Ecology, 83(12), 2002, pp. 3306-3318
© 2002 by the Ecological Society of America

ESTIMATING DISPERSAL FROM PATTERNS OF SPREAD:
SPATIAL AND LOCAL CONTROL OF LAKE INVASIONS

JouN E. HAVEL,'* JONATHAN B. SHURIN,2 AND JOHN R. JONES3

'Department of Biology, Southwest Missouri State University, 901 South National Avenue, Springfield, Missouri 65804 USA
!National Center for Ecological Analysis and Synthesis, 735 State Street, Suite 300, Santa Barbara, California 93101 USA

3School of Natural Resources, University of Missouri, Columbia, Missouri 65201 USA

Abstract. The spread of exotic specics can be limited by dispersal or by constraints
imposed by the local environment. Using data collected from 152 Missouri (USA) lakes
over seven years, we asked whether models based on dispersal or local-scale processes best
predicted invasion by the exotic cladoceran Daphnia lumholtzi. We used multiple logistic
regression to test the relative importance of 10 local physicochemical features and proximity
to all known potential source populations for predicting which lakes were invaded. The
decline in invasion likelihood with distance to source populations was used to estimate the
shape of the dispersal kernel. Between 1992 and 1998 the cumulative prevalence of D.
lumholtzi increased from 6% to 34% of lakes sampled, with frequent appearances of pop-
ulations in new watersheds. Spatial position and physical factors were both important for
predicting the new colonization events. The probability of colonization increased with lake
surface area and epilimnetic temperature, declined with increasing conductivity, and was
unaffected by variation in lake fertility. Invasion likelihood declined sharply as a nonlinear
function of distance to source populations up to around 30 km, and was relatively constant
at greater distances. The results suggest that dispersal and local abiotic constraints jointly
limit the spread of D. lumholtzi. This approach illustrates how range expansion can be used
to estimate dispersal rates at broad spatial scales.

Key words:  biogeography, colonization; Daphnia lumholtzi; dispersal kernel; exotic species;
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INTRODUCTION

Humans have accelerated the rate of invasion by
alien species in virtually every type of habitat on earth.
Exotic species are a primary threat to biotic diversity
and the integrity of natural communities and have al-
tered rates of key ccosystem processes (Drake ct al.
1989, Vitousek and Walker 1989, D’ Antonio and Vi-
tousek 1992, Sala et al. 2000). Studies of the causes
of species invasions generally take one of two broad
perspectives. Rate-of-spread studies consider dispersal
as the primary factor limiting distributions of invaders
and spatial proximity to source populations as the ma-
jor determinant of which habitats are invaded (Skellam
1951, Johnson and Padilla 1996, Kot et al. 1996, Veit
and Lewis 1996, Clark et al. 1998, Buchan and Padilla
1999). This approach often focuses on the role of hu-
mans in facilitating dispersal of invasive organisms
(Carlton and Geller 1993, Ricciardi and Maclssac
2000). Local-scale studies, by contrast, deal with as-
pects of communities that influence their susceptibility
to invasion (Elton 1958, Moyle and Light 1996, Wiser
et al. 1998, Levine and D’ Antonio 1999, Levine 2000,
Shurin 2000, 2001). These characteristics include res-
ident species composition, diversity, trophic structure,

Manuscript received 14 May 2001; rcevised 28 March 2002;
accepted 22 April 2002.
4 E-mail: johnhavel@smsu.edu

and abiotic factors, such as temperature, habitat size,
and chemical composition. Clearly, in order to invade
new habitats, a species must both arrive there by dis-
persal and proliferate in the local environment. Dis-
persal and local-scale processes therefore jointly influ-
ence the incidence and abundance of exotic species.
However, the relative importance of dispersal and local
interactions in limiting the distributions of invaders are
poorly understood and remain a subject of active debate
(Wiser et al. 1998).

We studied the invasion of Missouri (USA) lakes by
the exotic cladoceran Daphnia lumholtzi Sars to ask
whether spatial position or local habitat features best
predicted the spread of this species. D. lumholtzi is a
native to Africa, Asia, and Australia, and was first re-
ported in North America from a Texas lake sampled in
1991 (Sorensen and Sterner 1992). Over the next two
years this species appeared across the southeastern
United States (Havel and Hebert 1993) and in 11 lakes
in Missouri (Havel et al. 1995). Since that time, the
specics continued to expand its range through the con-
tinental United States (Stoeckel et al. 1996, Havel et
al. 2000, Muzinic 2000) and invade many more lakes
in Missouri (Fig. 1). The success of D. lumholizi in
North America has been attributed to its tolerance of
high summer temperatures (Work and Gophen 19994,
b) and resistance to fish predation due to defensive
morphology (Swaffar and O’Brien 1996). Like other
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PraTe 1.

Daphnia and other zooplankton rely on passive dispersal to invade new habitats. Desiccation-resistant resting

eggs may be carried by natural vectors (such as migrating birds) or over long distances by recreational boaters. Reservoirs
in the south-central United States contain multiple Daphnia species, depicted here, and now also include a tropical exotic,
Daphnia lumholtzi, shown on the arrow. The large head and tail spines make D. lumholtzi easy to recognize, facilitating

surveys of its distribution over time.

zooplankton, D. lumholizi relies on passive dispersal
to invade new habitats (see Plate 1).

In the current study, we applied likelihood profile
techniques (Hilborn and Mangel 1997) to patterns of
invasion by D. lumholtzi in Missouri lakes to examine
the roles of local abiotic features and spatial location
as predictors of lake invasion. If dispersal plays a dom-
inant role in limiting the spread of the invasion, then
the model with only the spatial term should fit the data
better than one with only local physiochemical vari-
ables. If D. lumholtzi’s range is limited by both dis-
persal and local constraints, then we expect a model
with both local and spatial terms to provide the best
fit to the data.

METHODS
Study lakes

We sampled 152 lakes in Missouri, USA, annually
over seven years (Fig. 1). Most (137) of these lakes
are reservoirs, ranging in size from main-stem im-
poundments to small-tributary storage reservoirs used
for water supply and recreation. These reservoirs occur
in all physiographic regions of the state and show a
wide range in size, lake fertility, and concentrations of
dissolved and suspended solids (Jones and Knowlton
1993). The other 16 lakes were in the floodplain of the
Missouri River, and included four oxbow lakes and 12
scour basins, formed from levee breaks during the flood
of 1993 (Galat et al. 1998). These floodplain lakes tend
to be high in nutrients and exhibit dynamic effects from
flooding (Knowlton and Jones 1997). For convenience,
we refer to both floodplain lakes and reservoirs as
“lakes.”

Sampling

The reservoirs were sampled during 1992-1998,
with 83% of these lakes sampled four or more years.
The 16 floodplain lakes were sampled during 1994 and
1995, with two lakes sampled again in 1996. All sam-
ples were collected in daylight hours during July and
August, the period when D. lumholtzi is most abundant
in this region (Havel et al. 1995). Smaller lakes were
sampled in mid-channel near the dam (or levee), where-
as larger lakes were usually sampled from an up-lake
site, where D. lumholtzi tends to be most abundant (J.
Havel and E.M. Eisenbacher, personal observation).
Samples were also collected from the 12 floodplain
lakes in 1994-1995. Because complete water chemistry
sampling was not done on these sites, they are not
included as dependent variables in the logistic regres-
sion models. They are, however, included as potential
sources of colonists in the dispersal term for all models
after 1995.

Zooplankton collections and analysis

Zooplankton were collected with two or more ver-
tical tows (total length 20 m), using a 25-cm-diameter
zooplankton net (200-pm mesh). The sample volume
(982 L) should detect densities of D. lumholtzi > 1
individual/m?. The tows were pooled into one sample,
anaesthetized with carbonated water, and preserved
with buffered sugar-formalin. To avoid transmitting
zooplankton between lakes, nets were thoroughly
rinsed at each site. The entire sample from each site
was later screened at a magnification of 30X for D.
lumholtzi, using the characteristics illustrated in Havel
and Hebert (1993).
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FiG. 1.

Cumulative distribution of Daphnia lumholtzi in Missouri (USA) lakes, 1992—-1998. Open circles represent the
position of lakes where D. lumholtzi was not detected in the year indicated or any previous year. Closed circles represent
lakes where D. lumholtzi was present in cither that year or in samples from earlier years. A total of 152 lakes were sampled
over this period, with 80 of the same lakes sampled every year except 1997-1998, when fewer lakes were sampled. The
number of lakes sampled each year is indicated in Fig. 3; number of new populations detected each year: 1992, 7; 1993, 6;

1994, 5; 1995, 20; 1996, 12; 1997, 1; 1998, 2. Detailed data for the study lakes are available in the Appendix.

Limnological measures

To examine the effect of local features on invasion,
10 limnological characteristics were measured in each
lake (Table 1). Reservoir surface areas (at conservation
pool [the water level maintained as necessary for elec-
tric-power generation]) were obtained from USGS
(United States Geological Survey) topographic maps
or from U.S. Army Corps of Engineers brochures. Ar-
eas of the floodplain lakes were measured in 1994 (B.
Thomas [USDA Natural Resources Conservation Ser-
vice], personal communication). Depth profiles of tem-

TaBLE 1.
Daphnia lumholtzi over seven years of sampling.

perature and oxygen were measured with a YSI Model
50B oxygen meter, conductivity with a YSI model 33
m (Yellow Springs Instruments, Yellow Springs, Ohiv,
USA), and transparency with a Secchi disk (Lind 1985).
Samples for water chemistry analysis were taken by
combining four 1-L grab samples, each taken at ~0.5-
m depth from the same site as the zooplankton sample.
Whole water samples for total N and total P were placed
on ice and stored frozen at —10°C. Total-suspended-
solids samples were collected by filtering duplicate
250-1000 mL samples on tared Whatman GFC filters

Limnological characteristics of the 136 Missouri (USA) lakes invaded (n = 40) or not invaded (n = 96) by

Variable

Not invaded Invaded

Area (ha)**

Epilimnetic temperature (°C)**

Secchi depth (m)

Total N, TN (pg/L)

Total P, TP (pg/L)

Chlorophyll a, Chl-a (pug/L)

Nonvolatile suspended solids, NVSS (mg/L)
Volatile suspended solids, VSS (mg/L)
Conductivity (nS)

Turbidity (NTU)

332 (3.2-5819.5)
245 (10.3-27.7)
0.94 (0.1-4.6)

742.9 (189.4-2537.5)
4.8 (6.6-277.6)

7.
4.7 (0.6-41.7)
196.1

130.7 (7.3-24087.4)
24.8 (22.5-27.0)
1.0 (0.22-3.3)
747.8 (244-1446.4)
39.6 (11.1-221.9)

4 (1.5-178.6) 16.4 (3.1-59.5)

4.7 (0.7-46.0)

3.2 (0.4-24.0) 2.8 (0.9-10.9)
(42.5-749.6) 210.1 (87.1-382.6)

5.8 (0.6-76.1) 5.3 (1.4-27.4)

Notes: Values shown are medians (among lakes), with the range indicated in parentheses. Data from each lake were first
averaged over all available samples (years). The 16 floodplain lakes sampled in 19941995 are not included.

** P < 0.01 (¢ tests for significantly different groups).
T NTU = nephalometric turbidity units (APHA 1985).
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(Whatman, Clifton, New Jersey), with volume depend-
ing on the turbidity of the samples. For chlorophyll,
duplicate 250-mL samples were filtered through GFC
filters, placed in desiccant on ice, and later stored fro-
zen with desiccant.

Analytical methods were by APHA (1985) for non-
volatile suspended solids (NVSS), volatile suspended
solids (VSS), and total phosphorus (TP). Chlorophyll
(Chl) was extracted in heated ethanol (Sartory and
Grobbelaar 1984) and analyzed by fluorometry
(Knowlton 1984). Total nitrogen (TN) was analyzed by
second-derivative spectroscopy following persulfate
oxidation (Crumption et al. 1992).

Ten abiotic features of the lakes (Table 1) were used
as independent variables in the local term for the re-
gression models. These features include indicators of
primary productivity (total N, total P, total chloro-
phyll), transparency (Secchi depth, volatile and non-
volatile suspended solids, turbidity), and lake physical
features (surface area, temperature). All variables were
measured on the day the lake was sampled in every
year except temperature (not measured in 1998), con-
ductivity (not measured in 1993), and turbidity (not
measured in 1993). For these instances, we used the
mean of all available samples as an estimate of the
value for the year in which the data were missing. For
each variable where mean values from other years were
used, the “among years” variability was considerably
less than the “among lakes” variability. Thus, the mean
value from other years should be a good reflection of
the actual conditions in the lake on the date sampled.

Spatial position and distance

For mapping purposes, the position of the centroid
value of each lake in Missouri was calculated using
geographic information systems (ArcView version 3.2,
1999 [Environmental Systems Research Institute, Red-
lands, California, USA]), with a coverage provided on-
line by the U.S. Geological Survey.® The point loca-
tions for the lakes were recorded in the Universal Trans-
verse Mercator (UTM) projection units. Since UTMs
express lake position in units of meters, the Euclidian
distance between all pairs of lakes could be readily
calculated. For our data set, inter-lake distances varied
from 0.7 to 546 km (mean: 211 km). The distance
measures were used in the statistical models to deter-
mine probabilities of non-invaded lakes receiving prop-
agules from source lakes.

Data analyses and modeling the invasion

We illustrated the progress of the D. lumholtzi in-
vasion with two descriptive measures. ‘‘Prevalence” is
the number of lakes where D. lumholtzi was detected
divided by the number of lakes surveyed in each year.
“Cumulative prevalence” is the total number of lakes

5 URL: (www.usgs.gov)
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in which D. lumholtzi was ever detected divided by the
cumulative number of lakes sampled.

For each year of sampling after 1992, our first year
of zooplankton data, we modeled the probability that
a susceptible lake became invaded as a function of
measured local abiotic features and proximity to all
known potential sources of colonists. A ‘“‘susceptible
lake” is defined as one where D. lumholtzi was absent
from all previous samples. General linear models were
used to test the roles of local habitat features and the
potential supply of colonists. Invasion probability was
assumed to be a linear function of the local abiotic
environment and a nonlinear function of proximity to
potential sources of colonists. A nonlinear function was
used for the spatial term because the distribution of
propagules for many organisms often drops off as a
leptokurtic function of distance to a source (Wallace
1966, Willson 1993, Kot et al. 1996, Clark et al. 1998).
To test for unimodal effects of abiotic variables, we
included second-order terms for each predictor in the
local model. The probability that a susceptible site §
becomes invaded (p,) was therefore modeled using lo-
gistic regression (logit function) by

exp(h;)

P exp(\;) + 1 1)

where \; is related to local and spatial factors as
12 10
No= By + Z B;(local) + E x;(local)?
Jj=1 j=1

N "‘d.
Y exp(»a—"‘>. @)

In the above equations, {3, is a constant, while 3, and
3, are the scaling coefficients for the abiotic factors
and the spatial terms, respectively, and x ; is the scaling
coefficient for the quadratic of the abiotic term. The
10 abiotic variables are represented by j in the first two
summation terms, k refers to the known potential
source lakes in the survey, and N is the total number
of infected lakes. The distance between each potential
source lake k and target lake i is d,. The shape of the
dispersal-by-distance function (the dispersal kernel)
depends on the parameter a (described below, see Fig.
2). We tested two forms of the dispersal kernel, ex-
ponential (Eq. 2 above) and Gaussian. For the Gaussian
model, we replaced exp(—d,/a) with exp(—d,}a?). The
second derivative of the exponential function is con-
tinuously positive, while the Gaussian function has an
inflection point. Exponential and Gaussian kernels had
slightly different shapes at short distances and ap-
proached similar lower limits at greater distances.
Since the results from the Gaussian and exponential
models were similar, we present only the results from
the exponential models below.

To select the abiotic features to include in the model
of local control, (j, Eq. 2), we first performed simple
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FiG. 2. Schematic diagram of the method for estimating

the dispersal kernels. (A) Hypothetical scenario of a target
lake (T) within the exponential dispersal kernels of two po-
tential source lakes (1 and 2). The interlake distances (d,
and d,1) are the Euclidean distances between the centroids
of the lakes. The potential load of colonists [exp( -d/a)] pro-
vided by each source is represented by the curved lines. The
dispersal load experienced by the target lake is given by sum-
ming the loads from each source. The load is scaled to the
actual probability by the coefficient (B) in the logistic re-
gression model (Eq. 2 in text). (B) Different dispersal kernels
corresponding to four values of a using the exponential dis-
persal function. We varied the value of 4 from 1 to 100 in
integer units and assessed the likelihood of each resulting
model.

logistic regression of the probability that a susceptible
lake became invaded on each of the 10 abiotic features.
Statistical analyses were done using S-Plus 2000
(MathSoft Engineering and Education, Cambridge,
Massachusetts, USA). All variables were tested for nor-
mality using Liliefore’s test, and those that were non-
normal were log, transformed (Trexler and Travis 1993:
1632). All variables were standardized to the same
scale by subtracting the mean and dividing by the stan-
dard deviation after transformation. All independent
variables and second-order terms that showed signifi-
cant univariate relationships with invasion were then
entered together into a multiple stepwise logistic re-
gression on invasion, using a backwards elimination
procedure (Trexler and Travis 1993, Sokal and Rohlf
1995). This method was used to select the best model
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for local abiotic control of invasion success by D. lum-
holtzi (without the spatial term in Eq. 2).

The role of spatial location was represented by a
nonlinear term (the third summation term in Eq. 2)
describing the position of each lake relative to all
known potential source populations. The dispersal term
represents the ‘“‘load” of colonists received by a sus-
ceptible lake as a function of its proximity to all known
invaded lakes in the survey under a given set of as-
sumptions about how dispersal probability varies with
distance. The approach to estimating the dispersal term
in Eq. 2 is shown schematically in Fig. 2. The potential
load of colonists experienced by each susceptible lake
was estimated by summing the dispersal kernels ex-
perienced by each target lake over all possible source
populations (Fig. 2A).

In order to assess the contribution of the spatial term
in Eq. 2, we must first estimate the values of the un-
known parameters a and (3,. The dispersal parameter
(a) in Eq. 2 determines the shape of the dispersal kernel
while the intercept () scales the kernel to the actual
probability of invasion. Low values of a indicate that
dispersal is highly localized around source lakes, while
large values mean that propagules are broadly dis-
persed (Fig. 2B). The best-fit values of g were estimated
by the likelihood profile method (Hilborn and Mangel
1997). The full model shown in Eq. 2 was evaluated
for all integer values of a between 1 and 100 for the
exponential dispersal function. The coefficients () in
Eg. 2 were estimated by likelihood iterations using the
logistic-regression procedure in S-Plus 2000. We as-
sumed that the value of ¢ that minimized the negative
log likelihood of the model presents the best estimate
of a. That is, the model that minimizes the negative
log likelihood explains the greatest portion of the var-
iance in invasion success and therefore offers the most
likely shape for the dispersal function. We compared
models including the abiotic and spatial terms alone,
and with both together, using the Akaike information
criterion AIC (Hilborn and Mangel 1997). The model
with the lowest AIC value offered the best prediction
of invasion probability. AIC was used because we were
comparing non-nested models (i.e., abiotic vs. spatial,
Hilborn and Mange! 1997). The 95% confidence limits
on the estimate of the parameter @ were determined
using a critical chi-square value of 3.84. That is, values
of a for which —2 (log likelihood) is 3.84 greater than
the minimum value are outside the 95% confidence
interval (Hilborn and Mangel 1997:174).

The modeling approach we used makes four impor-
tant assumptions. First, we assumed that all lakes where
D. lumholtzi had not been previously detected were
susceptible to invasion. The range for 1992 (Fig. 1)
includes all populations known from a survey of 112
reservoirs in Missouri (Havel et al. 1995). Surveys of
43 reservoirs during 1980-1986 found no prior pop-
ulations (W.R. Mabee [Missouri Department of Con-
servation], personal communication). Second, we as-



December 2002

30 60 ¥

125 55 c

106 69 S

25 50 &

) 3

<20 40 S

@ [o}

£ 15 14 -30 O

@ c

) 119 (]

> 10 20 >

@ 109 =

o ~

5 10 2

£

3

0 . v ; - 0O
1992 1993 1994 1995 1996 1997 1998

FiG. 3. Prevalence (solid symbols) and cumulative num-

ber of populations detected (open symbols) of Daphnia lum-
holtzi during the study period. Numbers of lakes sampled in
each year are indicated above each data point. A total of 152
lakes were sampled during the study.

sumed that invaded lakes were not potential sources of
propagules in the first year that D. Jumholtzi was found
in them. This assumption is justified because the pop-
ulation must first develop parthenogenetically before
producing resting eggs, which are the life stage that
likely disperses among lakes (Mellors 1975). Third, we
assumed that the size of the source lakes did not affect
the probability of invasion. We analyzed the 1995 data
(the year with the most invasions) after weighting the
dispersal term in Eq. 2 by the surface area of the source
lake and found no improvement in the fit of the model.
Thus all remaining analyses used the unweighted data.
Fourth, we assumed that lakes where D. lumholtzi was
recorded in one year had D. lumholtzi present in all
subsequent years, and could thus serve as potential
sources of colonists (dispersal term in Eq. 2). This

TABLE 2. Models to predict invasion by
of the lakes.
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assumption was made for two reasons. First, the vol-
ume of water from which zooplankton were sampled
was very small relative to the volume of the lakes (~1
m? vs. 20000 m? for the smallest lake). It is therefore
likely that we would fail to detect populations that were
present at low densities. Second, D. lumholtzi forms
resting eggs (J. Havel, personal observation) that, in
other Daphnia, remain viable in lake sediments for
many years (Caceres 1998). The egg bank may rees-
tablish the planktonic population in lakes where these
plankton had become “‘extinct.”

The logistic-regression analyses were performed for
each year individually except 1997 and 1998. Only two
new populations were detected in each of these years;
therefore the models had very little statistical power
and tended to produce unstable parameter estimates.
The analyses were also performed after combining data
for all susceptible lakes from multiple years, including
1997 and 1998. Analyzing the data across years in-
creased the power to discern the shape of the dispersal
function and allowed us to detect general patterns that
were independent of interannual variation.

RESULTS
Prevalence and the progress of the invasion

Daphnia lumholtzi dramatically expanded its range
during the study period. Each year, new lakes and wa-
tersheds were invaded (Fig. 1). Prevalence (the number
of lakes where D. lumholtzi was detected divided by
the number of lakes surveyed in each year) showed a
continuous increase from 6% to 26% from 1992
through 1995 and, with the cxception of 1997, main-
tained a high prevalence (=223%) each year thereafter

Daphnia lumholtzi. The abiotic models are based on local physical characteristics

Year Modelt Regression cquation (M) P§ LL|| KY AIC#
1993  abiotic =392 + 1.514 -14.73 2 33.46
spatial —3.28 + 1.35 X exp(—d/38) -22.76 3 51.51
spatial + abiotic —4.21 + 1.554 + 1.56 X exp(—d/25) 0.54 —14.49 4  36.98
1994  abiotic —4.28 + 1.704 -8.88 2 21.76
spatial —3.35 — 234628 X exp(—d/1) -13.12 3 3224
spatial + abiotic —4.65 + 1.834 + 2.96 X exp(—d/13) 0.40 —-8.70 4 25.40
1995 abiotic —1.10 + 2.117 - 1.437? — 0.99C* —26.06 4 60.13
spatial —2.24 + 0.97 X exp(—d/39) ~39.48 3 84.97
spatial + abiotic —1.62 + 2317 —2.12T7? — 1.09C?* + 3.15 X exp(—d/17) 0.0l —23.90 6 59.80
1996  abiotic ~2.50 + 3.56T — 1.857T? —20.70 3 4740
spatial ~1.95 — 8689702 X exp(—d/0.6) 2423 3 5447
spatial + abiotic —2.19 + 3477 — 1.937% — 2683 881 X exp(—d/0.6) 0.06 —19.55 S 47.09

Note: Independent variables and second-order terms that contributed significantly to the fit of the model (P < 0.05) are

shown.
1 The
colonists.
1 Variables: 4 =

“spatial” and “‘spatial + abiotic’> models include the dispersal term in Eq. 2 representing the potential load of

area (ha), d = distance (km), T = surface temperature (°C), and C = conductivity (u8). The value of

the parameter a (Eq. 2) shown minimizes the negative log likelihood of the model based on the likelihood profile (Fig. 4).
§ The P value for the ““spatial + abiotic’® models is the significance for inclusion of the dispersal term in the model.

| LL = log likelihood.
9 K = number of parameters.

# AIC = Akaike information criterion; AIC = —2LL + 2K. The model with the lowest AIC value offered the best prediction
of invasion probability; for each year the model with the lowest AIC is shown in boldface.
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TaBLE 3. Logistic-regression analyses combining data from multiple years.
Year Model Regression equation (\) P LL K AlIC
1993-1995 abiotic —2.38 + 0934 + 0.61T — 0.79C? —-60.60 4 129.20
spatial —3.07 + 1.77 X exp(—d/28) —69.79 3 145.57
spatial + abiotic —2.90 + 1.014 + 0.537 — 0.88C2? + 2.00  0.006 -—57.21 6 126.42
X exp(—d/23)
1993-1998 abiotic —2.38 + 0.884 + 1.27T - 0.7571? —98.63 4 205.26
spatial —2.68 + 0.36 X exp(—d/27) -11442 3 234.83
spatial + abiotic —2.94 + 0.954 + 1.387 — 0.7472 + 0.12 0.03 -9638 6 204.75
X exp(—d/97.5)
19931998, no 1996 abiotic —2.15 + 0914 + 1.037 — 0.827? - 0.45C? —73.69 5 157.37
spatial —2.83 + 1.33 X exp(—d/16) ~-8587 3 177.75
spatial + abiotic —2.54 + 0.994 + 1.007 — 0.79T7% — 0.44C? 0.02 —=70.02 7 154.04

+ 1.16 X exp(—d/19)

Note: Format and definitions are as in Table 2.

(Fig. 3). Once lakes were invaded, most populations
were detected in subsequent years. For instance, 70%
of the lakes invaded through 1994 had detectable pop-
ulations in 1995. The cumulative-prevalence function
(total number of lakes in which D. lumholtzi was ever
detected divided by the cumulative number of lakes
sampled) appeared to be leveling off by 1996, sug-
gesting that the rate of new invasions had slowed down.
By 1998, about 35% lakes of the sampled lakes had
been invaded (Fig. 3).

Local features of invaded and non-invaded lakes

The invaded lakes were generally similar to the non-
invaded lakes in terms of physical and chemical con-
ditions, and many of these features showed large var-
iation within each group (Table 1). Invaded lakes had
significantly larger surface areas and warmer epilim-
netic temperatures than non-invaded lakes, while the
two categories were indistinguishable in terms of lake
fertility, water clarity, and suspended solids.

The logistic-regression models from individual years
revealed that invasion probability generally increased
with lake surface area and epilimnetic temperature (Ta-
ble 2). However, these effects varied among years. Sur-
face area contributed significantly to the fit of the model
in 1993 and 1994, but not in 1995 or 1996. When data
from multiple years were analyzed simultaneously,
both area and temperature had significant positive ef-
fects on invasion probability (Table 3). The response
to temperature was unimodal in 1995 and 1996 (Table
2) and for pooled data for 1993-1998 (excluding 1996,
Table 3). That is, both the first- and second-order terms
for temperature were significant in those years, with a
negative coefficient for the second-order term. The re-
gression models also suggest that invasion probability
was depressed by higher conductivity in 1995 and from
the multiple years, when a nonlinear effect was de-
tected (Tables 2 and 3). Although invasion probability
declined as a nonlinear function of increasing conduc-
tivity, the likelihood never reached a minimum over
the range of conductivity present in the survey. Mea-
sures of lake fertility (total N, total P, and chlorophyll)

and water clarity (Secchi depth transparency, turbidity,
and volatile and non-volatile suspended solids) showed
no relationships with invasion probability in any of the
years or in the combined models (Tables 2 and 3).

Modeling both local and spatial features

Including a term describing spatial position relative
to all known invaded lakes (the dispersal term in Eq.
2, Fig. 2) significantly improved the fit of the model
in 1995 and 1996, but not in 1993 or 1994 (Tabie 2).
The model with both abiotic and spatial terms had the
lowest AIC in 1995 and 1996, while the abiotic-only
model had the lowest value in the other two years (Ta-
ble 2). The model with only the spatial term always
had the highest AIC and therefore provided the worst
fit to the data (Table 2). When data from muitiple years
were analyzed together, the lowest AIC was always
found in the model with both spatial and abiotic terms
(Table 3). The likelihood profiles for the nonlinear pa-
rameter a showed clear minima in every year (Fig. 4).
The value of a that produced the lowest negative log
likelihood (a,,,) is the optimal value for a for inclusion
in the models for the dispersal kernels. The value of
a,;, ranged from 0.6 to 25 (mean = 18.5) for the dif-
ferent years. All values of g between 1 and 100 fell
within the 95% confidence limits of the minimum value
in every individual year (Fig. 4), as did all but the
lowest values of a for the pooled data (Fig. 5). The
wide confidence intervals indicate that, although the
likelihood profiles showed clear minima, no values of
a between 1 and 100 offered significantly improved
predictions of invasion except when the data were
pooled across years.

The likelihood profile for 1996 showed a substan-
tially different pattern from the other years (Fig. 4).
Because the likelihood profile did not reach a minimum
for any value of a between 1 and 100, we explored
values between 0.1 and 4 (inset graph in Fig. 4), re-
vealing a,,, at a value of 0.6. This low estimate can be
compared with the estimates of a,;, during the period
1993-1995, when D. lumholtzi was expanding at the
greatest rate (Fig. 3). During that period, a,,, ranged
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F1G. 4. Likelihood profiles for the models to predict in-
vasion including abiotic and spatial terms with different val-
ues of a (the dispersal parameter in Eq. 2) between 1 and
100. The y-axis shows —2 times the log likelihood for the
model including abiotic and spatial terms for each value of
a. The value of ¢ that minimizes the negative log likelihood
of the model is indicated by «,,,,. The inset on the 1996 graph
shows the likelihood profile for values of a between 0.1 and
4 in increments of 0.1.

from 13-25; therefore a,,;, was substantially lower in
1996 than in the previous three years. Furthermore, the
logistic-regression model for the 1996 data had nega-
tive coefficients for the spatial term (Table 2), sug-
gesting that invasion likelihood increased at greater
distances from potential sources.

Analysis of the pooled data revealed similar patterns
to the individual years. When all years except 1996
were analyzed together, the profile had a clear minimum
ata = 19 and closely resembled the profiles from 1993~
1995 (compare Fig. 5 top and bottom). In contrast,
when data from all seven years were included, the min-
imum was considerably larger (a,;, = 98)
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The dispersal kernels corresponding to the spatial
term in the logistic-regression models are shown in Fig.
6. In every case except 1996, the probability that a lake
became invaded decreased sharply up to distances of
around 20—40 km from a source of colonists, and ap-
proached a lower asymptote by §0-100 km. Based on
the dispersal kernels from 1993 to 1995, an average of
82% of the colonization events within 100 km of a
source took place within the nearest 30 km and, for the
pooled data (excluding 1996), 80% of invasions were
within 30 km. The shapes of the dispersal kernels sug-
gest that the spread of D. lumholtzi is localized on a
scale of tens of kilometers and decreases at distances
greater than ~30 km.

DiSCUSSION

The present study indicates that both local factors
and dispersal among lakes are important for limiting
the spread of Daphnia lumholtzi. Invasion likelihood
was greatest in larger lakes and those with warmer
epilimnetic temperatures. In addition, lakes that were
geographically closer to potential source populations
tended to be invaded more often than more isolated
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F1G. 5. Likelihood profiles for analyses combining data

from multiple years. Solid symbols indicate values of a (the
dispersal parameter in Eq. 2) that result in models within the
95% confidence limits of the minimum value (a,,,). Open
symbols indicate values of a that are outside of the 95%
confidence interval for the minimum.
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from different years. The horizontal lines show the pro-

portion of susceptible lakes that were invaded in the year
indicated.

lakes. The method we used for analyzing the effects of
spatial position illustrates one way of considering po-
tential dispersal effects in statistical models of the
spread of invaders. This approach allows us to incor-
porate information about all known potential sources
of colonists in assessing the likelihood of invasion for
each susceptible lake. In addition, this approach allows
us to estimate the shape of dispersal functions at large
spatial scales (hundreds of kilometers). Our results
have implications for interpreting the invasion biology
of D. lumholtzi.

Local factors

Although quite variable within each group, invaded
fakes tended to be larger than non-invaded lakes. This
effect was detected in the first two years of our study,
as well as in the data from the pooled years (Tables 2
and 3). The strong effect of area is reasonable for two
reasons. First, surface area may increase the likelihood
a lake receives colonists. Larger lakes offer larger tar-
gets for propagules dispersed by wind and may be vis-
ited more often by waterfowl or boaters. Recent evi-
dence from boater surveys suggests that recreational
boats are capable of dispersing zooplankton among
lakes (Havel and Stelzleni-Schwent 2001). The largest
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reservoirs are also often located downstream from
smaller reservoirs, indicating that they also may re-
ceive colonists through surface water from other lakes
(J. B. Shurin and J. E. Havel, unpublished manuscript).
Second, aspects of the local environment associated
with surface area may also increase the likelihood for
invasion success once propagules have arrived. Larger
lakes have greater habitat heterogeneity and may sup-
port larger local populations that are less susceptible
to stochastic extinction (Angermeier and Schlosser
1989). For instance, large reservoirs show broader hor-
izontal gradients in productivity than do small reser-
voirs (Thornton et al. 1990). Since the timing of D.
lumholizi population peaks depends on location in the
reservoir (J. E. Havel and E. M. Eisenbacher, unpub-
lished data), heterogeneity within a lake may be im-
portant for population persistence. Larger lakes may
therefore be invaded more often both because they re-
ceive more propagules and because the local environ-
ment favors successful invasions. Because of their rel-
evance to both biogeography (Angermeier and Schlos-
ser 1989) and metapopulation theory (Hanski 1994), it
is not surprising that such area effects are important
also to the ecology of invading populations.

The epilimnetic temperatures of invaded lakes tend-
ed to be slightly warmer than those of non-invaded
lakes. This effect is evident from the regression models
for 1995 and 1996 and from data pooled from all years
(Tables 2 and 3). D. lumholizi typically shows brief
peaks of maximum abundance during midsummer (Ha-
vel et al. 1995), a period when native Daphnia usually
decline (Threlkeld 1986, J. E. Havel and E. M. Eisen-
bacher, unpublished data). Recent experiments suggest
that D. lumholtzi has both a high thermal tolerance
(30°C, Work and Gophen 1999b) and a warm thermal
optimum (r,,, at 25°C, Lennon 1999). These data plus
the tropical native range for this species suggest that
D. lumholtzi is well adapted to living in warmer lakes
and may thus be occupying a vacant niche. Neverthe-
less, the fact that this species has invaded Lake Erie
(Muzinic 2000) suggests its thermal niche is broad.

Lakes invaded by D. fumholtzi tended to have alower
conductivity than those not invaded (Table 3). Nev-
ertheless, there was no minimum over the range of
conductivities observed in the current study. In Mis-
souri lakes, conductivity is linked to region of the state,
with the highest values in the Osage Plains, where
many of the lakes are small (Jones 1977). Hence the
conductivity effect may be an artifact of landscape po-
sition.

Our current study detected no effect of lake fertility
on invasibility, despite the considerable variation
among study lakes in nutrient concentrations (Table 1,
Jones and Knowlton 1993). This result contrasts with
some previous work. In an earlier study of Missouri
lakes, Havel et al. (1995) found higher levels of total
N in invaded lakes than in non-invaded lakes. In con-
trast, in a recent study of 35 reservoirs in Kansas, in-
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vaded lakes tended to have lower levels of N, P and
chlorophyll-a than non-invaded lakes (Dzialowski et
al. 2000). Similarly, in a recent mesocosm experiment
(Lennon 1999), total N concentrations in invaded tanks
were lower than those in reference tanks, although no
significant differences were evident for total or soluble
reactive P. Overall, these patterns suggest that D. lum-
holtzi is not often excluded from lakes due to variation
in lake fertility and primary productivity.

We lacked data on other potentially important local
features, and may therefore have underestimated the
extent of local control over invasion by D. lumholtzi.
For instance, experimental evidence (Shurin 2000,
2001) has shown that species interactions such as pre-
dation and competition are important for generating
invasion resistance in zooplankton communities. Com-
position of the local biota, such as density of plank-
tivorous fish, may have played a major role in deter-
mining which lakes were invaded by D. lumholtzi.
However, we lacked information on the biotic com-
munities of the lakes in our survey and so were unable
to examine biotic effects. In addition, lake age may
have influenced colonization. The reservoirs in the
study were constructed between the 1920s and 1970s.
D. lumholtzi has only invaded this system during the
past 12 yr. Although mest of the differences among
these reservoirs in fertility and conductivity are due to
landscape position and not lake age (Jones and Knowl-
ton 1993), other reservoir aging effects, such as de-
creasing depth and subsequent increases in tempera-
ture, could lead to conditions more conducive to in-
vasion. Lakc age may also influence structure of the
biotic community in ways that affect invasibility. De-
spite the limited available data on local features of the
lakes, our analysis indicated a major role for local abi-
otic control of invasion by D. lumholtzi.

The effect of spatial position

Lakes in close proximity to source lakes generally
had a higher likelihood of colonization from them than
from more remote source lakes. Incorporating the term
for spatial position in Eq. 2 improved the fit of the
model (relative to the abiotic model) in 1995 and 1996
and when data from multiple years were analyzed to-
gether (Tables 2 and 3). In 1993 and 1994 the abiotic
model offered the best prediction of invasion. The mod-
el with only the spatial term never provided the best
fit to the data. The lack of significant spatial effects in
two of the years may be a result of low statistical power.
Even though the number of lakes sampled was large,
the number of newly invaded lakes in most years was
small (range: 2—12 lakes). Nevertheless, we were able
to detect effects of both local factors and spatial lo-
cation.

The shapes of the dispersal kernels (i.e., the dis-
persal-by-distance function) for D. lumholtzi suggest
that dispersal is most likely within 30km of source
lakes, but that dispersal at longer distances still occurs
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at a measurable rate. Several long-distance hops are
apparent in the distribution maps for Missouri (Fig. 1).
For instance, in 1995 new populations appeared in the
southeastern and northern regions of the state that were
quite remote from previous populations. Furthermore,
the appearance of new populations in the western Unit-
ed States (Arizona-J. Elser, personal communication;
Utah—C. Leucke, personal communication) points to
the importance of long-distance colonization. The like-
lihood of long-distance dispersal (100 km) is 8-33%
that of short-distance dispersal (within 1 km of invaded
lakes, Fig. 6). This result indicates that very remote
lakes still had an appreciable probability of invasion
in any given year. The overall rate of invasion among
all the lakes (indicated by the horizontal line in Fig.
6) is above the dispersal kernel. This is because the
kernel represents the probability of invasion from an
individual lake, whereas lakes experience colonization
from multiple potential sources.

The dispersal kernels generated by the models of
invasion in 1996 were qualitatively different from the
other years (Fig. 6). The kernels that resulted from the
likelihood profiles had negative coefficients, implying
that lakes that were farther from potential sources were
more likely to be colonized. The reason for the anom-
alous results are unknown, although the map of the
invasion (Fig. 1) reveals a shift in distribution from the
middle of the state in 1995 toward the southwestern
region in 1996. However, the results from the other
years and from the combined data were remarkably
consistent (Fig. 6).

The way in which dispersal was incorporated in our
model may have influenced our ability to detect spatial
effects for several reasons. First, we assumed that Eu-
clidean distance is the relevant metric of spatial po-
sition for the dispersal of D. lumholtzi. If the species
is dispersed primarily by stream connections or boat
traffic, the shortest distance between two lakes may be
less important than distance via rivers or highways. A
related study (J. B. Shurin and J. E. Havel, unpublished
manuscript) examined the role of stream connections
to source populations in the spread of the invasion.
Although lakes with upstream source populations were
invaded at a rate of 27% per year, lakes with no up-
stream lakes were still invaded at a rate of 7%. Stream
connections may therefore provide one means of trans-
port of D. lumholtzi, although overland dispersal occurs
frequently as well. Our second assumption was that all
populations exerted equivalent colonization pressure
on neighboring lakes. We would expect lakes with larg-
er populations to produce more emigrants. Although
we had no information on local density, we assumed
that population size is proportional to lake area.
Weighting the dispersal term in Eq. 2 by the area of
the source lakes did not improve the fit of the model.
Finally, our current analysis is restricted to lakes in
Missouri, whereas D. lumholtzi propagules could have
come from source lakes in neighboring states. To cor-
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rect for this possibility, we reanalyzed the data for the
year of maximum invasions (1995) after omitting sus-
ceptible lakes within 30 km of the border. This analysis
indicated no qualitative effects on any of our results,
suggesting that edge effects were of minor importance
for producing the observed patterns in our study. Al-
though the representation of dispersal in our statistical
model was simplified, including complexities such as
stream connections, the size of source lakes, and edge
effects had only minor impacts on our results.

The approach used in the current study shares sim-
ilarities to metapopulation studies that estimate colo-
nization and extinction rates as a function of patch size
and isolation (Hanski 1994, Moilanen and Hanski 1998,
Moilanen et al. 1998, Moilanen 1999, Harrison et al.
2000). In contrast to analyses of static distributions
such as incidence-function approaches (Hanski 1994,
Moilanen 1999), we modeled colonization events over
time, a dynamic approach shared with other recent stud-
ies (Moilanen et al. 1998, Wiser et al. 1998, Harrison
et al. 2000). Few metapopulation studies have incor-
porated the role of local habitat features (e.g., Moilanen
and Hanski 1998). In contrast, our model included ex-
tensive data on local habitat features along with spatial
location, and indicated a major role for local control
relative to dispersal for limiting the spread of D. Jum-
holtzi. This conclusion would have been obscured if
focal features of the lakes were not included in the
model. Adding local biotic factors into models of
spread is an important next step toward studying the
constraints on species’ geographic ranges.

The rate of invasion over ua broad geographic scale

Over the period of our study, the prevalence of D.
lumholizi in Missouri lakes increased from 6% to 34%
and numerous new watersheds were invaded. During
the same period, this species also expanded from the
southeast and south-central United States to the upper
midwest and western states (J. E. Havel, unpublished
data). These long-distance hops are characteristic of
“stratified diffusion,” such as observed in the post-
glacial dispersal of oak trees in Great Britain (Hen-
geveld 1989), and are important for greatly increasing
the rates of invasions (Lewis 1997). The rapid range
expansion of D. lumholtzi contrasts with the North
American invasion by another exotic crustacean zoo-
plankter. The Eurasian Bythotrephes cederstroemi (and
its close relative Bythotrephes longimanus) is another
easily recognized cladoceran and was first discovered
in Lake Huron in 1984. Over a period of 10 yr this
species invaded the adjoining Great Lakes plus 16 lakes
in Minnesota (USA) and Ontario (Canada) (Hall and
Yan 1997). B. cederstroemi is primarily confined to
large, oligotrophic lakes (Maclsaac et al. 2000) and has
to date maintained a limited geographic extent in North
America.

The rapid long-distance dispersal of D. lumholtzi
suggests that this species is capable of taking advantage
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of dispersal vectors that operate over broad spatial
scales (hundreds of kilometers). Studies of zooplankton
dispersal have concentrated on the roles of birds (Proc-
tor and Malone 1965) and wind (Jenkins and Under-
wood 1998, Brendonck and Riddoch 1999) over short
distances, but provided no evidence on dispersal at
broader scales. Another potential vector is the live well
of recreational boats. In a recent study, Havel and Stel-
zleni-Schwent (2001) found that boats move rapidly
between lakes and that D. Jlumholtzi can survive in the
live wells during summer. Such movements could read-
ily transport this species over long distances. We do
not yet know if D. lumholtzi has a greater tolerance of
the conditions in live wells than other zooplankton.
However, species having lower temperature tolerances
would likely fail to move with boats during the summer.
Clearly, the broad tolerance of a wide range of fresh-
water environments by D. lumholtzi implies that many
lakes and wetlands are invasible by this species.

The roles of dispersal and local interactions in in-
vasion biology have been a subject of much debate
(Moyle and Light 1996, Wiser et al. 1998, Ricciardi
and Maclssac 2000, Shurin 2000). Our study indicates
that range expanston by D. lumholtzi is limited both
by dispersal among lakes and by local (within-lake)
constraints. In addition, the approach presented here
illustrates how range expansion by exotic species can
be used to obtain estimates of dispersal kernels at spa-
tial scales that are too large for direct measures. A
number of studies (Hengeveld 1989, Kot et al. 1996,
Veit and Lewis 1996, Clark et al. 1998) have used
empirical cstimates of dispersal kernels (e.g., seed
shadows from trees) to predict rates of geographic
spread of populations. The approach presented here
wotks in the opposite direction by using spread to de-
rive dispersal kernels, and has the advantage of incor-
porating spatial position relative to all known potential
sources, as well as information about the local envi-
ronment. Estimating dispersal rates at broad scales re-
mains a difficult challenge in invasion biology because
long-distance dispersal events are infrequent and dif-
ficult to observe directly. Exotic species can act as
biological tracers that provide opportunities to examine
dispersal among widely separated sites across the land-
scape.
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APPENDIX

A table containing names, GPS coordinates, and physiochemical data for each of the 152 study lakes in Missouri (USA)
is available in ESA’s Electronic Data Archive: Ecological Archives E083-061-A1.



