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Abstract. Gravity models are commonly used by geographers to predict migration and
interaction between populations and regions. Even though rarely used by ecologists, gravity
models allow estimation of long-distance dispersal between discrete points in heterogeneous
landscapes. We developed a production-constrained gravity model to forecast zebra mussel
(Dreissena polymorpha) dispersal into inland lakes of Illinois, Indiana, Michigan, and
Wisconsin (USA) based on the site and location of lakes and the number and location of
boats within 364 counties. A deterministic form of this model was used to estimate best-
fit parameters for distance coefficient, Great Lakes boat-ramp attractiveness, and coloni-
zation cutoff threshold. A stochastic model thus developed from these parameters allows
forrandom changes in colonization likelihood. The results of our model are highly correlated
with the actual pattern of colonized lakes in southern Michigan and southeastern Wisconsin
at the end of 1997. Areas of central Wisconsin and western Michigan, where zebra mussel
colonies have not been documented, were also predicted to be colonized, suggesting that
future invasions may be imminent in these locations. These analyses suggest that gravity
models may be useful in predicting long-distance dispersal when dispersal abilities of
species and the attractiveness of potential habitats are known.
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INTRODUCTION

Understanding long-distance dispersal i}s essential to
predicting the spatial and temporal pattérns of colo-
nization within heterogeneous landscaped. Patterns of
species colonization have primarily besn predicted
through diffusion models (Shigesada ard Kawasaki
1997). While early diffusion models as§umed a ho-
mogeneous landscape with dispersal resulting from
short-range random movements (Skellam|1951), more
recently, stratified diffusion models have|been imple-
mented to also incorporate long-distance dispersal
events (Hengeveld 1989, Shigesada and Kawasaki
1997) that permit organisms to “jump” over or across
habitats (Lewis 1997).

Even with these advancements, diffusion models
have difficulty in predicting long-range dispersal
events and, because of this, organism movement as
well. For example, Andow et al. (1990) suggested that
macroscale processes, such as air currents or human
transport, govern the dispersal of the cereal leaf beetle
(Oulema melanopus). Surveys of rare, long-distance
boater movements provided a better indicator of zebra
mussel (Dreissena polymorpha) dispersal than diffu-
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sion models (Buchan and Padilla 1999). Thus, in spite
of their rarity, long-distance dispersal events appear to
drive migration patterns for many species (Dean 1998).

Gravity models allow for the prediction of long-dis-
tance dispersal events by considering not only the na-
ture of source populations, but also the spatial config-
uration and nature of potential colonization sites. Be-
cause of this, gravity models have the potential to more
accurately forecast species movement through hetero-
geneous landscapes than do diffusion models, which
do not explicitly consider the spatial pattern of distant
sites. Geographers have used gravity models to predict
human dispersal patterns by estimating the flow of peo-
ple per unit time based on the distance to and attrac-
tiveness of destination points (Thomas and Hugget
1980, Sklar and Costanza 1991). Schneider et al. (1998)
used a gravity model to assess the relative risk of zebra
mussel invasions to the inland lakes and reservoirs of
Illinois (USA).

The colonization of inland lakes in the Upper Mid-
west (USA) by zebra mussels presents an ideal system
for testing the use of gravity models for prediction of
long-distance dispersal. The spread of zebra mussels
across the North American landscape has been closely
monitored since their initial North American discovery
in 1988 (Hebert et al. 1989). Range expansion quickly
occurred throughout commercially navigable waters
(Griffiths et al. 1991}, but overland dispersal into inland
lakes has been slower (Kraft and Johnson 2000). The
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first U.S. inland lake colonization occurred in 1991 in
northeast Indiana, and by December 1997 only 56 in-
land lakes were colonized in Michigan (37 lakes), In-
diana (12 lakes), Wisconsin (6 lakes), and Illinois (1
lake) (Kraft and Johnson 2000).

Although many other potential mechanisms exist
(Carlton 1993), the overland transport of recreational
boats is widely believed to be the primary vector for
zebra mussel dispersal into inland lakes (Carlton 1993,
Johnson and Carlton 1996, Johnson and Padilla 1996,
Schneider et al. 1998, Buchan and Padilla 1999). Re-
cent attempts have been made to compare patterns of
boater activities to inland lake invasions of zebra mus-
sels in Wisconsin lakes. Based upon a small number
of known lake invasions, the rate of Wisconsin inland-
lake zebra mussel invasion appeared to be related to
the frequency of recreational boating (Padilla et al.
1996). Additionally, surveys of long-distance boat
movements provide better forecasts of zebra mussel
dispersal than do diffusion models (Buchan and Padilla
1999). Boater movements have also been incorporated
in a risk assessment of the potential zebra mussel in-
vasion of Illinois inland lakes (Schneider et al. 1998).
Assessment of these predictions is not currently pos-
sible, as only a single Illinois lake has been colonized.

In this study we describe the implementation of a
production-constrained gravity model to forecast the
overland dispersal of zebra mussels into inland lakes
within a four-state region (Illinois, Indiana, Michigan,
and Wisconsin). We then describe the use of this model
to address: (1) the role of recreational boating in the
spread of zebra mussels; (2) regions most prone to
future colonization events; and (3)the utility of gravity
models for predicting long-distance dispersal.

METHODS
General characteristics of gravity models

Gravity models, in general, develop a matrix that
calculates the flow of individuals that move from a
series of origins to a series of destinations based on
the distance and attractiveness of the destinations
(Thomas and Hugget 1980). For example, variables
such as population size, unemployment rate, or crime
rate can be used to rate the attractiveness of a given
city. Gravity models are functionally different from
diffusion models in that diffusion models estimate
movement rates by an organism, whereas gravity mod-
els estimate the force of attraction between an origin
and a destination, with movement rates being a function
of this force. Thus, a diffusion model is more appro-
priate if a movement rate can be estimated, whereas a
gravity model is more appropriate when distance to and
attractiveness of destinations are known or are of in-
terest.

Different types of gravity models exist based upon
prior information; a production-constrained gravity
model is used when information about the population
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of the site of origin is known, but not the number of
people who travel to a particular destination, while a
production—attraction-constrained gravity model is
used when information is known about both the source
and destination populations. Schneider et al. (1998)
were able to use a production—attraction-constrained
gravity model to estimate zebra mussel dispersal in
Illinois because estimates were available for the num-
ber of boaters at both origins and destinations for move-
ment.

We have developed a production-constrained gravity
model to simulate zebra mussel dispersal over a larger
region for which data regarding the number of regis-
tered boats per county were available, but data were
not generally available regarding the number of boats
traveling to given lakes.

Deterministic model

The colonization of an inland lake by zebra mussels
is the result of a three-step process. First, boats travel
to a colonized lake or boat ramp and pick up juvenile
or adult zebra mussels. Second, these infested boats
travel to an uncolonized lake on a subsequent outing,
inadvertently releasing zebra mussels into this water
body. Third, these transported individuals recruit a new
colony based upon the physical nature of the lake (wa-
ter chemistry, depth) and stochastic demographic
events (Johnson and Padilla 1996). As a result, our
model will estimate the potential for colonization based
upon three factors: (1) the probability of a boat trav-
eling to a zebra mussel source, (2) the probability of
the same boat making a subsequent outing to an un-
colonized lake, and (3) the probability of zebra mussels
becoming established once released in that uncolonized
lake.

The first step of the model calculates the number of
boats from each county that travel to a zebra mussel
source and thus have the potential to transport zebra
mussels to an uncolonized lake on a subsequent outing.
The number of boats, 7, that travel from county i to a
lake or boat ramp, j, is estimated as

T, = AOWcie ey
g I~y

where, 4, is a scalar, O,is the number of boats in county
i, W, is the attractiveness of locationj, ¢, is the distance
from county i to locationj, and « is the distance co-
efficient. 4, ensures that all the boats from county i
reach some lake. Without A4, a production-constrained
gravity model calculates the proportion of boats that
move from county i to each lake. Such scalars are re-
ferred to as “balancing factors” in the spatial inter-
action literature (Fotheringham and O’Kelly 1989).4,
is estimated via

N
A= 1/2 Wcze )
j=1 .



1780 JONATHAN M. BOSSENBROEK ET AL.

where N represents the total number of lakes and boat
ramps andj represents each lake in the study region.

The number of potentially infested boats for each
county is expressed as P, and calculated by

P =T, 3)

s=1

where T is the subset of T; which consists of those
boaters who travel from county i to a source of zebra
mussels, s. T, is summed for each county over the total
number of zebra mussel sources, n.

In the second step of our model, the “infested”
boats, P,, make a second excursion during which they
transport zebra mussels to other lakes. T, represents
the number of these boats that travel from county i to

an uncolonized lake u:

T, = AP W= )
The total number of infested boats that arrive at a given
uncolonized lake, Q,, is calculated by summing over
all counties, M

Qu = T‘iu . (5)

VR

i

Thus, @, is the relative number of infested boats that
visit lake # in one iteration (year) of the model.

The third step of the model determines whether over-
land-dispersal events lead to the establishment of zebra
mussel colonies. Establishment of new colonies is
based on two factors: (1) physical characteristics of the
lake and (2) stochastic demographic events.

The single transfer of a few zebra mussel adults or
juveniles to an environmentally appropriate lake will
not guarantee development of a new colony. Because
of environmental and demographic factors, multiple ze-
bra mussel deliveries by infested boats are likely nec-
essary before successful colonization occurs. This
statement is supported by the observation that the de-
livery estimates of adult zebra mussels to inland waters
exceed the number of invasions (Johnson et al. 2001).
The relative number of infested boats required to guar-
antee establishment of a new colony, f, was determined
through a best-fit parameterization of the data (see Best-
Jitparameterization, below). In subsequent trials, lakes
with values of Q, (number of infested boats visiting a
lake per year) greater than this colonization threshold,
S, were designated as “colonized” and became new
zebra mussel sources for subsequent model iterations,
while lakes with values of Q, below this limit remained
uncolonized. To generate a deterministic distribution
of zebra mussel-colonized lakes, the deterministic
model was run for seven iterations (years) using the
best-fit parameters (see Best-fit Parameterization, be-
low).

Stochastic model

Given the stochastic nature of the transport and de-
position of zebra mussels, the establishment of new
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colonies will not be static. Analysis of the deterministic
model showed that for many lakes, the value of Q, was
just slightly above or below the colonization threshold
(f). For the deterministic model, lakes with values of
Q, slightly below the colonization threshold (f) were
never designated as colonized; consequently a sto-
chastic process was incorporated into the model. Even
though multiple deliveries of zebra mussels are most
likely necessary for colonization to occur, theoretically
it is possible for a single boat to cause a lake to become
colonized. Therefore, we estimated the relative prob-
ability that a single boat would cause a lake to become
colonized, p;. For this stochastic model, the probability
of an uncolonized lake becoming colonized, x,, was
estimated as

X, = Qupy- 6)

For each model iteration the probability of coloni-
zation of a given lake is based on the number of infested
boats that arrive at each lake. At the end of each model
iteration, each lake is assigned a probability of colo-
nization, x,, and then subjected to a Bernoulli trial, by
which each lake is either designated as colonized (a
score of 1 from the Bernoulli trial) or remains unco-
lonized, based on the probability x,. Newly colonized
lakes then become sources for the subsequent iterations
(years).

To estimate p, probabilities ranging from 0.0000118
to 0.000235 (equivalent to a 1to 20% chance of col-
onization when 850 boaters arrive at a lake) were in-
corporated into the stochastic model. Each probability
was used in 100 trials of the model to determine which
probability resulted in an average of 47 colonized lakes
after seven iterations of the model. The selected prob-
ability, p, was then used in the 2000 trials of the sto-
chastic model.

To generate a probabilistic distribution of zebra mus-
sel-colonized lakes, 2000 trials of the stochastic model
were conducted over a simulated period of seven years
(seven iterations). From these, the probability of col-
onization for each lake was determined by dividing the
number of times each lake was predicted to become
colonized by the number of trails (2000). The number
of colonized lakes for each county was determined by
summing the individual colonization probabilities of
each lake within that county.

Data sets

The region over which the model was tested includes
all of Michigan and Wisconsin and those Illinois, In-
diana, and Ohio counties within 300 km of the western
Great Lakes shoreline (Fig. 1). Empirical data incor-
porated in the model consisted of the number of reg-
istered recreational boats per county, O,; the location
and area of lakes, W;; the location of public-access boat
ramps along the Great Lakes, Mississippi River, and
Illinois River, the observed pattern of zebra mussel-
colonized lakes; and limnological data for inland lakes.

L



December 2001

B Study Area
FiG. 1.

LONG-DISTANCE ZEBRA MUSSEL DISPERSAL

1781

100 0O

100 km

Region of study (Michiganand Wisconsin, and portions of Illinois, Indiana, and Ohio {USA]). The shaded counties

contain lakes included in the gravity model. All the registered boaters in the shaded counties were considered in the model,
while only 10% of the registered boaters in the non-shaded counties were incorporated. The black polygons are the lakes
>25 ha in surface area within the study region. “A” represents the point through which all travels between Area 3 and Area
2 were routed; “B” represents the point through which all travels between Area 3 and Area 1 were routed (see Table 1

caption).

Recreational-boat registration records were obtained
for 368 counties: all counties within the study region,
as well as Minnesota, lowa, and Ohio counties within
50 km of the region’s boundary (Bossenbroek 1999).
Only 10%o0f the boats beyond the primary study region
were included, as 90% of boater movements are less
than 50 km (Buchan and Padilla 1999). As such, we
assumed that 90% of boater movements for these coun-
ties either took place in that county, or outside of our
study region.

The surface area and location of inland lakes were
based on data sets acquired from the Wisconsin De-
partment of Natural Resources (Wisconsin DNR, Bu-
reau of Fisheries Management and Habitat Protection,
unpublished datu), Michigan State University (MSU,
Center for Remote Sensing and Geographic Informa-
tion Science, unpublished data), and EPA River Reach
files (U.S. Environmental Protection Agency, Office of
Water 1999), while the locations of water bodies too
large to be considered single entities (the Great Lakes,

Mississippi River, and Illinois River) were designated
by the location of 399 public access boat ramps. In
order to limit the number of potential-destination lakes
to a tractable amount, we only included those lakes that
have a surface area >25 ha (3600 lakes). The largest
lake in the region was Lake Winnebago in Wisconsin
(53 504 ha).

The attractiveness of a given lake, W, is assumed to
be positively correlated with lake area, with large lakes
being more attractive than small ones (Reed-Anderson
et al. 2000). As such, the value of W, for a given inland
lake is equal to that lake’s surface area in hectares. For
rivers, the surface area was estimated by multiplying
the length of a river within the study region by the
average width and then dividing by the number of boat
ramps on each river. (The estimated W, values for the
Illinois and Mississippi River ramps are 269 ha and
6835 ha, respectively). The value of W, for Great Lakes
boat ramps was determined through best-fit parame-
terization (see Best-fit parameterization, below).
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The observed distribution of zebra-mussel-colonized lakes in the Western Great Lakes States as of December

1997. This distribution only includes lakes thought to have been colonized as a result of overland transport. The numbers
indicate the number of colonized lakes within that county. Data are from Kraft and Johnson (2000).

The distribution of zebra mussel-colonized lakes
within the study region was based on known coloni-
zation patterns as of December 1997 (Fig. 2; Kraft and
Johnson 2000). Only the 47 lakes considered to be
colonized via overland dispersal were used, eliminating
the 9 lakes that are thought to have been secondarily
colonized by such means as stream flow or water
pumped from a colonized lake into an uncolonized lake
(L. E. Johnson, personal communication). The Great
Lakes, Mississippi River, and Illinois River boat ramps
were considered the initial zebra mussel sources. Lakes
colonized during an iteration of the model were con-
sidered sources during subsequent iterations.

The appropriateness of a given lake’s physical char-
acteristics for establishment of zebra mussel colonies
was based on Ramcharan et al. (1992), in which lakes
with low pH and calcium levels were not colonized.
They estimated the suitability of a given lake through
the equation.

B = 1.246pH T 0.045[Ca] — 11.696. (7)

Lakes with B values exceeding—0.638 were considered
suitable for zebra mussel colonization. Based on this
model, those lakes in our study with B values below
this threshold were designated as unsuitable for colo-
nization. Additionally, lakes with a maximum depth
<4 m were considered uninhabitable (Strayer 1991),
and were excluded from analysis.

To estimate B, pH an‘d Ca levels were obtained for
50% and 30%, respectively, of the lakes within the
study region via the EPA STORET data bank (U.S.
Environmental Protection Agency, Office of Water
1999). For the study region, lake pH and calcium levels
are closely tied to bedrock formation, and general re-
gional patterns among lakes are apparent (Omernik and
Powers 1983, Omernik et al. 1988). Because of this
spatial autocorrelation, pH and calcium values for lakes
not included in this database were estimated through
punctual kriging (Burgess and Webster 1980) of the
nearest 20 recorded lakes, using the GS+ software
package (Gamma Design Software 1992). Based on this
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TABLE 1. Measures for calculating distance between each
county and each lake within the study region.

Distance to be

calculated

From To

area: area: Distance calculation
1 2,4 County i to Lakej
1 County i to Pt. B + Pt. B to Lakej
2 1,4 County i to Lakej
2 3 County i to Pt. A"t Pt. A to Lake j
3 1 County i to Pt. B + Pt. B to Lake j
3 2 County i to Pt. A t Pt. A to Lakej
3 4 County i to Lakej
4 1,2,3 County i to Lakej

Notes: The study region was divided into four areas. Area
1 = the portion of Wisconsin south of the southern tip of
Green Bay and northwest Illinois; Area 2 = northern Wis-
consin and the upper peninsula of Michigan: Area 3 = the
lower peninsula of Michigan, northeast Indiana, and north-
west Ohio; and Area 4 = the portion of [1linois not in Area
2 and the portion of Indiana not in Area 3. Point A is located
at the Straits of Mackinac (northern end of Lake Michigan),
and point B is located at the south end of Lake Michigan.

analysis, 1843 lakes in the region were considered to
be environmentally inappropriate for zebra mussels.
Most of these lakes were concentrated in northern Wis-
consin, where igneous bedrock and alluvium predom-
inates. Although these lakes were excluded for estab-
lishment of zebra mussel populations, they were still
considered as destinations for boater movements.

Distances from each lake and boat ramp to each
county were calculated from lake centroids to the center
of lake polygons within each county. The center of lake
polygons within a county was used instead of the coun-
ty centroid because it was assumed that recreational
boat owners are more likely to live close to lakes. For
those counties with no lakes, the county centroid was
used.

Although simple Euclidean distance estimates were
used in most cases, these estimates were not appro-
priate when the lake/boat ramp and county in question
were located on opposite sides of Lake Michigan,
which is a barrier to straight-line travel. To address this
problem, the study region was divided into four areas.
For boats traveling from a county to a lake within the
same area, or between areas on the same side of Lake
Michigan, Euclidean distance estimates were used. For
boats traveling between areas on opposite sides of Lake
Michigan, distances were calculated by routing trips
around Lake Michigan. The paths used to calculate
these trips are shown in Table 1.

Best-fit parameterization

Three model parameters were estimated using least-
sum-of-squares (LSS) parameterization: distance co-
efficient (a); colonization threshold (f); and attrac-
tiveness of Great Lakes boat ramps (W) .Best-fit values
were determined through LSS comparison of model
predictions with the observed distribution of zebra
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mussels at the county level. Comparisons were made
at this scale because the county is the minimum res-
olution of boat registration data. In the parameteriza-
tion routine, o was varied from 1.0 to 7.0 in increments
of 0.1, franged from 400 to 1500 in increments of 50,
and W ranged from 5000 to 70 000 ha in increments of
5000 ha. Parameter estimation was conducted deter-
ministically without inclusion of stochastic variables.

Sensitivity analysis and model robustness

To analyze the sensitivity of parameter estimation
with respect to the number of lakes predicted to be
colonized, the deterministic model was run while vary-
ing the values of the three estimated parameters from
—20% to +20% of their best-fit estimate across seven
model iterations. Since 47 lakes were included in the
fitted data set, and the best-fit parameterization pre-
dicted 44 colonized lakes, we defined the least sensitive
region to parameter adjustments as that range of pre-
dicted colonized lakes from 44 to 47 lakes.

Two additional tests were used to evaluate model
robustness. First, the distance of the predicted colo-
nized lakes to Great Lakes boat ramps and to county
centroids was compared with observed distributions to
assess the ability of the model to simulate regional and
within-county distribution patterns. Second, correla-
tion coefficients were calculated for the predicted and
observed number of colonized lakes per county and
compared to a random selection of 47 suitable lakes
over 1000 trials

RESULTS

The best-fit results of the deterministic model des-
ignated 44 lakes as colonized with a least sum of
squares (LSS) of 85. The best-fit parameterizations for
this model were: distance coefficient of 1.9, coloni-
zation threshold of 850 boats, and attractiveness value
of 55000 ha for Great Lakes boat ramps. For the sto-
chastic model, it was determined that an infested boat
has a probability of 0.0000411 to establish a zebra mus-
sel colony; this translates into a 3.5% chance of a zebra
mussel colony becoming established when visited by
850 infested boats.

Sensitivity analysis (Fig. 3) showed that the model
produced 44 to 47 colonized lakes over a wide range
of parameter values. Changes in the distance coefficient
produced the largest changes in estimated number of
infected lakes, while ramp attractiveness and coloni-
zation threshold produced the least.

The results of the two tests for model robustness
showed that the model was successful in duplicating
the actual patterns of zebra mussel colonization. First,
on a regional scale the number of colonized lakes at
various distances from Great Lakes boat ramps was
calculated and compared between each model (deter-
ministic and stochastic) and the observed data (Table
2), and no significant differences were found (P =
0.8014 for the deterministic and P = 0.9974 for the
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F1G. 3. Results of the sensitivity analysis. Each circle represents the number of lakes designated as colonized for com-
binations of values for the three test parameters: distance coefficient, colonization threshold, and attractiveness of a Great
Lakes boat ramp. The size of the circles represents the number of infected lakes produced by each test parameter. The axis
numbers are the percentage change of the best-fit values of the three parameters.

stochastic model). At a local scale, the number of col-
onized lakes within given distances of county centroids
was also compared (Table 3). These results showed that
patterns predicted by the models do not differ signif-
icantly from the observed data at either regional or
local scales. Second, the number of colonized lakes
predicted per county is highly correlated with the actual
number of colonized lakes (> = 0.639 and 0.681 for
the deterministic and stochastic models, respectively).
These correlation coefficients are outside the 95% con-
fidence intervals generated from correlation of ob-
served vs. random numbers of colonized lakes per
county based on 1000 simulations (Fig. 4).

Deterministic model

The deterministic model was successful in matching
the pattern of colonization within three areas of the
study region (Fig. 5A): southeast Wisconsin, southwest
Michigan, and the western suburbs of Detroit. In south-
east Wisconsin, the observed distribution of zebra mus-
sels consisted of five colonized lakes in three counties
of Wisconsin and northern Illinois. The model pre-

TABLE 2. A comparison of the number of observed and
predicted zebra-mussel-colonized lakes within different
distances to a Great Lakes boat ramp.

No. of lakes colonized

dicted three colonized lakes in the same counties, in-
cluding Lake Geneva, which is colonized, with a fourth
lake only 5 km outside one of the counties. Four coun-
ties in southwest Michigan have colonized lakes, while
the model predicted colonized lakes in three of these
counties. In the Detroit region, the most colonized
county in 1997 was Oakland County, which had seven
colonized lakes, and five more colonized lakes were
found in neighboring counties. The model predicted
that seven colonized lakes would occur in Oakland
County, with three additional lakes found in surround-
ing counties. (Of the lakes known to be colonized in
Oakland and surrounding counties, the model predicted
Elizabeth Lake, Lake Maceday, Union Lake, Belleville
Lake, and Stony Creek Lake to be colonized.)

The model was less successful in predicting the ob-
served distribution of zebra mussels in central Wis-
consin, southeast Michigan, and northern Indiana. The
model predicted six lakes to become colonized from
Dane County to Shawano County in eastern Wisconsin,
where no colonized lakes had been observed. In south-

TABLE 3. A comparison of the number of observed and
predicted zebra-mussel-colonized lakes within the specified
distance of county centroids.

No. of lakes colonized

Distance to Deterministic ~ Stochastic

Distance to Deterministic ~ Stochastic centroid Observed model? model$

ramps Observed model? model} =20 km ) Yy 13
<§0 km 21 23 19 <10 km 14 27 21
<100 km 40 35 38 <5 km 6 19 11
<150 km 47 41 44 <2 km 2 3 2

tx2 = 04429, df = 2, P = 0.8014. +x2 = 6.5783, df = 3, P = 0.0866.

i x2 = 0.0053, df = 2, P = 0.9974. tx2 = 1.6751,df = 3, P = 0.6425.
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Fig. 4. Histogram of the correlation coefficients com-
paring the observed number of colonized lakes per county
with 1000 simulations of randomly sampled lakes. The ver-
tical lines represent the value of the correlation coefficients
for the deterministic and stochastic model results compared
with the observed distribution of zebra-mussel-colonized
lakes. The correlation coefficient was calculated based on the
number of colonized lakes per county. Both the deterministic
and stochastic model correlations exceed the 95th percentile
for the random distribution.
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east Michigan, nine colonized lakes were found in four
counties, whereas the model only predicted two colo-
nized lakes in that region. The model also predicted
four colonized lakes in northern Indiana, where 10were
observed.

Stochastic model

Similarities between observed and stochastically
modeled distributions were evident in southern Mich-
igan and southeast Wisconsin (Fig. 5B). In these re-
gions, for all counties that had >1 colonized lake, the
model predicted at least 0.61 colonized lakes, and the
model showed similar clusters of colonized counties as
were evident in the observed distribution.

Differences between the predicted and observed pat-
tern of colonized-lake distribution were again evident
in central Wisconsin, where counties that had no record
of colonization were predicted to have colonized lakes.
As with the deterministic model, the stochastic model
predicted that colonized lakes would occur in four
counties in west-central Michigan, but no lakes were
known to be colonized in that region as of December
1997.

B) Stochastic Model

Infested Lakes
[J0-0.25
B3 0.25-0.5
Bl 0.5-1

B -3
>4

100 100 km

The predicted distribution of zebra-mussel-colonized lakes for the (A) deterministic and (B) stochastic models.

The deterministic model results were based on the best-fit parameters, and the numbers indicate the number of colonized
lakes within that county. The stochastic model used the same parameters, but colonization of a particular lake was based on
a colonization probability. The stochastic model was run for 2000 iterations. The number of colonized lakes for each county
was determined by summing.the number of lakes predicted to become colonized through all iterations and dividing by the

number of trials (2000).
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DiscussioN
Advances over previous models

Initial predictions of zebra mussel colonization pat-
terns in North America were limited to forecasts of the
potential geographic range at continental (Strayer
1991) or provincial (Neary and Leach 1992) scales,
based upon general trends in climate, bedrock, water
chemistry, and proximity to roads. Subsequent efforts
have attempted to predict invasion susceptibility of
lakes within more limited geographic regions (Padilla
et al. 1996, Schneider et al. 1998, Buchan and Padilla
1999). The production-constrained gravity model pre-
sented in this paper builds upon these previous efforts
by predicting colonization probabilities based only
upon the number of registered recreational boats per
county and the size, location, and water chemistry of
lakes and location of boat ramps as input data. These
input data are much more readily available than are
data for models based upon boater surveys (Padilla et
al. 1996, Schneider et al. 1998, Buchan and Padilla
1999). Boater surveys are not available for most of the
study region, are expensive to generate, and are rarely
repeated. For example, the boater data used by Padilla
et al. (1996) and Buchan and Padilla (1999) resulted
from an intense, year-long, social survey, which in-
volved contacting 58 000 licensed Wisconsin boaters
(Penaloza 1991). The boater data used by Schneider et
al. (1998) was gathered from a landscape with a limited
number of inland lakes (55)and zebra mussel sources
(—60 sources, which included boat ramps on Lake
Michigan and the Illinois, Ohjo, and Mississippi riv-
ers). Similar data are unavailable from most neighbor-
ing states with numerous lakes, even for a single year.

Avenues for future investigation

During model development, we were restricted by
available data to fitting a model to 47 colonized lakes
out of 1700+ suitable lakes. As such, not enough data
were available to parameterize the model using a subset
of these 47 colonized lakes, and then test the validity
of the model on the remaining subset. Even though we
were not able to validate our model using traditional
methods, achieving a 0.67 correlation between the
model forecast and fitted data suggests that the model
is useful. It is important to point out that we did not
simply choose one particular model while ignoring al-
ternative ones. During parameter estimation, we es-
sentially rejected numerous “poorer fitting” models.
Our method of model selection follows the philosophy
described by Hilborn and Mangel (1997), in that we
selected a best-fit model from numerous alternative
models with alternative parameter values. Future ef-
forts to validate this model will only become possible
when more lakes become colonized within the study
region. It is interesting to note that all of the reported
additional colonized lakes that have occurred since
1997 occurred in counties our model identifies as hav-
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ing high colonization potentials, and that the uncolon-
ized lake deemed most likely to become colonized
(Lake Winnebago) became recognized as colonized in
1999.

We also recognize that other factors not incorporated
in our model likely influence zebra mussel transport,
including local boater behavior, boat type, and lake
access (Penaloza 1991, Reed-Anderson et al. 2000).
Some of the discrepancies between observed county-
wide colonization patterns and model results suggest
that such additional factors might enhance or detract
from the likelihood of colonization at this spatial scale.
For example, the over-prediction of colonized lakes in
west-central Michigan and central Wisconsin could re-
sult from reduced attractiveness of Great Lakes boat
ramps to boaters living in this region. By contrast, the
under-prediction of colonized lakes in northeastern In-
diana could result from increased lake attractiveness in
this area.

Efforts to forecast the likelihood of colonization for
specific lakes will need to take these additional factors
into account. We believe our model is resilient to these
factors because colonization rates are predicted only at
a countywide scale. However, because colonization
predictions for specific lakes will be important to re-
source managers, incorporating such additional infor-
mation regarding boater behavior into a gravity-mod-
eling approach will be an important future advance-
ment.

Implications

Our ability to model the invasion of zebra mussels
into the inland lakes of the upper Midwest provides
insight into a number of important ecological issues
regarding zebra mussel ecology, exotic species inva-
sion, and the modeling of dispersal.

First, this analysis helps to resolve the debate over
which vectors are likely responsible for the dispersal
of zebra mussels to North American inland lakes. The
mechanisms invoked in our model to reproduce ob-
served patterns of inland zebra mussel invasions sup-
port assertions by Johnson and Carlton (1996) that rec-
reational boat use is a more important vector of spread
than are other vectors, such as waterfowl. Our analysis
also helps to clarify the scale at which long-distance
dispersal operates for this organism. Although 106-km
distances were previously identified to represent long-
distance movements for zebra mussels (Buchan and
Padilla 1999), 43 of the 47 observed colonized lakes
are located within this distance of a zebra mussel
source. Using the definition of “long-distance” dis-
persal from Shigesada and Kawasaki (1997), we con-
clude that movement over any amount of land (no mat-
ter how short) will constitute a “long-distance” dis-
persal event for zebra mussels. Our model demonstrates
that, at least over countywide scales (<45 km), the
regional effects of such relatively short “long-dis-
tance” dispersal events are predictable.

>
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Second, our modeling effort helps identify why the
North American zebra mussel invasion has not and will
not occur as a moving-wave front. Within our study
region, regional aggregations of colonized-lakes are ev-
ident in observed colonized-lake distributions (Kraft
and Johnson 2000) as well as in our model forecasts.
It appears that the expansion of inland-lake zebra mus-
sel range has occurred through the development of iso-
lated centers of distribution, which have lead to further
aggregations of colonized lakes. This pattern is similar
to that reported for many other invasive species, in
which new colonies are formed beyond the boundaries
of previous colonies due to long-distance dispersal
across barriers (Shigesada and Kawasaki 1997). Plant
invasions often demonstrate this type of spatial colo-
nization pattern, in which satellite populations occur
away from a center of introduction (Baker 1986). Such
colonization patterns have not been previously de-
scribed for invasive aquatic species colonizing a het-
erogeneous landscape of hydrologically isolated lakes,
although they have been observed for wetland butter-
flies (Néve et al. 1996).

Last, this model demonstrates that a gravity model
better predicts the overland spread of zebra mussels as
compared to the diffusion model evaluated and rejected
by Buchan and Padilla (1999). In general, the char-
acteristics of gravity models provide potential advan-
tages over diffusion models in forecasting organism
movement under certain conditions. For instance, grav-
ity models operate when potential destinations, such as
inland lakes or islands, represent isolated habitats in
heterogeneous landscapes where the structure and spa-
tial pattern of potential habitat is known. Since diffu-
sion models assume that all of a landscapeis accessible,
they may not be effective in situations where parts of
the landscape are uninhabitable. Like stratified diffu-
sion models (Hengeveld 1989), gravity models enable
dispersing organisms to “leap-frog’’ suitable habitat.
However, unlike stratified diffusion models, gravity
models also permit organisms to jump over unsuitable
habitats and dispersal barriers. For this reason, strati-
fied diffusion models are not likely to be as useful in
forecasting the dispersal of aquatic organisms to lakes
within a terrestrial landscape.

Since humans are the principal overland vector for
zebra mussel dispersal, the use of a model developed
to forecast human movement appears clearly justified
for this invasive organism. A larger question is whether
gravity models have utility beyond human-dispersed
taxa. We believe that gravity models are appropriate in
any situation where movement between areas is neg-
atively correlated with intersite distance and positively
correlated with site “attractiveness.” We suggest that
such conditions apply to other taxa and landscapes.
Across a wide array of systems, the biological inter-
action between areas can be shown to co-vary nega-
tively with increasing intersite distance (Okubo and
Levin 1989,Nekola and White 1999). Many organisms
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have been shown to exhibit nonrandom movement pat-
terns, particularly when moving a long distance (Zoll-
nar and Lima 1999). If these organisms are responding
to environmental cues from potential habitat, such as
the preferential uphill movement of checkerspot but-
terflies (Euphydryas editha;, Turchin 1998) or female
chrysomelid beetles (Trirhabda virgata) responding to
lush host patches (Herzig and Root 1996), gravity mod-
els can be used to incorporate an attractiveness value
to destination sites. The concept of attraction may also
be expanded to include organisms that do not exhibit
behaviors associated with neural processes, such as
plants. For instance, it could be argued that passively
dispersing propagules are more “attracted” to larger
habitats simply because they represent larger catchment
zones. It is thus possible that the two underlying con-
ditions of gravity models exist for other examples of
natural and anthropogenically mediated dispersal.

Dispersal processes occur at different scales (Levin
1992), and diffusion is obviously at work atlocal scales
(e.g., the spread of zebra mussels throughout a lake).
However, at larger landscape or regional scales, long-
distance dispersal results from different mechanisms.
We have demonstrated that the pattern and structure of
suitable habitat is essential for modeling long-distance
dispersal by zebra mussels. If an organism’s dispersal
is affected by distance and the attractiveness of specific
destinations, gravity models may represent another im-
portant class of dispersal models that, along with dif-
fusion models, can be used to predict the spread of
native and non-native species through heterogeneous
landscapes.
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