R̄(X), then

the determinant of is negative and thus the steady-state is a local saddle point. For

a steady state above R̄(X), they would be either saddle points or unstable nodes or

foci, depending on the signs of the determinant and discriminant.

The optimal path of the monopolist follows a similar story. With higher resistance

levels, it is possible that the singular path diverges from the steady-state and at

some point is �blocked� by non-negativity of the control variable. Production would

shutdown and restart when the cost of resistance falls until farmers �nd it pro�table

to use pesticides once again. This raises the question of how the monopolist's cycle

would compare to that of the social planner's, both in terms of likelihood and duration.

However, without functional forms, such a comparison is not tractable.

11.3 Dynamics

The dynamics of the shadow price for the monopolist are described by:

µ̇

µ
= r +

WRX

µ
− (gR − δ) (11.7)

This follows from the �rst order conditions and is analogous to the socially optimal

solution. The main di�erence between this case and the benchmark above is the cost

represented by the change in demand with respect to resistance, WRX, in lieu of the

loss in marginal bene�ts with respect to resistance. Similarly, with small, fast growing

resistant populations, the movement of the shadow price is positive when the incentive
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to produce pesticides today, r, exceeds the incentives to wait, −WRX
µ

+ gR− δ. When

resistant populations are large, this expression is positive when r− (gR−δ) > −WRX
µ

.

11.4 Comparisons

Although the point has already been made indirectly, this section describes in

detail the conditions under which the monopolist will produce less pesticide than

socially optimal at any point in time. In order to compare the long-run equilibrium

situations, I make the assumption that the monopolist's patent is in�nite. An al-

ternative and not unreasonable assumption is that the monopolist holds on to his

market power for an indeterminate amount of time. Badulescu and Baylis (2006)

present evidence showing various ways in which a producer can maintain monopoly

power even after a patent expires: by controlling all of a key input, developing new

isotopes just when the chemical's patent is about to expire, and limiting new entrants

through higher testing standards.

If we �rst consider the social planner's equilibrium steady-state, the price paid for

pesticides will be:

W ∗ = CX +
BR

gR − δ − r
gX (11.8)

The monopolist will charge some price higher than his cost of production plus the

resistance cost:

WM = CX −XMWX +
XMWR

gR − δ − r
gX (11.9)

Here I have simply replaced λ and µ with expressions derived from equations 10.5

and 11.4, respectively. This allows us to understand the forces driving changes in

the shadow value of resistance in both cases. The socially optimal price is equal to

marginal cost plus the marginal resistance cost, which includes the negative impact

of a change in the level of resistance on consumer surplus. The monopolistic price is

set when the marginal revenue equals the marginal cost plus marginal resistance cost.

Let us now consider the possibility that the monopolist's price will be lower than

socially optimal. From the de�nition of price and the growth function, we know a price
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is lower in equilibrium if and only if pesticide use and the resistance levels are both

higher. Thus it must be that a monopolist, initially at the social planner's equilibrium,

chooses to produce more than is socially optimal. Evaluated at the socially optimal

equilibrium steady-state, the monopolist's Hamiltonian must be increasing in X.

W (X∗, R∗) +WX(X∗, R∗)X∗ − CX(X∗)− WR(X∗, R∗)X∗

gR(X∗, R∗)− δ − r
gX(X∗, R∗) > 0

Substituting inW ∗ from equation 11.8 and rearranging, we are left with the necessary

condition:

BR(X∗, R∗)−WR(X∗, R∗)X∗ <
r + δ − gR(X∗, R∗)

gX(X∗, R∗)
WX(X∗, R∗)X∗ < 0

This requires |BR| > |WRX|, which would mean resistance has a strong, direct e�ect

on productivity, over and above its in�uence on the marginal productivity of pesti-

cides1. Conceptually, this is unlikely. Therefore, the long run pesticide use under a

monopolist would be higher than socially optimal.

The important point of this analysis is that regulation of pesticides to control

resistance depends critically on market structure. An environmental agency may not

want to regulate a pesticide supplied by a monopolist at all � knowing that the supply

of resistance will be even lower than is socially optimal. Additional incentive for this

decision comes from the fact that in the absence of regulation, the monopolistic

solution may be closer to the socially optimal one than is the competitive solution.

Once this pesticide moves into a competitive market, however, the regulation must

become more stringent in order to compensate for overproduction of pesticides.

1If we think of B = Pf(X,R), then BR = PfR re�ects the impact of resistance on total produc-
tion, irrespective of pesticide application. We might posit BR = 0 since the existence of resistance
should have minimal impact of output other than through its in�uence on marginal productivity
of pesticide use, which is exactly what's captured in WR = PfXR. Certainly, we would not expect
|BR| > |WRX|.
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Chapter 12

Example

Given that the conditions above are abstract, I present a simple example using

common demand forms in order to clarify the comparison between the monopolistic

and the optimal long run equilibrium. I begin by detailing the functional forms and

then characterize the solutions and their respective su�ciency and stability condi-

tions. I conclude with a numerical application, which a�ords graphical analysis on a

phase-diagram and a more concrete comparison between the solutions.

12.1 Algebraic example

The growth of the resistant population is based upon a standard model of infec-

tious disease (Kermack and McKendrick, 1927) and variations of it have been used in

several papers on pesticide resistance (for example, Laxminarayan and Brown, 2001).

The speci�cation yields a population growth function that satis�es the assumptions of

the model and exhibits a logistic pattern of resistance growth relative to proportionate

population size. Growth of the resistant population is given by:

g(X,R) = φXR(1−R)

As above, X is the amount of pesticide used, R the proportion of the population that

is resistant to the pesticide. The multiplier φ is the population growth rate.



62

The farmers' production function is described by a damage control production

speci�cation following Lichtenberg and Zilberman (1986). Output, y, is some propor-

tion of the potential output, Q, where that proportion is dependent upon the amount

of damage done by pest populations. This damage is measured as a proportion of the

crop that is unusable, D(X,R), which is an increasing function of resistance and a

decreasing one of pesticide use. The speci�cation of the damage function here is fairly

simple: D(X,R) = γe−βX(1−R) where 0 < γ < 1 and β > 0 . This corresponds closely

to the exponential dosage response function used in Regev, Shalit and Gutierrez

(1983), with the substitution of X(1−R) for that of X, applied pesticide. This could

be interpreted as treating pesticide as a variable applied only to nonresistant stock,

(1−R). Output is thus described by the production function y = Q
[
1− γe−βX(1−R)

]
.

This results in an inverse pesticide demand of W (X,R) = PQβγ(1 − R)e−βX(1−R),

where P is the price of the output commodity. In order to simplify the calculations,

I assume constant marginal costs of production, c.

Using these parameterizations and algebraic manipulation demonstrated in the

appendix, we have the following steady-state solution to the social planner's level of

resistance:

R∗ = 1−
ψ +

√
ψ2 + 4(c− ψ)ω

2ω
(12.1)

Whereas the optimal choice for the monopolist is

RM = 1−
ψ +

√
ψ2 + 4(c− ψ)ω (1 + 1/ηD)

2ω (1 + 1/ηD)
(12.2)

And the competitive solution is

RC = 1− c

ω
(12.3)

In all cases, the level of pesticide use at the steady state:

X i =
δ

φ(1−Ri)
, i =∗,M,C
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Here I have substituted terms to simplify the solutions: ω = PQβγe−βδ/φ, which

is simply W/(1−R), and ψ = c − cδ/r, while I use ηD to denote the price elasticity of

demand for pesticides, which is − 1
βX(1−R)

. Notice that the monopolist's and social

planner's steady-states di�er only by the multiplier (1 + 1/ηD), which is not wholly

surprising as this is precisely the monopolist's markup factor. Intuitively, the monop-

olist's substitutionW (1 + 1/ηD) forW carries through to the steady-state equilibrium

solution1. As a �nal note, it is fairly straightforward to show that RM < R∗ < RC

and XM < X∗ < XC in steady state.

12.1.1 A note on su�ciency

Let us now consider whether or not these solutions are maxima. For the social

planner, HRR(X∗, R∗, λ∗) < 0 when φ < βr
2
. Thus, imposing this upper bound for the

intrinsic growth rate of the resistant stock ensures optimality of the social planner's

steady-state solution. This strengthens my earlier claim that su�ciency is likely to

hold provided there is not exceedingly rapid growth in resistance.

The monopolist's Hamiltonian is concave in pesticide use when βX(1 − R) < 2.

Since a monopolist only operates in the elastic portion of the demand curve, this is

automatically guaranteed: ηD =< −1 requires βX(1−R) < 1, and thus any internal

solution to the monopolist's pesticide choice is a local maximum. HRR(XM , RM , µM)

is less than zero at the steady state when φ < βr
2
. Therefore, imposing the same upper

bound for as needed for social optimality, the monopolist's steady state solution is

guaranteed to be a maximum.

12.1.2 A note on stability

Next I consider the stability of these steady states. We know a steady state is

a saddle point provided the determinant of the Jacobian formed from the system

1While the two solutions would expectedly di�er in this regard, the fact that this simple substi-
tution is all that separates them is more a matter of coincidence: due to the nature of the bene�t

function with respect to X and R, WRX = BR

(
1 + 1

ηD

)
∝ W

1−R

(
1 + 1

ηD

)
, thus the substitution

works.
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{
Ṙ = 0, λ̇ = 0

}
is negative. The determinant in the social planner's case can be sim-

pli�ed, after algebraic manipulation to

|J∗| ∝ − [(1−R∗)(W ∗ − c)r + cR∗(1 + 2φX∗R∗)] ,

which is clearly negative if an admissible solution (X∗, R∗) exists. Thus, the socially

optimal steady-state is always a local saddle point for this example.

The monopolist's steady state can similarly shown to always be a local sad-

dle point. The algebra is less tractable than for the social planner's problem, but

the result is the same: at the steady state, the Jacobian formed from the system{
Ṙ = 0, µ̇ = 0

}
is negative and the dynamic system will converge locally along an op-

timal saddle path. To see how these two systems look, I use a numerical benchmark

to graph the phase portrait.

12.2 Numerical simulation

As a baseline, I consider the following numerical example: output price (P ) , $1;

potential output (Q), 100 units; marginal cost (c), $2.50; interest (r), 10%; decay

rate of resistant stock (δ), 1%; pest population growth rate (φ), 1.5%; damage with

no control (γ), 95%; pesticide productivity parameter (β), 65%. The results are

presented in table B.1.

I can use this benchmark to draw the phase portrait for the social planner and

monopolist's systems, shown in Figures B.18 and B.19. In both cases, the portraits

show saddle point steady-states.

In addition, to gauge the sensitivity of these results to speci�c parameter values

I simulate the steady-state levels for changes in parameter values for β (pesticide

e�ciency coe�cient), φ (resistance growth rate), and r (interest rate). Figures B.20

shows the steady-state levels of resistance as pesticide e�ciency increases. Across

the entire range, the ordinal relationship between the solutions is maintained. For

low values of pesticide e�ciency, the monopolistic level of resistance is closer to the

social optimum than is the myopic solution; however, for e�cient pesticides, the mo-

nopolistic level of resistance is considerably lower than that of the social optimum,
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to which the myopic solution is closer. Figure B.21 simulates changes in the inter-

est rate. Again, the highest resistance levels are consistently found with the myopic

solution and the lowest with the monopolistic solution. The myopic producer's be-

havior results in the same level of pesticide use across time � as she is not a�ected

by changes in the rate of interest as it relates to resistance. For low interest rates the

monopolistic solution is closer to the optimal one, while for high interest rates the

myopic level of resistance is closer to the social optimum. Finally, Figure B.22 graphs

the three di�erent solutions as the rate of resistance growth changes. For all levels of

resistance growth, we again observe the myopic level of resistance to be highest and

the monopolistic lowest. In this case, for very slow growth rates, there is a consid-

erable di�erence between the monopolistic and the optimal level of resistance, while

the myopic level is quite close to the optimum. This relationship is reversed for very

high rates of resistance growth.

12.3 Results

I have examined a dynamic model of pest resistance that takes into account the

market structure in which pesticides are produced. In particular, I �nd that even in

a situation where farmers do not take account of resistance, there may be underpro-

duction of pesticides. The conclusions from this exercise are both methodological and

policy-oriented. The �nding suggests that we cannot continue to analyze pesticide

and resource management issues in an industrial organizations vacuum. Given that

chemical and biotech products produced by monopolies may later face competitive

management, we should keep these considerations in the forefront of analysis.

On the policy side, I �nd that resistance by itself is not a reason to argue for

pesticide restrictions, but that these policies should depend on both the structure

and the timing of the market. That is to say, in markets where companies are able

to renew and enforce their patent rights, pesticides will be undersupplied. When a

monopolist controls its supply, there may be under-use and slow buildup of resistance

in early stages of the product life. However, when the patent expires and the supply

of the chemical becomes more competitive, then there may be a tendency to overuse
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the chemicals. In principle, intervention to reduce use may be more appropriate as

products mature.

Moreover, in very developed markets, where farmers may well be dynamic opti-

mizers, given their very large plots and easy access to information, it may even be

true that the steady state is even �farther to the left� of the one described in the

monopolistic situation. This is due to the fact that if both farmers and chemical

companies take resistance into account, each without realizing that the other is do-

ing so, chemical use may even fall below the monopolistic steady state. It remains

true, however, that in countries where patents are not e�ectively enforced, chemicals

with expired patents are commonly applied, and farmers have small plots of land,

resistance is likely to move towards the myopic outcome.
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Part V

Conclusions
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There is a great need for a better understanding of ecosystem services in terms of

both their ecology (Kremen, 2005) and their management (Bulte et al., 2008).

There are many methods for valuing ecosystem services and each has its limita-

tions (Heal, 2000; Turner et al., 2003). I use a single data set to compare the estimates

of producer-side pollination service value obtained with two widely-used methods, the

replacement value and the production value, and a third valuation method which I de-

velop here and call the attributable net income method. The attributable net income

method modi�es the production value to subtract the costs of inputs to production,

thereby reducing the extent to which this method over-estimates pollination value.

It also accounts for the pollination requirements of the plant, and the pollination al-

ready provided by other pollinator taxa, thereby better relating the measured service

(pollination) to the marketable good (fruit production).

The goal here is to make these valuation methods more consistent and their as-

sumptions more explicit. I chose to modify the production value method because it

is the most common method employed, the calculations used are simple, and it is

relatively easy to acquire the necessary data. Published values are available for the

dependencies of many crops (e.g, Klein et al 2007), as are crop yield and price data

(e.g. for the U.S., through the USDA National Agricultural Statistics Service, NASS).

Cost budgets for many crops are available through university extension o�ces. To

value native bees, �eld studies of bee visitation to crop �owers and pollen deposition

by bees are the only additional pieces of information required for studies measuring

impacts on a small sector of a given crop market. For studies evaluating a larger mar-

ket sector, additional analysis of market demand will be needed to estimate changes

in price and consequently consumer welfare as a function of the predicted change in

production.

The replacement value for native bee pollination is based on the cost of renting

honey bees, since for most crops the given level of pollination from native bees could

be obtained equivalently from honey bees. I measured this value using current honey

bee rental costs and obtain a relatively small value (Figure B.2). Here I introduce a

modi�cation to the replacement value method to only value the pollination currently

being provided by each type of pollinator, rather than attributing the total value of
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pollination to each pollinator regardless of its contribution. This reduces the values

obtained with this method. In this system the replacement value of honey bees is

slightly lower than that for native bees, because native bees do the majority of the

crop pollination.

Second, I used the production value method (Robinson et al., 1989; Morse and

Calderone, 2000; Losey and Vaughan, 2006; Kremen et al., 2007; Allsopp et al., 2008;

Gallai et al., 2009), which calculates the proportion of the total value of the crop that

depends on a particular pollinator. There are several problems with this approach

which may lead it to its over-estimating the producer welfare value of pollination.

First, it ignores the possible reduction of other inputs to production that would ensue

from a signi�cant loss in production capability (McConnell and Bockstael, 2005). In

reality, if pollination failed then farmers would not invest further in inputs that vary

with yield, such as harvest costs. Yet the production value method disregards these

cost savings, thereby over-estimating the value of pollination. This problem can be

ameliorated by subtracting the costs of variable inputs production from the value of

production, as I do here. In this case this reduces the value of pollination by 40%

(Fig. 2), and suggests that many of the previous estimates of pollination value have

been too high. Absent the distinction of �xed and variable costs, the subtraction

of total costs as done by Olschewski et al. (2006) would still be preferable, thereby

attributing the net, not the gross, value of crop production to pollination.

A third problem with the production value method is that it does not account

for opportunity costs � in this case changes growers could make if pollination became

more costly, such as switching to less pollination-dependent crops (Southwick and

Southwick, 1992; Muth and Thurman, 1995). These are long-term considerations,

however. Both the production value and the attributable net income methods are

best interpreted as estimates of short-term economic losses due to pollination failure.

Calculations of net income, equation 3.4 � and by extension, attributable net

income, equations 3.5 and 3.6 � are also known as �partial-budgeting� (Lessley et al,

1990). The process involves estimating changed yield and input levels, and combining

this with publicly available �cost budgets� to estimate changes in expenditures. This

is essentially an accounting procedure, the strengths of which are its simplicity, its
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ability to work with minimally detailed and publicly available data, and the fact that it

can work for any magnitude of change. Although there are reasons to prefer marginal

analysis when it can be done (Lichtenberg et al., 1986), the estimations require the

changes to be moderate in size, which would not be the case for studies estimating the

value of a complete loss of pollination for crops that are entirely pollinator-dependent.

Estimates done with the attributable net income method are intermediate between

the replacement value and the production value estimates (Figure B.2). The point

of the study is not the actual values of pollination that are obtained, as these will

vary with the crop and region considered. Ecosystem service valuations can usefully

inform public policy and land use planning only if the valuations are accurate in

terms of both ecology and economics. I hope that the methodology I develop in Part

II provides a step in that direction.

The recent surge of studies of ecosystem services represents not only the recogni-

tion of nature's continued contribution, but also a call to �nd the appropriate balance

between wild and managed systems (Daily et al., 1997; Kremen et al., 2005). This

requires an understanding the trade-o�s between both systems, and in some cases

their co-existence.

I have taken the problem of crop pollination between wild and managed organisms,

wherein there are trade-o�s over both time and space. Wild bee populations can be

spread over the landscape at a cost to producers near the natural habitat, while

honey bees can be employed but carry a user cost for future availability. Combining

the two dynamics in a holistic optimal control framework yielded some common sense

conclusions as well as some less intuitive results.

A number of the results of the model follow fairly directly from the initial as-

sumptions. The suggestion to target land closest to natural habitat � the land that

is already well-endowed with native bees � for habitat enhancement is not wholly

surprising given the modeling assumptions. The bene�ts of habitat enhancement, as

modeled, depend on proximity to source populations. Thus enhancing the habitat on

these lands has the greatest impact on the landscape.

Most of the comparative static relationships are also straightforward. One rela-

tionship, however, is a little surprising. In this problem, increasing the discount and
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thus reducing the value of future cash �ows results in increased investment in on-

farm habitat enhancement. The result here is driven exclusively through the e�ects

of higher discount rates on steady state levels of honey bees. The cost savings from

not replenishing the honey bee stocks in the present are valued greater resulting in a

further depreciation of honey bee stocks to a lower steady state, and the consequence

of this is a relative increase in the value of native bees, driving up investment in

habitat enhancement.

What this model really demonstrates, however, is that the decision to invest in na-

tive bees depends highly on the dynamics of the honey bee. While native bees weren't

modeled to have any temporal dynamic processes, their economic importance is tied

to the honey bee. As honey bee populations dwindle, at some point investments in

native bee habitat enhancement become optimal, and the landscape swiftly switches

between one almost ignoring native bee pollination to one actively encouraging it.

If more beekeepers start producing honey bee packages, driving down the price of

supplementing colonies, then the value of native bees dwindles and the habitat en-

hancements would be foregone. One thing that was not addressed in this analysis

is the dynamics of habitat enhancement, which will likely entail a lag time between

initial investment and native pollinator dividends.

There are additional considerations worthy of taking up in further study. Here

it was assumed that the services provides by native and honey bees were perfectly

substitutable. In reality the story might be more complex if the bees' service is not

independent of that provided by other bees. The bees may be competing with limited

forage resources, and the presence of honey bees impinges on native bee populations

(Goulson, 2003). Or the organisms may be spreading disease and parasites, as is true

for not just bees but also livestock and wild organisms in general (Colla et al., 2006;

Horan et al., 2010). In other cases, the co-existence of the wild and farmed organisms

can sometimes enhance the joint service provided. An example of this includes the

pollination of sun�ower by bees: in the presence of wild bees, the domesticated honey

bee becomes a much better pollinator (Greenleaf and Kremen, 2006).

Ultimately, these research e�orts aim to inform appropriate policy and the po-

tential role for government intervention and/or improvements to market institutions.
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In most cases, ecosystem service problems boil down to externality problems. Even

barring the problems of quantifying these externalities at the margin or internalizing

them over space and time, the policy implications are still not always clear. There

are still in many cases important institutional organizational considerations, such as

when the product used to substitute or mitigate the service is provided by a patent-

generated monopoly.

To examine the dynamic e�ects of market structure on ecosystem service man-

agement, I address a problem involving a negative ecosystem service: crop pests and

biological resistance to control strategies. I constructed a dynamic model of pest

resistance that takes into account the market structure in which pesticides are pro-

duced. In particular, I �nd that even in a situation where farmers do not take account

of resistance, there may be underproduction of pesticides. The conclusions from this

exercise are both methodological and policy-oriented. The �nding suggests that we

cannot continue to analyze pesticide and resource management issues in an industrial

organizations vacuum. Given that chemical and biotech products produced by mo-

nopolies may later face competitive management, we should keep these considerations

in the forefront of analysis.

On the policy side, I �nd that resistance by itself is not a reason to argue for

pesticide restrictions, but that these policies should depend on both the structure

and the timing of the market. That is to say, in markets where companies are able

to renew and enforce their patent rights, pesticides will be undersupplied. When a

monopolist controls its supply, there may be under-use and slow buildup of resistance

in early stages of the product life. However, when the patent expires and the supply

of the chemical becomes more competitive, then there may be a tendency to overuse

the chemicals. In principle, intervention to reduce use may be more appropriate as

products mature.

Moreover, in very developed markets, where farmers may well be dynamic opti-

mizers, given their very large plots and easy access to information, it may even be

true that the steady state is even �farther to the left� of the one described in the

monopolistic situation. This is due to the fact that if both farmers and chemical

companies take resistance into account, each without realizing that the other is do-



73

ing so, chemical use may even fall below the monopolistic steady state. It remains

true, however, that in countries where patents are not e�ectively enforced, chemicals

with expired patents are commonly applied, and farmers have small plots of land,

resistance is likely to move towards the myopic outcome.

It must also be noted that this analysis focuses on the post-development stages

of a single chemical. In reality, the availability of, or potential for future, alternative

products can in�uence the decisions regarding present products both for the pharma-

ceutical companies investing in research and development as well as for the farmers

deciding long-term pest management. A known alternative product would act as a

�backstop technology�, reducing the user cost of resistance and thus increasing the

rate of resistance accumulation. Although this would surely happen for the social

planner, the monopolist's decision would depend on whether it holds the patent to

the alternative product, staving o� resistance longer than the social planner in the

case it does not. This is an additional reason why resistance under a monopolist

industry may be lower than �optimal�, and is reserved for future research. On the

other hand, we would not expect any changes to relative pesticide use under the three

di�erent management schemes. The decision about investing in product research and

development is noted as an interesting extension to this model.

Throughout the analysis, I maintain the assumption that demand for pesticides

varies with the level of resistance growth. The �ndings, however, are robust to chang-

ing this speci�cation to a more traditional demand function. Finally, I recognize that

this model ignores several factors that could prove important in describing the envi-

ronment in which pesticide policy decisions are made. One such factor that this model

excludes is the impact of subsidization of agricultural commodities. This clearly has

a positive e�ect on resistance buildup and would make an interesting extension to

the analysis presented here. In addition, the extension of this model to an oligopoly

setting could provide interesting insights. Further realism might be added to resis-

tance research by considering a model that explicitly takes into account the e�ect of

substitutes for the pesticide in question. A signi�cant extension would be to consider

the e�ect of market structure on the environmental externalities caused by pesticide

use. Finally, one might consider the e�ect that over-regulation of the market might
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have on the value of a patent to a pesticide producer.

It is becoming increasingly obvious that we need a more �rm understanding of

biology and economics in a united framework to determine the optimal balance be-

tween nature and human intervention. This requires an operational understanding of

the economic and environmental trade-o�s involved. The measurement of ecosystem

services, the spatial, dynamic and/or spatial-dynamic features of agri-environmental

systems, and the competitive structure of the relevant markets present key challenges

(Turner et al., 2003; Wilen, 2007; Smith et al., 2009). This thesis makes an important

step towards addressing these challenges.
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Appendix A

Notes

In section 3.1, I presented the value of a loss of bees provided the scale of the

loss was small enough to not a�ect the market price of the crop. In this section, I

generalize the framework to allow for price e�ects. See

The loss of bees is assumed to occur in a region producing a pollinator dependent

crop. If both the e�ect on yield and the region's total production relative to the market

are large, then the market price of the crop may adjust and consequently a�ect two

additional stakeholders apart from the producers in the region. The changing crop

price would a�ect consumers of the output crop. The value of the crops to consumers

can be represented by the consumer surplus, de�ned as the area under the demand

curve for the crop:

CS(P ) =

∫ P̄

P

Q(p)dp

where Q(P ) is total market demand at price P , and P̄ is the threshold price above

which there is no demand.

Additionally, the changing crop price would a�ect producers of the crop outside

of the region � that is, una�ected by the pollination loss. Although not a�ected by

the loss in pollinators, if the crop price increases they stand to gain. The producer

pro�t of the entire market, less the a�ected region, is de�ned as

πm = P · Ym − C(Ym, qm)
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where πm, Ym and qm are used to denote the net income, production and average

supply of pollinators for the una�ected producers.

Total social welfare is then the sum of the three relevant stakeholders' welfare:

net income of a�ected producers, net income of una�ected producers, and consumer

surplus. The value of a certain amount of insect pollination (∆q) can then be depicted

by considering �rst order changes, employing prodigious use of the chain rule, to total

welfare were this amount of service to be eliminated:

V∆bees =
∆π

∆q
+

∆πm
∆q

+
∆CS

∆q

=

[(
∆P

∆Y

)(
∆Y

∆q

)
Y + P

(
∆Y

∆q

)
− CY

(
∆Y

∆q

)
− Cq

]
∆q

+

[(
∆P

∆Y

)(
∆Y

∆q

)
Ym

]
∆q

+

[
−Q

(
∆P

∆Y

)(
∆Y

∆q

)]
∆q (A.1)

where
(

∆Y
∆q

)
is the change in yield, if any, resulting from the change in pollination,(

∆P
∆Y

)
is the change in crop price, if any, resulting from the change in yield, CY is the

marginal cost of production � the extra cost for producing one more unit of yield, Cq

is cost adjustment, if any, for the change in pollination, ∆q, and Q is the total market

supply, Q = Y + Ym.

A loss in pollination potentially a�ects the welfare of three groups: a�ected pro-

ducers (the �rst line of equation A.1), una�ected producers (the second line), and

consumers of the crop (the last line). If the crop price rises, consumer welfare un-

ambiguously declines, una�ected producers unambiguously gain with higher prices,

while a�ected producers could lose or gain depending on the magnitude of price ef-

fects. The e�ect of a loss on pollination to a�ected producers is comprised of four

components: revenue e�ects from price changes (positive), revenue e�ects from yield

changes (negative), cost adjustments to yield (positive), and cost adjustments to pol-

lination service (negative). For a loss in pollination, the value lost to producers is
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equal to the revenue gain from increased price, less the revenue lost from reduced

yield, less the cost savings from reduced yield, plus the additional costs to substitute

the lost pollinators. While in most cases we would expect producers to lose when a

environmental service is stripped away, the potential for price increases to negate this

loss is important and must not be disregarded.

To make equation A.1 more tractable, I �rst highlight what happens in the case

that the pollination loss a�ects the entire market, so Q = Y . Since Ym = 0, the

second line drops out. Furthermore, the gains to producers for the price increase (the

�rst term) is negated by the corresponding loss to consumers (last term), so the value

of the lost pollination is the same as in equation 3.2. And of course, in the case that

the a�ected region and/or the yield e�ect is small relative to the market production,

as was assumed in section 3.1, then all the
(

∆P
∆Y

)
terms are zero and everything but

the terms in equation 3.2 drop out.

As discussed in section 3.1, there are certain circumstances in which one or more

of the terms will be negligible. In that section I presented two important cases which

correspond with the two most common methodologies employed. In the �rst case,

yield losses are averted through input substitution leaving just Cq∆q (the replace-

ment cost). The second case was sudden, short run loss precluding any possible

adjustments resulting in P
(

∆Y
∆q

)
∆q (the production value approach). A third case

worth considering that interestingly corresponds with another common methodology

� consumer surplus approaches � is one of scale: analysis in the so-called �long-run�.

In the long-run, crop-choice is not �xed so supply is highly elastic: increased prices

drive supply up, and more land is enrolled into production. Decreased prices have

the opposite e�ect. The net e�ect is that price changes very little as increased or

decreased production bids down or up the price back to the long-run equilibrium.

Thus long-run supply is more-or-less �at, meaning zero pro�t. So the �rst four terms

of 3.2 vanish and we're left with −Q
[

∆P
∆Y

∆Y
∆q

]
, the loss in consumer surplus. This is

precisely the measure of Southwick and Southwick (1992), and used by Gallai et al

(2009). It should be noted that since this analysis assumes pro�t to be negligent, the

stated assumption run in direct con�ict to those of the production value approach

(which measures the e�ect on pro�t).
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Despite the casual attention to details like this, the Gallai et al (2009) does at

least make an important step in the right direction: for a study on a global level in

which price a�ects are unignorable, the correct analysis would include measures of

losses to both producers and consumers. The total value of say, global pollinators,

would, however, be represented in a single equation relating the two, not as separate

entities as presented in their study.
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Appendix B

Tables and Figures

Table B.1: Steady-State Solutions to Numerical Example

Social Planner Myopic Monopolist
Pesticide Use (X) 5.954 10.68 4.024

Level of Resistance (R) 0.8880 0.9376 0.8343
Shadow Cost of Pesticide (λ, µ) 1329 607.1
Market Price of Pesticide (W ) 4.483 2.500 6.633
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Figure B.1: Pollen Deposition by Bees

Di�erent methods for attributing value to multiple pollinator taxa. In this

hypothetical example, �owers receive more pollination than they need (as in the

study), with native bees contributing 3000 grains per �ower and honey bees 2000

grains per �ower, whereas a �ower only needs 1400 grains for full fruit production.

The production value method attributes 60% (=3000/5000 grains) of the crop

pollination to native bees, and 40% (=2000/5000 grains) to honey bees. In contrast,

because each taxon fully pollinates the crop, the attributable net income attributes

100% of the pollination to whichever taxon is valued �rst, and 0% to the taxon

valued second.
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Figure B.2: Calculating the Value of Bees

The annual value of watermelon pollination by honey and native bees in New Jersey

and Pennsylvania, as estimated using di�erent valuation methods. PV: Production

Value, NI: Net Income, ANI_hb1: Attributable net income, honey bees primary

pollinators, ANI_nb1: Attributable net income, native bees primary pollinators, RV:

Replacement Value. Depending on which pollinator is deemed primary and which

residual, the attributable net income results di�er signi�cantly for each taxa, although

in sum remain the same as net income.
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Figure B.3: Model Landscape
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Figure B.4: Optimal vs. Sub-optimal Allocation
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Figure B.5: Honey Bee Allocation Over Space by Honey Bee Stock Size

Here the spatial distribution of honey bees is plotted for di�ering levels of initial

honey bee stock. The y-axis can be interpreted as # colonies/acre. For all four

cases, the allocation of honey bees is highly dependent on location. Looking just at

the �rst case, when S0=5, we can see that there are three relevant zones: wild bee

only Zone 1 (x<1), consisting of production units close to the natural habitat will

not rent honey bees, honey bee only Zone 3 (x>3), where wild bees are irrelevant,

and an intermediate, mixed Zone 2 (1<x<3), where production units will rent

honey bees conditional on wild bee availability. The e�ect of having a larger honey

bee stock for allocating bees on the landscape is the same as if the price of honey

bees falls: more honey bees are rented in Zones 2 and 3, while Zone 1 shrinks.
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Figure B.6: Marginal Value Of Wild Bees Over Space, By Honey Bee Stock Size

Here the shadow value of wild bees, representing the marginal value of having more

wild bees at location x, is plotted over space for di�ering levels of initial honey bee

stocks. Considering the �rst case where S0=0 � that is, there are no honey bees

available for pollination � we can see how the marginal value of native bees behaves

over space. At the habitat boundary there is no added value of having more wild bees

because production units are already over-pollinated (in this numerical example). The

marginal value increases as the wild bee availability diminishes with distance. When

there are honey bees available for pollination, they act as a backstop to the shadow

value, since an equivalent unit of honey bees can be rented at that price. Thus the

marginal value of native bees is equated with that of honey bees, beyond a certain

distance which corresponds to that distance beyond which honey bees are rented.
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Figure B.7: Phase Portrait of Intertemporal Problem

Here is a phase portrait in state-costate space for the temporal problem. The blue line

represents the locus of pairs (S, λ) where the stock of honey bees is unchanging, and

the green line represents the locus of pairs (S, λ) where the costate is constant over

time. The red anchored lines indicate the direction that the system drives the state-

costate pair. As shown by the inward drawn black arrows, there is a one-dimensional

saddle path on which the system will converge to the steady state. All other pairs

will diverge in the direction of the outward black arrows.
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Figure B.8: Result of a sudden decline in native bees

Depicted graphically is what happens to the system when there is a sudden exogenous

loss of native bee stock. The locus of points where the costate is constant over time

shifts up. The result is an immediate adjustment of the shadow value of honey

bees which become more valuable with less native bees on the landscape. Then

the stock and shadow value converge to the new steady-state along the new saddle

path indicated by arrows. In this case, the stock of honey bees steadily increases in

conjunction with a steady falling shadow value. The new steady state level of honey

bees is greater.
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Figure B.9: Honey Bee Stock Over Time, By Native Bee Stock Size

In this graph, the solution path of the stock of honey bees is plotted over time for

di�ering levels of native bees at the habitat edge. In this numerical example, the

initial stock of honey bees exceeds the steady-state level, so the stock is depleted over

time. This is optimal because the cost of replenishing the stock can be saved in the

present while the stock drops. Having more native bees on the landscape increases

the rate at which the honey bee stock shrinks.
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Figure B.10: E�ect of Native Bee Stock Size on Habitat Enhancement Over Time

Here the time path of F, the cumulative level of restoration e�ort, is plotted over

time. Recall that F is the integrated sum of restoration on the entire landscape and

is in units of wild bee density, so represents in a sense a stock. So in this numerical

example, since the honey bee stock size is initially large relative to the steady state,

there is a delay in the start of restoration e�ort. Once restoration is planned the e�ort

ramps up to terminal levels. The e�ect of having more native bees on the landscape

is to further delay this restoration � the need of doing so to augment the dwindling

honey bee stock is less.
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Figure B.11: E�ect of Native Bee Stock Size on Honey Bee Rental Rate

Here the solution to the shadow value of the honey bee stock, which is interpreted as

the rental rate, or price, of honey bees, is plotted over time for di�ering levels of native

bee stocks. This graph should be viewed in conjunction with �gure B.10, which helps

explain why the price �rst rises then falls. The shadow value of honey bees will rise

as the stock falls � since the stock constraint becomes more binding. What happens

though is that at a certain point in time, there it becomes economically viable to

invest in a second stock � native bee forage � that can be used to augment the honey

bee stock. Increasing the supply of native bees for the landscape has the e�ect of

reducing the marginal value of honey bees.
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Figure B.12: E�ect of Discount Rate on Steady State Levels

These graphs depict the steady levels of honey bee stock (S), honey bee rental rate

(ρ), and habitat enhancement (F) corresponding to di�ering values of the discount

rate, δ. Higher discount rates signify that future cash �ows are valued less relative to

present cash �ows, while a discount rate of 0 would mean cash �ows are as valuable at

any point in the future as they are in the present. For higher discount rates, the long

run stock of honey bees is less. The reason for this is the cost savings from opting

not to replenish honey bee populations in the present becomes more valuable, so the

honey bee stock is allowed to deplete more. Higher discount rates also imply a greater

marginal value for utilizing bees in the present, and thus correspond with higher rental

rates. The interesting �nding is the third graph in this panel � that reduced interest

in the future actually leads to increased investment in habitat enhancement.
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Figure B.13: E�ect of Bee Package Costs on Steady State Levels

These graphs depict the steady levels of honey bee stock (S), honey bee rental rate

(ρ), and habitat enhancement (F) corresponding to di�ering values of the marginal

cost of bee packages (c1). Higher package costs implies a greater deterrent to replacing

lost honey bee colonies. It's not surprising this leads to reduced levels of honey bee

stock, increased marginal value of living bees, and further investment in native bee

habitat enhancement.
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Figure B.14: E�ect of Crop Price on Steady State Levels

These graphs depict the steady levels of honey bee stock (S), honey bee rental rate

(ρ), and habitat enhancement (F) corresponding to di�ering values of the output crop

price (p). It's clear that greater prices for the output crop drive increased investments

in both native bees as well as honey bees, and drive up the rental market rate of honey

bees.
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Figure B.15: E�ect of Restoration Cost on Steady State Levels

These graphs depict the steady levels of honey bee stock (S), honey bee rental rate

(ρ), and habitat enhancement (F) corresponding to di�ering values of the cost habitat

enhancement (I). Costlier native habitat investment unsurprisingly leads to reduced

habitat enhancement, larger honey bee populations, and greater marginal value of

honey bees.
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Figure B.16: E�ect of Honey Bee Loss Rate on Steady State Levels

These graphs depict the steady levels of honey bee stock (S), honey bee rental rate

(ρ), and habitat enhancement (F) corresponding to di�ering values of the honey bee

loss rate (ξ). Higher per period losses results in a reduced long run population of

honey bees, an increased marginal value of living colonies, and a greater investment

in habitat enhancement.
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Figure B.17: E�ect of Maximal Habitat Enhancement on Steady State Levels

These graphs depict the steady levels of honey bee stock (S), honey bee rental rate (ρ),

and habitat enhancement (F) corresponding to di�ering values of the upper bound for

proportion of land to be converted for habitat enhancement (φ̄). This upper bound

can represent the e�cacy of native bee habitat enhancement, as with higher possible

proportions of land converted for habitat enhancement leads to reductions in the

honey bee stock and rental rate, while it corresponds with greater overall investment

in habitat enhancement.
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Figure B.18: Phase-Diagram for the Social Planner
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Figure B.19: Phase-Diagram for the Monopolist
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Figure B.20: Comparison of Socially Optimal, Myopic and Monopolist Resistance for
varying levels of pesticide e�ciency,β

I simulate the steady-state levels for changes in parameter values for β (pesticide

e�ciency coe�cient). This �gure shows the steady-state levels of resistance as pesti-

cide e�ciency increases. Across the entire range, the ordinal relationship between the

solutions is maintained. For low values of pesticide e�ciency, the monopolistic level

of resistance is closer to the social optimum than is the myopic solution; however,

for e�cient pesticides, the monopolistic level of resistance is considerably lower than

that of the social optimum, to which the myopic solution is closer.
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Figure B.21: Comparison of Socially Optimal, Myopic and Monopolist Resistance for
varying interest rates, r

This �gure simulates changes in the interest rate. Again, the highest resistance levels

are consistently found with the myopic solution and the lowest with the monopolistic

solution. The myopic producer's behavior results in the same level of pesticide use

across time � as she is not a�ected by changes in the rate of interest as it relates to

resistance. For low interest rates the monopolistic solution is closer to the optimal

one, while for high interest rates the myopic level of resistance is closer to the social

optimum.
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Figure B.22: Comparison of Socially Optimal, Myopic and Monopolist Resistance for
varying levels of resistance growth rate, φ

Here I graph the three di�erent solutions as the rate of resistance growth changes. For

all levels of resistance growth, we again observe the myopic level of resistance to be

highest and the monopolistic lowest. In this case, for very slow growth rates, there is

a considerable di�erence between the monopolistic and the optimal level of resistance,

while the myopic level is quite close to the optimum. This ranking is relationship for

very high rates of resistance growth.




