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The ideal free distribution (IFD) theory is one of the most influential theories in evolutionary ecology. It
predicts how animals ought to distribute themselves within a heterogeneous habitat in order to maximize
lifetime fitness. We test the population level consequence of the IFD theory using 40-year worth data on
pike (Esox lucius) living in a natural lake divided into two basins. We do so by employing empirically derived
density-dependent survival, dispersal and fecundity functions in the estimation of basin-specific density-
dependent fitness surfaces. The intersection of the fitness surfaces for the two basins is used for deriving
expected spatial distributions of pike. Comparing the derived expected spatial distributions with 50 years
data of the actual spatial distribution demonstrated that pike is ideal free distributed within the lake. In
general, there was a net migration from the less productive north basin to the more productive south basin.
However, a pike density-manipulation experiment imposing shifting pike density gradients between the
two basins managed to switch the net migration direction and hence clearly demonstrated that the
Windermere pike choose their habitat in an ideal free manner. Demonstration of ideal free habitat selection
on an operational field scale like this has never been undertaken before.

Keywords: density dependence; predator—prey interaction; habitat use; dispersal; Esox lucius

1. INTRODUCTION

The ideal free distribution (IFD) theory, as proposed by
Fretwell and Lucas (Fretwell & Lucas 1970; Fretwell 1972),
predicts that individuals within a habitat complex consisting
of areas differing in quality will, if costs are negligible,
distribute themselves in a way that results in equalized mean
individual fitness among habitats as a result of individuals
seeking to maximize their own fitness by making optimal
habitat choices (Holt & Barfield 2001). This process can be
considered an evolutionary game and when the population
settles down at equilibrium, fitness should be equal across
habitats. It has recently been demonstrated that the IFD is
an evolutionary stable strategy in single-species systems
(Cressman et al. 2004). Although such a large-scale
prediction was the original motivation of the IFD theory,
most of its tests relate to small-scale habitat use of foraging
individuals over fairly short time periods (see, e.g. Tregenza
1995; Sutherland 1996; Lampert ez al. 2003). Recently,
some large-scale population-level IFD-motivated studies
have been published (Bautista ez al. 1995; Brown et al. 1995;
Marshall & Frank 1995; Swain & Wade 1993 reviewed in
Diffendorfer 1998; Morris et al. 2004; Shepherd & Litvak
2004), predominantly covering only a short time span.
Only a few studies have compared IFD-predicted
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distributions with observed distributions (Swain & Wade
1993; Marshall & Frank 1995; Doncaster et al. 1997).
However, studies having compared observed with IFD-
predicted distributions all base their predictions on theory
alone (e.g. Morris 1997; Morris & Davidson 2000). To our
knowledge, no large-scaled study utilizing data-based
a priori knowledge of how fitness varies with density for a
given habitat complex has been reported.

In this paper, we test the population level consequence of
the IFD theory using 40-year worth capture-mark-recapture
(CMR) data on pike (Esox lucius) from Windermere in
northwest England. This lake comprises two basins that
differ in productivity. We estimate empirically derived
density- and basin-specific fitness functions, incorporating
survival- and dispersal probability as well as fecundity, to
produce predictions of expected spatial distributions of the
Windermere pike. These model-based predictions are
compared with the observed historical spatial distributions.
During the study period, a 6-year density-manipulation
experiment was performed. The result of this manipulation
provides a basis for experimentally testing our statistically
derived conclusion regarding the presence of an IFD-
motivated habitat selection in Windermere pike.

2. THE WINDERMERE PIKE AND THE IDEAL FREE
DISTRIBUTION MODEL SYSTEM

(a) Long-term data series

Pike is the top predator in Windermere, primarily preying
upon perch, Perca fluvianlis (Le Cren 1987). The lake

© 2006 The Royal Society
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Figure 1. The study lake, abundance time-series and density-dependence of demographic components. (@) The study lake and
time-series of annual pike and perch abundance estimates. (b) Estimated survival response with corresponding 95% confidence
boundaries (dashed lines) as a function of age 3-9 pike abundance for males in the two study basins. (¢) Estimated dispersal
probability with corresponding 95% confidence bounds (dashed lines) as function of age 3-9 pike abundance gradient between
the north and south basins. (d) The relationship between mean individual fecundity and pike abundance. The bubble sizes are
proportional to the mean body weight of mature females during the spawning season. (b) and (c) have been estimated under a

mean abundance of age 2 pike and mean abundance of perch.

consists of two basins (figure 1a) differing in morphology
and productivity (Le Cren 1987). Both pike and perch
have been subjected to extensive investigations since 1940,
and during this time period, data on the total catch in
standardized gears have been recorded (Kipling 1983, see
electronic supplementary material). Based on these catch
data, the abundance of pike and perch have been
estimated annually for each basin (des Clers er al. 1994).
The estimates of population abundance clearly demon-
strate that both species have experienced profound annual
fluctuations over the 50-year period for which such data
are available (figure 1a).

An extensive CMR sampling programme on pike
covering most of the same 50-year period as described
(Kipling & Le Cren 1984) enabled us to derive estimates
of age- and size-specific survival and dispersal prob-
abilities, all as functions of perch- and pike abundances
(Haugen et al. submitted). The resulting model fitted to
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the CMR data demonstrated that survival was much
more sensitive to variation in pike density in the south
basin compared with the north basin (figure 16). On the
other hand, between-basin dispersal probability was
much more sensitive to the between-basin pike abun-
dance gradient for the north-basin pike compared with
the south-basin pike (figure 1¢). Samples of more than
20 years of individual fecundity data facilitated the
estimation of abundance-related fecundities (figure 1d).
The mean relative (to maximum) fecundity was
estimated as a decreasing exponential function of pike
density and varied slightly between basins (table 1).
Having these basin- and density-dependent fitness and
dispersal components at hand enabled us to generate
estimates of expected fitness under a variety of basin-
specific pike density settings, and hence predict how the
Windermere pike ought to distribute themselves accor-
ding to the IFD theory.
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Table 1. Parameters used for fitness estimation. (Survival and
dispersal parameters are taken from Haugen et al. submitted)
and have been estimated on a logit scale, and all covariates
have been standardized to mean=0 and s.d.=1. The model
explained 81 and 94% total and process variance in survival,
respectively. For dispersal, the model explained 66 and 87%,
respectively. The model structure for the fecundity models is:
fecundity(z) =Boexp(Biage 3-9 pike abundance(z—1)),
where the pike abundance is on a standardized scale. The
fitted models explained 66 and 71% variation for the south
and north basins, respectively.)

response term estimate s.e.m.
survival  intercept 1.35 0.10
basin 0.14 0.24
sex 0.25 0.10
perch abundance —-0.02 0.08
age 2 pike abundance 0.41 0.13
age 3-9 pike abundance —1.40 0.23
basin X age 3-9 pike abundance 1.00 0.27
age 2 pike abundance Xperch  —0.22 0.12
abundance
dispersal intercept —3.62 0.47
basin 0.07 0.49
sex 0.99 0.43
age 3-9 pike abundance -0.54 0.29
gradient
basin X age 3-9 pike abundance 2.74 0.66
gradient
perch abundance gradient 0.35 0.32
basin X perch abundance —1.45 0.62
gradient
fecundity intercept (north basin) 0.814 0.015
age 3-9 pike abundance —0.136 0.027
(north basin)
intercept (south basin) 0.836 0.012
age 3-9 pike abundance —-0.150 0.024

(south basin)

(b) Density-manipulation experiments

As mentioned earlier, the Windermere system experienced
profound density variations both in the prey and the
predator species from 1943-1995, an important pre-
requisite for performing field-based tests of the IFD
theory. In addition, the between-basin pike density
structure has been manipulated over a period of 6 years.
From 1956-1962, the staff at the Freshwater Biological
Association performed an experiment where they manipu-
lated the pike densities in the two basins such that high
densities were created in the north basin during the 3
years, 1956-1958 (i.e. low fishing effort in the northern
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basin relative to the southern basin, figure 2a). During the
3 subsequent years, the densities in the two basins were
manipulated in the opposite direction. The high-fishing
intensity treatment resulted in 15-28% removal of the pike
population in the basin involved, whereas only 0.8-2.1%
were removed during the low-effort treatment. This
produced tremendous density gradients between the two
basins. On average, the first treatment period resulted in
an abundance difference of 1800 individuals in favour of
the north basin, whereas the second produced a gradient
of 4100 individuals in favour of the south basin. For
comparison, the average population sizes in the two basins
were 5400 and 6300 individuals in the period 1944-1995

Proc. R. Soc. B (2006)
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Figure 2. Basin-specific annual values offishing effort, dispersal
and intrinsic fitness. (a) The total basin-wise fishing effort
during the winter fisheries in Windermere, 1950-1990. Pay
attention to the 1956-1962 period when the pike density
manipulation experiments were carried out. (b) Relative (to lake
maximum) basin-wise annual intrinsic fitness (w,). These values
illustrate what would be the expected fitness consequences if
there were, on average, no net dispersals between the basins.
(¢) Annual net north-to-south dispersal rates (dqus -y
estimated from mark-recapture data.
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for the north and south basins, respectively. These
experiments produced anomalous density gradients
compared with the rest of the 1943-1995 period, and
enabled the density-dependent habitat selection of the
Windermere pike to be explored in more detail.

3. MATERIAL AND METHODS

(a) The structure of the argument

The estimates of density-dependent survival and movement
probabilities provide the components for deriving the a priori
density dependence in fitness in the two basins of the lake.
Finding the densities for which the fitness in the two basins of
the lake are equal, defines the density combinations (xN* and
x5*) in the different parts of the lake corresponding to the IFD.
Since the observed densities were used as independent
covariates in the estimates of the fitness components while in
the two basins of the lake, we can compare the predicted IFD
densities (x™V* and x5*) with the observed (x™ and x5).

(b) From intrinsic to realized fitness

According to the IFD theory, observed habitat choices may
result from individuals distributing themselves within the
habitat complex in order to maximize their individual fitness.
This will result in equalized mean individual fitness among
habitats when the population is at equilibrium. Hence, in
order to test the IFD theory, a priori habitat-specific fitness
estimates are essential prerequisites (Tyler & Hargrove 1997;
Shepherd & Litvak 2004). However, the Fretwellian idea is
based on a two-step procedure where individuals first choose
whether to move to another habitat or not, according to
habitat fitness gradients (or ‘suitability gradients’ in Fretwell’s
terms—here we refer to the initial basin-specific fitness as
intrinsic fitness). Then, as a second step, if the individuals
choose habitats optimally, the fitness gradients will diminish
and consequently, fitness is equalized across habitats
(corresponding to the realized fitness). In the present study,
the two basins of Windermere are treated as two habitats as
they are known to differ in quality (Le Cren 1987), and the
aim is to predict the annual between-basin distribution of
pike. We do so by adopting the two-step IFD process
described earlier.

For the first Fretwellian step (equation (3.1)), the intrinsic
fitness (w) was estimated as the product of mean probability of
survival (S) and mean number of eggs (F) for a given basin and
year, both being functions of age 3-9 pike abundances (table 1)

(e r) = SRR (o
)~ S o

wp (. xfy) = SP(xP) FP (xi)

where x is standardized estimated annual abundance (estimated
for May) of age 3-9 pike, S is the annual survival rate and
superscripts of N and S indicate the basin.

By differentiating these basin-specific density-dependent
fitness functions, we were able to predict the expected net
dispersal direction and probability. The predictions of
between-basin dispersal rates were compared with annual
observed migration rates assessed from the CMR data. In
particular, we explored the between-basin dispersal pattern
observed during a pike density manipulation experiment
(see §2b).
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When modelling the second Fretwellian step (equation
(3.2)), we estimated the expected realized fitness (A) as:

VA CART AR B B G AN CARS) Al ChRY

ST ()W (7 X FY (xi1)

2 (ot ) = ST (YRS (o1 B (i)
+85 (M) NS (NS (xX,), (B2)

where y is the annual dispersal probability and superscripts of
SN and NS indicate dispersal from south to north basin and
from north to south basin, respectively. In order to explore
the unique contribution from pike abundance on survival,
dispersal and fecundity variation, we fixed perch and age 2
pike abundance at their mean values (i.e. mean=0). The age
2 pike constitute both potential prey and competitors for the
age 3-9 pike. This did not produce a perch abundance
gradient between the two basins, a factor known to affect
Windermere pike dispersal (table 1; Haugen ez al. submitted).

It might be said that the A function is a highly simplistic
fitness function for an age-structured species living in a
temporary variable environment like the pike in Windermere.
Choosing the appropriate fitness measure is not an easy task,
especially with varying population size. However, a modelling
study performed by Benton & Grant (2000) demonstrated
that measures of reproductive performance, like the 4 used in
our study, produce reliable results when compared with more
advanced, but less tractable methods (methods like
‘evolutionarily unbeatable strategies’). Furthermore, as
stated by Holt & Barfield (2001), even crude fitness measures
can quite reasonably capture the IFD outcome. Having said
this, we are well aware that the A fitness function used in this
study relies on the strong assumption that survival from egg to
age 3 does not depend on female quality. It is well known in
fishes that large females produce larger eggs than small
females (also the case in pike; Kipling & Frost 1969) resulting
in larger offspring (not necessarily the case in pike; Wright &
Shoesmith 1988) with better prospects of survival. We tested
the sensitivity of the predicted isodar to variation in effective
fecundity, where effective fecundity was estimated as the
predicted fecundity (see §3d) multiplied with a survival
coefficient ., that affected the slope of the density-
dependent fecundity function. The sensitivity of the pre-
dicted isodar to B, was tested first, under similar Bgurv
between basins and second, under conditions with basin-
specific B values. The first analyses covered up to a
doubling of the fecundity slopes resulting in predicted isodars
varying between 0.85 and 0.91 (elasticities varied between
0.10 and 0.14). The second analyses covered up to a twofold
difference between basins in fecundity slopes producing
isodars varying between 0.84 and 0.87 (elasticities varied
between 0.02 and 0.07). We therefore find the predicted
isodar results to be very robust regarding the assumption of
egg-to-age 3 survival among females without variation.

With these estimates of the fitness components, we could
explore the fitness consequences of the deduced density-
dependent dispersal probabilities. The resulting A values
could be presented as surfaces in the xN versus x5 space.
In accordance with the IFD theory prediction of equal
fitness across habitats, we wanted to estimate the between-
basin pike distributions over which mean fitness is equal
between basins. The intersection between the two fitness
surfaces (NN, x5)= 3(xN,x5)), also called the isodar
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(Morris 1988), represents the combination of densities in the
two basins corresponding to ideal free basin distribution of pike
in Windermere. We refer to this realized-fitness-surface-derived
isodar as the predicted isodar. The confidence bounds of the
predicted isodar were estimated by a parametric bootstrapping
method (Schweder in press). First, a total of 3000 sets of
parameter values were re-sampled from the variance—
covariance matrix of the survival, dispersal and fecundity
parameter estimates, assuming that all parameters were
normally distributed on their estimation scales (logit scale for
survival and dispersal and linear scale for fecundity). Second,
isodars were estimated for all 3000 of the re-sampled sets of
parameters. Finally, percentile statistics were assessed at every
0.05 unit of xV (i.e. standardized abundance of north basin
pike). The confidence bounds were then fitted by a spline
function (d.f.=3) to the assessed 97.5 and 2.5 percentile
data, respectively.

By applying the dispersal probabilities to a matrix of all
possible basin-specific pike abundances, we could predict the
expected distribution of pike under which dispersal will
equalize fitness across the two basins. In order to evaluate the
predictive power of the predicted basin distributions of pike,
we compared them with the 50 years of historical abundance
estimates available from Windermere.

(c) Estimation of survival and dispersal probabilities
Survival- and dispersal probabilities were estimated as functions
of annual pike- and perch abundances in May, incorporating sex
and basin effects, by fitting 37 years of CMR data (Haugen et al.
submitted). Using the software MARK (White & Burnham
1999), we fitted the CMR data to a multistate model structure
(Brownie er al. 1993; Nichols & Kendall 1995), which
provided estimates of basin-specific survival and dispersal
probabilities under the influence of both density-dependent
and -independent factors (table 1, Haugen ez al. submitted).
Because suitable pike area is similar between the two basins,
standardized (i.e. (In(abundance) —mean(ln(abundance))/
std(In(abundance)) abundance estimates were used as density
in all models. The optimal model structure was chosen using
quasi-corrected Akaike’s information criterion (Burnham &
Anderson 1998) that corrected for a slight over-dispersion
(¢=1.2). There was no indication of lack of fit to the chosen
conditional Arnason-Schwarz model structure (x3, = 49.3,
p=0.13, see electronic supplementary material for a brief
introduction to the CAS parameterization). The best model
explained 81 and 94% of the total and process (adjusted for
sampling error) variance in survival, respectively. For dispersal,
the best model explained 66 and 87%, respectively. All
estimates provided in this paper relate to individuals that are
larger than 55 cm (‘large pike’ in Haugen ez al. submitted), and
survival and dispersal probabilities have been estimated at a
half-year scale (however, note that in the fitness estimation, we
use annual values). Since all pike caught in the gill-net sampling
of the scientific sampling programme were retained and
reported, and as this gill netting is the only removal sampling
occurring in Windermere for this species, the survival estimates
could be interpreted as natural survival estimates. In addition,
owing to the closed nature of the Windermere system, survival
and dispersal were estimated under no influence of immigration
from or emigration to external systems.

(d) Estimation of density-dependence in fecundity
Gonad investments in pike are constrained by conditions
prevailing 1 year prior to spawning (Billard 1996). We therefore

Proc. R. Soc. B (2006)

fitted basin-specific mean-scaled fecundity (F,=fecundity,/
max(fecundity)) at year ¢ to standardized pike abundance at
time 7— 1 (figure 1d; Craig & Kipling 1983). In total, 20 years of
fecundity data were available based on 1847 individuals. The
mean-scaled fecundity was predicted from a decreasing
exponential function and varied slightly between basins
(table 1). A total of 71 and 66% of the variance was
explained by the fitted models for the north and the south
basins, respectively.

4. RESULTS

Comparisons between annual basin-specific intrinsic
fitness demonstrate that between-basin gradients in
intrinsic fitness have existed throughout the study period
and the south basin, on average, has the highest intrinsic
fitness (figure 26). From 1949-1990, the annual dispersal
was in favour of north-to-south migration for all but 7
years (figure 2¢). In particular, during 1956-1958,
migration in the north-to-south direction had the highest
estimated probabilities over the entire data series. During
the next 3 years, the highest habitat-specific dispersal rate
was, for the only period in the entire data series, in favour
of the south-to-north direction.

The predicted density-dependent realized fitness
surfaces differ between the two basins (figure 3a,b), the
main difference being that the north-basin fitness is more
sensitive to variation in the north-basin pike abundance
than the south-basin pike fitness. As can be seen, north-
basin pike, on an average, have lower expected realized
fitness than the south-basin pike when north-basin
abundance is high. However, the expected realized fitness
is highest for north-basin pike when both south-basin and
north-basin pike abundances are low.

The predicted isodar (figure 3¢, solid black line)
explains 69.7% inter-annual variations in the historical
abundance estimates and 74% abundance estimates were
confined by its 95% confidence envelope. The fitted linear
isodar (figure 3¢, solid red line) explains 70.1% inter-
annual variations in the historical abundance estimates.

5. DISCUSSION

The results found in this study support predictions derived
from the IFD theory and clearly indicate that: (i) pike in
Windermere choose habitat according to intrinsic fitness
gradients and consequently (ii) distribute themselves in a
way that equalizes fitness across habitats.

Under conditions with intrinsic habitat fitness gradients,
the IFD theory predicts that dispersal ought to occur to
equalize fitness between the two basins. On application of
this theory to the estimated basin-specific intrinsic fitness
values, the IFD theory predicts habitat-specific dispersal
probability to be highest for the north-to-south direction as
intrinsic fitness, in general, is higher in the latter. This
prediction is clearly supported by the between-basin
dispersal estimates revealed in this study (figure 2¢). The
pike density-manipulation experiments provide further
support for an IFD-driven habitat choice in Windermere
pike: (i) during the first period (1956-1958), migration in
the north-to-south direction increased to ‘historical’ levels
(the highest estimated for the entire data series) and (ii)
when the fishing effort regime was changed so as to lead to
high densities in the south basin and low in the north basin,
the net dispersal probability was, for the only period in the
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Figure 3. Estimated realized fitness surfaces and the predicted and linear isodars. The estimated realized fitness (4 in: (a) the
south basin and (b) the north basin as functions of basin-specific pike abundances. (¢) The predicted isodar (i.e. the intersection
line between the two fitness surfaces, thick black line) and the corresponding 95% confidence boundary lines (dotted lines).
Numbers attached to grey lines represent isocline values for the difference Anorth basin_ jsouth basin ' where the zero isocline
constitutes the predicted isodar. The red open dots constitute the historical pike abundance estimates and the red line is the
estimated linear isodar for these abundances (sensu Morris 1988). This linear isodar (x> = 0.04 + 0.86xY) explained 70.1%
variation and the intercept is not significantly different from 0 (p=0.17), whereas the slope is significantly different from both 0

(p<0.0001) and 1 (p=0.013).

entire data series, in favour of the south-to-north direction.
Thatis, when intrinsic fitness gradients were manipulated to
increase, the pike responded directly by increasing their
dispersal rate accordingly.

The IFD theory assumes that the cost of movement
between habitats should be negligible and that all
individuals are able to assess the required habitat quality
information to make optimal habitat choices (Fretwell
1972; Fretwell & Lucas 1970). Pike may move consider-
able distances (more than 2 km; Lucas 1992) during a day
and are known to be able to respond to density (Grimm &
Klinge 1996). Windemere is not very large (7 km between
basin midpoints) compared to the daily dispersal distances
observed, and pike can be expected to have no difficulty in
obtaining sufficient information with relatively few costs,

Proc. R. Soc. B (2006)

so as to be able to choose optimally between the two basins
within the course of a year. Indeed, estimates from the
CMR data clearly demonstrate that individual dispersal
probability is asymmetrically density-dependent between
the two basins in favour of net north-to-south dispersal
(figure 2c¢), and that habitat choice hence seems likely to
occur (figure 1¢).

The IFD-expected spatial distribution of pike in
Windermere (i.e. the predicted isodar) corresponded
closely to the observed basin-specific distribution of pike
and explained almost as much of the inter-annual
variation in abundance estimates as did the fitted linear
isodar (figure 3c¢). This strongly suggests that pike in
Windermere distribute themselves according to the IFD
theory. In fact, the slope of the linear isodar could be
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qualitatively predicted to be less than 1 from the density-
related fecundity and survival functions (figure 16,d). As
survival in the southern basin drops off precipitously at
high pike abundance, whereas relative fecundities are
almost similar between basins, these relationships imply
strongly converging fitness functions that yield an isodar
with slope less than 1. This prediction is in accordance
with the fitted slope (equals 0.86, figure 3¢). Jonzén er al.
(2004) demonstrate that the isodar method is sensitive to
assumptions about temporal variation in habitat quality.
In fact, the predicted isodar estimated in this study is
based on fixed prey abundances (i.e. mean abundance of
age 2-7 perch and age 2 pike). Obviously, the prey
abundances fluctuate with time (figure la) in both
Windermere basins. When fitting a generalized additive
model (GAM) with perch abundance as a predictor of the
residuals from the predicted isocline model, a significant
effect with estimated d.f.=2.8 (decided by generalized
cross-validation) was found for north basin perch
abundance and this variable explained 20.1% of the
residual variation. This GAM showed that perch abun-
dance had a significant contribution to the residual
variation for large residual values, usually found when
densities of pike were low in both basins (figure 3¢). Even
though perch abundance variation can explain some of the
deviation from the predicted IFD, a lack-of-fit test
(F1,48=0.023, p=0.88) indicated no systematic deviation
from the predicted central tendency. This result was
further supported by fitting a GAM between historical
north and south pike abundances, allowing the optimal
number of knots in the spine function to be decided by a
generalized cross-validation procedure. The outcome of
this analysis showed that this relationship was best
explained by a straight line. In conclusion, the isodar
will not change, on inclusion of the perch abundance
during estimation of the between-basin distribution of
pike, but will be predicted with a higher precision. Hence,
both the predicted and the fitted linear isodars relevantly
describe the ultimate result of this study, the Windermere
pike distribute themselves according to the IFD theory.

This study received support from the Research Council of
Norway (141170/720 and 141170/S30) and benefited from
general support to the Centre for Ecological and Evolutionary
Synthesis (CEES) of the University of Oslo. Support from the
Natural Environment Research Council to the Centre for
Ecology & Hydrology is also acknowledged. We are indebted
to Sophie des Clers and John Beddington for their kind
provision of unpublished model parameter estimates used for
estimating population sizes of Windermere pike and perch.
Jean Clobert, Jim Nichols and three anonymous reviewers are
thanked for commenting upon earlier versions of the paper,
and Tore Schweder for inputs on the parametric boot-
strapping of isodar confidence bounds. We are also grateful to
the Freshwater Biological Association for their joint steward-
ship of these invaluable data.

REFERENCES

Bautista, L. M., Alonso, J. C. & Alonso, J. A. 1995 A field-test
of ideal free distribution in flock-feeding common cranes.
J. Anim. Ecol. 64, 747-757. (d0i:10.2307/5853)

Benton, T. G. & Grant, A. 2000 Evolutionary fitness in
ecology: comparing measures of fitness in stochastic,
density-dependent environments. Ewvol. Ecol. Res. 2,
769-789.

Proc. R. Soc. B (2006)

Billard, R. 1996 Reproduction of pike: gametogenesis,
gamete biology and early development. In Pike: biology
and exploitation (ed. ]J. F. Craig), pp. 13-44. London, UK:
Chapman & Hall.

=+ Brown, J. H., Mehlman, D. W. & Stevens, G. C. 1995 Spatial

variation in abundance. Ecology 76, 2028-2043. (doi:10.
2307/1941678)

=+ Brownie, C., Hines, J. E., Nichols, J. D., Pollock, K. H. &

Hestbeck, J. B. 1993 Capture-recapture studies for
multiple strata including non-Markovian transitions.
Biomerrics 49, 1173-1187. (doi:10.2307/2532259)

Burnham, K. P. & Anderson, D. R. 1998 Model selection and
inferences. New York, NY: Springer.

Craig, J. F. & Kipling, C. 1983 Reproduction effort versus the
environment—case-histories of Windermere perch, Perca
Auviaulis L, and pike, Esox lucius L. ¥ Fish Biol. 22,
713-727. (doi:10.1111/.1095-8649.1983.tb04231.x)

—+ Cressman, R., Krivan, V. & Garay, J. 2004 Ideal free

distributions, evolutionary games, and population
dynamics in multiple-species environments. 4m. Nat.
164, 473-489. (doi:10.1086/423827)

des Clers S., Fletcher J. M., Winfield I. J., Kirkwood G. P.,
Cubby P. R. & Beddington J. R. 1994 Long-term changes
in Windermere perch and pike populations at the basin
level. Institute of Freshwater Ecology, IFE Report
WI/T11050d5/4.

=+ Diffendorfer, J. E. 1998 Testing models of source-sink

dynamics and balanced dispersal. Oikos 81, 417-433.

=+ Doncaster, C. P., Clobert, J., Doligez, B., Gustafsson, L. &

Danchin, E. 1997 Balanced dispersal between spatially
varying local populations: an alternative to the source-sink
model. Am. Nat. 150, 425-445. (d0i:10.1086/286074)

Fretwell, S. D. 1972 Populations in a seasonal environment.
Princeton, NJ: Princeton University Press.

=+ Fretwell, S. D. & Lucas, H. J. 1970 On territorial behavior

and other factors influencing habitat distributions
in birds. Acta Biotheoretica 19, 16-36. (do0i:10.1007/
BF01601953)

Grimm, M. P. & Klinge, M. 1996 Pike and some aspects of its
dependence on vegetation. In Pike: biology and exploitation
(ed. ]J. F. Craig), pp. 125-156. London, UK: Chapman &
Hall.

Haugen T. O., Winfield I. J., Vellestad L. A., Fletcher J. M.,
James J. B. & Stenseth N. C. Submitted. Fifty years of
capture-mark-recapture data reveals complex density-
dependent and density-independent interaction effects on
survival and dispersal in pike (Esox lucius). Ecology.

Holt, R. D. & Barfield, M. 2001 On the relationship
between the ideal free distribution and the evolution of
dispersal (ed. J. Clobert, E. Danchin, A. A. Dhondt & J. D.
Nichols), pp. 83-95. New York, NY: Oxford University
Press.

Jonzén, N., Wilcox, C. & Possingham, H. P. 2004 Habitat
selection and population regulation in temporally fluctu-
ating environments. Am. Nat. 164, E103-E114.

— Kipling, C. 1983 Changes in the population of pike (Esox

lucius) in Windermere from 1944 to 1981. ¥ Anim. Ecol.
52, 989-999. (d0i:10.2307/4469)

Kipling, C. & Frost, W. E. 1969 Variations in fecundity of
pike Esox lucius L. in Windermere. ¥ Fish Biol. 1, 221-237.
(doi:10.1111/j.1095-8649.1969.tb03855.x)

Kipling, C. & Le Cren, E. D. 1984 Mark-recapture experiments
on fish in Windermere, 1943-1982. ¥ Fish Biol 24,
395-414. (doi:10.1111/.1095-8649.1984.tb04811.x)

— Lampert, W., McCauley, E. & Manly, B. F. J. 2003 Trade-offs

in the vertical distribution of zooplankton: ideal free
distribution with costs? Proc. R. Soc. B 270, 765-773.
(doi:10.1098/rspb.2002.2291)

This content downloaded from 188.72.126.41 on Wed, 18 Jun 2014 10:46:09 AM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

2924 T. O. Haugen and others

Natural scale distribution in ptke

Le Cren, E. D. 1987 Perch (Perca fluviaulis) and pike (Esox
lucius) in Windermere from 1940 to 1985—studies in
population dynamics. Can. ¥. Fish. Aquat. Sci. 44, 216-228.

Lucas, M. C. 1992 Spawning activity of male and female
pike, Esox lucius L., determined by acoustic tracking. Can.
¥ Zool. 70, 191-196.

Marshall, C. T. & Frank, K. T. 1995 Density-dependent
habitat selection by juvenile haddock (Melanogrammus
aeglefinus) on the southwestern Scotian Shelf. Can. J. Fish.
Agquat. Sci. 52, 1007-1017.

Morris, D. W. 1988 Habitat-dependent population regulation
and community structure. Evol. Ecol. 2, 253-269. (doi:10.
1007/BF02214286)

=+ Morris, D. W. 1997 Optimally foraging deer mice in prairie
mosaics: a test of habitat theory and absence of landscape
effects. Oikos 80, 31-42.

=+ Morris, D. W. & Davidson, D. L. 2000 Optimally foraging
mice match patch use with habitat differences in fitness.
Ecology 81, 2061-2066. (d0i:10.2307/177095)

=+ Morris, D. W., Diffendorfer, J. E. & Lundberg, P. 2004
Dispersal among habitats varying in fitness: reciprocating
migration through ideal habitat selection. Oikos 107,
559-575. (doi:10.1111/.0030-1299.2004.12894.x)

Nichols, J. D. & Kendall, W. L. 1995 The use of multi-state
capture-recapture models to address questions in
evolutionary ecology. ¥. Appl. Star. 22, 835-846. (doi:10.
1080/02664769524658)

Proc. R. Soc. B (2006)

Schweder T. In press. Confidence nets for curves. In
Advances in statistical modeling and inference: essays in
honor of Kjell A. Doksum (ed. V. Nair). Riveredge, NJ:
World Scientific.

Shepherd, T. D. & Litvak, M. K. 2004 Density-dependent
habitat selection and the ideal free distribution in
marine fish spatial dynamics: considerations and cautions.
Fish Fisheries 5, 141-152. (do0i:10.1111/j.1467-2979.
2004.00143.x)

Sutherland, W. J. 1996 From individual behaviour to population
ecology. Oxford, UK: Oxford University Press.

Swain, D. P. & Wade, E. J. 1993 Density-dependent geographic
distribution of Atlantic cod (Gadus morhua) in the southern
Gulf of St-Lawrence. Can. ¥. Fish. Aquatr. Sci. 50, 725-733.

Tregenza, T. 1995 Building on the ideal free distribution.
Adv. Ecol. Res. 26, 253-307.

=+ Tyler, J. A. & Hargrove, W. W. 1997 Predicting spatial
distribution of foragers over large resource landscapes: a
modeling analysis of the ideal free distribution. Ozkos 79,
376-386.

White, G. C. & Burnham, K. P. 1999 Program MARK:
survival estimation from populations of marked animals.
Bird Study 46, 120-139.

Wright, R. M. & Shoesmith, E. A. 1988 The reproductive
success of pike, Esox Iucius—aspects of fecundity, egg
density and survival. ¥ Fish Biol. 33, 623-636. (doi:10.
1111/j.1095-8649.1988.tb05505.x)

This content downloaded from 188.72.126.41 on Wed, 18 Jun 2014 10:46:09 AM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

	Article Contents
	p. 2917
	p. 2918
	p. 2919
	p. 2920
	p. 2921
	p. 2922
	p. 2923
	p. 2924

	Issue Table of Contents
	Proceedings: Biological Sciences, Vol. 273, No. 1604 (Dec. 7, 2006), pp. 2909-3020
	Front Matter
	Review
	Pathogens, Density Dependence and the Coexistence of Tropical Trees [pp. 2909-2916]

	The Ideal Free Pike: 50 Years of Fitness-Maximizing Dispersal in Windermere [pp. 2917-2924]
	Phylogenomics of the Genus Mus (Rodentia; Muridae): Extensive Genome Repatterning Is Not Restricted to the House Mouse [pp. 2925-2934]
	Global Phylogeographic Limits of Hawaii's Avian Malaria [pp. 2935-2944]
	The Evolutionary Emergence of Pandemic Influenza [pp. 2945-2953]
	A Bizarre New Toothed Mysticete (Cetacea) from Australia and the Early Evolution of Baleen Whales [pp. 2955-2963]
	Outcome Expectations Drive Learned Behaviour in Larval Drosophila [pp. 2965-2968]
	Modelling Population Persistence on Islands: Mammal Introductions in the New Zealand Archipelago [pp. 2969-2975]
	Escalated Conflict in a Social Hierarchy [pp. 2977-2984]
	An Experimental Test of the Contributions and Condition Dependence of Microstructure and Carotenoids in Yellow Plumage Coloration [pp. 2985-2991]
	Periodical Cicadas Use Light for Oviposition Site Selection [pp. 2993-3000]
	Ecological Correlates of Population Genetic Structure: A Comparative Approach Using a Vertebrate Metacommunity [pp. 3001-3009]
	Impact of Mating Systems on Patterns of Sequence Polymorphism in Flowering Plants [pp. 3011-3019]
	Back Matter



