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MODELING DIFFUSIVE SPREAD IN A HETEROGENEOUS POPULATION:

A MOVEMENT STUDY WITH STREAM FISH
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Abstract. Using a mark—recapture technique in a small temperate stream, we described
the movement of four fish species over a five-month period and developed a mathematical
model that described the observed movement patterns. The movement distributions were
generally leptokurtic, and two of the four species demonstrated some degree of upstream
bias. There was little difference in movement among species or through time. There were
no temporal correlations in probability of movement, movement direction, or distance
moved. The spatial spread of the most abundant species, bluehead chubs, over a four-month
period was characterized by upstream bias, diffusion-like spread, and persistent |leptokur-
tosis. Bluehead chubs demonstrated complex relationships between probability of movement
and size and growth, while creek chubs showed only an effect of size on probability of
movement. Further, growth of individual bluehead chubs was correlated through time. These
empirical results suggest the hypothesis that heterogeneity in phenotypic attributes, such
as size and growth, is related to heterogeneity in movement behavior.

A diffusion—advection model of bluehead chub movement, structured with two sub-
groups that dispersed at different rates (‘‘fast fish’ and ‘‘slow fish’'), was parameterized
and validated with the field data. This model with heterogeneity in movement rates generated
the leptokurtic pattern observed in the field data, in contrast to the classic diffusion model
without population heterogeneity, which produces a normal distribution.

The results from this work suggest that heterogeneity in fitness-influencing attributes
such as size and growth could explain heterogeneity in individual-level movement behavior
and might underlie the leptokurtic patterns that have been observed at the population level
in numerous field studies.

Keywords:  diffusion—advection model; dispersal behavior; fish; kurtosis; mark—recapture; move-
ment behavior; Nocomis leptocephalus; population heterogeneity; Semotilus atromaculatus; stream.

INTRODUCTION

Organism movement and dispersal arise as key de-
terminants of population structure and function in ava-
riety of ecological settings. In many circumstances un-
derstanding dispersal is important because movement is
a key mechanism underlying the dynamics of popula-
tions (Holmes et al. 1994), particularly those with ex-
plicit spatial structure (Kareiva 1990). Previous results,
garnered mostly from mathematical models, have shown
that rates of dispersal can influence metapopulation dy-
namics (Hanski and Gilpin 1991), predator—prey inter-
actions (Taylor 1990, 1991, Holyoak and Lawler 1996),
the coexistence of competitors (Goldwasser et al. 1994,
Warren 1996), and community structure (Tilman 1994,
Warren 1996). A quantitative understanding of move-
ment rates can be important in ecological applications;
the management of species invasions (Hengeveld 1992,
Kot et a. 1996), biocontrol practices (Walde 1994, Brod-
mann et al. 1997, Ives and Settle 1997), pest outbreaks
(Turchin and Thoeny 1993), and fragmented popul ations
(Fahrig and Merriam 1994) all hinge on predicting and
understanding rates of movement. Consequently, re-
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search that can describe and explain patterns of organism
movement can be useful in avariety of settings, encom-
passing many basic and applied interests.

The goals of this analysis are to empirically and the-
oretically describe the spatial spread of stream fish and
to provide an explanation for a departure from nor-
mality (leptokurtosis) that these and other movement
data show. These results can then be interpreted in light
of their implications for the dispersal dynamics of pop-
ulations in general.

In this paper the focus is on tracking the movement
of individuals (the ‘‘Lagrangian’” view) as a path to
understanding, mechanistically, the spatial spread of
the population as a whole (the **Eulerian’” view). The
practical difficulties of following large numbers of or-
ganisms through space and time are a substantial hin-
drance in field studies, and thus empirical information
is rare for many taxa in many systems (Okubo 1980,
Turchin 1998). Ecologists have used simple diffusion
(Skellam 1951, Kareiva 1982, 1983, Turchin and
Thoeny 1993), correlated random walk (Kareiva and
Shigesada 1983, Kareiva and Odell 1987, McCulloch
and Cain 1989), and Markov chain (Kareiva 1982)
models to describe dispersal data for various insects.
Perhaps the strongest gains in dispersal ecology have
been theoretical. Okubo (1980) and Turchin (1998)
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have provided useful accounts of the contribution of
mathematics to dispersal theory, but the empirical va-
lidity of previous mathematical work hasyet to be thor-
oughly evaluated. In summary, no synthesis of dis-
persal patterns has emerged from the field data and no
consensus has been reached on the appropriateness of
the various models of dispersal.

We analyzed data from a five-month mark—recapture
study of an entire stream fish community. Stream fish
communities are convenient and unique systems for
quantitative movement studies for several reasons.
First, a number of species are usually available for
capture and study in any one stream at densities suf-
ficient for making statistical inferences, allowing for
simultaneous examination of the movement of potential
predators, prey, and competitors. Second, stream fish
can be individually marked, a technique that provides
more information than mass marking methods. Third,
because of their natural abundance, movement by
stream fish can be observed while the organisms are at
their natural densities in their natural habitats, elimi-
nating the need to transplant and augment marked pop-
ulations. Finally, because small streams can be con-
ceptualized as one-dimensional habitats, the mathe-
matical and statistical analysisisrelatively simple, mit-
igating the need for laboratory or mesocosm settings.

We analyzed the dispersal of stream fish both em-
pirically and theoretically in an attempt to describe and
explain the patterns of movement. The classic simple
diffusion model, which predicts that movement dis-
tances are normally distributed and that the variance
of distances moved increases linearly with time, rep-
resents our null model of organism movement (Skellam
1951). Thus, in an effort to describe the pattern within
a conceptual framework, we tested the hypothesis that
the patterns of fish movement are consistent with those
predicted in the Skellam model by describing the gen-
eral statistical form of the movement data and testing
the hypothesis that the distribution of distances moved
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PLaTe 1. Durant Creek, Wake County,
North Carolina, USA. Photograph by Garrick T.
Skalski.

is normally distributed. We also tested the hypothesis
that the variance of distances moved of dispersing fish
increases linearly with time.

In an effort to understand the mechanismsunderlying
movement patterns, we related several measured variables
to the observed patterns of movement. Specifically, we
tested whether movement patterns vary among species,
through time, with fish size, or with the growth of
individuals. We also tested for temporal correlationsin
the probability of movement, and the direction and dis-
tance of displacement of dispersing individuals.

Because some of the empirical results suggested a
hypothetical mechanism that could describe the ob-
served movement patterns, we also constructed and
parameterized a mathematical model of movement that
incorporated this mechanism and tested the hypothesis
that this model (i.e., the mechanism of movement)
could describe the spatial spread of fish over a four-
month time period. We also compared the performance
of our model (i.e., hypothesis) to that of two alternative
models (i.e., hypotheses) using three different evalu-
ation criteria. Finally, we reconcile the empirical and
theoretical results via a discussion of patterns and pro-
cesses in stream fish movement and suggest opportu-
nities for future research.

EMPIRICAL STUDY: METHODS
Sudy site

The study took place in a 1-km length of Durant
Creek as it flows through the Durant Nature Park, Ra-
leigh, North Carolina, USA (see Plate 1). Durant Creek
joins the Neuse River 4 km below the study area. The
creek varied in depth from ~2 cm in the shallowest
rifflesto 1.5 min the deepest pools and varied in width
from 1 to 4 m. The substrate varied in size from sand
to boulders to bedrock. The channel morphology was
characterized by alternating riffle, run, and pool seg-
mentsthat averaged 10—15 minlength. Although much
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of the catchment consisted of secondary succession
hardwood forest within the park’s boundaries, most of
the headwaters drained suburban residential areas; the
creek showed some sedimentation and flash floods
throughout the study period. Visually, aquatic insect
densities appeared low; however caddisflies (Hydro-
psychidae), dobsonflies (Corydalus cornutus), crane-
flies (Tipula spp.), water striders (Gerridae), midges
(Chironomidae), and damselflies (Zygoptera) were ob-
served in larval and sometimes adult forms throughout
the study. Crayfish (Cambaridae) were, by far, the most
frequently observed invertebrate taxa.

We captured 14 species of fish over the course of
the study: bluehead chub (Cyprinidae: Nocomis lep-
tocephalus), creek chub (Cyprinidae: Semotilus atro-
maculatus), rosyside dace (Cyprinidae: Clinostomus
funduloides), redbreast sunfish (Centrarchidae: Lepo-
mis auritus), yellow bullhead (Ictaluridae: Ameiurus
natalis), American eel (Anguillidae: Anguillarostrata),
swallowtail shiner (Cyprinidae: Notropis procne), white
shiner (Cyprinidae: Notropis albeolus), margined mad-
tom (Ictaluridae: Noturusinsignis), green sunfish (Cen-
trarchidae: Lepomis cyanellus), bluegill sunfish (Cen-
trarchidae: Lepomis macrochirus), mosquitofish (Poe-
ciliidae: Gambusia affinis), warmouth sunfish (Cen-
trarchidae: Lepomis gulosus), and a darter (Percidae:
Percina spp.) (Menhinick 1991). The first five species
listed are thought to be residents based, at least, on
observations of reproductive-sized adults and abundant
young-of-the-year occurring at some point during the
study. Of these, bluehead chubs and creek chubs were
the two most abundant species in the creek. The others
may be immigrants that were born in downstream areas
and reservoirsthat feed nearby creeksin the catchment.

Sampling methods

From 15 March 1996 through 15 August 1996 we
carried out a mark-recapture study in Durant Creek
with sampling occurring at 1-mo intervals (interval
length chosen arbitrarily) for a total of six sampling
occasions. Using a backpack electrofisher (Model 12A
POW, Smith Root, Incorporated, Vancouver, Washing-
ton, USA) and 0.6-cm mesh block seines, we shocked
sampling sites (37 sites) one at a time, always moving
upstream from site to site. We carried out two passes
at each site. We held captured fish in the stream in
mesh laundry baskets set a few centimeters into the
water and weighted with rocks until processing. All
fish greater than ~40 mm total length were then anes-
thetized in a buffered solution of MS-222 (tricaine
methanesulfonate), individually marked with elastomer
tags (for details see Marking method), measured for
total length, allowed to recover in the baskets, and then
released into cover (underwater brush, rocks, undercut
banks) in the middle of the site from which they were
captured.

We marked and released fish in a 400-m section of
creek, which consisted of 37 sampling sites, or patches.
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Our sites were defined by the stream’s channel mor-
phology: alternating pools, runs, and riffles. Fish cap-
tured and marked with our methods inhabited two types
of discrete habitat patches along the stream’s contin-
uum: pools and runs. Thus our sampling sites were
defined as the pools and runs along the stream’s con-
tinuum. The sites were similar in length and averaged
10-15 m long. Areas upstream and downstream of the
400-m section were searched for marked fish with equal
electrofishing effort (two passes with block nets). The
area 180 m downstream of the marking area was
searched on all recapture occasions (April-August).
The area 50 m upstream of the marking area was
searched during the April recapture and the area 180
m upstream of the marking area was searched during
the final August recapture. Sampling within any given
month was completed within 3-5 d.

Marking method

We marked fish using an elastomer tagging method
(Northwest Marine Technologies, Shaw Island, Wash-
ington, USA). A fluorescent liquid is mixed with a
catalyst, which initiates a chemical reaction whereupon
the material hardens into a flexible solid after ~3 h.
This mixture was injected under the skin of fish using
a 29-gauge ‘‘tuberculin’ syringe, producing a small
sliver of visible, flexible material. By combining four
elastomer colors with 10 anatomical positions, up to
760 fish could be uniquely marked (720 = (¥)4? with
two injections, plus40 = (¥)4* with asingleinjection).

We marked individuals >40 mm total length from
all captured species, producing a total of 610 marked
fish over the course of the study. Of these we recaught
atotal of 478 fish, representing 237 different individ-
uals. Four species produced enough data to justify a
statistical analysis: bluehead chub (216 recaptures),
creek chub (123 recaptures), redbreast sunfish (54 re-
captures), and rosyside dace (28 recaptures).

Statistical bias and weighting

We quantified patterns of movement using histo-
grams that charted the frequency distribution of dis-
tances moved, where distance moved was in units of
sites, or patches, corresponding to our sampling sites.
These distributions will be called ‘*“movement distri-
butions.” We arbitrarily assigned downstream move-
ment negative values of net displacement and upstream
movement positive values.

Because it is physically impossible to search indef-
initely upstream and downstream of the marking area
for marked fish, the resulting sample of distances
moved by fish may be biased: the tails of the movement
distribution are subject to undersampling. For some
statistical procedures this is irrelevant, but for others
it is important. The amount of undersampling can be
diminished by searching farther upstream and down-
stream for marked fish. Not all of the information in
the tails of the distribution is lost, however. Out to a
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point on the tail of the distribution the amounts by
which points are undersampled are known. By weight-
ing observations at these points according to the degree
of undersampling an estimate of the real distribution
can be calculated out to a point (Porter and Dooley
1993). To assess undersampling we weighted the data
accordingly and compared weighted and unweighted
movement distributions statistically. Preliminary anal-
yses showed unweighted and weighted distributions to
be both visually and statistically indistinguishable (via
a Kolmogorov-Smirnov test; Sokal and Rohlf 1981).
Therefore we used unweighted distributions for all
analyses.

In an effort to simultaneously maximize power and
minimize bias in our diverse array of analyses we con-
structed two data sets from the field data: | and 11. Data
Set | consists of all of our observations on movement
and was used to test hypotheses regarding species, size,
and growth effects on movement, as well asto estimate
the variance and kurtosis of movement distributions.
Data Set Il is a subset of Data Set | which corrects for
our uneven sampling effort upstream vs. downstream
of the 400-m mark and release section; Data Set 11 is
the set of observations recovered when we searched
for marked fish at least 10 sites upstream and down-
stream of every release site, and when our upstream
effort equaled our downstream effort. Data Set |11 was
used to test for upstream bias, normality, temporal ef-
fects and correlations, to estimate the mean and skew-
ness of movement distributions, and to parameterize
and evaluate mathematical models.

In every case below, we pooled data over all sam-
pling sites to generate movement distributions. Further,
every movement distribution, unless specified other-
wise, represents movement over a 1-mo time interval.

The movement distribution

We conducted tests of the general statistical prop-
erties of the movement distributions. We tested the hy-
pothesis of symmetry in the movement distributions,
in terms of both numbers of moves and median distance
moved. We used a x? test (Sokal and Rohlf 1981) to
compare the number of fish that moved downstream to
those that moved upstream. We used a Mann-Whitney
U test (Sokal and Rohlf 1981) to compare the median
distance of displacement by fish that moved downstream
to the median distance travel ed by those that had moved
upstream. We al so tested the hypothesis that movement
distributions were normal using D’ Agostino’s test for
normality (Sokal and Rohlf 1981). The kurtosis (Zar
1996) of the movement distributions was al so estimated
for each species. We analyzed data that were pooled
over all months for each of the four species. Symmetry
and normality were tested using Data Set 11, while kur-
tosis estimates used Data Set |.

Species and time effects

We compared movement distributions of the four
species with Kolmogorov-Smirnov tests, to test for dif-

GARRICK T. SKALSKI AND JAMES F. GILLIAM

Ecology, Vol. 81, No. 6

ferences in movement among species. Bluehead chub
movement was compared to that of creek chubs for
each of the five months. Because of small samples sizes
for the other two species (redbreast sunfish and rosyside
dace), we pooled data for these species over all months
and evaluated species effects using all pairwise com-
binations of the four species, with bluehead chubs and
creek chubs pooled across months for this comparison.
All tests of species effects used Data Set |.

Finally, we analyzed time effects for pairwise com-
binations of the five months for bluehead chubs and
creek chubs using Data Set |1. We did not analyze tem-
poral effects for rosyside dace and redbreast sunfish
due to small sample sizes.

Size and growth effects

We tested the hypothesis that movement behavior
was related to the size and growth of fish. For bluehead
chubs and creek chubs we tested the hypotheses that
probability of movement varied with size and growth
using probit regression (Sokal and Rohlf 1981; 0 =
stay, 1 = move), pooling data over al months. The
statistical significance of the independent variableswas
evaluated using the x? likelihood ratio statistic com-
puted using a backward elimination algorithm. This
statistic addresses whether the presence of a given in-
dependent variable in the probit model resultsin a sig-
nificant improvement in the model’s description of the
data. The relatively small number of recaptures of red-
breast sunfish and rosyside dace prevented our use of
probit regression to analyze these data. For these spe-
cies we asked if ““movers’” and ‘‘stayers” differed in
size and growth. ‘““Movers”’ were defined to be fish
which showed nonzero net displacement over a recap-
ture interval, and ‘‘stayers’ were defined to be fish
which showed zero net displacement over a recapture
interval (did not move from the previous collection
site). We compared mean size (total length in milli-
meters at the start of the recapture interval) and growth
(net change in total length during the recapture inter-
val) of movers to that of stayers, using a two-tailed t
test (Sokal and Rohlf 1981).

Considering only movers, using Spearman rank cor-
relation (Sokal and Rohlf 1981), we tested for rela-
tionships between distance moved and both size and
growth of the four species. For each of the four species
we pooled data over all recapture intervals to achieve
reasonable sample sizes.

To further explore the relationship between growth
and movement we tested for temporal relationshipsin
growth rate for bluehead chubs and creek chubs cap-
tured in three consecutive months (i.e., data from two
consecutive recapture intervals). We tested the hy-
pothesis that the growth of individual fish during the
second recapture interval was related to their growth
during the first interval using linear regression (Sokal
and Rohlf 1981). Next, we asked whether probability
of movement in the two intervals varied with growth
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TaBLE 1. Estimates of kurtosis (with standard error and sample size [n] reported in parentheses)
for bluehead chubs, creek chubs, redbreast sunfish, and rosyside dace.

Species

Recapture interval

Kurtosis (1 sk, n) P

Bluehead chub All intervals
March—April
April-May
May—-June
June-July
July—August
All intervals
March-April
April-May
May—-June
June-July
July—August
All intervals
All intervals

Creek chub

Redbreast sunfish
Rosyside dace

7.34 (0.39, 157) <0.002
3.45 (0.78, 35)
0.61 (0.74, 39)
3.64 (0.85, 29)
6.38 (0.83, 30)
3.00 (0.92, 24)
6.65 (0.52, 84) <0.002
0.27 (1.06, 17)
1.65 (1.06, 17)
0.53 (1.09, 16)
4.84 (1.04, 18)
3.37 (1.09, 16)
3.56 (0.85, 29)
1.82 (1.04, 18)

<0.01
>0.1

Note: The bound on the P value resulting from the test of the hypothesis that the kurtosis

is zero is reported for each species.

rate in the two intervals using probit regression, pool-
ing movement measurements over the two intervals;
thus there are two movement observations for each pair
of growth observations. All size and growth analyses
used Data Set |.

Temporal correlations in movement

For bluehead chub and creek chub data pooled to-
gether to avoid small sample sizes, we tested for tem-
poral correlations in the probability, direction, and dis-
tance of movement for fish that were recaptured in any
three consecutive months. We tested the hypothesisthat
the probability that a fish moved or stayed over agiven
recapture interval depended upon whether it had moved
or stayed during the previous interval using a x? test.
Also via a x? test, we tested the hypothesis that the
direction afish moved during agiven recaptureinterval
depended upon its direction of movement during the
previousinterval. That is, we tested the hypothesis that
whether a fish moved upstream, downstream, or re-
mained stationary during arecapture interval depended
upon whether the fish moved upstream, downstream,
or remained stationary during the previous recapture
interval. Finally, we tested the hypothesis that the dis-
tance a fish moved during a given recapture interval
depended upon the distance it had moved during the
previous interval using Spearman rank correlation. We
did not analyze temporal correlations for redbreast sun-
fish and rosyside dace because of small sample sizes.
All analyses for temporal correlations used Data Set
.

Spatial spread through time

Finally, we analyzed the spatial spread of bluehead
chubs and creek chubs through time. This analysis de-
scribes the population-level movement of fish as they
spread from a hypothetical singlerelease point. Pooling
data over all months, we estimated the mean, variance,
skewness, and the kurtosis of the movement distribu-
tion over a four-month period of movement for each

species (Sokal and Rohlf 1981, Zar 1996). The esti-
mates of variance and kurtosis were computed with
Data Set |, while those of the mean and skewness were
estimated with Data Set |1.

To test the hypothesis that the variance of distances
moved increased linearly with time, we regressed the
estimated variance of distances moved on time using
the polynomial equationy = ¢, + ¢t + C,t?, wherey
is the variance and t is time; the hypothesis predicts c,
=0,¢c,>0,andc, = 0.

EMPIRICAL STUDY: RESULTS
The movement distribution

The movement distributions of each of the four spe-
cies deviated from normality (for each case:
D’Agostino’s test: D < 0.0001, P < 0.01). Leptokur-
tosis was a general feature of the movement distribu-
tions; that is, the distributions had higher peaks and
longer tails than a corresponding normal distribution,
and thus accounted for some of the departure from
normality (Table 1, Fig. 1). Bluehead chub, creek chub,
and redbreast sunfish movement distributions were sig-
nificantly leptokurtic. The point estimates of kurtosis
were positive in every recapture interval for bluehead
chubs and creek chubs, and in no case was platykurtosis
(kurtosis < 0) indicated.

Two of the four species showed some degree of up-
stream bias. Bluehead chubs showed a clear upstream
bias (x?2 = 7.19, df = 1, P = 0.0073), and rosyside
dace were also more likely to move upstream (x? =
457, df = 1, P = 0.0325). Creek chubs and redbreast
sunfish, however, showed no bias in direction of move-
ment (creek chubs: x2 = 0.26, df = 1, P = 0.6055;
redbreast sunfish: x2 = 0.33, df = 1, P = 0.5637). The
median distance moved upstream was not statistically
different from the median distance moved downstream
for any of the four species (for each case: Mann-Whit-
ney U test: P > 0.05).
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Species and time effects

Neither species nor time had strong effects on the
patterns of fish movement. There was little difference
among the movement distributions of the four species
(Fig. 1). Bluehead chub and creek chub movement dis-
tributions were not statistically different in any of the
five recapture intervals using the Bonferroni criterion
for multiple comparisons (for each of five contrasts:
Kolmogorov-Smirnov test: P > 0.01). By this same
criterion no species effects were detected when the data
were pooled over all recapture intervals (for each of
five contrasts: Kolmogorov-Smirnov test: P > 0.01).

Time of therecaptureinterval had little overall effect
on the movement distributions of bluehead chubs and
creek chubs (Fig. 2). The movement distributions from
the five recapture intervals were not statistically dif-
ferent (for each of 10 contrasts per species: Kolmo-
gorov-Smirnov test: P > 0.0025) for both bluehead
chubs and creek chubs using the Bonferroni criterion.

Size and growth effects

Both the size and growth of fish tended to vary with
degree of movement within recapture intervals, but the
effects were variable among the species. For bluehead
chubs (Fig. 3) probability of movement varied with
both size (x> = 7.22, df = 1, P = 0.0072) and growth
(x? = 5.16, df = 1, P = 0.0232), showing a nonlinear
response caused by the interaction of size and growth
effects (x2 = 6.42, df = 1, P = 0.0113). Probability
of movement increased with size in slow-growing in-
dividuals, but decreased with size in fast-growing in-
dividuals. For bluehead chubs, the data did not differ
significantly from the best-fit probit model (x? =
147.81, df = 145, P = 0.4196), and growth did not
vary with size (linear regression: F, ;53 = 0.62, P =
0.4308). In contrast, probability of movement in creek
chubs (Fig. 3) was positively related to size (x? =
11.22, df = 1, P = 0.0008), but did not vary signifi-
cantly in response to growth (x2 = 2.73,df = 1, P =
0.0983). For creek chubs, the data did not differ sig-
nificantly from the best-fit probit model (x? = 51.39,
df = 47, P = 0.3058), and growth did not vary with
size (linear regression: F,,, = 1.81, P = 0.1820). The
effect of size and the effect of growth on probability
of movement both differed between the two chub spe-
cies (species X size: x? = 4.29, df = 1, P = 0.0383;
species X growth: x2 = 8.15, df = 1, P = 0.0043).

For the redbreast sunfish and rosyside dace, movers
were similar to stayers in terms of both size (redbreast
sunfish: t = 1.86, df = 27, P = 0.0734; rosyside dace:
t = —0.25, df = 16, P = 0.8069) and growth (redbreast
sunfish: t = —0.56, df = 26, P = 0.5812; rosyside
dace: t = —0.32, df = 16, P = 0.7530).

Of those fish that did move, size showed no consis-
tent relationship with distance moved (Fig. 4). Size had
no effect on the distances moved by bluehead chubs
(Ry = —0.1349, N = 157, P = 0.0921) or creek chubs
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Bluehead chub

Probability of movement

Fic. 3. The probit model predictions for the response of
probability of movement to size and growth for bluehead
chubs and creek chubs. Models include only those indepen-
dent variables that were judged statistically significant by the
likelihood ratio test. Points in the size/growth plane show the
values of size and growth for which we have empirical ob-
servations.

(R, = —0.0158, N = 63, P = 0.9022). The same was
true for rosyside dace (R, = 0.1019, N = 14, P =
0.7289). Redbreast sunfish, however, demonstrated a
negative relationship between distance moved and size
(Ry = —0.6844, N = 14, P = 0.0069); given that they
did move, smaller fish moved farther than larger fish.

Growth also had little effect on distance moved for
those fish that did move. For all four species growth
showed no relationship with distance moved (Fig. 5;
bluehead chub: R, = 0.0624, N = 153, P = 0.4437,
creek chub: R, = 0.1391, N = 62, P = 0.2810; rosyside
dace: R, = 0.0480, N = 14, P = 0.8706; redbreast
sunfish: R, = 0.1780, N = 14, P = 0.5426).

The analysis of the growth rates of chubs which had
been caught on three consecutive occasions showed
that growth rates were positively correlated through
timein bluehead chubs (linear regression: F, ¢ = 23.08,
P < 0.0001) and showed a nonsignificant positivetrend
in creek chubs (linear regression: F s = 1.13, P =
0.2962). We then tested the hypothesis that probability
of movement varied with growth rate in the two re-
capture intervals. Both intervals of growth had signif-
icant effects on the movement of bluehead chubs (first
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interval: x2 = 4.37, df = 1, P = 0.0366; second in-
terval: x2 = 10.07, df = 1, P = 0.0015), but the re-
lationship was complex: the probability of movement
also depended on the interaction among growth rates
in the two intervals (Fig. 6; x?2 = 15.45,df = 1, P =
0.0001). For bluehead chubs, the data did not differ
significantly from the best-fit probit model (x? = 76.81,
df = 65, P = 0.1499). Neither interval of growth af-
fected creek chub movement (first interval: x? = 0.48,
df = 1, P = 0.4873; second interval: x?2 = 0.004, df
= 1, P = 0.9453).

Temporal correlations in movement

Bluehead chubs and creek chubs showed no statis-
tically significant temporal correlations in movement.
Whether a chub moved during a recapture interval did
not depend on whether it had moved the previous re-
captureinterval (x? = 1.97, df = 1, P = 0.5787). How-
ever, there was anonsignificant trend in the datatoward
a positive correlation: the proportions of fish that did
not move during a recapture interval were 25% and
39%, respectively, for fish which did and did not move
during the previous recapture interval (if no correla-
tion, the expected proportions are identical). The di-
rection that a chub moved during a recapture interval
did not vary with its previous direction of movement
(x> = 3.88, df = 4, P = 0.8678). Distances moved
during consecutive time intervals showed no relation-
ship (Spearman rank correlation: R, = 0.0590, N = 84,
P = 0.5939).

Spatial spread through time

The spatial spread of the chub species was charac-
terized by a constant rate of spread: the variances of
the movement distributions increased linearly with
time (Fig. 7). The estimated intercept, linear, and qua-
dratic terms followed the pattern predicted by classic
theoretical work on simple diffusion, i.e., zero inter-
cept, positive slope, and zero quadratic term (Skellam
1951). (For bluehead chub, intercept, t = 0.28, P =
0.7949; linear, t = 10.16, P = 0.002; quadratic, t =
0.50, P = 0.6700. For creek chub, intercept, t = 0.33,
P = 0.627; linear, t = 7.30, P = 0.0053; quadratic, t
= —1.17, P = 0.3630.) However, the movement dis-
tributions of the two chubs differed in important ways.
Bluehead chubs showed upstream bias and |eptokur-
tosis over all four months, as evidenced by positive
estimates of the mean, skewness, and kurtosis (Table 2).
In contrast, creek chubs showed little evidence of per-
sistent upstream bias, and their leptokurtosis, while ev-
ident in the first three months, showed a decreasing trend
with time, vanishing by the fourth month (Table 2).

THEORETICAL STUDY: METHODS
A model of fish movement

Having gained some insight into potential mecha-
nisms that underlie movement patterns in stream fish,
we now construct a mathematical model that builds
upon our empirical information. We focus only on the
bluehead chub because their data are most extensive
among the taxa we examined.
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Thefield data for bluehead chubs suggest four prom-
inent features of fish movement. First, there is arela-
tionship involving *‘ population heterogeneity,” or the
variability among individuals. Population heterogene-
ity in movement is related to population heterogeneity
in other traits. In particular, size and growth rate are
related to movement behavior in a complex manner.
Second, the movement distributions are noticeably lep-
tokurtic, with high peaks and long tails. Third, the var-

Probability of movement

FiGc. 6. The probit model predictions for the response of
probability of movement to growth in two consecutive re-
capture intervalsin bluehead chubs. The model includes only
those independent variables that were judged statistically sig-
nificant by the likelihood ratio test. Pointsin the growth plane
show the values of growth in the two intervals for which we
have empirical observations.

iance increased linearly with time, aproperty consistent
with diffusive spread. Finally, the movement of blue-
head chubs was characterized by an upstream bias that
persisted through four months.

Thus we desired to construct a diffusion model that
could generate upstream bias and leptokurtosis. As-
suming no recruitment over the time interval of inter-
est, the classic model of simple diffusion in a homo-
geneous population (Skellam 1951) can be extended to
predict upstream bias by adding an advection compo-
nent (Zabel and Anderson 1997, Turchin 1998). This
model predicts the density of organisms, P(x, t),
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Fic. 7. The relationship between time and variance in

distance moved for bluehead chubs and creek chubs. Dataare
pooled over all recapture intervals.
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TABLE 2. Estimates of the mean, variance, skewness, and kurtosis of the movement distributions (frequency distribution of
number of sites moved) for dispersing bluehead chubs and creek chubs over a 4-mo period.

Variance (1 sg, n)

Skewness (1 sE, n) Kurtosis (1 sg, n)

Time (d) Mean (1 sE, n)
Bluehead chub
0 0 (0, 190)
30 1.13 (0.35, 134)*
60 1.57 (0.50, 86)*
90 3.19 (0.80, 59)*
120 2.44 (0.77, 32)*
Creek Chub
0 0 (0, 161)
30 -0.03 (0.44, 76)
60 1.00 (0.70, 57)
90 2.62 (1.25, 34)*
120 2.38 (1.58, 21)

0 (0, 190)
22.29 (5.42, 157)
27.40 (7.86, 101)
45.64 (14.03, 69)
66.62 (30.69, 44)

0 (0, 161)
14.30 (4.57, 84)
31.67 (8.74, 60)
52.64 (18.19, 35)
52.35 (17.62, 21)

n/a
0.44 (0.43, 134)*
0.95 (0.31, 86)*
0.87 (0.25, 59)*
1.08 (0.22, 32)*

n/a
0.82 (0.43, 76)*
1.10 (0.31, 57)*
0.75 (0.25, 34)
0.73 (0.22, 21)

n/a
7.34 (0.39, 157)*
6.37 (0.48, 101)*
4.58 (0.57, 69)*
7.51 (0.70, 44)*

n/a
6.65 (0.52, 84)*
2.61 (0.61, 60)*
2.24 (0.78, 35)*
0.40 (0.97, 21)

Note: Standard errors and sample sizes (n) are shown in parentheses.
*Estimates that are significantly different from zero (P < 0.05).

through space x, and time t, via solution of the partial
differential equation

oP 92P oP
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with diffusion rate D, and advection rate B; in the Skel-
lam (1951) model, B = 0. Yet this model is unable to
predict leptokurtic spread because its solution for the
initial and boundary conditions that correspond to our
field data (a hypothetical instantaneous, single point
release of P, fish) is the normal distribution,

- () o

with mean 3t, and variance 2Dt (Turchin 1998). How-
ever, as observed by Okubo (1980) a movement dis-
tribution that is the sum of two normal distributions
with unequal variancesis leptokurtic. Thus, population
heterogeneity in movement can generate | eptokurtosis,
a hypothesis that is consistent with our empirical in-
formation since population heterogeneity in size and
growth was related to population heterogeneity in
movement.

We now extend the classic *‘ population homogene-
ity”” model described in Egs. 1 and 2 by considering
a model of a heterogeneous population consisting of
two subgroups, ‘‘fast fish’ and “‘slow fish,”” each mov-
ing by simple diffusion with upstream advection along
a line of patches (‘‘fast” and ‘““slow’” do not imply
““move’ and ‘‘stay,” respectively; fast fish can either
move or stay, as can slow fish). If F(x, t) is the density
of rapidly diffusing fish, or fast fish, in patch x at time
t, and §(x, t) is the density of slowly diffusing fish, or
slow fish, in patch x at time t, then the equations de-
scribing the spatial spread are

oF 62F oF
Fri DF<§) - BF& ©)

for fast fish, and

S 92S S
i Ds(@) - Bs& 4

for slow fish, where D is the diffusion coefficient for
fast fish, Dg is the diffusion coefficient for slow fish,
and B and Bg are the rates of upstream advection for
fast and slow fish, respectively. Because Eqgs. 3 and 4
are uncoupled, the solution to this population hetero-
geneity model for P(x, t), the spatial-temporal density
of fish given an instantaneous point release of P, fish,
is the weighted sum of the solutions to Egs. 3 and 4, so

. P, —(X — Bgt)?
P(x t) = Z<2 _ﬂDFt)exp< 4Dt )

ool 52 o

where Z is the proportion of the population that is com-
posed of fast fish. If Z = 1 or Z = 0, Eq. 5 reduces to
Eq. 2, the solution to the homogeneity model, i.e., the
classic diffusion—-advection model of a homogeneous
population.

The variance in position given by Eq. 5 is

Var(X) = 2(ZD¢ + (1 — Z)Dt
+ (2)1 - 2)(Br — Be)?t? (6)

a quadratic function in time, t. This model admits the
possibility of a nonlinear increase in variance with
time, although the nonlinear component can be negli-
gible over sometime periodsif theincrease in variance
dueto the differencein advection ratesis small relative
to the diffusive spread within subgroups. When the
advection terms are equal, Eq. 6 reduces to a linear
equation in time, where the variance is the weighted
average of the two subgroups.

Our empirical evidence that variability in the size
and growth of bluehead chubs is related to their move-
ment behavior motivates the concept of population het-
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erogeneity in the model, but we do not know the basis
for this heterogeneity. We do not attempt to mecha-
nistically link size or growth to movement behavior in
this model. Heterogeneous movement behavior could
arise from a variety of types of population heteroge-
neity, including variation in size, growth, predation
hazard, mating success, morphology, sex, or genotype
per se (Gilliam and Fraser, in press). Egs. 3 and 4 best
describe scenarios where the movement behavior of
individuals is fixed over a time scale that consists of
many of the movement decisions in an individual’s
lifetime; e.g., when variation in movement behavior is
caused by variation among individuals in sex, mor-
phology, or genotype per se. However, under many
scenarios Egs. 3 and 4 will be good approximations
over some time scales, such as those likely to include
empirical studies; e.g., when variation in movement
behavior is caused by variation among individuals in
size, growth, predation hazard, or mating success. Our
intent is that our analysis (1) presents sufficient evi-
dence to justify population heterogeneity as a hypoth-
esis for explaining leptokurtosis and (2) motivates re-
search that attempts to identify mechanisms of hetero-
geneous movement in natural populations.

Evaluating the models

Using field data (Data Set 11) on the spatial spread
of bluehead chubs after one month and two months of
movement we estimated the parameters of the model
via a maximum likelihood fit of Eg. 5 to our field data
(Hilborn and Mangel 1997). Parameters were estimated
from the simultaneous, maximum likelihood fit of the
model to the one- and two-month movement distri-
butions. We then used the model with these parameters
to predict the spatial spread of fish after three and four
months of movement. We validated the model by com-
paring its predicted distributions to those from field
data collected over the same time interval (three and
four months). For each month we compared the overall
form of the model’s predicted distributions to that
shown in the data using a two-tailed, one-sample Kol-
mogorov-Smirnov test. Parameterization of the popu-
lation heterogeneity model with one- and two-month
data and validation of the model’s projected distribu-
tions after three and four months is a good test of the
model’s structure.

A stronger method for evaluating the population het-
erogeneity model is to examine its ability to describe
the field data relative to alternative models. Therefore
we parameterized two competing models: (1) the pop-
ulation homogeneity model consisting of one subgroup
of diffusing fish, the classic simple diffusion—advection
model with one diffusion coefficient and one upstream
advection rate (two parameters total), and (2) a pop-
ulation heterogeneity model that consisted of three sub-
groups of diffusing fish, each having their own rates
of diffusion (three parameters) and advection (three
parameters), and relative proportions (two parameters)

MODELING POPULATION DISPERSAL
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geneity and heterogeneity models to the field data after 1 and
2 mo of movement from a point release.

for a total of eight parameters. Our two aternative
model s were parameterized by the maximum likelihood
fit to the data described above.

To evaluate our competing models we computed the
net and absolute values of the deviations (deviation =
model value — data value) between model and data
values. We then compared these measures of fit among
the competing models. Because the models have dif-
fering numbers of parameters we also conducted like-
lihood ratio tests using x? statistics (Hilborn and Man-
gel 1997). These tests evaluate competing models by
considering both fit to the data and number of param-
eters.

THEORETICAL STUDY: RESULTS

The population heterogeneity model described the
spatial spread of fish over the 4-mo time period, and
captured features of the spatial spread not described by
the homogeneity model. For the heterogeneity model,
the movement distributions of model fish fit well to
those of real fish during the parameterization using the
first 2 mo of data (Fig. 8). Estimates of diffusion co-
efficients for the heterogeneity model were consistent
with the estimates of the advection rates: fish that dif-
fused at a faster rate also showed greater upstream
advection (Table 3). Parameters estimated from this fit
were then used to predict movement distributions over
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TaBLE 3. Maximum likelihood parameter estimates (and 95% confidence intervals) for the population heterogeneity model

with two subgroups.

Parameter

Symbol (units)

Estimate (95% cI)

Diffusion coefficient for fast fish
Diffusion coefficient for slow fish
Upstream advection for fast fish
Upstream advection for slow fish
Proportion of fast fish

Dy (sites?/d)
D (sites?/d)
B (sites/d)
Bs (sites/d)

Z (no. of fast fish/total no. of fish)

0.4119 (0.3189, 0.5461)
0.0080 (0.0048, 0.0142)
0.0541 (0.0284, 0.0801)
0.0051 (—0.0001, 0.0104)
0.5222 (0.4388, 0.6077)

3- and 4-mo intervals, and the predictions of the het-
erogeneity model after 3 and 4 mo of movement also
agreed with the empirical movement distributions (Fig.
9). In each case the heterogeneity model distribution
is statistically indistinguishable from the empirical dis-
tribution (one-sample, two-tailed Kolmogorov-Smir-
nov test; 3 mo: D = 0.1349, N = 59, P > 0.20; 4 mo:
D = 0.1478, N = 32, P > 0.20). The population het-
erogeneity model matched the leptokurtosis, variance,
and overall distribution of the movement data.

In contrast, the simple diffusion model of a homo-
geneous population (the homogeneity model) substan-
tially underestimated the center of the movement dis-
tributions for all months, while consistently overesti-
mating the frequency of moves of intermediate length
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Fic. 9. The validation and fit of the population homo-

geneity and heterogeneity population models to the data after
3 and 4 mo of movement from a point release.

(Figs. 8 and 9); the homogeneity model was statistically
distinguishable from the field data (K olmogorov-Smir-
nov test; 3 mo: D = 0.1857, N = 59, P < 0.05; 4 mo:
D = 0.3153, N = 32, P < 0.05). Analysis of the total
net deviation (model — data) of the simple diffusion
model at each distance moved, summed over all months
and both directions of movement, quantitatively cor-
roborated this visual trend (Fig. 10A). Both models
with increased heterogeneity (two and three subgroups)
showed little, if any, systematic biasrelativeto thefield
data.

Analysis of the total magnitude of deviation (abso-
lute value of model — data), summed over all months
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Fic. 10. The fit of the models consisting of one (homo-
geneity model), two (heterogeneity model), and three diffus-
ing subgroups analyzed as (A) the total net deviations
summed over all months and both directions, and (B) the total
absolute deviations summed over all months and distances
moved.
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and distances moved, showed that a model population
consisting of two diffusing subgroups is a dramatic
improvement over the simple diffusion of asingle sub-
group, but a model population consisting of three dif-
fusing subgroups results in little improvement in fit
over the model consisting of only two subgroups (Fig.
10B). However, the likelihood ratio tests showed that
both of the heterogeneity models produced significant
improvements in fit relative to the homogeneity model
(one subgroup vs. two subgroups: x? = 121.36, df =
3, P < 0.0001; one subgroup vs. three subgroups: x2
= 137.32, df = 6, P < 0.0001), and the addition of a
third subgroup of diffusing fish, although improving
the fit only slightly quantitatively, nonethel ess resulted
in astatistically significant improvement in the model’s
performance (two subgroups vs. three subgroups: x? =
15.96, df = 3, P = 0.0012).

Discussion
Characterizing stream fish movement

Leptokurtosis was a feature of the movement distri-
butions for three of the four species we studied over a
one-month time interval. Over longer time scales lep-
tokurtosis persisted over a four-month period for blue-
head chubs and over a three-month period for creek
chubs. Leptokurtosis appears in many other studies of
movement by stream fish (e.g., Harcup et al. 1984,
Heggenes et al. 1991, Gowan and Fausch 1996, Gilliam
and Fraser, in press), and other taxa (Kareiva 1982,
Brown and Zeng 1989, Olesen and Warncke 1989, Kot
et al. 1996), dating to Dobzhansky and Wright's (1943)
classic studies of fruit flies. Given its apparent per-
vasiveness, understanding the genesis of leptokurtosis
should be an important contribution to ecology in gen-
eral. For example, qualitative behavior of biological
invasions depends upon the shape of the tails of the
movement distribution (Kot et al. 1996, Turchin 1998);
a species following our population heterogeneity mod-
el, which is the weighted sum of normal distributions,
would have exponentially bounded tails and should not
exhibit the unbounded invasion speeds that some other
leptokurtic distributions can generate (Kot et al. 1996).
Additionally, a population following the population
heterogeneity model shows persistent leptokurtosis, a
pattern consistent with the bluehead chub data with
which the model was parameterized; however, the creek
chub data indicated convergence to normality by the
fourth month, and we suggest a modification of the
heterogeneity model (i.e., allowing for exchange of in-
dividuals between ““fast’” and ““slow’’ subgroups) that
could account for that phenomenon (see below, Ex-
tending the model).

We observed upstream bias in the movement behav-
ior in two of the four taxa that we studied. Upstream
bias has been documented in studies of stream fish
movement (e.g., Gatz and Adams 1994, Gowan and
Fausch 1996), but does not appear to be a general pat-
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tern (e.g., Stott 1967, Harcup et al. 1984, Clapp et al.
1990, Heggenes et al. 1991, Gilliam and Fraser, in
press). Patterns of directionality may depend on fish
density (Schlosser 1995) and time of year (Gowan and
Fausch 1996). Mechanisms underlying directionality,
or lack thereof, warrant further investigation.

Over our sampling period (March—August) the time
of year and species had little effect on the movement
behavior of these stream fish. Other studies have shown
seasonal (Clapp et al. 1990, Gatz and Adams 1994,
Gilliam and Fraser, in press) and species (Stott 1967,
Hill and Grossman 1987, Gatz and Adams 1994,
Schlosser 1995) effects to occur in some cases, but not
in others. Since the majority of the individuals in the
populations we studied were nonreproductive we sus-
pect that the similarities in the movement distributions
among species and recapture intervals reflect similar-
ities in the perception and quality of resource patches
(i.e., availability of food, safety from predators) among
species and through time.

Population heterogeneity as an explanation for
leptokurtosis

The central goal of this study was to explore the
relationship between phenotypic variability and move-
ment behavior at the individual level and extend this
relationship as a mechanism for population-level pat-
terns of movement. We used empirical data to test for
relationships between phenotype and the movement of
individuals and utilized mathematical models to ex-
amine the relationship between individual variability
in movement and population-level dispersal.

Empirically we found that size and growth were re-
lated to movement behavior using data on the two chub
species. Moreover, bluehead chubs had a measurable
level of population heterogeneity demonstrated by tem-
poral correlations in growth: components of the pop-
ulation were persistently fast growers and others were
persistently slow growers. Furthermore, probability of
movement varied with growth over the course of two
consecutive recapture intervals. Thus, we have ob-
served that population heterogeneity in fitness-influ-
encing attributes such as size and growth was related
to heterogeneity in movement behavior. Others have
shown similar relationships for a variety of taxa (e.g.,
Hart and Resh 1980, Kohler 1984, Kareiva and Odell
1987, Turchin 1998, Gilliam and Fraser, in press).

The modeling analysis indicated that population het-
erogeneity in movement behavior per se, regardless of
its basis, can generate the population-level patterns ob-
served in the field data, particularly the leptokurtosis.

Interestingly, although growth rates of bluehead
chubs were temporally correlated and growth rates
were in turn correlated with probability of movement,
probability of movement was not temporally correlated
through time at our temporal scale of measurement (1
mo). However, there was a nonsignificant trend that
suggested correlation for bluehead chub and creek chub
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data pool ed together: of those fish that did move during
arecapture interval, only 25% did not move during the
following recapture interval, while of those fish that
did not move during a recapture interval, 39% also did
not move during the following recapture interval (if no
correlation, the expected proportions are identical). For
bluehead chub data considered alone, the proportions
not moving during a recapture interval were 33% and
50%, respectively, for fish that had moved and had not
moved during the previous recapture interval, but the
trend is not statistically significant (x? = 1.67, df = 1,
P = 0.6447). In comparison, the population hetero-
geneity model with two subgroups, parameterized with
the bluehead chub data alone, predicts that the pro-
portions not moving (§_3% P(x, 30) dx: the proportion
centered at patch x = 0 at the end of a 30-d interval)
are 24% and 50%, respectively, for fish which had
moved and not moved previously. This correlation aris-
es because ‘‘fast”” fish are more likely to move from
the starting patch than are ‘‘slow’ fish; moves are in-
dependent between recaptures within the fast and slow
subgroups, but since fast fish remain fast and slow fish
remain slow, the correlation exists for the total popu-
lation. Studies of the short-term movement behavior of
fish have shown that populations may demonstrate het-
erogeneity in individual movement behavior that is
consistent with our modeling analysis (Kennedy 1981,
Grant and Noakes 1987, McLaughlin et al. 1992, Brad-
ford and Taylor 1997).

Our empirical results relating size and growth to
movement motivate the hypothesis of population het-
erogeneity to describe leptokurtic movement patterns,
but we do not know the basis for that heterogeneity.
The correlation between growth and movement over
one-month time scales suggests that it is persistent at
that time scale and could act as a basis for population
heterogeneity in movement behavior. Further studies
are needed to define the roles of size and growth in
determining movement behavior. Defining the exact
quantitative costs and benefits of movement in terms
of fitness could be difficult, but would prove useful in
understanding heterogeneity in movement distribu-
tions, and therefore the kurtosis observed at the pop-
ulation level. A key, albeit difficult, step will be to
explicitly link individual-level movement behavior
within an interacting population to population-level
patterns of dispersal (Turchin 1991, 1998, Tyler and
Rose 1997).

Genetic explanations for leptokurtosis are also pos-
sible. Models have shown that population heteroge-
neity in movement is possible under certain scenarios
(Hamilton and May 1977, McPeek and Holt 1992).
Empirically, Sokolowski et al. (1997) have identified
a single locus in fruit flies that influences movement
behavior. They have identified fruit flies which move
at variable rates—a result that agrees well with the
seminal work of Dobzhansky and Wright (1943). Fu-
ture work should uncover the relative influences of en-
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vironmental and genetic effects on movement behavior
in terms of fitness.

Extending the model

Since leptokurtosis is a common pattern in move-
ment data, a model of movement with population het-
erogeneity, such as that described here, may prove use-
ful whenever spatial structure is implicated. A benefit
of this model is that it takes advantage of the diffusion
framework for modeling population-level movement,
which has a strong mathematical base (Okubo 1980,
Turchin 1998). Thelinear increasein variance observed
in our data is consistent with predictions from simple
diffusion models (Skellam 1951, see Eq. 2), suggesting
that although the Skellam model fails to describe the
leptokurtosis, the diffusion approach is appropriate for
quantifying stream fish movement (Zabel and Anderson
1997). The population heterogeneity model has the po-
tential to accommodate linear or nonlinear increasesin
variance, depending on the values of the advection pa-
rameters (see Eq. 6). In the case of applying the model
to the bluehead chub movement data the nonlinear ef-
fect exists because the advection term for fast fish is
larger than that for slow fish, but the magnitude of the
difference is negligible relative to the magnitudes of
the diffusion coefficients; therefore the nonlinear effect
is negligible over the four-month time scale for which
we have data.

While the population heterogeneity model with two
subgroups was a significant improvement upon the
classic single subgroup (homogeneity) model, the het-
erogeneity model with three subgroups was, in turn, a
statistically significant improvement upon the two sub-
group version. However, we also note that the improve-
ment in fit was quantitatively slight relative to the gain
between the homogeneity model and the two subgroup
heterogeneity model (Fig. 10B). Nonetheless, the pros-
pect that increasing the number of subgroups can in-
crease the model fit, perhaps significantly so, raisesthe
specter of ‘‘ parameter explosion’” asthree or more sub-
groups are modeled. An alternative would be to gen-
eralize the population heterogeneity idea by consid-
ering dispersing populations as having continuous
probability distributions of diffusion coefficients. Thus,
one or two parameters describing that distribution
would replace the two or three diffusion coefficients
for our present heterogeneity models. Advection might
be then modeled as a correlate of diffusion if, e.g.,
faster diffusers also show greater advection, as in our
present case.

Another extension of the model presented here would
be to allow for exchange of individuals between the
fast fish and the slow fish subgroups and to explore the
relationship between exchange rate and kurtosis. Ex-
change among subgroups could account for the patterns
of kurtosis observed in the creek chub: significant lep-
tokurtosis after one month of movement followed by
a decline in kurtosis and culminating in mesokurtosis



June 2000

(i.e., kurtosis = 0) after four months of movement. Our
empirical data suggest a shift in the composition of the
creek chub population from heterogeneity to homo-
geneity that could be described by the heterogeneity
model with exchange. For creek chubs capturedinthree
consecutive months, movers composed 64% of the pop-
ulation during the first recapture interval and increased
in relative abundance to compose 92% of the popula-
tion during the second recapture interval; this suggests
that the population became increasingly homogenized
over the course of our study. In contrast, for bluehead
chubs captured in three consecutive months, movers
composed 60% of the population during both the first
and second recapture interval; this suggests that the
bluehead chub population maintained its heterogeneity
over the course of our study. Numerical results suggest
that exchange rates can influence population hetero-
geneity over time and therefore determine patterns of
leptokurtosis (G.T. Skalski, unpublished data). Linking
exchangeratesto individual-level behavior would com-
plete the relationship between foraging behavior at the
individual level and leptokurtosis at the population lev-
el, thereby allowing population patterns to be inter-
preted in terms of the evolutionary fitness of individ-
uals.

Future work in basic and applied ecology should
incorporate population heterogeneity into models of
movement and compare the results to situationslacking
population heterogeneity. Theoretical results suggest
that population heterogeneity in movement rates may
explain certain species invasions (Shigesada et al.
1995) and increase the rate of spread of dispersing
populations (Goldwasser et al. 1994, Kot et al. 1996).
This approach should be applied to other situations
where movement is thought to be important, including
metapopulation dynamics, species interactions (Mc-
Cauley et a. 1996), and the conservation of fragmented
populations. Such a comparison could be particularly
interesting if heterogeneous movement isrelated to oth-
er forms of population heterogeneity, such as size,
growth, genetic composition, or fitness.
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