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Abstract. The *‘restricted-movement paradigm’” (RMP) states that adult fish in streams
are sedentary and spend most of their lives in short (20-50 m) reaches of stream. In mark—
recapture studies, however, many fish initially marked are often never recaptured. As well,
turnover rates of individuals in the home section (where fish were originally marked) can be
high when marked fish moving out are rapidly replaced by unmarked ones. Recent challenges
to the RMP have been based on the inference that high turnover indicates high mobility.
However, when the home section is small many individuals may leave (high turnover) but
not move far away (low displacement). | present two models for the frequency distribution
of displacement distances. one represents populations as homogeneous ensembles with a
single mobility parameter; the second represents populations as a mixture of stationary and
mobile individuals. Both readily distinguish the turnover and displacement components of
movement and show that high turnover rate is compatible with low displacement. The models
were then fit to dispersal curves for six species of stream salmonids in 27 populations.
Empirical estimates of turnover rate were high (median: 0.53), variable among populations
(range: 0.15-0.78), but unrelated to displacement distance. Median displacement was <100
m for 24 populations and was typically <50 m. The proportion of mobile individuals was
low in most populations (median: 19%) and exceeded 50% in only five of the populations.
Brook trout, a species central to studies critical of the RMP, appeared to be exceptionally
mobile relative to other salmonids. The compatibility of high turnover rates with short dis-
placement distances and the finding that median displacement was usually limited support
the notion that restricted movement is the norm in populations of stream salmonids during
nonmigratory periods. However, the finding of considerable intra- and interspecific hetero-
geneity in the extent of movement underscores the potential importance of the mobile com-
ponent to population processes. By providing an analytical framework that yields quantitative
measures of different components of movement and allows for standardized comparisons,
these models can bring needed rigor to analysis and design in movement studies.
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INTRODUCTION

There is growing interest among ecologists in quan-
tifying animal movements and evaluating their biolog-
ical consequences (Gaines and Bertness 1993, Porter
and Dooley 1993, Turchin 1998, Okubo and Levin
2001). For example, knowledge of fish movement in
streams contributes to our understanding of energy
transfers (Hall 1972), longitudinal size patterns
(Hughes and Reynolds 1994), links between *‘ source”
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and ‘‘sink’’ populations (Schlosser 1995), colonization
of isolated or newly available habitats (Taylor 1997,
Lonzarich et al. 1998), and whole-stream patterns of
age segregation (Hughes 1998). Stream fishes provide
an excellent model system for analyses, because lon-
gitudinal movement can be conveniently modeled
along a single dimension, reducing model complexity
and simplifying parameter estimation. Furthermore,
fish can usually be sampled efficiently in streams, and
rapid progress is being made due to improvements in
tagging and tracking technology, which allow for non-
destructive identification of small individuals over
many recapture events.



0
0
]
I
|_
Z
>_
0
%]
)
o
1]
O
z
(0]
(@)

2 MARCO A. RODRIGUEZ

Traditionally, stream ecologists accepted the notion
that adults of resident fish species are sedentary and
spend most of their lives within short (20-50 m) stream
reaches (Gerking 1959). This notion, termed the ‘‘re-
stricted-movement paradigm” (RMP), was challenged
in a thoughtful and influential review of movement in
resident stream salmonids (Gowan et al. 1994). Ad-
ditional support for this challenge came from a series
of recent studies documenting substantial movement of
brook trout (Salvelinus fontinalis) in high-altitude
streams in the Rocky Mountains (Riley et al. 1992,
Fausch et al. 1995, Gowan and Fausch 1996a, b).

A cornerstone of the critique is that the designs and
analyses of many mark—recapture studies supporting
the RMP entail potential biases against the detection
of movement by not being sensitive to fish movements
outside of the study reach (Gowan et al. 1994). Often,
a high proportion of recaptured fish are found in the
section where they were originally marked (‘* home sec-
tion”"), but many of the fish initially marked are never
recaptured. Turnover rate of individuals (1 — [propor-
tion of marked individuals]) can be high when marked
fish moving out of the home section are rapidly re-
placed by unmarked fish. Therefore, a key assumption
of the critique is that high turnover indicates high mo-
bility. However, if the home section is small, many
individuals could leave the section (high turnover) but
not move far (low displacement); therefore, turnover
rate could depend on the ratio of displacement to sec-
tion length. Clearly, these two components of move-
ment, turnover and displacement, need to be distin-
guished.

In this paper | introduce two models of movement
that can: (1) provide standardized measures of mobility,
(2) examine the relationship between turnover and dis-
placement, both theoretically and empirically, and (3)
characterize intra-population variation in mobility and
analyzeitsinfluence on population dispersal. The mod-
elsarethen fit to published data on movement in stream
salmonids to quantify turnover rates and displacement
distances, as well as intra-population and interspecific
variation in mobility under natural or seminatural con-
ditions. Finaly, | evaluate the present status of the
RMP and identify some of its limitations in light of
the main findings: high turnover rates compatible with
short displacement distances, limited displacement,
and considerable intra- and interspecific heterogeneity
in the extent of movement. Although the focus here is
on stream salmonids, the group for which data from
theliterature is most abundant, the RMP applies aswell
to other stream fishes and has broad implications for
their management and conservation (Smithson and
Johnston 1999).

Quantitative analyses of fish movement in streams

In acommonly used protocol for studying fish move-
ment, astream reach isdivided into juxtaposed sections
of approximately equal length and fish are marked
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Fic. 1. Representative pattern of decline in number (or
density) of recaptures with distance from home section; units
for distance from home section are arbitrary. The geometric
distribution (bars) generated by the number of individuals
recaptured in a series of discrete distance classes (stream
sections) can be approximated with a continuous, negative
exponential function (curve).

within each section. Displacements are measured asthe
distance between the midpoint of the section in which
afish was initially captured (the **home section’) and
that in which it was recaptured. Sometimes individual
displacements are measured more precisely, but are
then grouped into distance classes for analysis. Both
procedures generally yield a sharply declining number
of recaptures on either side of the home section (e.g.,
Solomon and Templeton 1976, Heggenes 1988, Heg-
genes et al. 1991), although data are often presented
as distance classes irrespective of direction (Fig. 1).
Because studies often deal with multiple home sections,
an aggregated distribution of number of recaptures vs.
distance class is commonly generated. However, when
data are pooled, stream sections near the extremities
of the study reach are less well represented than those
near the center, which can arbitrarily lower estimates
of displacement distance (Stott 1967; also see Porter
and Dooley 1993).

Quantitative analyses of fish movement in streams
seldom go beyond presenting the frequency distribu-
tion and descriptive statistics of displacement distances
and testing some simple hypotheses, such as whether
the numbers of fish moving upstream and downstream
differ. However, afew studies have used the cumulative
frequency distribution of movement distances to esti-
mate the proportion of ‘‘sedentary’’ or ‘‘stationary’
individuals (defined operationally as those for which
displacement isless than a given distance, X) and ‘* mo-
bile’” individuals (displacement >X) (Solomon and
Templeton 1976, Harcup et al. 1984, Hesthagen 1988;
other studies reviewed in Gowan et al. [1994]). Nev-
ertheless, because of the paucity of effective analytical
tools for analyzing fish movement, Gowan et al. (1994)
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noted that additional refinements in quantitative meth-
odology are needed.

Because mark-recapture studies yield data for a
number of sections arranged in a defined spatial order,
basing inferences on simple ratios, such as the per-
centage of recaptures made in the home section or the
proportion of marked fish that move out of their home
section, can discard useful information. A more effi-
cient approach is to model the pattern of decline in the
number of recaptures with distance from the home sec-
tion. When this pattern can be modeled with a simple
function, the proportion of individuals that have moved
any arbitrary distance away from the home section can
be found by integration. Furthermore, if fish move-
ments observed within the study reach can be extrap-
olated, one can overcome the criticism that mark—re-
capture studies do not adequately account for move-
ment outside of the study reach.

A simple model accounting for movement, mortality,
and sampling efficiency is

n(x) = Nesmf(x) (1)

where n(x) isthe density of marked individual s x meters
away from the home section, N, is the number of in-
dividuals marked and released initially in the home
section, s is the survivorship over the study period,
is the probability of recapture, and f(x) is a dispersal
function describing the decline in density with distance
from the home section. Nysw is the expected number
of marked individuals that would be recaptured if the
whole domain of dispersal, i.e., the entire length of
stream over which individuals actually disperse, were
sampled at the end of the study period. Thisformulation
assumes that neither survivorship nor probability of
recapture changes with distance from the home section,
and that mark loss is negligible.

For relatively homogeneous populations, a one-pa-
rameter exponential function,

f(x) = Ae™ )

provides a useful first approximation to the typical pat-
tern of decline in density of recaptures with distance
from home section (Fig. 1). The exponential distribu-
tion or its discrete equivalent, the geometric distribu-
tion, have been used in numerous studies to model
dispersal of terrestrial animals (Porter and Dooley
1993, Turchin 1998). The single parameter A (m~?) is
the inverse of mean displacement distance; higher val-
ues of \ are therefore associated with more stationary
individuals. The value of N\ will not change with dis-
tance from the home section and therefore a regression
estimate of N should not be sensitive to the spatial
extent of the study (equal to the number of sections
times the section length). However, for a population
composed of both stationary and mobile components,
\ varies with distance from the home section, and thus
will be sensitive to spatial extent. In that case, fitting
the one-group model can bias the estimates of dis-
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Median displacement estimates:
Two-group model (true) =13.1 m
One-group model = 64.3 m
Relative bias = +391%
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Fic. 2. Simulated data for a population consisting of a
mixture of stationary (80%; \; = 0.07111) and mobile (20%;
Am = 0.00575) individuals (\ is the inverse of the mean dis-
placement distance). The dashed lines are from linear re-
gressions for the stationary and mobile groups; their respec-
tive slopes are \; and \,. The solid line is from the linear
regression for the total population; its slope is the (biased)
estimator for the one-group model. (Note the logarithmic y-
axis scale.) For this simulation, the relative bias inherent in
calculating the median displacement of a two-group popu-
lation with the one-group model is very large (391%). Note
that stationary individuals do not contribute substantially to
distance classes beyond 50 m.

placement (Fig. 2); in general, the sign and magnitude
of the bias will depend on the spatial extent and pop-
ulation parameters.

For more heterogeneous populations, the distribution
of displacement distances can be modeled as a two-
group exponential function:

f) = pre™ + (1 — pAe ™ 3

where A;and \,, correspond to the stationary and mobile
components (\; > \,,), p is the proportion of stationary
individuals, and 1 — p is the proportion of mobile
individuals. Note that the term *‘ stationary’’ refers to
individuals with low mobility and not necessarily to
immobile individuals. The two-group model assumes
that the most likely displacement distance will always
be zero, which may not always be appropriate, partic-
ularly for the mobile component. Other distributions
(e.g., the log-normal or gamma) may be considered
when the negative exponential is not an appropriate fit.

To obtain the expected number of individuals recap-
tured in a given distance class, N(X;, X;), the density
function f(x) is integrated over the interval (X;, X))
covered by the distance class:
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TaBLeE 1. Dispersal functions and derived parameters for the one-group and two-group models.

One-group
Function or parameter model Two-group model Comments
Density function, f (x) A pAe* + (1 — p)A,e Proportional density (m-1) at

Cumulative distribution eV — g\

function, C(X,, X,)

Median displacement (m) @
" 1
Mean displacement (m) N

Turnover rate @ \HSL = () GHSL/median

pe—xsmedlan + (1 — p)e—}\mmedlan = 05

pesHist 4 (1 — p)eimHst

point X

p(e?ss — es*%e) + (1 — p)(eX — e™X2) Proportion of individuals be-

tween points X, and X, (X, =
X =X,)

50% of individuals have dis-
placements = median over the
study period; no analytical so-
lution for the two-group mod-
el, but graphical or numerical
solutions are easy to obtain

p)\i + @1 - p))\i Arithmetic mean of displacements

m

Proportion of individuals moving
out of home section over the
study period; assumes that all
losses are due to emigration
(sm=1)

Notes: For both models, n(x) = Nyswf(X), where n(x) is the density of marked individuals x meters away from the home
section, N, is the number of individuals marked and released initially in the home section, s is the survivorship over the
study period, = is the probability of recapture, and f(x) is a dispersal function describing decline in density with distance
from the home section. Other symbols and abbreviations: \, A, and \,, are displacement parameters (i.e., the inverse of the
mean displacement distance; in units of m-1), with subscript s denoting *‘stationary’’ and subscript m denoting ‘‘mobile’’;
p = proportion of stationary individuals; (1 — p) = proportion of mobileindividuals, HSL = home-section length (in meters).

C(Xy, Xo) = f x2f ) dx
% (4)

where C(X,, X,) representsthe proportion of individuals
recaptured between the lower (X;) and upper (X))
boundaries of the distance class. Thus,

N(Xy, X5) = NgswC(Xy, X5) (5

where the specific form of C(X,, X,) differs between
the one- and two-group models (Table 1). For a home
section of length HSL, X, = 0and X, = HSL. If interval
lengths are constant, C(X,;, X,) reproduces the geo-
metric distribution P(i) = g(1 — )it where P(i) is
the proportion of individuals that move distancei (i is
measured in units of section length, i.e., i = 1 for the
home section), and q is the probability of stopping
before moving an additional section length. The link
between the exponential and geometric distributionsis
made explicit by the relationship q = (1 — e "),

The parameters in Eg. 5 can be estimated by fitting
the model to the observed number of recapturesin var-
ious distance classes. To avoid bias arising from pool-
ing, the model should be fit to datafor individual home
sections. Distance classes need not be adjacent or of
equal length; thus, study sections can be distributed
discontinuously at wide intervals over a long stream
reach to ensure adequate spatial coverage. Separate
analyses can be done for upstream and downstream
movements when recapture frequencies are not distrib-
uted symmetrically about the home section.

When no independent estimates are available for N,,

s, and m, only the value of the product N,sm can be
estimated. In mark—recapture studies that use efficient
sampling techniques, such as multiple-pass el ectrofish-
ing, N, is known and = can be estimated independently,
thus allowing for direct estimation of the survivorship,
s. A minimum of two distance classes are required to
fit the one-group model, which has two parameters (N,
sm and N\, whereas at least four distance classes are
required to fit the two-group model (four parameters:
NoSm, Ag, A, @nd p).

Several useful descriptors of movement, such as
mean and median displacement, and turnover rate, can
be derived from the parameter estimates for Eq. 5 (Ta-
ble 1). Median and mean displacement are standardized
measures that facilitate comparisons of movement
across species and systems. They can also be useful
for studying variation within streams, e.g., by perform-
ing separate analyses for upstream and downstream
movement. The question whether high turnover rate
implies high mobility can be muddled by the fact that
high turnover may arise purely from in situ mortality
or low sampling efficiency even when thereis no move-
ment out of the home section. To avoid confounding
the effect of mobility with those of mortality and re-
sampling, | calculated turnover rate by assuming that
al losses from the home section are due to emigration,
i.e, that st = 1 (Table 1). This assumption therefore
leads to estimating an upper limit to the influence of
mobility on turnover rate.

For the one-group case, it is easy to evaluate graph-
ically the effect of mobility on turnover rate (graphical
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Fic. 3. Relationship among turnover rate, median dis-
placement, and home-section length (HSL) for the one-group
model. The curves connect points of equal HSL (numbers
accompanying solid curves are in units of meters). The up-
permost dotted line corresponds to HSL = 12.5 m.

analysis is more complicated for the two-group for-
mula, which has four parameters: Table 1). The de-
pendence of turnover rate on the ratio of median dis-
placement to home-section length is shown by the fol-
lowing formula:

Turnover rate = e st = ( 5HSL/median, (6)

When the home section is small, high turnover can
occur even if movement is limited (Fig. 3). The key
empirical question of how turnover rate and median
displacement are related in natural populations is ad-
dressed below (see Results and Discussion).

METHODS

I collected 27 data sets describing frequency distri-
butions of movement distance for six salmonid species:
brook trout (Salvelinus fontinalis), Atlantic salmon
(Salmo salar), brown trout (Salmo trutta), cutthroat
trout (Oncorhynchus clarki), Gila trout (Salmo gilae),
and rainbow trout (Oncorhynchus mykiss). The data
originated from 17 studies conducted in seven countries
(Table 2).

Total study duration was between 1 d and 1 yr for
24 of the data sets, and >1 yr for 3 data sets. Sampling
schedules were of two different types: some studies
tallied distances covered by individuals marked in an
initial session and subsequently recaptured in a single
session, whereas others pooled distances for all indi-
viduals marked and recaptured over multiple sampling
sessions. For the latter data sets, study duration was
adjusted to reflect more accurately the mean time be-
tween release and recapture of marked fish (Table 2).
The spatial extent covered by the stream sections, mea-
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sured as the maximum value of the distribution of dis-
placement distances (the range of the x-axisin Fig. 1),
varied substantially among data sets, from 12 to
>67500 m (Table 2).

All data sets reported the number of recapturesin at
least four distance classes (median = 6; range = 4—
21). Prior to analysis, recaptures expressed as per-
centages or proportions in each distance class were
transformed to number of individuals per class. In most
studies, section lengths were equal for all distance clas-
ses, but some studies used section lengths that in-
creased systematically with distance from the home
section. When exact section lengths were not given but
sections were of comparable length, all sections were
assigned the mean length reported by the authors. A
few studies reported recaptures in open distance inter-
vals at the end of the study reaches (reported as ‘“dis-
tance = X m”’, with no upper boundary); data from
those intervals were excluded from analysis. Excluding
these data reduced sample size but should not alter
parameter estimates if fish movements are generally
predictable from observations within the study reach.
In a minority of studies, authors pooled the recapture
data to generate an aggregated frequency distribution
of recaptures vs. distance class. Only rarely (Allen
1951, Harcup et al. 1984) were the data adjusted to
compensate for potential bias arising from pooling (see
Introduction: Quantitative analyses. ..). Analytical
procedures to estimate the magnitude of bias and adjust
for bias in pooled data may sometimes be useful, but
because bias in pooled data sets appeared to be small
(see Results, below), | used data as presented in the
original papers.

Parameter estimates for Eq. 5 were obtained by min-
imizing £, the sum of negative log-likelihoods over all
data points (nonlinear estimation module, SYSTAT
program version 9 [SPSS 1999]). Independent esti-
mates of N, (the number of individualsinitially marked
and released in the home section), s (survivorship over
the study period), and w (probability of recapture), were
not available for most data sets, and therefore their
product was estimated as an aggregated parameter.
Model fit was checked graphically for systematic de-
viations from predicted values. Errors were assumed
to be distributed log-normally because the variance and
mean showed a strong positive relationship in the un-
transformed data; use of a logarithmic scale stabilized
the variance and rendered the distribution of residuals
approximately normal in most cases. The Akaike in-
formation criterion (AIC), an information-theoretic
measure that ranks models based on the support they
receive from the data, was calculated for each model
as: AIC = 2% + 2K (Burnham and Anderson 1992).
In this equation, £* is the minimum value of the sum
of negative log-likelihoods, evaluated at the best choice
of parameters for the model, and K is the number of
estimable parameters in the model, including the struc-
tural parameters and the variance. Median displace-
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TaBLE 2. Parameter estimates (\, A, \,,, P) and fit (R?) of the one-group and two-group models for the distribution of
displacement distances in stream salmonids.

Data-set information

Data Study Spatial
set Species Country Data source durationd (d) extent (m) HSL (m)
1 Atlantic Canada Dussault (1995: Fig. 5, 28 125 125
salmon p. 49)
2 Scotland Garcia de Leafiz (1989: 175 20 2
Fig. 2: immature
parr)
3 Norway Hesthagen (1988: Fig. 37 346 20.6
3, September)
4 Canada M. A. Rodriguez and R. 42 125 11.2
Lariviere (unpub-
lished data)
5 Brook trout Canada Dussault (1995: Fig. 5, 28 125 12.5
p. 49)
6 United States Fausch et al. (1995: 365 1350 50
Fig. 4)
7 United States Shetter (1968: Table 1: 180 17 699 150
last entry)
8 Brown trout New Zealand Allen (1951: Table 25) 160 229 15.25
9 Wales Harcup et a. (1984: 21 430 10
Fig. 2c)
10 Wales Harcup et al. (1984: 14 210 10
Fig. 2a)
0 10| Wales Harcup et al. (1984: 14 210 10
0 Fig. 2a)
Ll 11 Wales Harcup et al. (1984: 14 210 10
I Fig. 2¢c)
= 12 Norway Heggenes (1988: Fig. 2) 91.5 780 30
£ 13 Norway Hesthagen (1988: Fig. 37 346 20.6
) 3: September)
14 United States Mense (1975: Table 7) 80.5 732 61
9] 15 United States Shetter (1968: Table 3: 180 67578 152.5
0 last entry)
- 16 England Solomon and Templeton 122 2900 100
18 (1976: Fig. 8a)
(“j 17 New Zealand Burnet (1969: Table 1: 365 2000 100
> South Branch)
0 18 New Zealand Burnet (1969: Table 1: 187.5 1098 183
®) Doyleston Drain)
19 Cutthroat Canada Heggenes et al. (1991: 122 300 5
trout Fig. 3)
20 United States Bjornn and Mallet 365 33789 1609
(1964: Table 2)
21 Gila trout United States Rinne (1982: Table 1: 91.5 4000 10
McKnight, 3 months)
22 United States Rinne (1982: Table 1: 244 1250 10
South Diamond)
23 United States Rinne (1982: Table 1: 244 1250 10
Main Diamond)
24 Rainbow trout United States Bjornn and Mallet 91.5 33789 1609
(1964: Table 2: 3rd
entry)
25 United States Bjornn and Mallet 365 33789 1609
(1964: Table 2)
26 United States Chapman and Bjornn 1 12 3
(1969: Fig. 5: morn-
ing-evening)
27 United States Edmundson et al. (1968: 12,5 12 3

Table 1: last entry)

Note: Home-section length (HSL) can be used in combination with parameter estimates to obtain all derived parameters

in Table 1.

T Ellipses (--) denote ‘‘not applicable’”; n.c. indicates that parameter estimates were highly unstable or did not converge.

F Adjusted when necessary to reflect more accurately the mean time between release and recapture (see Methods).

§ The difference in Akaike's information criterion (AAIC) for the two models is given also; all AAIC values are positive,
indicating support for the two-group model over the one-group model.

| Data set 10 with one outlier excluded (see Methods).

9 Value fixed rather than estimated directly (see Methods).
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TABLE 2. Extended.

Parameter estimates and fitt

One-group model Two-group model Dti)feftsceegrse
A (MY R? s (MY Am (M™1) p R? models, AAIC§
0.02881 n.c. n.c. n.c. n.c.
0.28407 0.862 n.c n.c n.c n.c
0.03452 0.840 0.08888 0.01211 0.646 0.982 27.15
0.05128 n.c. n.c. n.c. n.c.
0.02417 n.c. n.c. n.c. n.c.
0.00251 0.618 0.01767 0.00155 0.460 0.774 5.95
0.00059 0.586 0.01028 0.00037 0.842 0.935 6.16
0.01511 0.607 0.12500 0.00351 0.403 0.952 8.65
0.02129 0.472 0.14575 0.00211 0.811 0.932 26.64
0.01967 0.429 n.c. n.c. n.c. n.c.
0.04952 0.948 0.10271 0.03358 0.559 0.978 1.96 @)
0.03870 0.681 n.c. n.c. n.c. n.c. 9
0.00845 0.568 n.c. n.c. n.c. n.c. F"I)
0.04675 0.731 0.223551 0.00519 0.740 0.983 25.79 3
0.00759 0.903 0.075491 0.00605 0.391 0.982 9.89 @
0.00013 0.650 0.01722 0.00014 0.691 0.979 23.33 o0
0.00384 0.581 0.01822 0.00057 0.775 0.939 9.53 (.?
0.00238 0.646 0.01100 0.00057 0.806 0.989 37.39 é
0.00412 0.910 0.025161 0.00341 0.407 0.950 1.07 (T)
0.03142 0.609 0.16625 0.00665 0.658 0.905 25.68 @
n.c. n.c. 0.002861 0.00005 0.243 0.928 15.25
0.02457 0.937 n.c. n.c. n.c. n.c.
n.c. n.c. 0.04884 0.00241 0.643 0.997 32.33
0.03839 0.719 n.c. n.c. n.c. n.c.
0.00023 0.419 0.002861 0.00014 0.817 0.929 8.92
0.00018 0.495 1.01000 0.00013 0.515 0.998 23.71
0.33801 0.937 n.c. n.c. n.c. n.c.
0.20885 0.858 n.c. n.c. n.c. n.c.

ment and turnover rate were obtained for each data set
with either the one-group model or the two-group mod-
el; model choice was based on the difference in AIC
between the two models. The R? of observed and pre-
dicted values (Kvalseth 1985) was used as a descriptive

measure of model fit except for three studies in which
data were given for individual home sections rather
than in pooled form (Table 2: data sets 1, 4, and 5),
because the value cal culated was not comparable to the
values calculated for pooled data.
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(@ ! ! ' In one case (Table 2: data set 10), an extreme outlier
Atlantic salmon was generated by five individuals, out of atotal of 110
recaptures. Parameter estimates were therefore ob-
tained once for the full data set and again after ex-
cluding the outlying point (Table 2: data set 10a); only
the later estimates were retained for subsequent anal-
ysis. For five of the data sets (Table 2: data sets 13,
14, 18, 20, and 24) stable estimates were obtained for
all parameters except A, which could fluctuate broadly
without affecting the model estimates for the remaining
parameters. Estimates of \, for these data sets presum-
ably were unstable because individuals from the sta-
tionary group rarely moved beyond the first distance
class (i.e., out of their home section). Under such cir-
cumstances, the regression line is steep and the slope
\s cannot be uniquely determined. To generate esti-
mates of median displacement and turnover rate for
e these five data sets, A\, was arbitrarily fixed to a value
implying that not more than 1% of individuals in the
stationary group had moved out of their home section
at the end of the study period.

REsuLTS

In al cases where parameter estimates could be ob-
[ ) tained for both models (17 of 27 data sets), the AIC
L Ll (Akaike information criterion) supported the two-group
0 1020304050607080 model as the best (Table 2). In these data sets, points
T . for distance class zero (individuals that remained in the
i Brook trout home sectipn) had consistently large deviations from
the regression line for the one-group model (see ex-
amples in Fig. 4), suggesting that these populations
were composed of a mixture of stationary and mobile
individuals. Fitting the two-group model eliminated
this pattern in the residuals. However, for 10 data sets,
the two-group model failed to converge (Table 2: n.c.
entries), probably because it was overfitted, i.e., the
populations were homogeneous and thus required only
one mobility parameter. For these data sets there was
@ © no evidence of systematic deviations of residuals about
0 500 1000 1500 the regr.essi(.)n line for thg one-group model (see ex-
amples in Fig. 4). Accordingly, the one-group model
was retained as the best model in these cases. For most
data sets, satisfactory fit, as revealed by graphical ex-
amination and R?, was attained with the best model
(Table 2).

Further evidence for lack of fit of the one-group mod-
el to various data sets came from a comparison of the
actual number of individuals recaptured with the es-
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Fic. 4. Examples of fit of the one-group model (regres-
sion line) to four selected data sets. From top to bottom: data
sets 2, 11, 6, and 15 (see Table 2). The one-group model
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Fic. 5. Actual number of fish recaptured vs. estimated
number of fish vulnerable to recapture (Nysm; see Eq. 1). (a)
Estimates for Nysm from the one-group model. (b) Estimates
for Nosm from the best-fitting (one-group or two-group) mod-
el. Actual and estimated values match exactly along the 1:1
line.

timate of Ngsm, the expected number of individuals
vulnerable to recapture (see Eq. 1). Indiscriminate ap-
plication of the one-group model to all data sets tended
to underestimate this value, sometimes badly. In con-
trast, use of the appropriate (one-group or two-group)
model yielded close agreement between the expected
and actual number of recaptures (Fig. 5).

Using the best-fitting model, the median of median
displacements for the 27 salmonid populations was
27.7 m. Median displacement was <50 m for 17 pop-
ulations and <100 m for 24 populations (Fig. 6). Me-
dian displacement had extreme values for two popu-
lations in one study (data sets 20: 8295 m, cutthroat
trout, and 24: 322 m, stocked rainbow trout). However,
the extreme value for cutthroat trout likely was a con-
sequence of spawning migrations, and seasonal or in-
terannual movements (Bjornn and Mallet 1964). Me-
dian displacement did not differ significantly between
pooled (median: 50.9 m, range: 4.9-85.3 m; n = 7 data
sets) and unpooled (median: 25.9 m, range: 2.1-8295
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m; n = 20 data sets) data (Mann-Whitney U test, P =
0.70). Turnover rates were high (median: 0.53), vari-
able among populations (range: 0.15-0.78), and un-
related to displacement distance (Fig. 6).

Median displacement appeared to differ interspecif-
ically (Fig. 7), although most species were represented
by few data points. For five of the six speciesincluded
in this study, the median of median displacement was
<51 m. Striking differences in median displacement
were apparent between the stationary (median: 17.9 m;
range: 0.7-20.6 m) and mobile (median: 328.5 m;
range: 242.4-13862.9 m) components. Most popula-
tions appeared to be composed of a mgjority of sta-
tionary individuals (median p [proportion of stationary
individuals]: 0.81) (Fig. 8), with the mobile proportion
exceeding 50% in only 5 of the 27 populations.

Median displacement was positively related to spa-
tial extent (In(y) = 0.121 + 0.479 In(x); P = 0.005)
and study duration (In(y) = 0.466 + 0.659 In(x); P =
0.0002) in simple bivariate regressions (n = 27 data
sets). However, spatial extent and study duration were
themselves positively correlated r = 0.66; P = 0.002).
Joint analysis of all variables by multiple regression:
In(median displacement) = —0.236 + 0.399 In(spatial
extent) + 0.207 In(study duration), showed that median
displacement was significantly related to spatial extent
(P = 0.014) but not to study duration (P = 0.429) (R?
= 0.44; model P = 0.001). The expected median dis-
placements for studies differing maximally in spatial
extent were 3.7 m for a spatial extent of 12 m and
232.3 m for a spatial extent of 67578 m. These values
were highly sensitive to inclusion of a data set for
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Fic. 6. Turnover rate vs. median displacement in stream
salmonid populations (27 data sets). Tukey box plots sum-
marize the marginal distribution for each variable: the center
line in the box marks the median; the length of the box gives
theinterquartile range, between the 25th and 75th percentiles;
and the whiskers show the range of datavaluesthat fall within
1.5 interquartile ranges of either quartile. The displacement
value commonly used as an upper limit defining restricted
movement (50 m: dashed line) is provided for reference. Ar-
rows indicate two points with extreme values for median dis-
placement (coordinates in parentheses).
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FiGc. 7. Combined box—dot plot of displacement distances
for six salmonid species, showing the median, quartiles, and
whiskers (see Fig. 6), as well as individual values (dots) for
displacement distance. The displacement value commonly
used as an upper limit defining restricted movement (50 m:
dashed line) is provided for reference. Two points with ex-
treme values for displacement (in parentheses) are repre-
sented on top of the plot.

cutthroat trout, which was a regression outlier (Stu-
dentized residual = 3.9) and possibly a biological out-
lier as well (data set 20; see above); exclusion of those
data changed the af orementioned expected median dis-
placements to 5.1 m and 116.0 m, respectively.

Discussion

This study provides theoretical and empirical evi-
dencethat high turnover ratesin mark-recapture studies
are compatible with short displacement distances. Me-
dian displacement in the majority of populations ex-
amined fell within the movement range (20-50 m) gen-
erally associated with restricted movement, and all but
one of the nonmigratory populations had median dis-
placement smaller than 100 m. These results support
the conventional notion that restricted movement is the
norm in populations of stream salmonids during non-
migratory periods. However, the results also point to
considerable intra- and interspecific heterogeneity in
the extent of movement. In particular, displacement of
mobile individuals (median = 328.5 m) was high rel-
ative to expected displacement under the restricted-
movement paradigm (RMP) and 18 times higher than
displacement of stationary individuals (17.9 m). Al-
though stationary individuals predominated in most
studies, the proportion of individuals in the stationary
and mobile categories varied considerably among stud-
ies.

Ecology, Vol. 83, No. 1

Categorization of individuals as stationary or mo-
bile, while providing a useful statistical description of
within-population heterogeneity, need not imply the
existence of two morphs with different rates of dis-
placement (McLaughlin et al. 1992). A priori, it could
be equally plausible to assume that populations consist
of either a mixture of two morphs, with persistently
stationary or mobile individuals in proportions p and
q respectively, or a homogeneous group of individuals,
each with constant probability p of staying and q of
moving over agiven timeinterval. However, the sparse
evidence available appears to favor the former alter-
native. In mark—recapture studies that followed indi-
viduals over more than two time periods, movement
behavior of an individual between two consecutive
sampling periods was influenced by its behavior in pre-
ceding periods, indicating persistence of individual dif-
ferences (brown trout, Harcup et al. 1984: Fig. 4; cut-
throat trout, Heggenes et al. 1991: Fig. 4; chinook salm-
on, Oncorhynchus tshawytscha, Bradford and Taylor
1997; see also McLaughlin et al. 1999). Datafrom field
studies relying on passive integrated transponder tags,
an increasingly widespread technology that allows for
repeated sampling and identification of individuals,
should help resolve this issue.

A related question is whether movement patterns of
stationary and mobile individuals at the spatial scales
examined in the present study (tens to thousands of
meters) can be derived simply from movement patterns
driven by behavioral processes at the microspace (sev-
eral meters), such as feeding and agonistic interactions.
Direct observations of short-term movement in streams
have shown that salmonid fish can adopt alternative
foraging and social tactics that are associated with dif-
fering mobilities (Grant and Noakes 1988). Other stud-
ies also have found that dominant fish are more sed-
entary and territorial within a local habitat than sub-
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FiG. 8. Histogram for p, the proportion of stationary in-
dividuals in stream salmonid populations (27 data sets). The
y-axis gives the number of data sets per vertical bar.
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ordinate fish (Mason and Chapman 1965, Puckett and
Dill 1985, Nakano 1995). It remains to be determined
whether stationary and mobile individuals in mark—
recapture studies correspond to different behavioral or
social groups in observational studies.

Similar mixture models for populations comprising
two distinct subpopulations of differing mobility have
been used previously in studies of insect movement
(Dobzhansky and Wright 1943, Inoue 1978). Instead
of assigning specific mobility parameters to each sub-
population, however, an alternative modeling strategy
would allow for continuous variation in the displace-
ment parameter . Within-population variation in mo-
bility would then be characterized by a frequency dis-
tribution rather than by differences among two or more
discrete subpopulations. However, only 3—4 parameters
can probably be estimated suitably by fitting a model
to the distribution of dispersal distances (Turchin
1998); it may thus be difficult to find models that in-
clude continuous variation in N without being overfit-
ted. Because the relationship between log-recaptures
and distance was either linear or bilinear with an in-
flection point, it is probably not necessary to invoke
more than two subpopulations for stream salmonids.

The models provided useful quantitative measures
of population mobility and of intrapopulation variation
in mobility and its influence on population dispersal.
When the aim is to characterize population mobility,
it seems preferable to use the median displacement de-
rived from exponential models rather than the mean
home range, an individual-based measure of mobility
currently in wide use, because the latter measure does
not account for mobile individuals that do not have a
home range. For populations composed of a mixture
of stationary and mobile individuals, the function re-
lating turnover to distance from the origin (Table 1)
can have a sharp ‘‘elbow’ that leads to large changes
in the estimate of median displacement with small
changes in p (Fig. 9). The elbow arises because pop-
ulation turnover declines rapidly as small increasesin
distance encompass movements of most stationary in-
dividuals, but further decline in turnover with distance
is determined mainly by mobile individuals and thus
is slower. In such cases, reporting median displacement
separately for the stationary and mobile components
may be more informative and robust than a single me-
dian displacement.

Spatial extent in mark-recapture studies must be
large enough to properly characterize the displacements
of the mobile component; otherwise, parameter esti-
mates may be inaccurate even when the two-group
model is used. Because the expected number of recap-
tures is given by the integral of the density function
(Eg. 1) over the whole domain of dispersal, the ob-
served agreement between expected and actual number
of recaptures (Fig. 5) suggests that sampling protocols
in these studies effectively covered the entire range
over which marked fish dispersed during the study. The
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Fic. 9. Simulated dataillustrating changesin median dis-
placement with p, the proportion of stationary individuals,
for three populations comprised of stationary and mobile
components (p = 0.4, 0.5, and 0.6; A = 0.1 and \,, = 0.001
[N = the inverse of the mean displacement distance] for the
three populations). The curves give turnover rate asafunction
of distance to the origin. Median displacement is obtained by
projecting onto the x-axis the intersection of the curve with
the horizontal line at turnover = 0.5.

increase of ~110 m in median displacement as spatial
extent increased from 12 to 67 500 m seems moderate
considering that spatial extent and maximum potential
displacement can vary jointly simply because both are
physically constrained by stream length, particularly in
smaller streams.

Although limited, the interspecific comparison of
displacement distances in this study (Fig. 7) illustrates
well the potential of this approach to eventually yield
standardized comparisons of movement among differ-
ent populations (including stocked vs. natural fish in
the same stream), species, or localities. Brook trout, a
species that has been the focus of many studies critical
of the RMP (Riley et a. 1992, Fausch et al. 1995,
Gowan and Fausch 1996a, b), appears to be highly
mobile relative to other salmonid species; it may thus
constitute an exception.

The exponential models presented here provide mea-
sures of mobility (e.g., A), that are standardized to a
common unit (m~%), thus allowing one to account for
differences in spatial extent among studies. However,
variation in study duration and resampling schedules
(single vs. multiple resampling) is less amenable to
analysis with these models because the displacement
parameter N may depend on study duration even if
movement behavior is constant. Alternative quantita-
tive models that explicitly incorporate temporal dy-
namics (e.g., Markov chains, advection—diffusion
equations) can provide instantaneous rates of mobility
independent of study duration. Although these ap-
proaches have been best developed for insect popula-
tions (Okubo 1980, Turchin 1998), several studies il-
lustrate their applicability in studies of fish movement
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(Hilborn 1990, Zabel and Anderson 1997, Sibert et al.
1999, Skalski and Gilliam 2000). The apparent lack of
dependence of displacement distance on study duration
may seem surprising given the predictions of simple
diffusion models (Turchin 1998). Nevertheless, both
diffusion models and empirical data show that for an-
imals that initially disperse rapidly, but then remain
within a limited region, squared net displacement in
mark—recapture experiments can quickly attain a pla-
teau (Okubo 1980). Stream salmonids may exhibit this
behavior because they are often associated with ahome
range or territory; therefore, most sampling intervals
were likely longer than the period of initial dispersal
of marked individuals.

Simple quantitative models, in combination with ap-
propriate marking and recapture designs, can bring
needed rigor to the analysis of movement and popu-
lation dynamicsin stream fish. In particular, population
losses can be better understood by distinguishing em-
igration from in situ mortality. Model-based estimates
of emigration from a stream reach can be readily tested
by comparison with recaptures of marked fish in two-
way traps or weirs set at various points of the reach
(Hall 1972, Schlosser 1995, Gowan and Fausch 1996b).
Further work, involving field tests and quantitative sim-
ulations, is required to test the sensitivity and accuracy
of model estimates and determine how to select effec-
tively the HSL (home-section length) and spatial extent
when designing a study. Also needed are alternative
estimation approaches suitable for count data, such as
generalized linear models with Poisson errors, for sit-
uations in which log-transformation does not fulfill sta-
tistical assumptions.

In its original version, the RMP appears to be in-
complete because it fails to recognize the ubiquity of
the mobile component and its potential contribution to
population processes. However, critics of the RMP may
have overemphasized turnover rate and the propor-
tional representation of the mobile component. Con-
centrating on whether or not stream sal monids conform
to the RMP will likely be less profitable than investi-
gating how variation in mobility responds to ecol ogical
influences, such as environmental fluctuations or in-
traspecific and interspecific competition, and the evo-
lutionary correlates of this variation as concerns phe-
notypic plasticity, adaptive value, intrapopulation var-
iation, and their implications for genetic differentia-
tion. Developing suitable quantitative descriptors of
mobility is a prerequisite for this task.
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