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Introductions of Invasive Species: Failure

of the Weaker Link

Kimberly M. Burnett

The prevention of invasive species is modeled as a “weaker link” public good. Under the
weaker link aggregation technology, individual contributions beyond the lowest level will
provide benefits, but these benefits progressively decline as contributions exceed the mini-
mum. A two-region model is constructed, assuming incomplete information concerning costs
of provision. This framework allows us to explain why we observe underinvestment in pre-
vention, how information facilitates efficiency, and under what conditions information is most
relevant. Specific implications regarding improved invasive species prevention policy are ex-

tracted and discussed.
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The prevention of biological invasions can be
described as an impure public good due to its
substantial degree of nonrival benefits and non-
excludable beneficiaries. Failure to halt an inva-
sion at one border puts other regions' at risk, par-
ticularly if the regions share a border or engage in
heavy trade. For example, the state of Hawaii
benefits from other states’ diligence in the control
and treatment of mosquitoes, potential vectors for
the West Nile virus. To date, Hawaii is one of
only two states in the United States free of this
virus, largely due to California-based efforts to
control its own mosquito population. California
cannot exclude Hawaii from reaping these exter-
nal benefits.

However, prevention of unwanted organisms is
a special type of public good. Regardless of a
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! Regions can be thought of as cities, states, provinces, countries,
continents, or any collection of these. Scale does not change the results
of the model.

particular region’s technological sophistication in
thwarting invasion, if other regions have few or
no measures in place, the diligent region’s efforts
to keep invasives out will be less efficacious. This
may have important implications for individual
investments in invasive species prevention, as
high levels of expenditures in a given region do
not necessarily imply high levels of effective pre-
vention. Each area’s ability to prevent invasions
is largely determined by the regions with the
weakest prevention technologies.

Several authors (Conybeare, Murdoch, and
Sandler 1994, Vicary and Sandler 2002, Perrings
et al. 2002) have characterized the prevention of
invasions as a “weakest link” public good. That
is, the overall level of prevention in the world is
determined by the weakest contributor, or the re-
gion that does the least amount of prevention.
This would imply that zero prevention by one
country results in zero effective prevention for the
world. Because this should not be the case in
general, we model the prevention of invasive spe-
cies as a “weaker link” public good. Under the
weaker link public good technology, lower in-
vestments by others diminish returns to those who
invest more, but those who invest more may still
enjoy higher protection than those who invest
less.

The specific question we address in this work
concerns the level of prevention that regions will
contribute given the nature of the “weaker link”
public good. Our interest lies in how equilibrium
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contribution levels will compare to the socially
optimal level under two distinct information
structures: the complete information regime, where
regions know both their own cost of prevention
and the cost their neighbor faces, and the incom-
plete information regime, under which each region
is certain of only its own cost of prevention.

Information regarding prevention costs is a
significant determinant of the effectiveness of
invasive species avoidance. Different regions of
the world will face varying costs of prevention.
One reason for this variation is the heterogeneity
of their respective environments. Stylized facts
from invasion biology (Simberloff 1995, Lons-
dale 1999, Stachowicz, Whitlatch, and Osman
1999) suggest that islands are more easily in-
vaded than continents, as are places with lower
biodiversity. This implies that, per unit of pre-
vention, islands and less diverse areas face higher
costs of prevention (ceteris paribus) since they
are easier to invade. Continents and highly biodi-
verse areas are equipped with more natural pre-
vention mechanisms, and thus face lower per unit
prevention costs. While these characterizations
have been confirmed in some cases, several stud-
ies (Levine and D’Antonio 1999, Sher and Hyatt
1999, Levine 2000) argue that they do not hold in
general. Further complicating matters is the fact
that some island chains such as Hawaii are rich in
biodiversity, making their “prevention cost” less
obvious to their neighbors.

This analysis builds upon existing literature in
two ways. First, we frame the invasive species
problem in a public goods context and are thus
able to explain why we observe inadequate pre-
vention and high levels of invasion around the
world. Second, we extend the public goods lit-
erature by modeling the weaker link aggregation
technology under an incomplete information re-
gime. Using this framework, we are able to ex-
tract specific implications regarding improved
invasive species prevention policy.

Relevant literature is reviewed in the following
section. We then introduce the two-region model.
The efficient level of prevention under the weaker
link aggregation technology is developed as the
benchmark case, followed by a characterization
and comparison of equilibrium prevention levels
under the two information regimes and a discus-
sion of comparative statics. The final section pre-
sents policy implications and concludes.
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Previous Literature

The orthodox pure public goods model assumes
only regularity and convexity of the production
function (Samuelson 1954). However, many mod-
els also assume that each individual consumes a
quantity of public good defined as the sum of all
individual contributions to that good (e.g., Cham-
berlin 1974, Cornes and Sandler 1984, Bergstrom,
Blume, and Varian 1986). Hirshleifer (1983, 1985)
extends the analysis of public goods to include
models that do not fall into this class of produc-
tion functions. He identifies three distinct public
good technologies. First, the ordinary “summa-
tion model,” given by

Q:Zqi’

where ¢; denotes individual i’s contribution to the
public good, and Q is the total provision of the
public good. Hirshleifer then distinguishes two
extreme cases, the weakest link model,

Q=ming,,
and the best-shot model,
0 =maxg, .

In the weakest link case, the total quantity avail-
able to each agent equals the smallest individual
contribution, and in the best-shot case, the total
quantity available to each agent equals the largest
individual contribution. Hirshleifer shows that
underprovision (equilibrium contributions vs. ef-
ficient contribution levels) disappears in the weak-
est link case and is more severe under the best-
shot model. Hirshleifer (1984) then extends his
definition to include another form of social com-
position functions, a more general case involving
weights w;, in which

Q:ZWiQis

where w; = 1 for the smallest g;, and 0 <w; <1 for
the larger g;’s. This function puts full weight on
the minimum contribution and fractioned weights
on any larger contributions. As expected, Hirsh-
leifer finds that equilibrium provision will ap-
proach the efficient level as the weights approach
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the weakest link condition. This weighted sum case
was later developed into the weaker link technol-
ogy used here.

Cornes (1993) uses the geometric mean,

0=(1g)",

to describe the weaker link public good. This
functional form captures the idea that weaker
links are important in the sense that, for a given
vector q, smaller values of ¢; imply larger marginal
products, since dQ/dq, = Q/ng, . Cornes’ analysis
shows that the degree of underprovision in the
two-agent weaker link case will depend on the
amount of heterogeneity in individuals’ preferences
and incomes. Agents’ incomes are compared with
the minimum cost of attaining the efficient out-
come. While some Pareto-improving income trans-
fers are identified, as income distribution becomes
more unequal, the inefficiency grows. We extend
this analysis by comparing equilibrium and Pareto
optimal outcomes in a game theoretic setting.

Model

Following Cornes (1993), we define the aggrega-
tion technology for the prevention public good as
the geometric mean over all contributions. We
assume symmetry in benefits from the provision
of the public good (defined by its total provision)
and asymmetric costs of provision. The lowest
contributor has the highest marginal effect on the
supply of the public good. The aggregation tech-
nology describing the total amount of public good
provided for the two-region case is defined as

0(4,,9,) = N9, -

To describe the utility from investing in the
public good of invasive species prevention, the
payoff function consists of a benefit component
representing avoided damages, as well as a cost
component from executing and operating the
prevention measure. Individual utility can then be
defined as net benefits from provision, or the dif-
ference between the total prevention provided and
the cost of the individual region’s prevention:

(1
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(2) Ui(Qi’qj)zg_Ciqiz'

This simple utility function captures the essence
of weaker link public goods, as the player making
the smaller contribution will enjoy higher mar-
ginal benefits than the player contributing more.
This is a direct result of the specification of the
production function.

The game proceeds as follows. Each region de-
cides simultaneously how much to contribute to
the public good of invasive species prevention.
Strategy spaces are defined continuously between
(0, ) so that 0 < g;(c;) < o0,> and all contributions
incur a quadratic contribution cost, with 0 <¢; < 1.

Below we solve for the efficient level of pre-
vention under the weaker link technology, fol-
lowed by a comparison of the complete and incom-
plete information equilibrium prevention levels to
this benchmark.

Efficient Prevention

Equations (1) and (2) above define the production
function and individual utility to be used through-
out the paper. To solve for the Pareto optimal con-
tribution levels, the social planner maximizes the
utility of one region while holding the other con-
stant® by simultaneous choice of ¢; and q;:

max (ql.qj)% —¢,q” suchthat U/ >U’.
9:54;

The following conditions describe the Pareto op-
timal contributions:

symmetric costs

3) I+ 1+
EEPEVAR RV

? Strategies should be greater than zero, or we are back to the “weak-
est link” case, whereby if one player contributes zero to the public
good, the total benefit, regardless of how much others contributed, falls
to zero.

? Since we use concave utility functions, this approach of maximizing
utility of one player subject to meeting a required utility level of the
other is equivalent to maximizing the weighted sum of the utilities of
the two players [see Varian (1992, p. 225) and Mas-Colell, Whinston,
and Green (1995, p. 328)].
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asymmetric costs

g = 1+A g, = 1+A
ey @ne)t T (4 e,y

(4)

where A is the Lagrange multiplier, which can be
interpreted as the weight that the social planner
places on region i’s utility.*

Equilibrium Prevention

Complete Information Equilibrium

Will equilibrium prevention levels match the effi-
cient level? Under a setting of complete informa-
tion, regions can calculate their preferred quanti-
ties based on their own cost and the other’s cost.
Region i’s problem is therefore

2
max q.—c.qg. .
p N9 — 64,

The Nash Equilibrium for the complete informa-
tion case is

. 1
) q.(c) =——— -
(4 (4c))"

Compare this condition to equations (3) and (4).
Since the Lagrange multiplier A is greater than
zero, the efficient level of provision will be greater
than that provided in the complete information
equilibrium. Individual regions observe both sets
of costs and respond according to their own opti-
mal contribution level, thus ignoring the effect of
their decision on the other’s utility. We now in-
vestigate the equilibrium solution under incom-
plete information.

Incomplete Information Equilibrium

Since the other region’s prevention costs are es-
sentially unobservable for the ecological reasons
stated in the introduction, as well as other (e.g.,
technological, institutional, political) reasons, in-
vestment in the prevention of invasive species is
generally done in a setting of incomplete informa-

# Note that when A = 1 and costs are symmetric, the contributions are
the same.

Agricultural and Resource Economics Review

tion. The appropriate solution concept is therefore
the Bayes Nash Equilibrium. The distribution of
costs is common knowledge. To simplify our
analysis, we assume that costs of prevention are
either high (cg) or low (¢;). More precisely, costs
for each region will be high with probability 6,
and low with probability 1-0, with ¢; < cg.

We focus on a symmetric Bayesian Nash Equi-
librium (BNE) of the resulting game. The BNE
consists of a pair of cost-contingent strategies
(¢, ().4;(-)) such that for each region i and every
possible value of ¢;, strategy ¢, (¢;) maximizes

(6) E, [U,(4,,;(c;),c)].

Region i’s optimal strategy will give the highest
possible expected utility given j’s optimal strat-
egy. Both regions’ optimal contributions will be
cost-contingent.

If a region’s cost is ¢;, then for ¢; € {c;, cy}, re-
gion i’s problem is

max Jg,(¢,)10g, (¢,) + (1= 0)q; (c,)] — c,4,(€,)’

The symmetric BNE is
g (c,)= 1
! 4\/9@,2 L (1-0)c, e,
1
afoe, e, +(1-0)c,

()

q* (CL) =

Comparing equation (7) to equations (3) and
(4), it is clear that the incomplete information
equilibrium will also be below the efficient level
(since the Lagrange multiplier A is greater than
zero). We now compare this equilibrium to the
complete information equilibrium.

Equilibrium Comparison

The main question of interest to policymakers
concerns how equilibrium contributions to the
prevention public good will compare to the so-
cially optimal level. Our analysis shows that equi-
librium prevention, regardless of information struc-
ture, will never achieve the Pareto optimal level.
In what follows we investigate how the structure
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of information affects the degree of underprovi-
sion.

In order to compare contributions to the public
good of invasive species prevention under the
two information structures, we first note that the
utility-maximizing contribution levels [from equa-
tions (5) and (7)] are convex in costs. By convex-
ity, the utility-maximizing quantity associated with
the expected value of the other region’s cost is
less than the quantities associated with known
costs multiplied by their probabilities.” That is,
foralli=L, H,

(8) equOMPLETE(Ci ; CH ) + (1 _ e)quOMPLETE(Ci : CL ) >

INCOMPLETE
i ()

Therefore, for all cost realizations, equilibrium
contributions made under incomplete information
will be less than those made under complete in-
formation.

From equation (5), expected ex ante contribu-
tions of g, are

0 L 1-6
(e) e,y (4e)' (4e,)"

) E(q;;0)=

Expected contributions under the Bayes Nash
Equilibrium are given in equation (7). Comparing
the two expected contribution levels,

0 1-0
(10) S >
@) (4e,Y'  (4e) ' (4e, )
1
aoe, +(1-6)c, "¢,
and
0 1-0
(n >
ey (de,)s  (4c) ' (de,)
1

E

o e, +a-0)c,

> A property of convexity—see, e.g., Mas-Colell, Whinston, and
Green (1995, p. 931). The author is grateful to an anonymous referee
for pointing this out.
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which, by observation, holds for all possible values
of 0 and c;.

Comparative Statics

Another way to show that contributions made
under incomplete information will always be less
than those made under complete information is to
construct a deviation function describing the ex-
pected difference in total equilibrium prevention
levels between the two states of the world:

(12)

D (0,c;,c,) = ! !

- ]
2\/6c, + (1-0)c, e,
1 N 1 -
(de, V44, (dey)i(de, )
1 1
( + )]
o, +(1-0)e, et afoe e, 4 (1-0),
1

0° [

2¢,,

+20 (1-0) [(

+ (1) [i

_ 1.
20, M, B+ (1-0),?

Equation (12) describes the ex ante difference in
equilibrium prevention levels provided under com-
plete and incomplete information. Its sign will
reveal whether we can expect more to be pro-
vided under complete information (positive) or
under incomplete information (negative). We gen-
erate a computational solution and graph the de-
viation function in three-dimensional space.® From
the graphs we observe that the value of this func-
tion will be positive for any 6, cy, and c;.

It is also instructive to see how the expected
difference in prevention levels changes as a func-
tion of 0, cy, and ¢;. We take the respective par-
tial derivatives (suppressing results due to com-
plexity of equations), and then interpret these using
the curvatures in Panels 1-3 in the appendix.
From Panel 1, the curvature of the deviation func-
tion reveals that 0D/dc, >0. Holding ¢; con-
stant and increasing ¢y (in other words, spreading
the costs farther apart) increases the deviation.
Panel 2 shows the opposite to be true, dD/dc, <0 .
Holding ¢y constant and increasing ¢; (bringing
the costs closer together) decreases the deviation

® See the appendix for graphical analysis. All graphs were created
using Mathematica (version 5.0).
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between provision levels. These results are driven
by the concavity of the net benefit function and
the convexity of the quantity function. Together,
the cost comparative statics show that when costs
are closer together we see increased efficiency, due
to the lower expected deviation between contribu-
tions.

These two results hold unambiguously. Other
comparative statics, however, depend on the
magnitude of 0. For lower levels of 6, 0D/00 > 0.
Low 6 implies that a region is more likely to face
low costs of prevention. But as 0 increases, so
will the deviation between provision levels. This
result is consistent with the cost comparative
statics above. The expected deviation in provision
levels is larger if costs are expected to be farther
apart. Similarly, for higher 0, 0D/06 < 0. If costs
are expected to be high, increasing 0 reduces
expected deviation between provision levels.

Implications

We now review the three main results of the
paper and discuss their relevance for policy.

First, regions will not adequately invest in inva-
sive species prevention. This phenomenon is a
direct result of the incentive structure implied by
the weaker link public good technology. Individ-
ual regions restrict investment in hopes that suffi-
cient prevention will be provided by others. Some
degree of outside facilitation is thus warranted.

Second, better information about the preven-
tion costs faced by other regions can generate
more efficient total contributions to the public
good. When another area’s cost of prevention is
unknown, less prevention will be provided in
equilibrium. This implies that increased transpar-
ency in cost reporting may result in more efficient
prevention levels. Movement towards greater
transparency is evident in the formation of global
networks such as the Global Invasive Species
Program (GISP), and regional associations such
as the National Invasive Species Council (NISC),
the National Biological Information Infrastructure
(NBII), and the Invasive Species Specialist Group
(ISSG).

Finally, we find that when prevention costs are
more similar, a more efficient amount of preven-
tion is provided. This suggests that Pareto-im-
proving transfers from low-cost to high-cost re-
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gions may be justified. Transparency of costs will
also matter more when regions face very different
prevention costs. Gains realized from discovering
another’s prevention costs are higher the more
different their cost is from your own. Global net-
works for invasive species management may then
be particularly important, since regional networks
share information between locales in which costs
are likely to be more similar.
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Panel 3.

For all graphs, ¢; € [0.01,1], ¢y € [0.01,1].

&0

<A

il

S
B
LR

R
227

2
R
2R
s
%

R
&2,
G RRIRLLTE

R
SRLRZI
R

7 2
Z> 2
R S S Y~

oy
o,
LA
RRRLLLR
L

s
&
KL 52z
XA R
LR LILTLLRS
LRI Z
s Z
..z.... ZZZ
Z

6=0.5



	Previous Literature
	Implications


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


