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Valuing biodiversity and resilience: an application to
pollinator diversity in the Stockholm region

Gustav Engström a, Åsa Grenb, Chuan-Zhong Lic and
Chandra Kiran B. Krishnamurthyd

ABSTRACT
This paper characterizes the value of biodiversity and ecosystem resilience by formalizing a stochastic dynamic
bioeconomic model of pollinator diversity under climate changes, with an application to oil rapeseed
production in the Stockholm region of Sweden. It studies the optimal provision of semi-natural habitat for
two different pollinator bee species: bumble bees and solitary wild bees. It is found that, despite being
less effective, solitary bees hold considerable resilience value due to the differences in how the two species
respond to temperature shocks. The paper also discusses the role of spatial aspects, in particular the
reduced pollination effectiveness due to spatially uneven allocation of semi-natural habitats. It is found
that spatial unevenness leads to an increase in the habitat provision, with an attendant reduction in the
resilience value of solitary bees.
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INTRODUCTION

We live in a world of change, characterized by complex adaptive social–ecological systems in
which resilience, defined as an ecosystem’s ability to maintain its basic functions and controls
under disturbances (Holling, 1973; Walker & Salt, 2012), becomes crucial. It is thus important
to assess explicitly how to build, maintain and increase resilience of ecological systems to ensure
the continued provision of ecosystem services central to human welfare (Folke et al., 2011).
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The significance of biodiversity in an ecosystem service and resilience context has been extensively
discussed (e.g., Balvanera et al., 2006; European Union, 2015). This includes the functional aspect
of biodiversity, that is, the identity, abundance and range of species traits, which are also con-
sidered to be of key importance to understanding the effects of biodiversity on many ecosystem
services (Díaz et al., 2007). A decline in biodiversity can lead to a decline, sometimes dramatic,
in ecosystem service provision, unless alternative species capable of providing a very similar service
are available. Thus, building on the notion of redundancy, sustaining diversity within functional
groups is important. This aspect of biodiversity, referred to as response diversity, has been much
less studied (cf. Jansson & Polasky, 2010) despite its salience in building resilience.

Before resilience can be managed, either for the services derived from biodiversity or for bio-
diversity itself, it should be quantified. A common approach has been to attach economic values to
individual species or other elements of ecosystems (cf. Brock & Xepapadeas, 2003; Li et al., 2018).
In the recent literature, researchers have also developed methods to assess the accounting prices of
the underlying stocks that generate resilience services (cf. Li et al., 2016; Matsushita et al., 2017;
Mäler & Li, 2010; Walker et al., 2010). Matsushita et al. (2017), for example, investigate the sha-
dow value of resilience in complex natural land as pollinator habitat, along the lines of Mäler and
Li (2010) and Walker et al. (2010). In view of the fact that a potentially significant component of
the value of biodiversity lies in its ability to maintain and build resilience, there is a need to develop
tools and methods that complement commonly used approaches to the valuation of biodiversity,
allowing one to account for the resilience value of biodiversity.

While the effects of climate change on specific species of plants and insects has been investi-
gated extensively (for a review, see Pudasaini et al., 2015), few studies attempt to look at trade-offs
between different species in a resilience context and none, to our knowledge, has applied a bioe-
conomic modelling framework explicitly quantifying key trade-offs involved. The challenge of
meeting rapidly increasing food demand through crop production, which depends upon a
whole host of ecosystem services including pollination, means that the task of valuing resilience
using biodiversity as a proxy acquires even greater importance. In this context there is a pressing
need to better understand the complex interactions between climate, crops and biodiversity (FAO,
2008, 2011).

This paper is concerned with the role of the diversity of wild pollinator bees underpinning oil
rapeseed production in a Northern European setting. We are interested in assessing the effects of
changes in land use of key pollinator habitats (semi-natural habitats – SNHs) along with those of
climate change, which is anticipated to significantly affect key pollinators. We focus on two wild
pollinator species, bumble and solitary bees, which belong to the same functional group, but, due
to differences in life traits, respond differently to both climate change and access to SNHs.1 These
aspects indicate certain trade-offs in play with regards to rapeseed production: larger semi-natural
areas, while beneficial from a pollination potential perspective, lead to lower production today. In
addition, functional aspects of biodiversity also matter for this choice: solitary bees and bumble
bees contribute differently to pollination and are affected differently by different aspects of climate
change. Consequently, there is scope for preservation of both bee species in an optimally managed
regime, despite their differential pollinating potential.

In any case, many aspects of management are of interest here, including the value of resilience
services provided by species diversity, in a functionally heterogeneous context. To explore these
and other aspects, we develop a stochastic dynamic bioeconomic model to determine the optimal
level of SNHs, which serve as a habitat for both pollinating bee species, in connection to the oil
seed rapeseed (OSR) fields. The essential links between temperature, bee population dynamics
and the pollination potential of the two pollinator species groups are all taken into account.
We calibrate the model to oil rapeseed production in Sweden, drawing on parameters and insights
from the Swedish literature. Since the population of bees in the landscape we consider is not satu-
rated, the two bee population dynamics are considered to evolve independently of one another.
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Using the model, we simulate the optimal pattern of SNHs, the optimal mix of the two pollinator
species groups and the optimal value function of oil rapeseed production. We also discuss how the
marginal value of pollinator stocks for resilience services may be derived.

The results indicate that while the solitary bees may appear at a first glance to be redundant in
the presence of the bumble bees, they have a sizeable resilience value under the risk of temperature
shocks. As the model parameters are subject to uncertainty, we also conduct sensitivity tests under
different assumptions regarding temperature evolution. We find, among other things, that an
increase in the stochastic variation in temperature has a negative effect on the optimal value func-
tion, but a weakly positive effect on the steady state of the bee stocks. Persistence in temperature,
on the other hand, is found to have a positive effect on the value function and bee stocks, but a
negative effect on the provision of SNH. Concerning the value of solitary bees for resilience ser-
vices, we find that the smaller the bumble bee stock, the greater the value of the solitary bees for
their resilience services. In view of the fact that spatial aspects are integral to the analysis (e.g., since
flying distance of the two bees differ), we explore the extent to which our insights differ under
different spatial patterns of land uses. To keep the analysis tractable, we make use of an empirically
observed relationship for bees: a more even distribution of SNH over a landscape leads to a better
harvest, meaning that we use the evenness of the SNH distribution as our spatial dimension. The
simulation results indicate that increased unevenness substantially reduces the optimal value func-
tion and leads to greater provision of SNH, to compensate for the reduced pollination potential
from its uneven distribution.

The paper is structured as follows. The next section provides the ecological background to the
dynamics of the two pollinator bee species. The third section lays out the model framework and
details, while the fourth section discusses the parameters of the model. The fifth section presents
the main results and provides a discussion of the effects of changes in key parameters. The sixth
section concludes with a discussion of the implications of the findings.

BACKGROUND AND ECOLOGICAL ASPECTS

More than 75% of the world’s crop plants rely on pollination by animal vectors, and the annual
value of global crops directly affected by pollinators has been estimated at US$235–577 billion
(FAO, 2016). The analysis will be located in the Nordic region (Stockholm region, to be more
specific), and focused on wild pollinators, in view of their significantly greater effectiveness in pol-
linating (Garibaldi et al., 2013). More specifically, we focus on two wild pollinator groups relevant
in a Northern European landscape context: (1) bumble bees, represented by the bumble bee
species Bombus terrestris; and (2) solitary bees, represented by the pollinator species Osmia bicornis
(prev. rufa). These two pollinator groups are of significant importance as pollinators of mass flow-
ering crops in these landscapes and thus to the crop producing potential. The two bee species
groups also contribute greatly to the pollination of wild flora (Linkowski et al., 2004). Both groups
are potentially effective pollinators of oil rapeseed (a crop of increasing global significance; OECD
& FAO, 2016) and, in this aspect, can be said to belong to the same functional group.

Although both wild pollinator species (B. terrestris and O. bicornis) are pollen-seeking pollina-
tors, which are typically stated to be several times more effective than domesticated honey bees
(Apis mellifera) (e.g., Stanley et al., 2013), there are no studies directly comparing the potential
differences in pollination potential between the two species in focus here. In order to quantify
the differences in pollination potential, we assume that body size can be used as an indicator
for pollination efficiency, thereby assuming that the larger pollinator species, B. terrestris (bumble
bee), is a more effective pollinator due to its larger body size. This assumption is based on the
reasoning that the ability of these types of pollinators to ‘buzz pollinate’, that is, to shake loose
additional pollen by vibrating their wings, should become more effective with increasing body
size (De Luca et al., 2019). It therefore follows, based on an average body size of 11–17 mm of
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a B. terrestris worker and an average body size of 8–10 mm of a male O. bicornis, that B. terrestris is,
roughly, doubly as effective.2 Another difference in life traits between the two pollinator groups is
flying distance, with an advantage for the bumble bees due to their ability to fly longer distances
when foraging (Knight et al., 2005).

Effects of temperature increase on the two pollinator groups and host plants
In view of the observational evidence that many ecosystems are particularly affected by tempera-
ture increases (IPCC, 2007), we will focus only on the effects of temperature increase as the basis
for our climate change scenario. The effects of climate change upon ecosystems in general can be
categorized into direct and indirect effects. A substantial body of work has emerged around phe-
nological effects (indirect effects) of climate change, such as shifts in flowering time and insect
emergence and potential temporal mismatches between the two, with severe demographic conse-
quences for the species involved (e.g., Bartomeus et al., 2011; Burkle et al., 2013). Flowering
phenology in Northern ecosystems is largely determined by snowmelt timing and the accumu-
lation of daily (or monthly) mean air temperature of the preceding months (Diekmann, 1996).
In contrast, the emergence of overwintered bumble bees is determined by the daily maximum
ambient temperature at local hibernating points (Alford, 1969). In any case, early-flowering plants
are anticipated to advance their flowering during a warm spring, whereas bumble bee queen emer-
gence may remain unaffected by spring temperatures, causing a mismatch between emergence of
the bumble bee queens and their food sources,3 with significant adverse implications for wild bee
populations.4

However, relatively little research has addressed physiological effects (or direct effects),
although these effects are likely to have essential consequences for plant–pollinator interactions
(Scaven & Rafferty, 2013). While Deutsch et al. (2008) point out that the direct effect of temp-
erature increases on insect species at higher latitudes may actually enhance their performance,
temperature changes may also have negative effects, for example, through change in the duration
of development in insects. If development is remarkably accelerated due to warm temperature,
multivoltine organisms, such as B. terrestris, might use the saved time for one or more additional
generations in the growing season (Robinet & Roques, 2010). In contrast, univoltine species, such
as O. bicornis, may face the problem of reaching their overwintering stage too early and might be
exposed to unsuitable temperatures.5 In any case, it is evident that climate change-induced temp-
erature increases can lead to very different implications for the two bee pollinator groups (Table 1).

Parameterization of ecological effects
Table 1 presents the relevant direct and indirect effects of temperature increase on the two polli-
nator groups, represented by B. terrestris and O. bicornis. It is important to note that studies from a
production function perspective, on the interrelationship between direct and indirect effects of
temperature increase and pollinator density in the landscape, are missing. The relationship
between other drivers of change, for example, land-use change and pollinator density, on the
other hand, is well studied (e.g., Steffan-Dewenter et al., 2002). To better assess the potential
impacts of climate change on food provisioning and to design more sustainable management strat-
egies for food production, better information on the quantitative effects of climate change on
essential parameters such as pollination potential is needed. While mechanisms counteracting
the negative effect of temperature increase on the survival of univoltine species such as the
O. bicornis have been identified, the degree to which they assist in responding to climate change
is unknown.6

Another parameter potentially affecting the value of oil rapeseed production is pollination effi-
ciency. To better assess the economic implications of change in the populations of the two polli-
nator groups, better knowledge regarding the degree to which the two pollinator groups differ in
pollination efficiency is needed. To our knowledge the bulk of this type of information is on the
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difference in efficiency between wild and domesticated pollinators (e.g., Garibaldi et al., 2013;
Javorek et al., 2002). A partial list of other potentially relevant parameters to assess in this context
includes sensitivity to parasites under temperature increase, response to elevated CO2 and
response to change in precipitation pattern.7

THE MODEL FRAMEWORK

We consider a dynamic stochastic general equilibrium bioeconomic model with three variables
that evolve over time (i.e., stock variables): temperature and the stock of the two wild pollinator
species, represented by bumble and solitary bees, available for pollination services. To focus on
the role of the two pollinator species, we abstract away from detailed modelling of various subspe-
cies. For tractability, we consider the simplest spatial representation in our benchmark model, a
representative area located in a field from which the bees can reach any location in an OSR
field. Subsequently, we discuss a simple way of assessing the effect of spatial distribution of the
SNH, inspired by very suggestive findings from observational studies of bee behaviour. Using
the well-known and widely used Camargo evenness index, we assume that the pollination poten-
tial is increasing in the evenness of distribution of the SNHs, with more uneven distributions (e.g.,
concentrated at fewer points) having lower pollination potential than more even distributions (e.g.,
uniformly spherical patches equidistant from one another).

As to the model details, we consider that, at time period t, the control variable is the area
devoted to semi-natural land, xt (with 1− xt as the area devoted to the rapeseed crop production,
normalizing area of the field to unity),8 with Tt , Bt , St , respectively, standing for temperature,
stock (density, to be precise, in view of the area normalization) of bumble bees and solitary bees.9

Time t = 0, 1, 2, . . . , 1 is discrete. The timing of action is intuitive and conventional: the
farmer observes the stock of bees at time period t, and makes a decision regarding the area to
be set aside for this time period which, in turn, will determine stock of both bee groups in the
next period. Thus, each year’s decision regarding the area to be set aside is based upon known
stocks of the two groups of bees, while uncertainty surrounds the effects of this year’s area set-

Table 1. Effects of temperature increase on bumble and solitary bees.
Pollinator species

Bombus terrestris Osmia bicornis

Direct effect (physiological)

Effect on the duration of

development due to

increased temperatures

The multivoltine B. terrestris can balance

this effect by additional generations in

the growing season

The univoltine O. bicornis cannot

compensate with additional generations

Level of effect No effect 22.5°C in a hut results in a 16.1% rate of

adult mortality

Indirect effect (phenological)

Mismatch with key plant

species Salix (willow)

The impregnated B. terrestris queens

need pollen for their eggs. They emerge

early in the season when Salix is the

major pollen source

The O. bicornis females are not as

dependent on Salix for their pollen

needs due to the later emergence in the

season

Level of effect 50% drop in pollination No effect

Note: Uni(multi)-voltine species have one (more than one) brood of offspring per year; prepupal refers to the stage between
the larval and the pupal stages of an insect; and adult eclusion refers to the emergence of an adult insect from a pupa or a
larvae from an egg. A ‘hut’ refers to the dwelling of wild bees.
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aside decision upon stock regeneration. More precisely, the farmer bases his decision of the
amount of land to be set aside, xt , upon the stock of bees, (Bt , St), at time t, where the effects
of xt upon Bt+1 and St+1 are random, depending upon the realized temperature and other factors.
Since uncertainty intervenes between the farmer’s decision for period t and that for period t + 1,
the farmer does not directly choose Bt+1 and St+1, unlike in many resource economics frameworks.

We assume that the dynamics of temperature are exogenous and follow a simple AR(1) pro-
cess:

Tt+1 = m+ rTt + et , (1)

with the initial temperature normalized to T0 = 0. With the intercept parameter m and the per-
sistence parameter r, we have the mean temperature m/(1− r). The term 1t is a stochastic variable
assumed to be drawn from a distribution with zero mean and constant variance, and is i.i.d over
time. The year is conceived as beginning in March (early spring) when the bees normally awaken.
Over the summer, they live on SNHs and provide pollination services over the rapeseed fields. The
provision of semi-natural area at year t affects the stocks of bees next year, which evolve according
to the following transition equations:

Bt+1 = f (xt , Tt+1)B
a
t (2a)

St+1 = g(xt , Tt+1)S
a
t , (2b)

where a [ (0, 1) denotes the exponent on the growth function, which is of the power function
form. The productivity functions, f ( · ) and g( · ), are defined with respect to the current choice
of SNH, xt , and the realized temperature in the next time period, Tt+1.

10

Note that our functional forms for the bee stocks in equation (2) suggest that the bee popu-
lation development proceeds independently for the two bee types. The reason is that the concen-
tration of bees in the landscape we are modelling is not considered to be saturated, meaning that
the two bee types are regarded not to be in competition. This is in contrast to the case of two inter-
acting crop species that compete for nutrients, as modelled by Brock and Xepapadeas (2003).

From the second section, it is known that bumble bees are more vulnerable to spring tempera-
ture than solitary bees. If the spring is very warm, bumble bees (i.e., the queens) awaken before the
blossoming of the flowers (their main food source), due to which their mortality rate is likely to be
high. In addition, bumble bees are more dependent on semi-natural areas, with a requirement of at
least 2% of total cultivable area (Westphal et al., 2003). Thus, both productivity functions are
related positively to the share of SNH and negatively to temperature (Pyke et al., 2016). More
specifically, we assume the following functional forms:

f (xt , Tt+1) = Ab(1− exp (−ubxt))
c exp (−gbTt+1) (3)

g(xt , Tt+1) = As(1− exp (−usxt)) exp (−gsTt+1) (4)

where Ab, As, ub, us, gb, gs and c are all positive parameters, with parameters for solitary and bum-
ble bees differentiated by the subscripts s, b, respectively. To capture the adverse effect of temp-
erature increases upon the growth of bees, we use a net-of-damage function approach, which,
following Golosov et al. (2014), is assumed to be exponential: exp (−giTt+1), i = b, s.

With current (starting) period temperature normalized to T0 = 0, we have the reference level
exp (−giT0) = 1, while exp (−giTt) , 0 for Tt . 0. This implies that a higher temperature
increase would cause more damage, but as long as the increase is finite, this net-of-damage func-
tion will remain positive. Also, we do not assume any damage for some modest cooling with
Tt , 0 and treat this as if it were Tt = 0. Note that while the parameter Ai, i = b, s, denotes
the abundance scales of the bee groups, ui represent the effect of semi-natural area on the birth
rate of the bee groups. The parameter c appears only for the bumble bee group in equation (2)
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to reflect the crucial dependence of bumble bees on some ‘minimum’ level of the semi-natural
shares (of 2%, see above). With c . 0, the expression (1− exp (−ubxt))

c represents a convex–con-
cave relationship with respect to xt , with its value being virtually zero at very low shares of semi-
natural area (it is first convex, and turns concave when x rises). To reflect the fact that bumble bees
are more vulnerable than solitary bees (as detailed in the second section), we set gb . gs.

We turn next to the farmer’s objective function, which is the profit from harvest:

P(xt , Bt , St) = pt(1− xt)H (Bt , St). (5)

where H [ (0, 1) is a harvest potential function depending positively on the stock of the bees
inherited from the previous period; and pt denotes the maximum economic value of the products
derived from a unit area of the rapeseed field (say 1 ha) under perfectly ideal pollination conditions.

This formulation also illustrates the inter-temporal tension in many resource extraction pro-
blems: the myopic solution of xt = 0, while clearly optimal for the current period, equally certainly
reduces the stock of bees in the next period, leading to reduced future yield. This is the standard
consumption–savings trade-off faced by an economic agent: reduced saving today leads to less
capital accumulation and reduced output tomorrow, where in our case saving and output are rep-
resented by the semi-natural area set aside and stock of bees.

The dependence of harvest upon pollination is represented by the generalized logistic function:

H (B, S) = 1

1+ Ah exp (−r(B + wS))
, (6)

with Ah, r . 0. As detailed in the second section, bumble bees are larger in size and can fly farther
into the wildflower field from the habitat, and thus have a larger pollination potential than solitary
bees. Since both bee types provide the same service, pollination, Z := Bt + wSt from equation (6)
may be considered the total pollination service provided by both bee types, with w [ (0, 1) a scal-
ing factor that converts a solitary bee into some equivalent number of bumble bees (from the per-
spective of pollination service).11 Clearly,H is increasing in the pollination service provided by the
effective stock of bees, which in turn are decreasing in the change in temperature T , as detailed
above. Thus, the profit function is decreasing in temperature T , and increasing in the bee stocks
Bt and St .

We note that r, which is the ‘growth rate’ (or slope) of the harvest function, is a key parameter,
with larger values of r leading to increased harvest for the same quantity of pollination service. In
our subsequent spatial explorations, we assume that the evenness index determines r, with more
uneven distributions of the SNH leading to reduced values of r. The parameter Ah is related to the
benchmark pollination level in the absence of bees. For example, if Ah = 4, then the basic pollina-
tion potential (from wind and birds) becomes H (B, S) = 1/(1+ 4) = 0.20.

The discounted present value of the income streams at the start of the planning horizon is:

V0 = max
(xt )

E0

∑1
t=0

btpt(1− xt)H (Bt , St)

[ ]
, (7)

where b [ (0, 1) is the discount factor; and E0 the expectation of the discounted sum of future
profits conditional on the information available at time period 0. We are now interested in opti-
mizing the objective functional (equation 7) subject to the state transition equations (1) and (2).
The Bellman equation for the associated dynamic programme then reads:

V (Bt , St , Tt) = max
(xt )

[ pt(1− xt)H (Bt , St )+ bEt[V (B′, S′, T ′)]], (8)

with a prime denoting variable corresponding to the next time period, t + 1 (Stokey et al., 1989,
p. 11). Together with the state transition equations (1) and (2), the first-order optimality
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condition (see section A1 in the supplemental data online) enables one to determine the optimal
feedback decision rule:

x∗t = x(Bt , St , Tt), (9)

and the optimal value function, V (Bt , St , Tt), at any time t = 0, 1, 2, . . . , 1.
With the optimal decision rule and the value function, we can study the marginal value of

bumble and solitary bees, V ′
B(Bt , St , Tt) and V ′

S(Bt , St , Tt), respectively, as well as the marginal
cost of a temperature change V ′

T (Bt , St , Tt). In particular, we are interested in the value contri-
bution of solitary bees including their resilience services. Due to the stochastic nature of our pro-
blem, it is not possible to derive the optimal time sequence at the start of the planning horizon as
the deterministic case. The best we can do is to apply the optimal decision rule to assess the
expected value Et[V (B′, S′, T ′)] and to simulate the possible sequences of the future states
(Bt+n, St+n, Tt+n) for n = 1, 2, . . . , 1, with all available information at time t. Using the simu-
lated time sequences, we will examine the asymptotic probability distribution of the bee stocks and
to what extent they depend on the model parameters.12

MODEL PARAMETERIZATION

Concerning the temperature dynamics (1), we estimate a de-meaned version of the model:

(Tt+1 − �T ) = r(Tt − �T )+ et , (10)

using the annual average time-series data for the Stockholm region with �T as the overall mean
(SMHI, 2006). The relevant estimates are r̂ = 0.26 for the persistence parameter r and
ŝ = 0.96 for the standard deviation of the error term 1t . For the stock transition equations
(equation 2), however, there are little empirical data available for econometric estimation of the
parameters. First, the density of the bees, namely the number of bees disposable for pollinating
a unit of the rapeseed field, remains unknown, although there are rough estimates on the visit fre-
quency at selected sites (Öckinger & Smith, 2007). Thus, we rely on other data sources to infer
model parameters. The computations based upon the literature suggest that it appears reasonable
to assume that about 4000 bumble bees are available for pollination service under current climatic
conditions.13 As solitary bees are more abundant, we assume them to have twice the bumble bee
population, meaning that B0 = 4000 and S0 = 8000/ha.

Next, we parameterize the productivity functions f ( · ) and g( · ) in equations (3) and (4) for
the bumble bee and solitary bee groups. As previously discussed, both groups are potentially effec-
tive pollinators of oil rapeseed, belonging to the same functional group, but exhibiting differences
in many important life-traits and will react differently to climate change.14 Based on figures pro-
vided in Kudo et al. (2004),15 we believe that the climate damage parameters can be reasonably
approximated to be gb = 0.25 and gs = 0.20 for the bumble bees and solitary bees, respectively.
For these parameter values, following an increase in the annual mean temperature by 1°C, mor-
tality rate increases by 25% for bumble bees and reduces by 20% for solitary bees, which appears to
be reasonable for the Northern European landscape context. Finally, due to the lack of detailed
knowledge on the effectiveness of semi-natural areas for self-regeneration of the two bee groups,
we calibrate them to be identical, with ub = us = 15 and Ab = 2.34, As = 2.78 (in thousands).
This parameter choice implies that over 90% of the attainable pollination effectiveness is reached
for both bee types for semi-natural area below 40%.

Figure 1 depicts the two effectiveness functions under different temperature increase assump-
tions. Note that for bumble bees, the curve is strictly convex (and close to zero) at levels of semi-
natural area below 2%, whereas this is not the case for solitary bees.
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To calibrate the harvest potential function in equation (6), we first set Ah = 4 leading to
H (0, 0) = 0.2, indicating that, even without the bees, wildflower plants would be pollinated any-
way by the wind and by birds. Due to the solitary bees’ smaller body size and flight capacity, we set
w = 0.5, meaning that that two solitary bees are functionally (in pollination service) equivalent to
one bumble bee. The pollination coefficient r is set to be 0.5, meaning that over 97% of the
land would be pollinated even without solitary bees, with about 10, 000 bumble bees/ha (i.e.,
one bee/m2) (Figure 2).

We now move to the economic parameters of the model. In our quantitative analysis, we con-
sider 2019 (say, March) as the start of the planning period and consider annual time increments.
The time discount factor is set to b = 0.95 with an annual pure rate of time preference of 5% in
the benchmark scenario. The growth function exponent is set to a = 0.75 in the transition
equations (equation 2). For the maximum attainable rapeseed value per hectare of the crop
land, we assume that pt = 1 (thousands of euros), which is exogenously given. Since 2005, rape-
seed yield has largely been between 2.0 and 2.5 tonnes/ha (Peltonen-Sainio et al., 2007), and its
price has been about €450 per tonne in Europe (Carré & Pouzet, 2014). These statistics imply that

Figure 1. Productivity functions for the two bee types.

Figure 2. Harvest potential function.
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the production value of rapeseed ranges from €900 to €1125/ha, which underlies our approxi-
mation with pt = 1. Table 2 summarizes all parameters used in our analysis.

QUANTITATIVE RESULTS AND DISCUSSION

Simulation
In this section we apply the value function iteration method (cf. Ljungqvist & Sargent, 2018) to
analyse the bioeconomic model to characterize the optimal plans, the pollinator stock dynamics
and their shadow values for pollination services. With a discount factor b [ (0, 1), the contraction
mapping theorem ensures convergence of the value function iteration procedure. We provide very
brief description of the simulation framework, with more details provided in section A2 in the
supplemental data online.

In brief, we first construct a discrete representation for the temperature variable in equation (1)
using the Gaussian-quadrature approach, choosing a nine-state Markov chain for temperature
based upon the estimated parameters. Next, we choose a grid of admissible values for the stock
of the two pollinator groups, which, together with the Markov temperature state T , represents
a three-dimensional array over which the value function is sought. Finally, for each grid node
we compute a value function and, using value iteration, continue until convergence to obtain
the unique value function.

Benchmark results
The computed value function (in thousands of euros) is depicted in a three-dimensional diagram
in Figure 3, conditional on the initial temperature T = 0 (see section B in the supplemental data
online for graphs of the value functions for other temperatures). The optimal value function
increases, as expected, in both bee stocks, but at a decreasing rate. Note that the surface is expected
to be lower for a higher initial temperature.

Table 2. Model parameters.

B0 S0 Ab As ub us gb gs Ah r

4 10 2.34 2.78 15 15 0.25 0.20 4 0.5

a b w r s

0.75 0.95 0.5 0.26 0.96

Figure 3. Value function conditional on initial temperature (T = 0).
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To visualize the effect of changes in both temperature and the bee stocks, we depict the opti-
mal value and decision functions on the optimal SNH with respect to only one bee species at a
time, in two-dimensional diagrams, conditional on the stock of the other bee species, in Figure 4
(three-dimensional diagrams for the policy functions are provided in section B in the supplemental
appendix for selected temperatures). The graphs in the upper panels of Figure 4 indicate that the
optimal (conditional) value function V (Bt , St , Tt) in equation (A2) in the supplemental data
online is increasing for both bee stocks, that is, in the number of bumble bees (conditional on
10,000 solitary bees/ha) and solitary bees (conditional on 5000 bumble bees/ha), but decreasing
in temperature. These results are consistent with our theory that the value function is associated
positively with bee stocks but negatively with temperature increases.

For the optimal decision rule x∗t = x(Bt , St , Tt), however, we cannot a priori say anything as
regards comparative statics. Both stocks have a direct effect on the harvest via equation (6) and
they also affect the future value functions indirectly via their contribution to the future population
(see equation 2). Due to the difference in their functional service, they may have different effects
on the optimal set-aside of a semi-natural area. As shown in the lower panel of Figure 4, the opti-
mal semi-natural area needed would, in general, decrease in the prevailing bumble bee stock except
at very low bee stocks. In response to a temperature increase, we anticipate that optimal semi-natu-
ral area will increase, at least partly to compensate for the resulting damage. At very low stocks, we
find no regular pattern for the optimal semi-natural area preserved, which we surmise is due to the
specific bumble bee productivity functional form. Above a certain stock level (such as B = 1.3),
semi-natural area and bee stocks become substitutes in the production of future bees, whereas

Figure 4. Optimal value and decision functions under different conditions.
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they might be complements below the threshold (at least for certain temperature levels). A reason-
able explanation is that at a very low stock level, greater semi-natural area is needed for building up
the bee stock, and this is particularly the case with the risk of climate damage.

We are interested in the marginal value of the bee stocks under different conditions. The upper
panels in Figure 5 depict the marginal value functions conditional on the benchmark temperature
level T0 = 0, while the lower panels depict this function conditional on T0 = 2.75. These figures
indicate that the marginal value of each bee group is larger conditional on a smaller stock of the
other bee group, but as expected, decreases in its own stock level. Comparing the upper and lower
panels, we can see that the marginal value function for bumbles conditional on a higher tempera-
ture (T0 = 2.75) is larger than evaluated at T0 = 0, especially for the lower stock of solitary bees.
One possible interpretation is that a higher temperature implies a lower future bumble bee stock,
and the resulting scarcity leads to this species becoming more valuable. However, this is not
necessarily the case for solitary bees. The reason for this may be the complicated interaction
between the effects of the temperature and the bee stock. From equation (8), we can, for instance,
derive the marginal value function for solitary bees as:

VS(B, S, T ) = p(1− x∗)HS(B, S)+ bEt VS′ (B
′, S′, T ′) · ∂S

′

∂S

[ ]
, (11)

in which we implicitly invoked the envelope theorem. How a change in the current temperature T
affects this entity is not entirely clear, due to two opposing effects. On the one hand, a rise in

Figure 5. Marginal value functions under different conditions.
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temperature today and tomorrow (T and T ′, respectively) is likely to lead to a lower bee stock level
(S′) and, consequently, to an increase in the future marginal value VS′ (B

′, S′, T ′). On the other
hand, such a change will also lower the overall level of the optimal value function V (B′, S′, T ′)
and consequently the marginal value function VS′ (B

′, S′, T ′) – acting as a ‘scale’ or ‘output’ effect.
Moreover, a rise in T will also lower marginal bee productivity, ∂S′/∂S in equation (11) (via
equation 2), thereby lowering the marginal value function. Therefore, we cannot assess the sign
of the cross-derivative VST (B, S, T ) purely from theory. Based on our simulations, however,
the scale or output effect appears to dominate, implying that a higher temperature may reduce
not only the optimal value (the present value of the whole profit stream) but also the marginal
value of the bees. In the worst-case scenario, if a very high temperature is likely to completely elim-
inate bees in future, then the current bee stock would be valued the least, as they can only pollinate
today, with no possibility of future regeneration.

It is important to emphasize that any framework that accounts for the value of pollination ser-
vice relative to output is likely to face competing effects, in particular since the output price is con-
sidered exogenous (as is very likely for any specific location for easily traded commodity crops). In
this sense, these insights indicate the importance of using frameworks which help better under-
stand the drivers of decisions regarding ecosystem provision. It also indicates that, to the extent
the social value of pollination is larger than private values (due, for example, to factors as simple
as pollination services being shared across farmers or other service users), there is likely scope for
policy to promote provision of pollination service.

It is also worth mentioning that the optimal decision rule (in equation 9) x∗t = x(Bt , St , Tt)
only provides a contingent plan at time t as the future temperature and the resulting stocks
remain unknown as of time zero. Unlike the deterministic model setting, it is not possible
here to determine an optimal time sequence for the control and state variables (Miranda &
Fackler, 2004). The best we can do is to simulate different likely development scenarios
based upon the transition matrix. The simulation results indicate that, in most cases, the opti-
mal semi-natural area is negatively related to the existing bee stocks (Figure 6 shows one
realization). The mean of the stochastic steady state for bumble bees becomes about 1600 indi-
viduals/ha, with a standard error of about 600. The corresponding figures for solitary bees are
6000 and 2000. For the share of optimal semi-natural area, the mean and standard error are
about 0.2469 and 0.0133, respectively. As no costs are incurred on annual changes in x, it var-
ies considerably from year to year.

We now turn to valuing resilience services from solitary bees for rapeseed production. As
touched upon in the introduction, in the notion of Holling (1973), resilience measures the
capacity of an ecosystem to maintain its basic functions and controls under stochastic disturbances.
To operationalize this concept for economic analysis, Mäler (2008), Mäler and Li (2010) and
Walker et al. (2010) define resilience as a stock variable and analyse its marginal value for mitigat-
ing the expected loss from potential regime shifts.16 Among the different applications of this
approach, that conducted by Matsushita et al. (2017) is most relevant to the present study. In
their study, the crop in concern is buckwheat (in Japan) and honey bees are the main pollinator
species. Their resilience stock is the forest surrounding the crop field and the change in its area
may induce honey bee stocks to undergo abrupt changes. Their empirical estimates suggest a resi-
lience value per km2 of the neighbouring forest of up to 50% of the productive value per hectare of
the buckwheat land.

Our study uses a structural model with the semi-natural area share as an endogenous variable,
meaning the approach in Matsushita et al. (2017) is not applicable. The main concern is to opti-
mize the provision of pollination services from the vulnerable but otherwise more effective bumble
bees, and the solitary bees that are more tolerant to temperature shocks but less effective pollina-
tors. With a sufficiently large population of bumble bees, the solitary bees may become redundant,
but with larger temperature uncertainty, the solitary bees may acquire greater value. Therefore, we
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consider the stock of solitary bees as our resilience stock. Another difference is that we use stan-
dard stochastic temperature disturbances in a dynamic stochastic general equilibrium (DSGE)
model framework, with no explicit regime shift risk. As a result, the resilience value in our
study is defined as the marginal contribution of solitary bees to the reduction in the expected econ-
omic loss caused by the stochastic temperature.

Let V (B, S, T |m, s, r) denote the optimal value function conditional on the stochastic temp-
erature dynamics equation, and let V̂ (B, S, T ) denote the ideal value function without any sto-
chastic temperature disturbance. The difference V̂ (B, S, T )− V (B, S, Tm, s, r) then defines
the loss in value caused by the stochastic temperatures, that is, the risk premium that the farm
owner would be willing to pay to eliminate the uncertainty. For a given bumble bee stock B
and temperature T , we thus define the marginal value of solitary bees for their resilience service by:

MRV (S|B, T ) = −∂V̂ (B, S, T )− V (B, S, T |m, s, r)
∂S

(12)

Conditional on a ‘good’ state, with a lower temperature T, we expect that
V̂ (B, S, T ) . V (B, S, T |m, s, r) as the stochastic disturbance would more likely drive the system
to worse states than better ones. In this case, we expect the marginal resilience value to be positive,
namely, more solitary bees can always mitigate the expected value loss,
V̂ (B, S, T )− V (B, S, Tm, s, r), caused by the stochastic temperature disturbances.17

Figure 6. Simulated stocks and decision variables.

Valuing biodiversity and resilience: an application to pollinator diversity in the Stockholm region 251

SPATIAL ECONOMIC ANALYSIS



Conditional on different bumble bee stocks and temperatures, we have computed the marginal
resilience value of solitary bees as depicted in Figure 7. These results indicate that the marginal
resilience value of solitary bees is decreasing in its own stock, in the stock of bumble bees, and,
somewhat surprisingly, in temperature.18We can see from the left panel that, for any given solitary
bee stock, its marginal resilience value appears to decrease in the number of bumble bees. Evalu-
ated at B = 2 and S = 5 (in thousands), for example, the marginal value of resilience services is
about €26.2/1000 solitary bees; the corresponding value becomes about €21.9 when B = 5.
These results suggest that with a negative shock in the stock of bumble bees, the otherwise see-
mingly redundant solitary bees may have a relatively large value. The results highlight the benefits
of functional diversity for resilience.

Figure 7(b) readily shows that the marginal resilience values with a higher initial temperature
T = 1 become lower than those with a lower one with T = 0, as in Figure 7(a). The reason for
this is that, starting with a somewhat higher (counterfactual) temperature, the expected loss caused
by the stochastic disturbances V̂ (B, S, T )− V (B, S, T |m, s, r) becomes smaller, reducing the
marginal benefit from solitary bees.

Sensitivity analysis
In this section, we study the effect of some counter-actual changes in the climate parameters such
as the standard deviation, s, of the error term (1t) and the persistence parameter r in equation (1).
Three different combinations of s and r are considered (yielding a total of nine scenarios, one for
each combination of s and r), where s takes values 0.68, 0.96 (the base case), and 1.24, while r
takes values 0.13, 0.26 (the base case), and 0.39. The results are depicted in Figure 8, evaluated at
bee stocks of B = 3.7, S = 7.4 and temperature T = 0. From Figure 8(a), we can see that the
optimal value increases in the persistence parameter r conditional on dispersion s. The reason
for this is that a larger value of r provides more information regarding temperature evolution, lead-
ing to an increase in the value function.

For a given value of r, the value function seems to weakly decrease in the dispersion parameter
s. This result is intuitive, since the harvest potential function is concave in the bee stocks, which in
turn depend upon the temperature variable (meaning that increases in variance of T should lead to
reduced harvest potential). The magnitude of change, however, is rather small across the three dis-
persion measures. The reason for this result lies in the specification of the exponential net-of-
damage function in the bee productivity functions in equations (3) and (4). In the absence of
any temperature increase with T = 0, we have a zero damage with a net-of-damage

Figure 7. Marginal resilience value under different initial temperatures.
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exp (−gT ) = 1. With a temperature increase, it is obvious that exp (−gT ) , 1 with reduced bee
productivity. However, we do not assume any damage for temperature decreases below zero and
any negative temperatures are clustered in the T = 0 category (a truncation effect).19 In such a
setting, greater dispersion might even benefit bee productivity due to the increase in the prob-
ability of the T = 0 cluster including temperature decreases, which may result in smaller loss in
the optimal value function than expected.

Figure 8(b) indicates that the optimal SNH area decreases in both persistence, r, and
dispersion,s. For a given level of dispersion, greater persistence may provide better information
for planning and thus reduce the need for more SNH provision. The effect of temperature variability
can be attributed to the same off-setting trends as for the optimal value function. Figure 8(c, d) indi-
cates that the mean steady-state stocks of both bee species modestly increase in both s and r. The
standard deviations of the stochastic steady states, however, increase in r, as indicated by the height
of the vertical error bars. To summarize our explorations here, greater persistence in temperature
may lead to a lower optimal SNH provision, but some higher mean steady-state bee stocks; higher
levels of temperature variability lead to modest decrease in the optimal SNH area (in particular for
the increase from 0.96 to 1.24) and some higher mean steady-state bee stocks.

With regard to resilience, we have also conducted a similar analysis (figures not shown). We
find, among other things, that an increase in s from the benchmark level of 0.96 to 1.24 would
reduce the marginal resilience value of solitary bees (per thousand) from €26.6 to €23.3 (for
r = 0.26, B = 2 and S = 5). When r increases from 0.26 to 0.39 (with s = 0.96, B = 2 and

Figure 8. Sensitivity to parameters in the temperature equation.
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S = 5), we find that the marginal resilience value reduces from €26.6 to €23.8. It seems that the
more uncertain the temperature shocks and the larger the persistence parameter are, the less the
solitary bees are valued for their resilience services.

Scale and spatial effect
In our analysis above, we have implicitly assumed an ideal spatial allocation of the SNH in relation
to the OSR field. For small-scale OSRmanagement, such as within a circle of field with a radius of
750 m, this assumption is likely to be very reasonable, as both pollination groups would likely have
similar dispersal abilities (i.e., foraging ranges) within the circle (Gathmann & Tscharntke, 2002;
Holzschuh et al., 2016; Steffan-Dewenter et al., 2002). For larger scales, for example, a circle with
a radius of 3000 m, Steffan-Dewenter et al. (2002) show that the correlation between the percen-
tage of SNH area and the pollinators’ visit frequency at random sampling sites becomes consider-
ably weaker. An important reason for this is that the bees tend to forage in the proximity of the
SNH and they are less likely to fly longer distance in the OSR field – particularly true of the smal-
ler solitary bees. Thus, unless the large OSR field is perfectly homogeneous, as can occur when it
may be considered as consisting of multiple small scale fields, the spatial allocation of the SNH is
likely to affect the pollination potential even with the same stock of bees.

Within the scope of our study, which is the first of its kind in the literature, we will not attempt
to optimize the patch size and spatial allocation of the SNH. Instead, we simply illustrate the
spatial issues involved by taking the advantage of the well-known Camargo (1993) evenness
index (cf. Tuomisto, 2012) and its effect on the pollination potential parameter r in equation
(6). Consider N spatially distributed, identically sized (say, 750 × 750 m) grid cells, and let xi
denote the percentage of SNH area in the ith cell relative to the whole management area. Figure
B1 in Appendix B in the supplemental data online, drawn forN = 9 grid cells and a SNH of 10%,
readily shows that the left panel with the same percentage of SNH in each grid cell is more homo-
geneous than the right panel where it is concentrated in the same corner cell. From the Camargo
evenness index:

E = 1−
∑N
i=1

∑N
j=i+1

|xi − xj |
N

,

we see that E = 1 for the left panel with an even SNH distribution and E = 0.2 for the concen-
trated one. In reality, there may be infinitely many intermediate cases with different cluster for-
mations of the SNH. In any case, it seems reasonable to assume a positive link between the
evenness index and pollination potential, meaning that (increased) unevenness of the distribution
of SNH in a field reduces bee pollination potential. This, in turn, will imply smaller value of r in
equation (6) with increased unevenness (with E , 1), in comparison to the ideal case (with
E = 1).

As a crude approximation, assume that r = 0.25+ 0.25E, then we have r = 0.3 for
E = 0.2, and r = 0.5 for E = 1 (as in our ideal case). In order to evaluate the effect of evenness
on the choice of SNH area, we proceed as follows: draw random samples (from some underlying
super-population) of the OSR field with E randomly distributed over [0.2, 1]; compute the
value of r for each draw, using which we compute the value function and the optimal SNH pro-
vision. These simulation results are then averaged and analysed. We present the results of these
simulations in Figure 9, for different temperature conditions (with given initial pollinator stocks
B = 3.7 and S = 7.4 in thousands). It is evident that unevenness reduces the value function due
to the negative effect on the harvest potential function H . Consequently, there is an increase in
the optimal SNH to combat the effect of reduced harvest potential. Even with unevenness in the
distribution of the SNH area, however, it may still pay to enhance the SNH to accommodate
larger bee stocks, which lead to an increase in the probability that the bees visit distant parts of
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the OSR field. Concerning resilience values, we have conducted a similar analysis and find that
the marginal resilience value of solitary bees (in thousands) falls from €26.2 (as shown above for
the ideal case) to €21.6/ha due to a spatial pattern shift of the SNH from the perfectly even case
to the uneven one.

DISCUSSION AND CONCLUSIONS

Empirical evidence shows that the stock of bumble bees has been declining across Europe and the
main reasons for the decline appears to be the loss of habitat and forage availability due to agri-
cultural intensification. This may have severe ecological and commercial consequences, given
that bumble bees are very effective pollinators of a range of wildflowers and crops. This paper for-
malizes a stylized bioeconomic model to study the optimal provision of SNH for bees and to assess
the economic consequences of SNH provision under climate change. In particular, we assess the
economic value of biodiversity and resilience in a two-species model framework involving both
bumble bees and solitary wild bees, with special reference to the production of rapeseed in the
Stockholm region.

Using this model, we evaluate the effects of exogenous climate change, accommodating both
stochastic temperature shocks and persistence patterns over time. We describe the dynamics of the
two pollinator groups as a power production function, where the bee population productivity
depends on the SNH area and temperature changes. We close the model with a link between
species density and profit via a postulated harvest potential function. To the best of our knowledge,
this is the first bioeconomic model where pollination services from wild bee stocks are explicitly
taken into account.

Using annual temperature data for the Stockholm region, we estimate a dynamic temperature
equation as an AR(1) process and discretize the continuous stochastic process with a nine-state
Markov chain. Concerning the productivity function for bee stocks, we use the best available esti-
mates from the ecological literature to calibrate both the damage resulting from a temperature rise
on the bee stocks and the benefit of SNH areas. For bumble bees, for example, we introduced a
soft threshold on SNH at about 2% of the total crop field from which the stock of the bee species
may effectively grow. Bumble bees, while more effective at pollinating than solitary bees (due to
their large body size and higher foraging capacity), were also considered more vulnerable to a
temperature increase.

Figure 9. Effect of spatial evenness.
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Based on the calibrated model, we conducted a number of explorations to examine, among
other things, optimal choice of the SNH area, stock dynamics of the two pollinator groups,
and the optimal value functions. For the base scenario, with current temperature conditions, we
find that, except at a very low level of solitary bee stocks, the optimal SNH is negatively related
to the current bee stocks, that is, lower bee stocks entail increased SNH for increased bee repro-
duction. With a temperature increase, the optimal response is to increase the SNH to offset the
damaging effect of increased temperature. Without conversion frictions, our simulated optimal
SNH is considerably responsive to the bee stock and temperature changes.

We find that the resilience value of the solitary bees, in terms of mitigating the reduction in the
value of rapeseed production resulting from climate change-driven uncertainty may be substantial.
The exact magnitude of resilience value of solitary bees depends on the size of the two bee stocks as
well as temperature. We also analysed counterfactual scenarios with increased temperature dis-
persion and persistence of temperature. Increased dispersion led to a reduced value function
and increased SNH provision, while increases in persistence led to the converse effect, an
increased value function and reduced SNH provision.

We also analysed the effect of the spatial distribution of SNH provision. Reasoning that an
even distribution of SNHs is likely to be advantageous from a pollination perspective, we evaluated
the effect of departing from the ideal case of a perfectly even spatial distribution. We also quanti-
fied the possible suboptimality arising from unevenness in the distribution of SNH. In the inter-
ests of simplicity, we use the well-known Camargo evenness index and link it to the potential loss
in the harvest potential, and thereby the present discounted value of future profits. Unevenness in
SNH distribution, as can be anticipated, does lead to a degree of loss in the harvest potential.
Nonetheless, even with an uneven distribution of SNH, our previous insight that the solitary
bees can have considerable resilience value still holds.

The analysis in this paper is centred around a stylized model, with an emphasis on tractability
and intuition. Consequently, we abstracted away from many potentially important aspects related
to the problem. To illustrate, some parts of pollination services are presumably collective, meaning
that they affect more than the single decision maker assumed here, in addition to providing other
services at large. To this extent, there is an externality in terms of pollination services, and a con-
sideration of these aspects may be a fruitful direction of future research. In addition, spatial aspects
related to optimal path size and location are known to be of some importance and were not con-
sidered in our analysis. The analysis also did not consider the question of imperfect stock obser-
vability, and frictions involved in changing land uses. In any case, dynamic models incorporating
one or more of these possibly important aspects are an important avenue for future research. In
view of the fact that accurate functional relationships between temperature and bee population
dynamics are not yet readily available, our numerical results are to be viewed as providing a rigor-
ous basis for a discussion of the economic value of biodiversity and resilience, rather than as a
definitive assessment of it.
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NOTES

1 To the best of our knowledge, the literature concerned with bioeconomic modeling of pollina-
tors is very sparse. The only related literature we could find targets the role of honey bees and the
problem of beekeeping as a way of securing crop production (Champetier et al., 2015; Rucker
et al., 2012).
2 We compare the body size of the B. terrestris worker with the male O. bicorins since the male
bicorins perform the majority of the pollination within the species (Seidelmann, 2006).
3 Kudo et al. (2004) found that early-flowering plants in Japan advanced their flowering during a
warm spring, whereas bumble bees queen emergence appeared unaffected by spring temperatures.
Due to the fact that many wild bees in Northern European countries feed on early spring plants
similar to those examined in the Japanese study (Linkowski et al., 2004), a similar mismatch may
be expected. A similar finding was reported for spring wildflowers at a temperate deciduous forest
in the United States (Motten, 1986).
4 Further evidence for this hypothesis is provided by developments anticipated regarding Salix,
one of the most important pollen and nectar sources for newly emerging bees, particularly bumble
bees, in Northern Europe. Linkowski et al. (2004) and Post et al. (2008) have shown that for grey
willow (Salix glauca) all phenological events monitored occurred earlier on warmed plots, and that
warming reduced the aggregate life history of this Salix species by 22 days on average, thus indi-
cating that Salix is among the plant species that will express earlier flowering phenology in
response to temperature increase.
5 For O. bicornis, long pre-wintering periods as adults has been showed to lead to elevated fat
body depletion and decreased overwintering survival (Radmacher, 2012).
6 The mechanism in question is the extension of the prepupal phase of the univoltine O. bicornis.
Recent research has shown that an extension of the prepupal phase could be a suitable mechanism
that allows the adjustment of adult eclosion under warmer conditions that could aid the bees to
cope better with the consequences of climate change in this aspect.
7 Future research also needs to consider insect herbivore phenotypic and genotypic flexibility,
their responses to global change parameters operating in concert, and an awareness that some pat-
terns may only become apparent in the longer term.
8 The formulation assumes that land can be costlessly switched between semi-natural and agri-
cultural area every year. While clearly a simplification, we believe this to be a plausible approxi-
mation in our agricultural setting, of a single farmer with a marginally irrigated seasonal crop
with only moderate specialization required. This assumption helps keep our model tractable,
since adding frictions to conversion may need semi-natural area to be an additional state variable.
9 We note that all stocks are assumed perfectly observable in our model. Clearly, this is a sim-
plification, since in reality it is difficult for the farmer to observe the exact size of the two bee
species in circulation on his plot of land. However, typically bee population is likely determined
by simple factors that are beneficial for bees and strongly correlated to their population levels.
To the extent an experienced farmer can gauge these factors, it is very likely that the services pro-
vided by the bee population can be consistently estimated by the farmer. Examples of such factors
would thus be the amount of semi-natural land (for nesting), but also the size of the rapeseed field
(for food). We leave an exploration of the effects of uncertainty in bee stock (reported as being
substantial for fisheries in Sethi et al., 2005) estimates for future research.
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10 We note that these equations are stochastic, depending upon the state Tt which is stochastic.
In view of the fact that f , g (see equations 3 and 4) are both positive and finite numbers (and can
be shown to be bounded above and below), it can be shown that for any given time path for T ,
there is a finite steady-state stock (density) of both bee types (bumble and solitary). Under mild
conditions, it can then be established that there is a non-degenerate unique invariant distribution
for the two bee types (which is the equivalent to the ‘steady state’ in the deterministic setting) for
any stationary choice of the path for xt .
11 To illustrate, if w = 1/2, Bt = 100 and St = 100, then the total pollination capacity is equiv-
alent to that obtained with 100+ 1/2∗100 = 150 bumble bees.
12 In stochastic dynamic models, the stock variables converge to a steady-state probability distri-
bution, which is the equivalent of a ‘steady state’ in deterministic settings.
13 According to The Bumblebee Conservation Trust (2017) and Cueva del Castillo et al. (2015),
the nest size for bumble bees depends on the exact species, but most form colonies of between 50
and 400 individuals per nest (20–1700 in extreme cases). With a dozen of such nests over 1 ha of
the field, 11-15 nests/ha (cf. Osborne et al., 2008), the figure of 4000 we use can be arrived at.
14 In particular, a warmer spring season may enable the bumble bees to feed an extra generation,
but a warmer spring may also increase the mortality rate of these bees by up to 50%. Although
there is no exact trade-off information available, the net effect seems to be negative. In compari-
son, the solitary bees do not suffer from the early spring temperature as they awaken later in the
spring. On the other hand, the mortality rate of this group may become considerably higher for
temperature increases.
15 This study indicates that for a temperature increase from 17.5 to 22.5°C, the mortality rate of
solitary bees increases from 16% to 25%, and for a temperature change from 22.5 to 27.5°C, the
mortality rate would rise rapidly to 100%.
16 For more on optimal resource management with regime shift risks, see Baggio and Fackler
(2016) and Ren and Polasky (2014).
17 Consistent with the literature, the marginal resilience value would be negative if the initial
state is a worse one and shocks can increase the chance for the system to shift to better states.
18 The value of resilience may not be monotonic (Baumgärtner & Strunz, 2014; Li et al., 2016).
19 This may not be realistic for large temperature reductions, but for simplicity, we focus on the
damage of warming rather than the unlikely benefits of cooling.
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