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Bio-invasions occur in management mosaics where local control
affects spread and damage across political boundaries. We address
two obstacles to local implementation of optimal regional control
of a bio-invasion that damages public and private resources across
jurisdictions: lack of local funds to protect the public resource and
lack of access to protect the private resource. To evaluate these
obstacles, we develop a spatial-dynamic model of the optimal con-
trol of emerald ash borer (EAB) in the Twin Cities metropolitan
area of Minnesota, USA. We focus on managing valuable host trees
with preventative insecticide treatment or pre-emptive removal to
slow EAB spread. The model includes spatial variation in the owner-
ship and benefits of host trees, the costs of management, and the
budgets of municipal jurisdictions. We develop and evaluate cen-
tralized strategies for 17 jurisdictions surrounding the infestation.
The central planner determines the quantities of trees in public
ownership to treat and remove over time, to maximize benefits of
surviving trees net costs of management across public and private
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ownerships, subject to constraints on municipal budgets, manage-
ment activities, and access to private trees. The results suggest that
centralizing the budget across jurisdictions rather than increasing
any one municipal budget does more to increase total net bene-
fits. Strategies with insecticide treatment are superior to ones with
pre-emptive removal because they reduce the quantity of suscep-
tible trees at lower cost and protect the benefits of healthy trees.
Increasing the accessibility of private trees to public management
substantially slows EAB spread and improves total net benefit.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The management of bio-invasions is an example of spatial-dynamic processes that are receiving
increasing attention by economists (Wilen, 2007). Bio-invasions generate damages as they spread, and
optimal control - where, when, and how intensively control activities are undertaken — depends on the
spatial configuration of resource benefits and management costs. The optimal control of bio-invasions
is addressed with spatially explicit models of invasive species dynamics, in which the landscape is
divided into a set of discrete patches, control activities are defined for each patch, and the growth and
dispersal of the invasive species is a function of the selected controls (Bhat et al., 1993; Hof, 1998; Albers
etal., 2010; Blackwood et al., 2010; Kaiser and Burnett, 2010; Epanchin-Niell and Wilen, 2012). While
these models show that optimal control depends on the configuration of the threatened resource and
natural barriers to spread, they do not explore management in landscapes where multiple ownerships
and political boundaries separate the threatened resource (Epanchin-Niell et al., 2010).

Bio-invasions usually take place at landscape scales that encompass multiple landowners - a
management mosaic — where each landowner’s control decisions directly impact his/her neighbors’
decisions by affecting invasion spread across boundaries (Wilen, 2007; Epanchin-Niell et al., 2010).
When landholders make control decisions based only on damages occurring on their own land, an
externality occurs because controllers confer uncompensated benefits to those in advance of the
invading front (Wilen, 2007). As a result, managers may under-control from a system-wide perspec-
tive, leading to increased invasion of the landscape (Wilen, 2007). A central planner who determines
the optimal control of a bio-invasion can internalize this diffusion externality and increase total net
benefits across ownerships (e.g., Feder and Regev, 1975; Bhat and Huffaker, 2007; Richards et al., 2010;
Sims et al., 2010).

While the potential for welfare gain from centralized planning is well known, there are practical
obstacles to realizing that gain. For example, the central authority may establish uniform controls
across jurisdictions because of imperfect information about local payoffs. This will not represent the
first-best outcome if preferences, damages, environmental attributes, or control costs differ across
jurisdictions (List and Mason, 2001; Albers et al., 2010). Instead, market-based corrections such as
taxes, permits, or subsidies (e.g., Richards et al., 2010; Sims et al., 2010) or transfer payments (e.g.,
Bhat and Huffaker, 2007) may induce local control decisions that approach the levels of a centralized
plan that accounts for asymmetries in local payoffs.

We address two other obstacles that arise where the resource at risk is owned by both public and
private entities. First, a local government may not have sufficient funds to implement the control
strategy that is optimal at the regional level thereby increasing the likelihood of infesting neighboring
jurisdictions and increasing damages. Second, local governments may not have access to private land
within their jurisdiction to implement control activities.

To address these obstacles, we develop a spatial-dynamic model of an insect invasion of an urban
forest with municipal jurisdictions and with both public and private ownership of trees.

Our spatial-dynamic model is for the optimal control of emerald ash borer (Agrilus planipennis
Fairmaire) (EAB) in the Twin Cities metropolitan area of Minnesota, USA. EAB is a non-native forest
insect that was discovered in the USA and Canada in 2002 and is poised to spread, colonize and kill
native ash (Fraxinus spp.) trees throughout North America (Anulewicz et al., 2008). EAB is projected to
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cost homeowners and local governments billions of dollars for treatment or removal and replacement
oflandscape ash treesin cities (Kovacs et al.,2010). Satellite populations of EAB can become established
when humans inadvertently transport infested nursery trees, logs, firewood, or related material. The
established satellite population in the Twin Cities was detected in 2009 and is projected to expand
and accelerate ash mortality throughout the Midwestern U.S. (Kovacs et al., 2011).

Our spatial-dynamic model focuses on managing host trees, which are a valuable, non-market
resource in an urban setting (Sander and Haight, 2012). Managing the host is appropriate for pests
that are difficult to detect while the host is readily identifiable and mediates pest population growth
and spread. For example, Sims et al. (2010) address the optimal control of a destructive native forest
insect by focusing on timber harvesting where trees provide both market and non-market benefits and
mediate insect population density and damage. Management tactics for EAB include the application
of a highly effective systemic insecticide to ash trees to kill EAB adults or larvae that are present and
the pre-emptive removal and destruction of infested trees before larvae can complete development.
Each tactic can effectively reduce EAB numbers, but only the insecticide preserves the urban forest
benefits of a healthy tree. These tactics are considered more for infestations like the one in the Twin
Cities that are localized and recently established than for infestations that have high EAB densities and
an abundance of declining trees, which may preclude large-scale management efforts (IMcCullough
et al., 2009c¢).

Our model accounts for spatial variation in the benefits of host trees and the costs of management
actions, which may influence the spatial-dynamic paths of optimal management (e.g., Epanchin-Niell
and Wilen, 2012). The model also accounts for the spatial variation in budgets of municipal jurisdic-
tions, which is important when inaction due to budget restrictions in some jurisdictions allows the
pest to grow and become a source of new invaders in neighboring jurisdictions. We use the model to
develop and evaluate centralized control strategies for 17 municipal jurisdictions in the vicinity of the
EAB infestation. Each jurisdiction may manage public trees but not private trees. The central planner
determines the quantities of trees in public ownership to treat and remove over time, to maximize
benefits of surviving trees net costs of management across public and private ownerships, subject to
constraints on municipal budgets, management activities, and access to private trees. By aggregating
budgets across jurisdictions, we estimate the gains in total net benefit attainable from budget sharing.
By increasing the quantity of host trees accessible to public management, we estimate the gains in net
benefit from coordinating management across public and private ownerships.

2. Methods
2.1. Dynamics of the emerald ash borer host

There is increasing interest in developing optimal control strategies for invasive insects and
pathogens using models of host population dynamics coupled with economic models of management
and damage (e.g., Ndeffo Mbah and Gilligan, 2010; Sims et al., 2010). Here, we model the spatial-
dynamics of EAB in an urban forest by focusing on the population of ash trees that are potential hosts
for EAB. Our model follows from a map grid representation of the spatially explicit growth and dis-
persal of an EAB population following initial colonization (Mercader et al., 2011). Our model consists
of a grid of m square cells (sites) of equal size, each classified into a single land use. Within each cell,
ash trees are subdivided into n ownership classes (e.g., public and private). The model accounts for
the amounts (m?) of susceptible and infested ash tree phloem, the inner bark of the tree consumed by
larvae, by ownership class and time period based on assumptions about the growth and dispersal of
fertilized EAB females. Phloem amounts can be converted to numbers of trees based on assumptions
about tree size (McCullough and Siegert, 2007).

Let S;i(t) be the amount of susceptible phloem (m?2) in site i and ownership class j at the end of
period t (December). We assume susceptible trees can be treated with an insecticide containing the
active ingredient emamectin benzoate, which provides virtually 100% effective EAB control for 2 years
(McCulloughetal.,2011). We track the cumulative amount of treated phloem at the end of period t with
the variable R;(t) and define control variable Xj;(t) as the amount of susceptible phloem treated with
insecticide in the spring during period t. Susceptible trees can also be removed in the fall, as defined
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by the control variable Yj(t), which prevents larvae within the tree from completing development
(McCullough et al., 2009a). Insecticide treatment and removals both reduce the amount of phloem
available for EAB larvae, and the cumulative amount of phloem removed is tracked with the variable
Lij(t). The total amount of phloem removed from each site, ownership class, and time period must be
less than the susceptible phloem present at the end of the previous period: Xj;(t) + Yj(t) < Sy(t — 1).

The amount of susceptible phloem at the end of period t, S;(t), also depends on phloem consumed
by EAB larvae. We define Gy(t) as the reduction in susceptible phloem in site i and ownership j during
period t from larval progeny of adult beetles that emerge from infested phloem, disperse, and lay eggs
in susceptible phloem during the spring and summer of period t — 1. Using these definitions, we model
the dynamics of EAB in each site and ownership as a system of difference equations:

Sij(t) = St — 1) = Xyi(t) = Yyi(t) — Gy(£) + Xy(t - 2) (1)
Gj(t) = Gyt — 1) + Gy(t) (2)
Ryi(t) = Ryi(t — 1) + Xj(t) — Xj(t — 2) (3)
Lyj(t) = Ly(t — 1) + Yy(1) (4)

Each period, the susceptible phloem is reduced by the amount of phloem treated, the amount of
phloem removed by managers, and the amount of phloem consumed by larvae during the period
(Eq. (1)). The cumulative amount of phloem consumed by the end of period t, Cj(t), is the amount of
phloem consumed in earlier periods and the amount of phloem consumed by larvae during period t
(Eq.(2)). The cumulative amount of treated phloem or removed phloem is updated at the beginning of
the period (Egs. (3) and (4)). The insecticide is effective for only 2 years, consistent with field studies
(Herms et al., 2009; McCullough et al., 2011).

Following Mercader et al. (2011), we assume that EAB adults emerge from infested phloem, dis-
perse, mate, and produce larvae during period t — 1, and these larvae overwinter and consume phloem
during period t. The number of EAB adults that emerge from infested phloem in site k and ownership
Jj is uGy;(t—1), where p =88.9, the average number of adults that can emerge per m?2 of phloem
(McCullough and Siegert, 2007). While larvae in newly infested trees often require 2 years to develop
(Cappaert et al., 2005; Tluczek et al., 2011), to simplify our model, we assume all larvae mature and
adults emerge after 1 year of development. We define p;; as the expected proportion of EAB adults
that emerge from phloem in site k and move to site i where p; is a negative exponential function of the
distance between sites i and k. The number of adults arriving in site i is, Z;Lpikzjll 1Gyj(t — 1) and
the number of eggs that can potentially be laid by adults reaching site i is, rZ:km:119,~,< ZJL MGi(t—1)
where r=10.35 is the annual population growth rate (Mercader et al., 2011).

We model the reduction in susceptible phloem during period t, G;(t), as the product of the suscep-
tible phloem in site i and ownership j (after treatment and removal in period t) and the proportion
of the aggregate susceptible and treated phloem in site i that is colonized by EAB at the end of the
previous period:

(5)

Mmoo S™ Gt — 1
Gij(t)=(5ij(t—1)—Xij(t)—Yij(t)+Xij(t—2))( PYELDPATC G >

w4 (St = 1)+ Ryt - 1)

This equation models the spatial dynamics of the spread of EAB among cells. The proportion of the
susceptible and treated phloem colonized is the ratio of two terms. The numerator is the numbers of
eggs that can potentially be laid by adults reaching cell i. The denominator is the number of larvae
that could be potentially supported by both susceptible and treated phloem.

There are several assumptions associated with this model of phloem consumption. First, we assume
that infested phloem on public and private land in period t— 1, G;j(t— 1), is identified and removed
during period t—1 after one cohort of adult EAB has emerged. Under this assumption, the variable
Gjj(t—1) represents the mandated removal of infested phloem and differs from the decision variable
yij(t—1), which represents pre-emptive removal of susceptible phloem during period t— 1. Second,
adult EAB disperse to each site and segregate between susceptible and treated phloem in proportion
to the amounts of susceptible and treated phloem present. Adults reaching phloem in period t—1
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that is treated in periods t—1 or t either die because they consume toxic foliage or lay eggs and
produce larvae that die before damaging the tree and do not produce a new generation of adults in
period t (McCullough et al., 2011). Third, larvae of adults that reach phloem in period t — 1 that is pre-
emptively removed in period t also perish before maturing. Adults that reach phloem in period t — 1
that is neither treated nor pre-emptively removed produce larvae that consume phloem and produce
the next generation of adults in period t. Finally, for simplicity, we assume a constant EAB population
growth rate rather than logistic growth (e.g., Burnett et al., 2012; Eiswerth and Johnson, 2002). As a
result, a non-negativity constraint,

1 rznkm=1pikz;1=1/’bckj(t -1) 0 ®)
MZj:](SU(t -1)+ Rij(t -1))

is necessary to prevent actual larval production from exceeding the capacity of ash phloem to produce
larvae. When the potential larval production exceeds the phloem capacity, the proportion in Eq. (5)
equals 1, indicating all of the susceptible phloem is consumed.

2.2. Management problem

The central planner determines the quantities of trees in public ownership to treat and remove
over time, to maximize benefits of surviving trees net costs of management across public and private
ownerships, subject to constraints on municipal budgets, management activities, and access to private
trees. Several economic parameters are needed to complete the formulation, and the units of the
parameters are in terms of m? of phloem. The annual benefit of a healthy tree ($/m?) is b;, which
depends on the land use of site i. The discount factor to make value consistent across time is §;. The
present value of an annuity that delivers an annual payment of one unit of the currency for k years
is ay. The net cost ($/m?) at site i of removing a m? of phloem, and replacing it with the phloem of
another species of tree is cg = d; — bjasp839 where d; is the cost of removing each m? of phloem in
site i and replacing it with another species of tree and bjas|83o is the present value of the stream of
benefits from each m? of replacement phloem. The stream of benefits from replacement phloem is
assumed to begin 30 years after the tree is planted and lasts for 40 years (McPherson et al., 2005). The
cost ($/m?) of treating each m? of phloem with insecticide in site i is cg. The planner has a budget B(t)
($) each period to spend on treating and removing susceptible trees in public ownership. The planner
also knows the management activities that are applied to trees in the private ownership.

The problem is to maximize net benefits of the ash trees:

T

m n
‘max o E ad; g bi(Sij(t) + Ry(£)) — ¢k (Gy(t) + Yy()) — i Xy(8) | + V(T +1) (7)
X”(t)’yﬂ(r)‘s#u’CTJu' %u’ #u =1 o1 je1

subject to:
m
B(£) = ) (chXia(£) +di¥in () 8)
i=1
Si(0)=SY, C;(0)=Cl, Ry(0)=0, L;j(0)=0 9)
SiT+1)=sl . cT+1)=cl,, R{(T+1)=RL,, LyT+1)=1, (10)
m n
V(T+1)=adr1» > (hiS),, +eRi,) (11)
i=1 j=1
where

h; = bjas — 83¢}, e =bjas — 8¢}, ¢ = d; — bjagodeo (12)
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Xin(6)=0, Yjp(t)=0, Xp(t)=¢;, Yp(t)=0 (13)

and the spatial dynamics of EAB (Egs. (1)-(6)). The objective (Eq. (7)) is to determine X;; (t) and Y;(t),
the numbers of trees in public ownership to treat and remove over time, to maximize the present value
of the benefits of surviving trees net costs of management across both public and private ownership
over a fixed time horizon T. The number of trees in private ownership that are treated, represented
by Xi>(t) = ¢;, and removed, as represented by Yj,(t)=0, is determined outside the model (see Section
3). Benefits accrue to surviving trees, which can either be susceptible or treated. Management costs
include the cost of treating susceptible ash trees, c%Xij(t), the cost of pre-emptively removing suscep-
tible ash trees, cﬁ Y;;(t), and the cost of removing ash trees that are infested and killed by EAB in the
current year, c}G(t).

Eq. (8) is the planner’s budget constraint, which is an upper bound on the total cost of treating
and removing susceptible ash trees in the public ownership. The budget constraint does not include
the costs of removing infested trees because we focus on the budget available for implementation
of management tactics to slow population growth of EAB. Eq. (9) is the initial conditions of the
state variables. Note that the objective function includes a term for the value of the ending inven-
tory, V(T+1). Eq. (10) defines the control variables for period T+ 1, and Egs. (11) and (12) define the
value of the ending inventory. We assume susceptible and treated trees present in period T+1 pro-
duce benefits for 3 and 5 years without management, respectively, before eventually being infested
and then removed and replaced. Eq. (13) includes the non-negativity constraints on the manage-
ment activities for trees on public ownership and the fixed values of the management activities for
trees on private ownership. We solve this problem with the Generalized Algebraic Modeling Sys-
tem (GAMS) 23.5.1 using the non-linear programming solver CONOPT from AKRI Consulting and
Development.

2.3. Optimality conditions

The optimal treatments and removals at site i for the control problem (7) can be examined from the
intuition offered by the necessary conditions (A1) and (A2) derived in the Supplementary Material. The
necessary conditions for the optimal level of phloem treated or removed and replaced are as follows:

Condition for optimal treatment:

Marginal benefit for sitei

T opa S Gt —1 N
ci5t< 2o Pikd o Gl ~ 1) >+Ag(t)

] Do (St = 1) + Ryt = 1))

Marginal benefit outside sitei

n
NSeiq + ANt + 1))(Spi(t) = Xpi(t + 1) = Vi (£ + 1)+ Xpj(t — 1)) | 20—
. (h_l( 190t+1 5( )¢ hj( ) h]( ) h]( ) hj( ) Z;:](Shj([)Jrth([))
, (rZ:llpik ;=1ij(t—1)>

Zj”ﬂ(s,»j(rfl)m,-j(tfn)

TP Gt = 1) )

SO (St — 1)+ Ry(t — 1)

= chde + AJ() (1
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Condition for optimal pre-emptive removal and replacement:

Marginal benefit outside sitei

n
hs M 1) (E) = Xpi(E+1) = Vi (t 4+ 1)+ Xpi(£ — 1 i
<;(C1 e+ + Ag (£ 4+ 1))(Ski() — Xpi(£ + 1) = Yyt + 1) + Xiyy( ) ijl(shj(f)+th(f))

m n
% (er_lpik j_1G’<f(t_1)>

> Sylt=1)+Ry(E=1)

(15)

= (3tCi +)\U(t)) (1 _ erm:1piI<Z;:1C;kj(t -1) )
= d i

i1 (Si(t = 1)+ Ryi(t = 1)

Eq. (14) indicates the treatment of a tree at site i continues as long as the marginal benefit for
site i — present value of the savings from not replacing a healthy tree, c}d;, for the proportion of
n
the tree affected by EAB in this period, (TZ;T:1Pi1<Z;:1ij(f - 1)) / (Zj=1(5,-j(t - 1)+ Ry(t - 1))),
plus the shadow value of the resistant tree created, Ak(t) - plus the marginal bene-
fit of treatment outside site i - the present value of the savings from not replacing
healthy trees plus the shadow value of healthy trees not consumed in the next period
n

for all the trees at the sites h surrounding site i, Z(c{’étﬂ +A’;j(t+1))(Shj(t)—th(t+l)—

h=1
n
Yii(E+ 1)+ Xpi(6 = 1)) | PR/ Z(Shj(t)Jrth(t)) , weighted by the proportion of the tree
j=1
m n n
affected by EAB this period at site i, erikZij(t— 1]/ Z(Sij(t— 1)+ R;(t - 1))
k=1 j=1 j=1

- exceeds the present value of the treatment cost, Bf(:;, plus the shadow value of the
proportion of the treated trees that would have not been consumed by EAB this period,
m n n
Ag(t) TZPikZij(f -1/ Z (Si(t = 1)+ Ryi(t — 1))
k=1 j=1 j=1

The removal and replacement of trees at site i (Eq. (15)) continues as long as the marginal benefit of
removal and replacement outside site i (equivalent to the formulation of marginal benefits outside site
iin (Eq.(14))) exceeds the present value of the replacement cost plus the shadow value of the healthy
trees, Stcg + kg(t), for the proportion of the removed trees that would have not been consumed by EAB

m n n
during this period, AL(t) rzp,»chkj(t -1/ Z(s,-j(t ~1)+R;(t—1)) | |.Theoptimality
k=1 j=1 j=1

of removal and replacement (Eq. (15)) indicates that all the trees should be removed from the site if
the trees would instead be killed by EAB.

Comparing the left-hand side of Eqs. (14) and (15) indicates that the insecticide treatment provides
a greater marginal benefit than tree removal because while each action provides an identical marginal
benefit outside site i, only the insecticide treatment provides a marginal benefit at site i. However, if
the cost of treatment is higher than the cost of removal, the preferred management option for that site
could be removal. Comparing the right-hand side of Eqs. (14) and (15) indicates that as the proportion
of the trees affected by EAB in this period approaches one, the cost of the removal action approaches
zero, while the cost of insecticide treatment approaches the present value of treatment cost. This
suggests that in sites close to a heavy infestation, removals may be a priority unless there is a large
marginal benefit at site i of the insecticide treatment.



K.F. Kovacs et al. / Resource and Energy Economics 36 (2014) 270-289 277

Twin Cities, Minnesota EI‘ 3 .

Roseville
City boundaries
Twin Cities
Study area
Number of ash trees
Low
Emerald ash borer
detectionsin June
x 2011
[ 3 0 S doEes
Fig. 1. Municipalities and the 10-km circular study area within the Twin Cities, Minnesota.
3. Data

In our model, 17 cities in the Minneapolis - St. Paul metropolitan area could have EAB infestations
by 2016 (Fig. 1). The study area is defined by a 10 km radius around the known epicenter of the
infestation, as delineated in the summer of 2009. The 10 km radius is based on an estimated distance
that EAB could naturally spread in the next 5 years projected from the dispersal observed in field
studies (Siegert et al., 2010). We chose a 5-year period, 2012-2016, for the purpose of examining a
short-horizon policy response to the invasion. Projecting the infestation and management program
beyond 5 years requires assumptions about potential human transport of EAB to other parts of the
metropolitan area that are difficult to justify.

To compute the discounted net benefits of an EAB management strategy, we compile three types of
data. First, we estimate the initial amounts of susceptible and infested ash phloem public and private
ownership in 600 m2 square cells. Next, we estimate the benefits of healthy ash trees, costs of treating
trees, costs of removing trees, and the budgets available for treating or removing ash trees in each of
the cities. Finally, we identify the probabilities that EAB will spread from each cell in the study area
to other sites using a modified model developed for predicting the localized spread of EAB (Mercader
etal, 2011).

3.1. Estimating susceptible and infested ash phloem in public and private ownership

We first classify each 600 m? cell into one of three land uses: residential, park, and non-residential.
The cell classification is based on a 2005 land use classification system developed from aerial photos
and assessor information (Metropolitan Council, 2006). Residential land use includes single and
multi-family residential and mixed-use. Park land use includes parks, preserves, golf courses, and
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undeveloped land. The non-residential land use includes office, retail and other commercial, industrial
and utility, and institutional uses.

While each cell is classified into a single land use, any ash phloem in a cell is divided between
public and private ownerships. In residential and non-residential cells, we assume that 30% of the ash
phloem is in public ownership and accessible to public management. This represents an estimate of
the proportion of street trees on residential land (McPherson et al., 2005; Nowak et al., 2006), and we
assume the same proportion of street trees on non-residential land. Based on an estimate that 20% of
open space in St. Paul is covered by golf courses (City of Saint Paul, 2008), we assume that 20% of the
ash phloem in park cells is in private ownership and inaccessible to management. We also assume that
a proportion of the ash phloem in private ownership is treated by owners to prevent EAB infestation.
On residential land, 25% of private ash phloem is treated. On non-residential and park land, 5% of the
private ash phloem is treated. These proportions are based on estimates of the proportions of phloem
associated with mature ash trees, which provide higher benefits and are more likely to be treated than
younger ash trees (Kovacs et al., 2010).

Next, we estimate the amount of ash phloem in 600 m? sites using an urban ash tree inventory for
the Minneapolis - St. Paul metropolitan area collected by the Minnesota Department of Agriculture
(MDA) in 2009 and 2010 and the National Land Cover Database (NLCD) 2001 tree canopy layer. The
MDA conducted three ash tree assessments in summer of 2009 and in winter and summer of 2010 in
the neighborhoods surrounding the infested ash trees found in St. Paul in summer of 2009. The three
ash tree assessments identify nearly all of the ash, both public and private, in the 1.6 km radius around
the known infestations. The MDA urban ash inventory also includes the boulevard and park ash trees
from inventories conducted in the cities of Minneapolis, Falcon Heights, and St. Paul.!

Many municipalities in the study area have not inventoried ash growing on boulevards or in parks,
and none of the cities have inventoried ash trees on private property. For this reason, we predict the
number of ash trees in each cell based on tree canopy and land use. For each land use, we use ordinary
least squares regression to estimate a relationship between the number of ash trees from the MDA
urban ash inventory and the NLCD index of tree canopy at a 30 m2 cell size resolution. To simplify
modeling, we assume that all ash trees are 30 cm in diameter at breast height (DBH), which is the
average size of trees in the MDA inventory. Then, we subdivide each 600 m? cell into 30 m? cells, each
with tree canopy index from the NLCD, and use the regression equation to estimate the number of ash
trees present. Finally, we aggregate those estimates to obtain the number of ash trees in the 600 m2
cell. Ash trees are converted to phloem by assuming 14.14 m? of ash phloem are present in each ash
tree (30 cm DBH) (McCullough and Siegert, 2007).

Finally, we estimate the amount of ash phloem that is consumed by EAB in the beginning of the
study period, G;(0) and Cj;(0). Personnel from the MDA conducted surveys to delineate sites with EAB
infestations in 2011. We assume eight larvae per m? of phloem are present in each infested site in 2011
because this is the minimum larval density that can be detected (Mercader et al., 2012). On average,
1 m? of phloem can develop 88.9 larvae (McCullough and Siegert, 2007). Therefore, we assume that
9% of the phloem in infested sites is consumed in period zero.

3.2. Estimating benefits of healthy ash trees and costs of treatment and removal

McPherson et al. (2005) compute the values for the annual benefits of a healthy green ash tree,
which include improved local air quality, energy savings from a tree growing near buildings, seques-
tration of carbon dioxide, reduced storm water runoff, and the shading, recreation, and the esthetic
value of the trees. For residential land use, we assume the annual benefits of an ash tree other than
the sequestration of carbon dioxide, are capitalized into the value of the residential properties close
to the tree. McPherson et al. (2005) estimate the average annual increase in property value from an
ash tree on the street to be $40.06. Based on the land cover categories in McPherson et al. (2005), we
estimate this will be higher at $49 on residential streets because of the greater proximity of the street

1 Most of the boulevard and park ash are not inventoried in St. Paul, but are inventoried in Minneapolis and Falcon Heights.
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tree to valuable property. McPherson et al. (2005) calculate the average annual carbon sequestration
benefit of a green ash is $5. The annual benefit of an ash tree in the residential land use is then $54.

We estimate the annual benefits of trees growing in parks or non-residential lands using the direct
value of some of their ecosystems services because no studies have looked at how a single tree con-
tributes to property values for these land uses. The annual benefit of a tree growing in a park is
$11, based on its value derived from improved local air quality and carbon dioxide sequestration
(McPherson et al., 2005). The annual benefit of a tree in non-residential land use is $30, based on
its value derived from carbon dioxide sequestration, half of the energy savings generated by a tree
growing near buildings (since energy use is lower after business hours), and improved local air quality
(McPherson et al., 2005). Recognizing that the values of all ecosystem services may not be included
in these estimates, we determine the sensitivity of optimal EAB management strategies to increasing
the value of individual tree benefits.

When an ash tree is killed by EAB or pre-emptively removed, there is an immediate removal and
replacement cost. We assumed the cost of removal and replacement of an ash tree in the residential
and non-residential land use is $800 and in the park land use is $600 (Kovacs et al., 2010). There is a
delay of 30 years until the annual benefit of a replacement tree equals that of the ash tree removed
because of EAB, and the replacement tree provides a constant annual benefit for 40 years (McPherson
et al., 2005). We use an annual real rate of discount of 2% (Howarth, 2009).

The trunk injection of the insecticide with emamectin benzoate was assumed to prevent coloniza-
tion and injury from EAB for 2 years (McCullough et al., 2011). We assumed trees would be treated
by private contractors, rather than by in-house labor. Treatment cost for an ash tree in the residential
and non-residential land use is, therefore, assumed to be $120 and in the park land use is $100 (Kovacs
et al., 2010). The treatment cost for 10-year commitment of insecticide is $540 for non-park land use
and $450 for the park land use, slightly lower than five individual treatments because of a city’s ability
to buy in bulk over a long time horizon. The purpose is to see if and where communities would adopt
a 10-year commitment with a slight cost advantage but the obvious constraint of a commitment over
10 years. McCullough and Mercader (2012) report the cost of treating municipal trees with in-house
labor is lower at $48.

3.3. Calculating EAB dispersal probabilities

Field studies indicate that most adult EAB females select hosts within 200 m of their point of emer-
gence when ash trees are available (Mercader et al., 2009; Siegert et al., 2010). Little is known about
dispersal of EAB beyond 800 m, but a small proportion of beetles probably go further. Laboratory tests
showed mated EAB females are physiologically capable of flying 1.8 km/day (Taylor et al., 2006). Dis-
persal of EAB females is also likely to be affected by host searching behaviors, which are predicted to
have large effects on the spread of the EAB (Mercader et al., 2011).

To project EAB spread over time, we used field data collected from the SL.ow A.sh M.ortality (SLAM)
pilot project, which represents the largest intensively sampled EAB infestation to date. As part of
this project, ash trees and EAB distribution were intensively surveyed from 2008 to 2010 in an area
centered on the origin of the infestation (SLAME info, 2012). The EAB infestation was estimated to have
originated 4-6 years prior to the detection of the infestation in 2007 (approximately 2002) (Poland
and McCullough, 2010). We estimated the detectable spread of the infestation from the estimated
origin from 2002 to 2010.

This information was subsequently used to adjust the dispersal function developed by Mercader
et al. (2011) to account for the lower resolution of the data at the SLAM pilot project. The
model presented in Mercader et al. (2011) uses a negative exponential function to estimate the
spread of EAB based on results from field studies of EAB dispersal (Mercader et al., 2009; Siegert
et al, 2010). To adjust the dispersal function, we ran simulations varying the parameters of
the dispersal function in the SLAM pilot project and contrasted the predicted spread with the
observed spread. The mean square difference was used to determine the best fitting parameters.
For these simulations, maximum dispersal of individual EAB females was assumed to be 5km
per year.
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We used this adjusted model to calculate the expected dispersal probabilities for the St. Paul -
Minneapolis study area. We subdivided each 600 m? cell in the St. Paul — Minneapolis study area
into nine 200 m? cells. We then calculated the expected dispersal probability between cells in the
subdivided environment, and used these results to calculate the expected dispersal probabilities for
the study area containing 600 m? cells.

4. Management strategies

We develop and evaluate five centralized strategies for 17 municipal jurisdictions surrounding the
infestation. For each strategy, the central planner determines the quantities of trees in public owner-
ship to treat and remove over time, to maximize benefits of surviving trees net costs of management
across public and private ownerships, subject to constraints on municipal budgets, management activ-
ities, and access to private trees. For constraints on municipal budgets, we use projections of 5-year
budgets made by the municipalities. St. Paul anticipates spending $3.8 million, Roseville $0.1 million,
and the remaining cities plan to spend nothing. Strategy one is no-management where EAB popula-
tion spread is simulated without any effort to treat or remove ash trees. Strategy two is centralized
management using an aggregate budget constraint of $3.9 million that may be shared among cities.
Strategy three is centralized management using local municipal budget constraints equal to their 5-
year projections. Strategy four is centralized management with an aggregate budget of $3.9 million
where the planner may use pre-emptive removal as a management action but not insecticide treat-
ment. Strategy five is centralized management with an aggregate budget of $3.9 million where action
is limited to insecticide treatment.

We performed sensitivity analyses for some of the strategies. For strategy 2, we explored how
changing the level of the aggregate budget and increasing the percentage of phloem that is accessible to
public management influences optimal public management and total net benefit. We also determined
how changing the value of individual trees influences optimal management. For this latter analysis,
the low-end value of a tree in the residential land use is half the baseline value, or $27 per tree, and in
park or non-residential land the value per tree is derived solely from the carbon dioxide sequestration,
$5. The high-end value of a tree includes the value of reduced storm water runoff for all land uses,
which increases the value of a tree in residential land use to $102 per tree, in the park land use to
$59, and in the non-residential land use to $78 (McPherson et al., 2005). For strategy 3, we explored
the impact of changing the total budget by proportionally changing the budget constraints for St. Paul
and Roseville, the two cities committed to spending. We also explored the effects of increasing the
percentage of phloem that is accessible to public management. Finally, to further explore the effects
of budget sharing, we developed a strategy with an aggregate budget constraint of $3.8 million for
the cities of Minneapolis and Saint Paul while the other cities have budget constraints equal to their
5-year projections.

The City of Saint Paul has the largest budget for EAB management, and in strategy 2 with an aggre-
gate budget constraint, we reallocate this budget to surrounding cities to examine the gain in total net
benefits throughout the study area. To investigate if St. Paul has an incentive to permit such a reallo-
cation, we analyze a set of optimal centralized management strategies with increasingly aggregated
budget constraints. The strategies include separate budget constraints for each city (strategy 3) and
aggregate budget constraints for St. Paul and Minneapolis, for St. Paul and Roseville, for St. Paul, Min-
neapolis, and Roseville, and for all cities in the study area (strategy 2). For each strategy, we compute
the net benefit accruing to the City of Saint Paul. Then, we use the net benefit for St. Paul obtained
under strategy 3 as the baseline for comparison with the net benefit for St. Paul obtained under the
other strategies in which St. Paul’s budget is shared. The difference is the gain or loss in net benefit
for St. Paul from reallocating its management budget to surrounding cities. Presumably, reallocating
a portion of St. Paul’s budget to surrounding cities will increase the net benefits for St. Paul because
the reallocation slows EAB spread across city borders.

For all strategies, we assume that trees treated with insecticide are immune to infestation for 2
years, and then return to the susceptible class. We also included a management activity that assumes
a 10-year commitment to insecticide treatment.
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Fig. 2. (A-E) Predicted phloem consumed (No action and centralized strategy) and management action (Centralized strategy)
from 2012 to 2016.

5. Results

With no management, the EAB population consumes phloem in the central part of the study area
where the infestation originated. Over time, the population expands toward the periphery of the study
area (Fig. 2A). After 5 years, one-third of the phloem remains within the area bounded by the 10 km
radius. As a result of ash mortality associated with the infestation, the urban forest benefit of the ash
trees decreases from $0.435 million in year 1 to $0.135 million in year 5, while costs of removing
infested ash trees increase from $0.161 to $1.981 million (Table 1). Costs of tree removal exceed the
benefits of the urban forest, resulting in a negative total net benefit ($—0.330 million).

With an aggregate budget constraint of $3.9 million (strategy 2), a combination of insecticide treat-
ments and pre-emptive removal of ash trees in the area surrounding the initial infestation slows EAB
spread and reduces phloem consumption (Fig. 2B). The total net benefit ($0.220 million) is positive
and at least two times greater than the net benefits of the other strategies, except strategy 5, which
is constrained to treatment only (Table 1). Compared with no management (strategy 1), the man-
agement activities applied in strategy 2 protect trees from EAB consumption, thereby increasing the
benefits of the urban forest and reducing the costs of removing infested trees. Treatment activities
increase net benefits because the cost of treating a healthy tree is less than the cost of removing an
infested tree. Further, treatments combined with pre-emptive removals reduce susceptible phloem
and thereby slows EAB population growth and spread.

With local municipal budget constraints (strategy 3), insecticide treatment and pre-emptive
removal are concentrated in the city of St. Paul (the SE portion of the study area), which has the largest
budget (Fig. 3). The EAB infestation expands and larvae consume most of the ash phloem outside of St.
Paul. Compared with strategy 2, the benefits of the urban forest decrease at a greater rate over time
as infested ash trees are removed and the total net benefit ($—0.140 million) is lower (Table 1).

With constraints that allow an aggregate budget and only pre-emptive tree removal (strategy 4),
total net benefit ($—0.160 million) is less than the benefits of strategies 2 and 3, which allow both
pre-emptive removal and insecticide treatment (Table 1). A strategy that is restricted to pre-emptive
removal is less efficient because the costs of removal are much higher than the costs of insecticide
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Table 1
Benefits and costs ($thousands) of five centralized EAB management strategies for 17 municipal jurisdictions in the Twin Cities
metropolitan area of Minnesota, USA.

Strategy Year PV Total net benefits?
Benefits and costs 2012 2013 2014 2015 2016
(1) No management
Urban forest benefit 435 408 345 248 135 1523 -330
Removal cost 161 460 1083 1607 1981 4985
(2)Aggregate budget for all cities
Urban forest benefit 438 426 393 348 287 1825 220
Removal cost 97 197 544 728 1034 2448
2yr treat cost 15 30 2 233 1 266
10yr treat cost 119 0 0 0 0 119
Preempt removal cost 132 81 126 0 0 333
(3) Local budgets
Urban forest benefit 436 417 367 290 187 1641 -140
Removal cost 130 339 845 1274 1777 4107
2yr treat cost 6 9 0 65 0 77
10yr treat cost 75 0 0 0 0 75
Preempt removal cost 76 19 26 0 0 120
(4) Aggregate budget for all cities - removal only
Urban forest benefit 438 423 386 332 240 1756 -160
Removal cost 101 250 582 867 1510 3110
Preempt removal cost 245 189 328 473 0 1189
(5) Aggregate budget for all cities - treatment only
Urban forest benefit 438 427 399 351 289 1835 210
Removal cost 96 192 498 768 1081 2479
2yr treat cost 25 71 8 246 4 337
10yr treat cost 152 0 0 0 0 152

2 Total net benefits, calculated in Eq. (7), indicates the net present value of the tree benefits less the costs of management
action across the study horizon plus the value of the ending inventory.

treatment. When pre-emptive removal is the only management action, susceptible phloem available
to EAB is reduced, and the slower population growth of EAB retains some urban forest benefits. Pre-
emptive removal can only slow the population growth as long as there are trees to remove.

With constraints that allow an aggregate budget and only insecticide treatment (strategy 5), total
net benefit ($0.210 million) is comparable to strategy 2, which has an aggregate budget and allows both
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Fig. 3. (A-D) Predicted phloem consumed and remaining, and management action from 2012 to 2016: Localized strategy.
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Fig. 4. (A-C) Predicted management action from 2012 to 2016: Centralized strategy with pre-emptive removals only and
insecticide treatment only.

insecticide treatment and pre-emptive removal (Table 1). Insecticide treatment reduces the suscepti-
ble phloem available to EAB at a lower cost than pre-emptive removal. Further, treated trees continue
to provide urban forest benefits. Without pre-emptive removal, no action is taken on low-value ash
trees in parks and industrial areas, and relative to strategy 2, this susceptible phloem is partially
consumed and increases EAB population growth and removal of infested trees in later periods.

Insecticide treatment protects individual tree benefits and slows EAB population growth in nearby
areas. Trees treated five times over 10 years (Figs. 2D and 3D) begin in the first period in the cells
surrounding the initial infestation. This 10-year treatment commitment reduces the reproductive
capacity of EAB in centrally located cells where the infestation has the potential to grow rapidly and
spread to the widest possible area. Ten-year treatment is entirely on residential land where individual
tree benefits are greatest.

Short term insecticide treatment, where trees are treated once over 2 years (Figs. 2C and 3C), occurs
primarily in periods one, two, and four. Short term treatment is widespread in the first two periods to
slow the population growth of the initial infestation and in the fourth period to retain tree value in the
terminal period. Treatment mostly occurs on the edge of the advancing front to anticipate the short
distance most mated females travel. To protect the highest tree benefits, treatment occurs mostly
on residential land, but some treatment occurs on non-residential and park land. When treatment is
the only management action allowed, more treatment is undertaken to compensate for the lack of
pre-emptive tree removal (Fig. 4A and B).

Preemptive tree removal (Figs. 2E and 3E) occurs in the first three periods. The extensive insecti-
cide treatment performed in period four makes pre-emptive removal of trees after the third period
unnecessary. Preemptive removal occurs mostly in a few cells distant from the advancing front of
the infestation to reduce phloem available for consumption and thereby reduce population growth.
Most of pre-emptive removal occurs on park and non-residential land where individual trees provide
the lowest benefits and are less expensive to remove. When the only management action allowed
is pre-emptive tree removal, more removal is undertaken to compensate for the loss of EAB control
provided by insecticide treatment (Fig. 4C).

We varied the aggregate budget available for treatment and pre-emptive removal under strategy 2
and found that total net benefit increased from $—0.33 million with no management to $0.19 million
with a budget of $1.00 million (Table 2). Increasing funding from $1.00 to $4.00 million improved total
net benefit by $0.03 million, indicating diminishing returns from management. These results suggest
an aggregate budget of $3.90 million, which is the projected budget for EAB control in the Twin Cities
for the next 5 years, is located on the plateau of the benefit curve where a decrease in funding will not
greatly influence total net benefit, provided that the aggregate budget is shared among cities.

For strategy 3 with the local budget constraints, we varied the total budget using proportional
changes in the budgets for St. Paul and Roseville, the two cities with funding commitments. Total net
benefit increased from $—0.33 with no management to $—0.16 million with a $0.20 million budget
(Table 2). There are no significant increases in net benefits for budgets higher than $0.20 million.
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Table 2
Percentage of phloem in the final period by condition class (treated, removed, consumed, and healthy) for centralized manage-
ment strategies with alternative budget constraints (aggregate and local), benefits per tree, and budget levels.

Strategy Percentage Percentage Percentage Percentage Total net benefit?
Budget level treated removed consumed healthy ($millions)
(thousands)
Aggregate budget for all cities
$0 0.00 0.00 78.54 21.46 -0.33
$200 5.85 0.00 66.24 33.76 -0.02
$600 17.87 5.58 51.30 43.12 0.05
$1000 23.52 9.41 41.35 49.24 0.19
$4000 23.52 9.41 41.35 49.24 0.22
Local budgets
$0 0.00 0.00 78.54 21.46 -0.33
$200 6.47 3.29 66.80 29.91 -0.16
$600 6.71 3.31 66.58 30.11 -0.15
$1000 6.93 3.63 65.64 30.73 -0.15
$4000 717 4.09 65.08 30.83 -0.14
Aggregate budget for all cities - low-end benefits per tree
$0 0.00 0.00 78.54 21.46 -3.90
$200 4.98 3.62 64.95 3143 -3.71
$600 12.40 12.89 47.35 39.76 -3.62
$1000 12.76 12.73 47.24 40.03 -3.61
$4000 12.94 18.41 41.73 39.85 -3.60
Aggregate budget for all cities - high-end benefits per tree
$0 0.00 0.00 78.54 21.46 12.60
$200 11.41 0.00 59.53 4047 13.56
$600 31.67 0.00 41.63 58.37 14.46
$1000 34.72 0.00 39.90 60.10 14.84
$4000 35.28 2.39 37.75 59.86 16.15

Note: The percentage of healthy phloem includes the unconsumed and treated phloem.
2 Total net benefits, calculated in Eq. (7), indicates the net present value of the tree benefits less the costs of management
action across the study horizon plus the value of the ending inventory.

Optimal management is two-thirds devoted to insecticide treatment and one-third to pre-emptive
removal of trees throughout the budget range.

The value given to individual tree benefits affects optimal management in strategy 2 with the
aggregate budget (Table 2). When the value per tree is low, insecticide treatment and pre-emptive
removal are used in equal proportions. When the value per tree is high, the budget is allocated to
insecticide treatment except at the highest budget level where a small proportion is used for pre-
emptive removal. The value per tree also affects the shape of the total net benefit curve. With a low
value per tree, the net benefit curve plateaus at a budget of $0.60 million. With a high value per tree,
total net benefit is still increasing with $4.0 million budget.

We investigated how changing the percentage of phloem accessible to public management on
residential and non-residential land affects total net benefits and optimal management in strategies 2
and 3 with aggregate and local budget constraints, respectively (Table 3). On private residential land
that remains inaccessible to public management, we assume that 25% of the phloem is treated, and on
non-residential land 5% is treated. In strategy 2 with an aggregate budget constraint of $3.9 million,
total net benefits increase at a slowly diminishing rate, suggesting that increasing access to phloem
for management is a good investment. The percentage of phloem treated and removed peaks with
70% access and then decreases as access increases to 100%, suggesting that centralized management
with an aggregate budget of $3.9 million that is shared among the cities and spent on treatment and
pre-emptive removal of ash in public and private ownership can effectively slow the spread of EAB.
In strategy 3 with local municipal budget constraints, the percentage of phloem treated and removed
rises steadily for all percentages of phloem available for management. Compared with strategy 2, total
net benefit does not increase as quickly because phloem can be managed in only a portion of the study
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Table 3

Percentage of phloem in the final period by condition class (treated, removed, consumed, and healthy) for centralized man-
agement strategies with alternative budget constraints (aggregate and local) and percentages of phloem accessible to public
management on residential and non-residential land.?

Strategy Percentage Percentage Percentage Percentage Total net
Percentage of phloem treated removed consumed healthy benefits”
available for public

management

Aggregate budget for all cities

10% 9.16 9.62 54.02 36.36 —-0.08

30% 22.28 11.12 40.53 48.35 0.22

70% 47.43 11.12 16.28 72.59 0.76
100% 40.09 2.36 5.50 92.14 1.09
Local budgets

10% 2.83 3.38 68.03 28.59 -0.23

30% 7.17 4.09 65.08 30.83 -0.14

70% 15.15 5.01 59.90 35.09 0.05
100% 20.13 3.64 58.53 37.83 0.16

2 For phloem on residential land inaccessible to public management, we assume 25% is treated, and on non-residential land
5% is treated. The percentage of healthy phloem includes the unconsumed and treated phloem.

b Total net benefits, calculated in Eq. (7), indicates the net present value of the tree benefits less the costs of management
action across the study horizon plus the value of the ending inventory.

area, allowing EAB to reproduce and expand in other areas. These results suggest that the value of
increasing management activities on private land in St. Paul is a consequence of EAB spread from
surrounding municipalities that have no management budgets.

It is useful to look at the effects of aggregating the local municipal budget constraints ($3.9 million
total) on optimal management actions and total net benefit (Table 4). Relative to no-management,
strategy 3 with local municipal budget constraints increases the percentage of healthy phloem in the
final period by only 9.37% because most of the study area does not have funds for management. With an
aggregate budget constraint for Minneapolis and St. Paul, an additional 11.29% of the phloem remains
healthy in the final period because insecticide treatments and pre-emptive removals can be applied
in a much greater portion of the study area. With an aggregate budget constraint for all municipalities
(strategy 2), an additional 6.23% of the phloem remains healthy in the final period. The change from
local municipal budget constraints (strategy 3) to an aggregate budget constraint (strategy 2) increases

Table 4
Percentage of phloem in the final period by condition class (treated, removed, consumed, and healthy) for centralized manage-
ment strategies with alternative budget constraints and percentages of phloem accessible to public management.

Management strategy Percentage Percentage Percentage Percentage Total net
treated removed consumed healthy benefits?

No management 0.00 0.00 78.54 21.46 -0.33
Local budgets 717 4.09 65.08 30.83 -0.14
Aggregate budget for 16.16 9.48 48.40 42.12 0.08

St. Paul -

Minneapolis
Aggregate budget for 22.28 11.12 40.53 48.35 0.22

all cities and 30%
phloem accessible to
public management
Aggregate budget for 40.09 2.36 5.50 92.14 1.09
all cities and 100%
phloem accessible to
public management

Note: The percentage of healthy phloem includes the unconsumed and treated phloem.
2 Total net benefits, calculated in Eq. (7), indicates the net present value of the tree benefits less the costs of management
action across the study horizon plus the value of the ending inventory.
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Table 5
Net benefit to St. Paul under for management strategies with different aggregate budget constraints across neighboring cities.
Management strategy Net benefit to St. Paul?
Initial infestation at the center of the study area
Local budgets 1.00
Aggregate budget for St. Paul - Minneapolis 11.10
Aggregate budget for St. Paul — Roseville 3.70
Aggregate budget for St. Paul - Minneapolis — Roseville 13.60
Aggregate budget for all cities 12.30
Initial infestation at the center of St. Paul
Local budgets 1.00
Aggregate budget for St. Paul - Minneapolis 1.01
Aggregate budget for St. Paul — Roseville 1.02
Aggregate budget for St. Paul - Minneapolis - Roseville 1.00
Aggregate budget for all cities 1.02

2 Net benefit is computed as the ratio of the net benefit to St. Paul in a given strategy to the net benefit to St. Paul under the
strategy with the local budgets.

the percentage of trees treated from 7% to 22% and the percentage of trees pre-emptively removed
from 4% to 11%. In addition, this change increases the percentage of healthy trees remaining in the
final period by 18%, and more than doubles total net benefit.

The biggest increases in the percentage of healthy phloem and total net benefit occur when 100%
of the phloem is available for management under an aggregate budget constraint (Table 4). In this
case, 40% of the ash phloem is treated, less than 5% is pre-emptively removed, and EAB spread is
stopped almost completely. As a result, over 90% of the ash phloem is healthy at the end of the 5-
year study period and total net benefit ($1.09 million) is five times greater than the total net benefit
($0.22 million) of strategy 2, which also has an aggregate budget constraint but only has 30% of the
ash phloem accessible.

The net benefit to the City of Saint Paul under strategy 3 in which budget constraints are imposed
for each city is $100 thousand. The changes in St. Paul’s net benefit from allowing its management
budget to be re-allocated to surrounding cities are shown in Table 5. The strategy with an aggregate
budget constraint for St. Paul and Minneapolis increases net benefit for St. Paul by 11 times because
the infestation is slowed in Minneapolis, which slows the spread back to St. Paul. The strategy with
an aggregate budget constraint for St. Paul and Roseville increases St. Paul’s net benefits by 3.7 times.
The maximum gain (13.6 times) is obtained from the strategy with an aggregate budget for St. Paul,
Minneapolis, and Roseville. The management activities in St. Paul are largely unaffected by the budget
reallocations suggesting that St. Paul has a surplus budget and benefits by sharing its surplus with
neighboring cities to slow EAB spread between cities.

The results in Table 5 depend on the location of the initial EAB infestation. We repeated the analysis
with the initial infestation moved from the border between St. Paul and Minneapolis to the center of
St. Paul. In this case, there is little EAB spread between St. Paul and surrounding cities and the net
benefit for St. Paul barely rises under strategies with aggregate budget constraints across those cities
(Table 5).

6. Conclusions

We address two obstacles to local implementation of optimal regional control of a bio-invasion
that damages public and private resources across jurisdictions: lack of funds to protect the public
resource and lack of access to protect the private resource. To evaluate these obstacles, we develop
a spatial-dynamic model of the optimal control of emerald ash borer in the Twin Cities metropolitan
area of Minnesota, USA. The model focuses on managing host trees, which are a valuable resource
that can be protected with an insecticide or removed to slow the EAB population growth. The model
includes spatial variation in the ownership and benefits of host trees, the costs of management, and the
budgets of municipal jurisdictions. We develop and evaluate centralized strategies for 17 jurisdictions
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surrounding the infestation. The central planner determines the quantities of trees in public ownership
to treat and remove over time, to maximize benefits of surviving trees net costs of management across
public and private ownerships, subject to constraints on municipal budgets, management activities,
and access to private trees. We use the model to explore how centralizing the budget across political
boundaries, restricting the use of treatments or removals, and increasing the quantity of host trees
accessible to public management affect total net benefits.

The results suggest that enabling municipalities to aggregate their budgets greatly improves total
net benefits. The change from local to aggregated budget constraints increases the percentage of trees
treated from 7% to 22% and the percentage of trees pre-emptively removed from 4% to 11%. In addition,
an aggregate budget increases the percentage of healthy trees remaining in the final period by 18%,
and the total net benefits more than double. Local government officials in the Twin Cities currently
focus on EAB and potential management activities in their own neighborhoods. Although officials are
curious about regional approaches to EAB management and whether they could be more effective than
jurisdiction-based approaches, there is little active coordination among jurisdictions (Dunens et al.,
2013).

The results also suggest that even greater benefits can be attained by increasing the quantity of
trees that are accessible to public management. When all trees in both public and private ownerships
onresidential and non-residential land are available for management with an aggregate budget, 40% of
the ashis treated, less than 5% is pre-emptively removed, and EAB spread is stopped almost completely.
As a result, over 90% of the ash phloem is healthy at the end of the 5-year study period and total net
benefit is five times greater than the net benefit of the strategy with an aggregate budget and with
inaccessible ash on private land. These potential gains suggest the value of incentive or regulatory
programs for ash treatment and removal aimed at private landowners.

We find that strategies emphasizing insecticide treatment rather than pre-emptive tree removal
are superior because treatments reduce susceptible phloem available to EAB at a lower cost while
protecting the urban forest benefits of healthy trees. Two other simulation studies of EAB population
growth in urban landscapes reach similar conclusions. McCullough and Mercader (2012) find that
annual insecticide treatment of 20% of the ash population can protect 99% of trees after 10 years, and
the cumulative costs of treatment are substantially lower than costs of removing dead or severely
declining ash trees. Vannatta et al. (2012) find that a strategy of applying insecticide treatment to the
entire ash population provides higher urban forest value than a strategy of pre-emptive removal and
replacement of ash trees.

We find that short and long term commitments to insecticide treatment of trees are optimal in
residential areas along the advancing front of the infestation where tree benefits are greatest. These
findings corroborate results of previous studies with spatial-dynamic models, which show that pest
control in a border around the invasion is most effective (Hof, 1998; Epanchin-Niell and Wilen, 2012).
In addition, we find pre-emptive tree removal occurs on park and non-residential land distant from
the advancing where tree benefits and removal costs are lower. This result is an example of the
“forward-looking” nature of invasion control (Epanchin-Niell and Wilen, 2012) in the sense that pre-
emptive removal reduces the phloem available for EAB when it arrives and thereby reduces population
growth.

The model for EAB dynamics and control can be extended and further refined. One management
strategy to slow the population growth and spread of EAB is to girdle ash trees by removing a band of
outer bark and phloem, which stresses the tree, increasing its attraction to adult EAB beetles, including
egg-laying females (Rodriguez-Saona et al., 2006; McCullough et al., 2009a,b). The use of a modified
dispersal function accounting for attraction to girdled trees could be used to direct more EAB toward
the grid cells where ash trees are girdled (Mercader et al., 2011). This would make tree removals more
effective sinks for EAB and further increase the net benefits of management.

An important caveat to our model is our assumption of perfect information about the location and
spread of the EAB infestation under different management activities. In practice, there is considerable
uncertainty about EAB spread, and several years can pass before managers become aware of a tree’s
infestation. An important extension is to incorporate optimal detection effort as part of management
activities. Given these uncertainties, it is important to recognize that a centralized management plan
developed under the assumption of perfect information may not be optimal for the study area. Local
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controls based on improved local information may be superior to a centralized plan based on imperfect
information (e.g., List and Mason, 2001).

Inadvertent human transport of invasive species promotes the establishment of satellite popula-
tions that substantially increase environmental damage unless management actions slow population
growth and expansion. At least a dozen established EAB satellites have been found since 2007, many
of them in cities, and slowing their spread is a critical management problem. The model we develop
for managing the host of an invasive species provides insight into the optimal spatial-dynamic path of
management activities and total net benefits in response to the coordination of management among
municipalities and the degree of public access to the host.
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