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Abstract. Quantifying the effects of density-dependent and density-independent factors in
demographic and dispersal processes remains a major challenge in population ecology. Based
on unique long-term capture—mark-recapture (CMR) data (1949-2000) on pike (Esox lucius)
from Windermere, United Kingdom, we provide estimates of density-dependent and density-
independent effects, under the influence of individual size and sex, on natural survival, fishing
mortality, and dispersal. Because survival is expected to be related to the individual growth
process, we also explore the degree of parallelism between the two processes by applying the
best-supported survival model structure to individual growth data. The CMR data were
analyzed using sex- and age-structured multistate models (two lake basins: north and south)
assuming no seasonal variation in survival and dispersal. Total survival and dispersal
probabilities were insensitive to this assumption, and capture probability was shown to be
robust to assumptions about intra-annual variation in survival and dispersal. The analyses
revealed that large pike (>55 cm) displayed marked basin-specific differences in survival and
dispersal responses to the abundance of conspecifics in which pike from the south basin show
high density dependence in survival and a low degree of density dependence in dispersal,
whereas the opposite was found for those of the north basin. Both large- and small-pike
dispersals were found to be dependent upon the between-basin gradient in perch (Perca
fuviatilis, the main prey) abundance, but most so for north-to-south dispersal. The strength
and pattern of density-dependent mortality in small pike was influenced by temperature in a
peculiar way: at low summer temperatures survival was lowest at high small-pike abundances
and low perch abundances; at low temperatures, survival was lowest at high small-pike
abundances and high perch abundances. Analyses of individual small-pike growth trajectories
showed a similar modulation of the positive perch abundance effect on growth rate when
temperature increases. The growth analysis also indicated that cannibalism may be biased in
favor of rapidly growing individuals or at least increased growth rate for the surviving
individuals. Altogether, this study provides evidence of a complex interplay between density-
dependent and density-independent factors affecting survival, dispersal, and individual growth
of an aquatic top predator.
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INTRODUCTION

Survival and dispersal are key elements in the
determination of the overall dynamics of animal and
plant populations. The rates of both survival and
dispersal are typically affected by density-dependent
(endogenous) and density-independent (exogenous) fac-
tors (Turchin 1995), and the effects of these ecological
processes are commonly mediated by the size and state
of the individuals involved (Lomnicki 1988). However,
statistical modeling of such vital rates only rarely
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simultaneously consider both density-dependent and
density-independent factors under the influence of
individual status (but see Clobert et al. 1988, Leirs et
al. 1997, Milner et al. 1999, Catchpole et al. 2000).
Capture—mark-recapture (CMR) data retrieved from
systems consisting of multiple sites offer a rare
opportunity to study survival and dispersal processes
(Altwegg et al. 2003, Schaub and Pradel 2004). Since
most CMR data typically cover a short time span, the
possibility for drawing general inferences regarding the
role of exogenous and endogenous effects on survival
and dispersal is usually very limited. However, in
situations in which long-term CMR data exist, the
inclusion of individual in addition to period-specific
covariates allows the explicit testing of simultaneous
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effects from these variables on survival and dispersal
(e.g., Franklin et al. 2000, Zabel and Achord 2004).

Using unique long-term (1949-2000) CMR data on
pike (Esox lucius) from Windermere, United Kingdom
(Kipling and Le Cren 1984), we here estimate both
survival and dispersal probabilities under the influence
of density-dependent and density-independent factors as
well as the sex and size of the individual. The study lake
consists of two basins that differ in morphology and
productivity (Fig. 1), within which pike is the top
predator and perch (Perca fluviatilis) is its main prey
(Frost 1954). Over the duration of the data set, both
species experienced marked fluctuations in annual
abundances (Fig. 1), and in 1976 the adult perch
population was almost extirpated by an epizooic
infection that reduced its biomass by ~98% (Bucke et
al. 1979). Owing to the close predator—prey relationship
that exists between perch and pike in Windermere
(Kipling and Frost 1970), it is likely that the fluctuations
in abundance of these populations are related to density-
dependent interaction processes between this prey and
predator. However, in addition to the population
density fluctuations, there have been annual variations
in the local water temperature (Fig. 1) as well as in
harvesting intensity (Kipling and Frost 1970). Previous
work, based on catch data, has been aimed at separating
the effects of density-dependent and density-indepen-
dent factors on population abundance in Windermere
(Kipling 1983b, Le Cren 1987, Mills and Hurley 1990),
but none of these studies has been able to separate
mortality from dispersal responses, nor have they been
able to handle the effects of variation in individual size.
These earlier studies, however, have generated specific
hypotheses on which we base many of our model
assumptions (see Hypotheses emerging from earlier
studies of the Windermere pike).

The amount of data available and the fact that the
system is a closed one facilitate a robust separation of
dispersal and mortality over all capture occasions
without having to take into account the influence of
transient individuals (Pradel et al. 1997). Hence, the
prime objective of this study is to estimate the
simultaneous effects from specific density-dependent
and density-independent factors on sex- and size-specific
natural survival, fishing mortality, dispersal, and growth
of the pike population of Windermere.

HyproTHESES EMERGING FROM EARLIER STUDIES
OF THE WINDERMERE PIKE

The Windermere pike has been studied since the early
1940s (Kipling 1984). Based on experiences and sugges-
tions from these studies and also from the general pike
literature (Craig 1996a), we have generated a set of
specific hypotheses that will be our main focus.

Males are far more active than females during the
spawning period because they stay at the spawning
grounds for a longer period and they are involved in
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extensive territorial fights in which small males are prone
to suffer from biting by the larger males (Fabricius and
Gustafson 1958, Billard 1996). From this we should
expect differential size-related survival between sexes.
We therefore test the following hypothesis.

1) Small males experience a lower size-related survival
than small females. Earlier studies on Windermere pike
(and also elsewhere) suggest that pike survival is largely
determined by individual size (see references in Craig
1996a). From this, one may deduce that growth and
survival processes are determined by the same environ-
mental factors. Kipling (1983a) suggested that growth in
Windermere pike is highly dependent upon the interac-
tion between temperature and perch abundance (i.e.,
food). We therefore test the following hypothesis.

2) Survival (and growth) in small pike (i.e., <55 cm) is
affected by the interaction between perch abundance
and temperature. The separation of small and large pike
is related to observations of differential growth rates
between these groups (Kipling 1983a), their differential
susceptibility to cannibalism (Craig 19964, Nilsson and
Bronmark 2000, Persson et al. 2004), their differential
risk of being caught in gill nets (Frost and Kipling 1967),
and finally that small males are at high risk of being
seriously wounded in fights with larger males during the
spawning period (Fabricius and Gustafson 1958, Billard
1996). All of these processes behave differently for
individuals that are larger or smaller than 50-55 cm. We
therefore define small individuals as being smaller than
55 cm and large individuals as those larger than 55 cm.
From this, we expect that abundance of small pike
should have a negative influence on small-pike survival
(competition) and a positive influence on large-pike
survival (cannibalism). However, as both size groups of
pike eat perch, the degree of between- and within-size
group interactions has been suggested to depend upon
perch abundance (Le Cren 1987). We therefore test the
following hypothesis.

3) Survival in small and large pike is differentially
affected by the interaction between small-pike abun-
dance and perch abundance. Despite the fact that pike
individuals may move over several kilometers in a few
hours (Diana et al. 1977, Chapman and Mackay 1984),
many studies demonstrate that most individuals do not,
over extensive periods, move far from their home range
(Grimm and Klinge 1996, references in Craig 1996b).
From the Windermere data we know that ~20% of the
tagged pike are recaptured in the basin opposite to the
one in which they were tagged (Craig 1996b). Very little
is known about the dynamics determining home range
size in pike, but it is reasonable to expect from the
general theory that prey abundance and abundance of
competitors should influence this process (Krebs and
Davies 1997). From this one should expect dispersal
(i.e., search for unoccupied area) to increase with
decreasing food abundance and increased abundance
of conspecifics. As we know that annual abundances of



November 2007 ECOLOGY OF PIKE DEMOGRAPHY AND DISPERSAL 485
T

o 500

.g 400 t

8 300t

8

3 200

108 | North basin

& 10° +

N

w104t

5 2V Age 2-7 perch

= 103l —— Age 3-9 pike

«© —— Age 2 pike

§_ 108 | South basin

o

o 10°t

]

L 104 L

103 k
1940 1950 1960 1970 1980 1990 2000
—
’ 1km
Fic. 1. Location of the study system, Windermere in northwest England, United Kingdom, and some characteristics of data

used in this study. The left-most panel shows (from the top) time-series plots of temperature (number of degree-days above 14°C
during May—October) and estimated abundances of perch (Perca fluviatilis, ages 2-7), small pike (Esox lucius, age 2), and large pike
(ages 3-9) in the north and south basins from the 1940s to the 1990s.

both pike and perch vary between the two basins of
Windermere (Fig. 1), we test the following hypothesis.

4) The probability of dispersing from one basin to the
other increases when there is relatively low density of
perch and high density of pike in the basin the individual
currently inhabits. From catch data, we know that the
64-mm mesh size pike nets used in scientific studies on
Windermere since the 1940s in general catch individuals
larger than 55 cm (Frost and Kipling 1967). The
recruitment of small pike into this scientific sampling
(and, hence, the fishing mortality) is therefore expected
to be determined by the same growth processes that are
expected to influence small-pike survival. We therefore
test the following hypothesis.

5) Recruitment of small pike to the gill net sampling is
affected by the interaction between perch abundance
and temperature. In addition to these specific hypoth-
eses, we also explore some more generic ecological
processes, including density dependence in survival (i.e.,
small-pike abundance will have a negative influence on
small-pike survival; large-pike abundance will have a
negative influence on large-pike survival). Finally,
results from previous Windermere pike (and perch)
population dynamics studies have demonstrated basin
effects (e.g., Kipling and Frost 1970). Hence, all
hypotheses have been tested taking this spatial aspect
into account.

MATERIAL AND METHODS
The data

Since the 1940s, the pike, perch, and Arctic charr
(Salvelinus alpinus) populations of Windermere have
been studied in a parallel series of sampling programs
(Mills and Hurley 1990), all of which have contributed
components of CMR data pertinent to the present study
(Fig. 2A). A spring (March—June) sampling program
conducted primarily for perch monitoring purposes has
also produced significant numbers of pike for tagging,
for which all individuals were sexually mature (Kipling
and Frost 1970, Kipling and Le Cren 1984) and has also
facilitated recaptures of previously tagged pike. All such
pike were sexed and weighed, and their total lengths
were measured. The tags used were made of monel metal
with punched individual numbers. Since 1953, all tags
have been attached to the maxilla bone (upper jaw),
whereas pre-1953 tags were attached to the opercular
bone (Kipling and Le Cren 1984). The jaw tags have
been tested and found to have very low loss rates
(Kipling and Le Cren 1984), but it should be noted that,
due to the existence of some tag losses, survival
estimates might be biased low, although dispersal
probabilities (as they are conditional on survival) should
be approximately unbiased. The tagged fish were caught
using four different methods: perch traps, seine nets, gill
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FiG. 2. (A) The sampling design and definition of capture occasions. Capture probabilities ( p) were estimated for capture occasion
midpoints separated by a survival period over which the survival probability (¢) could be estimated. (B) Multistate fate diagram of pike
marked in the north basin at occasion k, separated into the Markovian steps describing survival and dispersal processes involved over
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Windermere pike capture-mark-recapture (CMR) data. An example of pike marked in the north basin at occasion k is shown. Over
tagging ages less than 3 (i.e., ¢ < 3) the “small-pike” parameterization was used; “large-pike” parameterization was used for a > 3.
Typically, the individual size covariate was applied for small-pike parameters because size-related processes were hypothesized to be
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occasions (i.e., no seasonal variation). Capture probability parameters were possible to model for all occasions, and here we modeled
with tagging age structure on winter (w) capture probabilities, but not for spring (sp) capture probabilities because the individuals were
assumed to have grown into the “large-pike” group at one year following tagging.
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nets, and by recreational anglers. The anglers’ reports of
tagging sightings were not included in this analysis
because of a need to discretize the data into distinct
sampling occasions (see CMR modeling; Fig. 2A). As
recreational fishing goes on throughout the year this
part of the data did not fit into the discretization criteria.
The seine netting ceased in 1953, but the other capture
methods have been continued to the present with
varying degrees of sampling effort as described most
recently by Paxton et al. (1999) for gill nets and Paxton
et al. (2004) for perch traps. The gill nets were of two
mesh sizes: 46 mm and 64 mm (Kipling and Le Cren
1984). There are no indications of reduced performance
or survival that can be traced back to the sampling
method used for accessing tagging individuals. In fact,
for some batches 87% of the tagged individuals were
subsequently recaptured (Kipling and Le Cren 1984),
which is a very high recapture rate in fish. Gillnetting is
generally considered a rough and so potentially damag-
ing method for sampling of fish, especially for tagging
and release, and small individuals are more likely than
large individuals to be injured by the sampling process
(gill damage). In contrast, the individuals retrieved by
perch trapping and seining are unaffected by such
factors. We therefore tested whether sampling method
influenced length-specific survival over the first year
following tagging by grouping the tagged individuals
according to the sampling method from which they were
retrieved. By fitting a general Cormack-Jolly-Seber
model to a particularly data-rich subset of the CMR
data series (1949-1965), we found a general tendency
that seine- and perch-trap-caught pike had slight, but
nonsignificant higher length-specific survival probabili-
ties than gill net caught individuals (T. O. Haugen, I. J.
Winfield, L. A. Vollestad, J. M. Fletcher, J. B. James,
and N. C. Stenseth, unpublished data). In addition to the
spring (perch traps, seine nets, and gill nets), annual
winter (October—February) sampling using 64-mm mesh
size gill nets has also been performed throughout the
time series. All pike caught during this winter sampling,
including recaptured tagged pike, were killed, sexed,
measured, and aged by examination of their opercular
bones. Thus, no tagging was performed during the
winter. Owing to reduced sampling effort in recent years,
the number of pike tagged and recaptured after 1990 has
been very low. Consequently, in order to standardize the
data maximally (same tags and high sampling effort)
only data for the 1953-1990 period have been used here,
a restriction that also avoids potential complications
related to a 1990s increase in lake temperature (Winfield
et al. 2004) and expansion in the local roach (Rutilus
rutilus) population (Winfield and Durie 2004). The
utilized data thus relate to a total of 4543 tagged pike
individuals, of which 57.9% have been recaptured at
least once.

Annual age-specific abundances of both perch and
pike (Fig. 1) have been estimated using a set of standard
coupled fisheries population dynamics and catch models
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(des Clers et al. 1994) and unpublished estimates (see
Appendix A for details on the estimations). The annual
abundances refer to the population size in May, which
corresponds to the month of recruitment of new cohorts.
These abundance estimates were used as covariates,
along with measurements of water temperature and
fishing effort, in the CMR modeling.

In order to allow for estimation of interactions
between and within size groups, the pike abundance
estimates were split into age-2 and older-than-age-2
abundances. This splitting into age groups of pike is
related to the growth pattern of Windermere pike, which
grow rapidly up to sizes larger than 50-55 cm at ages of
3—4 yr, after which the growth ceases rapidly in males
and slowly in females (Kipling 1983a). The importance
of various sources of mortality changes dramatically as
the pike become larger than 50-55 cm, being exposed to
cannibalism and aggressive interactions (e.g., biting) if
below this size and to the winter gill net sampling if
above it. Daily surface water temperatures were
measured in the junction area between the two basins
and are given as degree-days (i.e., the sum of daily
temperatures) of temperatures above 14°C for the April—
October period (Kipling and Roscoe 1977).

CMR MODELING

Data were analyzed using a multistate capture-mark—
recapture modeling approach (Brownie et al. 1993,
Nichols and Kendall 1995; Fig. 2B). As sampling
occasions lasted for three months, we pooled all captures
into a midpoint date within each period, which is
equivalent to saying that two individuals captured less
than three months apart were defined to be captured at
the same date (Fig. 2A). Julliard et al. (2001) used a
similar approach in a study of cod (Gadus morhua)
survival. Based on previously acquired information (see
Hypotheses emerging from earlier studies of the Win-
dermere pike), we have always included basin and sex
effects in the models. Size-related processes were
assumed to be most prominent over the period
immediately following tagging (i.e., for the interval a =
1 to a=2: Fig. 2C). There was large heterogeneity in size
at tagging, and 82% of the tagged individuals were in the
30-50 cm interval (mean = 43.7 cm). According to
hypotheses 1 and 4, we expect this size variation at time
of tagging to impose large variability in survival,
dispersal, and capture probability and, therefore, that
this should be modeled explicitly. Consequently, all
models fitted were structured according to tagging age in
which parameters for the first two time intervals
following tagging (¢ = 1 and a = 2) were constrained
to be size dependent. Virtually all individuals attain sizes
vulnerable to gill net sampling one year following
tagging (i.e., @ > 3, mean size at a = 3 was 62.6 cm),
and at this time most pike have grown out of size ranges
vulnerable to cannibalism (Grimm 1981). We therefore
assumed that size-related effects were most prominent
during this rapid-growth stage (i.e., during a=1to a=2)
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and that survival, catch probability, and dispersal were
not related to size during later periods (i.e., @ > 3).
Hereafter we will refer to the “a =1 to a =2 models” as
small-pike models and “a > 3 models” as large-pike
models (Fig. 2C).

In order to test the density dependence hypotheses
(i.e., hypotheses 2-5), we included age-2 and older-than-
age-2 pike abundances along with perch abundance as
covariates in the CMR models. Here, age-2 pike
abundance was considered the appropriate covariate
for modeling intra-size group interactions for small-pike
parameterization and, likewise, older-than-age-2 pike
abundances were used for modeling intra-large-pike
interaction parameters.

In order to check for goodness of fit (GOF) of the
models, multistate GOF tests were performed for spring
captures only (Pradel et al. 2003). Owing to censoring of
winter captures (Fig. 2B), these individuals could not be
included in the GOF tests as no test has yet been
developed for data including censored individuals. All
GOF tests were performed using the software U-CARE
2.0 (Choquet et al. 2003). Tests of whether all
individuals present at any given time on the same site
behave similarly whatever their past capture history (test
3G) and whether they are currently captured or not (test
M) indicated no deviations from these assumptions (test
3G, 2, =23.47, P=0.99; test M, 33, =29.89, P=0.32;
see Pradel et al. 2003 for detailed descriptions of the
tests). We tested the general model fit for two different
multistate parameterization approaches, i.e., the Jolly
MoVe (JMV) model (Brownie et al. 1993) and the
conditional Arnason-Schwarz (CAS) model (Arnason
1972, 1973, Schwarz et al. 1993). The IMV model differs
from the CAS model in that it permits the capture
probability for the current capture occasion to depend
on the state at both the current and the previous
occasions. Hence, the CAS model constitutes a special
case of the JMV model as it permits the recapture
probability to depend only upon the current state and
time. Even though the JMV structure seemed to fit the
data slightly better than the CAS structure (goodness-of-
fit statistics, IMV, x2, =72.3, P=0.47; CAS, x2, =49.3,
P = 0.13), a likelihood ratio (LR) test indicated no
difference in fit between the two (LR test, x3, =23.0, P=
0.92). We therefore decided to use the CAS structure.
However, this decision was also motivated by the fact
that (1) this structure requires fewer parameters to be
estimated and (2) we have no a priori reason for
expecting capture probability to be dependent upon
previous captures (other than what is explicitly modeled
as size-dependent recruitment to winter occasion catch-
es). There was some degree of over-dispersion in the
general time-dependent CAS model (¢ =49.3/39 = 1.26).
However, this degree of over-dispersion is estimated
under a situation without influence from covariates. The
¢ estimate drops slightly to 1.20 = 0.09 (mean *= SE)
when using the “median c-hat” approach available in
program MARK (White and Burnham 1999: Supple-
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ment S) under additive influence of external covariates.
We used this ¢ value when ranking the models.
Unfortunately, there is no procedure available for
estimation of ¢ under influence of individual covariates.
Hence, the ¢ value used in this study may be biased
upward.

Colinearity among predictor variables involved in the
same analysis may cause correlation between parameter
estimates and hence affect their inferences (Legendre
and Legendre 1998). The correlation between abun-
dance estimates and temperatures ranged between 0.05
and 0.59 and might cause colinearity artifacts. However,
we have no reason to believe that the results obtained
represent any artifact, as the parameter estimates were
generally robust to inclusion/exclusion of correlated
predictor variables in the models fitted. Moreover, in
most cases we made inferences on covariate effects in an
integrated fashion among covariates.

Parameterization, model selection, and model inferences

For each individual, a capture history was constructed
based on information on (re)captures at each capture
occasion. A capture history consists of zeroes for non-
captures and N or S letters for captures in the north or
south basin, respectively. Following Brownie et al.
(1993), the probability of a given capture history, under
a multistate setting, may be estimated as a function of
(1) the probability of survival (S) from occasion k to k +
1, given alive at k and staying in or coming from basin j
(%), (2) the probability of being (re)captured (p) when
staying or entering basin i at occasion k (p}), and (3) the
probability of dispersing (/) from basin j at occasion k —
1 to basin i at occasion k (J). As an example, imagine
that we have two individuals, (a) and (b), that have the
following capture histories: (a) NSN... and (b) NOS....
Individual (a) has been tagged in the north basin at
occasion k = 1, recaptured in the south basin at occasion
k = 2, and recaptured in the north basin at occasion
k = 3. Individual (b) was tagged in the north basin, not
seen at occasion k =2, and recaptured in the south basin
at occasion k = 3. The probability of having these
capture histories can be estimated from: Pr(a) =
SYUSpISSURpY... and Pr(b) = SYUSS3US° +
UINGY SN )pS ... , respectively (where ¢} = 1 — p}).

Each of these parameters may be estimated as
functions of external and/or internal covariates. In
order to constrain the probabilities between 0 and 1,
we used the logit link function to incorporate such
predictor variables into the models. For example, the
response of survival to a basin (B) effect, a sex (G,
gender) effect, and a continuous covariate x is

e(ﬁn*ﬁs*ﬁ(frﬁrﬂ)

S(B,G,xt) T 1 oot BotBotBi)

where the Bs are estimated coefficients. All covariates were
standardized to mean = 0 and SD =1 (see Table 1 for
standardization parameters). Parameters were estimated
by numerically maximizing the log-likelihood function



November 2007

TABLE 1.

ECOLOGY OF PIKE DEMOGRAPHY AND DISPERSAL

489

Abbreviations, together with mean and variance metrics for the north and south basins used for standardization of

variables in the capture-mark-recapture (CMR) analyses for pike (Esox lucius) and perch (Perca fluviatilis).

Standardization parameters, mean (SD)

Abbreviation Meaning North South
B basin, north (N) or south (S)
X estimated population size for age-2 pike, In-transformed 8.65 (0.99) 8.47 (0.98)
y estimated population size for age-3-9 pike, In-transformed 8.39 (0.90) 8.31 (0.83)
z estimated population size for age-2-7 perch, In-transformed 12.61 (0.94) 12.80 (1.07)
a tagging age; differs from biological age: @ = 1 at tagging occasion
/ individual length at tagging (cm) 50.7 (10.6)
e gill-net effort during winter sampling (net-days/yr) 796 (759) 945 (826)
G sex (gender), male or female
d between-basin gradient in relative abundance of pike older than age 2;
YN — Js
g between-basin gradient in relative abundance of age-2 pike; yn — ys
f between-basin gradient in relative abundance of perch, zy — zg
T degree-days (i.e., sum of daily temperatures) for water temperatures 325 (109)
above 14°C during May—October
t time
k capture occasion
i the “from state,” i.e., the basin the individual occupied at occasion
k—1
i the “to state,” i.e., the basin the individual occupied at occasion k
sp summer occasions
w winter occasions

with respect to the parameters using the software MARK
(White and Burnham 1999). To examine the contribution
of the covariates to model fit, we compared alternative
models comprising various combinations of variables
using QAIC, (the corrected quasi Akaike’s Information
Criterion [Burnham and Anderson 1998], QAIC, = —2
log-likelihood/¢+2K+2K(K+ 1)/(ne;;— K— 1), where Kis
the number of parameters, n.g is the effective number of
observations, and ¢ is the variance inflation factor).
When interpreting the relevance of the various models
fitted we used the Akaike model weight (w): w; =
exp(—0.5AQAIC,)/Z exp(—0.5AQAIC,;), where AQAIC,
= QAICcz - QAICcmin-

Following Lebreton et al. (1992), we adopted a model-
fitting strategy in which capture probability was
modeled under full temporal variation of survival and
dispersal probability and also including basin X sex
effects (fully basin X sex X time models did not converge
due to sparseness of data, hence the full model was basin
X sex + time). After finding the most supported capture
probability model, we continued by fitting dispersal
probability models under the most supported capture
probability model and with temporal variation in
survival. Similarly, the most supported survival proba-
bility models were found under the most supported
capture and dispersal probability model structures. In
the end, to test for model robustness, we once more
fitted capture probability models under the most
supported survival and dispersal models (J. Clobert,
personal communication). Prior to fitting models testing
for support of specific a priori hypotheses (see Hypoth-
eses emerging from earlier studies of the Windermere
pike), we checked for evidence of temporal variation
compared with constant models. The model selection

procedure was based on fitting related and alternative
hypotheses to the a priori hypotheses (e.g., test of
additivity or interaction effect of covariates). The
proportion of variation in survival and dispersal
explained by the covariates included to test the specific
hypotheses was estimated using two methods. First,
using estimates of variance components (available in
MARK [White et al. 2001]), we could estimate the
proportion of survival variation explained by the
covariates from: 1* = 1 — o2, /o2, where o2, and o7
constitute the process variances (i.e., variances adjusted
for sampling variance) in survival in the presence and in
the absence of covariate influence, respectively (see
Loison et al. 2002). Second, we used analysis of deviance
to estimate the fraction of the total variance in survival
and dispersal explained by the covariates, being defined
as [deviance(constant model) — deviance(covariate
model)]/[deviance(constant model) — deviance(time-de-
pendent model)] (Skalski et al. 1993). We did not
perform statistical tests when exploring the specific
hypotheses presented in Hypotheses emerging from
earlier studies of the Windermere pike. We rather explore
and discuss their degree of support by comparing the
AIC, values of the relevant model fitted with alternative
models. We also use information from the relevant
parameter estimates and their confidence intervals when
discussing the strength of the effect of interest.

The occasions k = 2, 4, 6, etc., constitute winter
occasions (Fig. 2C). All individuals caught during winter
occasions were killed and therefore right censored. The
right censoring of all winter catches obstructed estima-
tion of seasonal survival and dispersal rates and also
necessitated some constraints on the estimation of
seasonal capture probabilities. All estimates of survival
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and dispersal rates were therefore constrained to be
equal over both seasons from spring to spring (Fig. 2C),
even though the between-season time spans were slightly
different. There are no biological reasons for making
such strong assumptions. However, due to the sampling
scheme being employed, we are forced to make such
assumptions. It should therefore be made clear that all
CAS results presented in this paper are conditional on
these assumptions. We have, however, explored the
consequences for using the current parameterization by
comparing it with an annual model structure (see
Appendix B for details) and found that the two
approaches produce essentially similar results. Hence,
the parameter estimates of the seasonal model structure
used in this paper do indeed seem to provide adequate
annual values of the vital rates under study. In addition
to this, we have also explored to what degree winter
recapture rates are sensitive to variation in intra-annual
survival and dispersal (see details in Appendix B). The
results from this sensitivity analysis showed that p,-
related parameters are surprisingly robust towards
variation in intra-annual survival and dispersal con-
straints as just 5.5% (4 out of 72) of the parameter
estimates had values not confined by the corresponding
parameter estimate confidence interval for the original
model.

Since the spring capture process involved three gear
types, in which effort varied both among gears and
years, capture probabilities during spring could not
successfully be constrained by gear-specific external
covariates such as fishing effort (even though the efforts
are known). These capture probability models were
therefore fitted under maximum temporal variation,
which necessarily required a high number of parameters
to be estimated (basin X sex + time models involved 36
parameters; parameters for 1986-1990 were constrained
to be similar because the number of observations was
low in this period and the same effort and combination
of sampling gear was used). As capture probability
during winter represents the probability of being caught
in gill nets during the winter program, we were
specifically interested in the recruitment process to this
sampling. This special feature of our data was used for
the exploration of hypothesis 3, namely that recruitment
of small pike to the gill net sampling is affected by the
growth conditions prevailing under the growth season
preceding each winter sampling occasion. For the
second winter sampling occasion (i.e., a = 4) and
thereafter, we have assumed that all surviving individ-
uals have grown to harvestable sizes. Hence, for a > 2
the same winter capture parameterization was applied
over all tagging ages (Fig. 2C).

Since all pike caught during the winter gill net
sampling were retained and reported and because this
gillnetting is the only removal fishery occurring in
Windermere for this species, the estimated winter
capture probabilities correspond to the fishing mortality
(F). The survival estimates could be interpreted there-
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fore as natural survival estimates, although unreported
accidental mortalities due to anglers’ activities (which in
general is based on catch-and-release) may introduce a
minor bias towards underestimation. We could therefore
estimate components of total annual mortality (Z) from
the sum between fishing mortality (F= Sgp-wpwSw-sp) and
natural mortality (M = 1 — Sgp-wSw-sp)-

Factors affecting growth-related processes

Many of the models for the small pike were fitted to
test for effect of size and growth on survival and/or
winter capture probability. Owing to the fact that
individual growth patterns could only be estimated for
live and recaptured individuals, the effect of growth per
se on these parameters could not be tested directly.
Based on suggestions from numerous previous studies
(e.g., Kipling 19834, Diana 1996), we therefore included
relevant environmental variables and their interactions
as external covariates aiming at estimating the average
effect of growth conditions on survival and winter
capture probability. In order to test hypothesis 2, we
fitted models including (temperature) X (perch abun-
dance) and (perch abundance) X (age-2 pike abundance)
interactions both when analyzing the CMR data and
when analyzing individual back-calculated length-at-age
data. The back-calculated lengths were estimated from
the relationship between fish length and the opercular
bone radius, using year—zone (so-called annuli) radii to
assess estimates of an individual’s length at the end of
each winter (Kipling 1983a). Hence, these data consti-
tute estimates of each individual’s growth trajectory for
the period up to capture. Parts of these back-calculated
size-at-age data have previously been analyzed (Kipling
1983a), but not to the same extent as the current
analyses covering the entire 1944 to 1990 period, which
in total includes 14 543 individuals. We performed two
separate growth analyses that covered most of the small-
pike growth intervals, namely, growth between ages 2
and 3 and between ages 3 and 4. The analyses were done
by ordinary multiple linear regressions (least sum of
squares fitting, using the “Im” function in S-plus; S-
PLUS version 6.1 2002; Insightful Corporation, Seattle,
Washington, USA).

REsuLTS
Constant vs. temporal vs. covariate models

Even though there was evidence for temporal
variation in (re)capture, dispersal, and survival prob-
ability (temporal models had QAIC, values that were
more than 200 units lower than models with constant
basin and sex effects; see Appendix C) this temporal
variation was more efficiently explained by the
combined effects of external and individual covariates
(covariate models had QAIC, values that were 200
units lower than temporal models). The individual size
covariate was extremely important. When fitting the
best model (model 1 in Table 2) without including the
individual size covariate in the small-pike parameters,
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Model ranking and fit parameters for conditional Arnason-Schwarz (CAS) models with

the change in corrected quasi Akaike’s Information Criterion (AQAIC,) < 5.

Model structure for S,_; AQAIC, w;  np  Deviance
DB+G+z4+x+y+I+T+GXI+xXz4+TXz 0.00 0.84 74  6954.70
))B+G+z+x+y+ [+ T+GXI+xXz 2.24 0.10 73 6959.01
) B+G+:z+I+T+GXI+TXz 2.53 0.05 71 6963.44
HB+G+z+x+y+[+GCGXI+x Xz 4.41 0.01 72 6963.25
S5)B+G +1¢ 17.55 0.00 87  6945.23
6)B+ G 52.76 0.00 57  7042.54

Notes: All provided models are for small-pike survival modeled under the following remainder

model structure: {S,;>i(B+G+z+x+y+BXy+
G+e+BXG)pu=i sp(BXG+ )W, (B+G+BXf

x X Z)p(I:l‘w(B+e+Z+l+ T+TX Z)pa>],w(B+

Wo=1B+G+d+f+BXd+BXf)}. Models 5

and 6 constitute fully temporal and constant models, respectively. A more detailed model-ranking
table is provided in Appendix C. Abbreviation symbols are available in Table 1. Key to
abbreviations: np, number of parameters; w;, the Akaike weight of model i [= exp(—0.5AQAIC.;)/
2 exp(—0.5AQAIC,;)]; deviances and AQAIC, (= QAIC.; — QAIC,,;,) have been estimated under
an inflation factor of ¢ = 1.20. The number of individuals used in the analyses is 4543, and the

number of occasions is 74.

QAIC,. increased by 197.2 units. The best model
explained 81% and 94% of the total and process
variance in survival, respectively. For dispersal, the
best model explained 66% and 87%, respectively. The
dynamics resulting from model 1 are visualized in
Fig. 3.

Survival, dispersal, and fishing mortality
in small pike individuals

For small pike, length at tagging was important for all
three parameter types (p, y, S) in both basins. A
pronounced sex X length effect (hypothesis 1) estimated
survival probability in females smaller than 55 cm at
time of tagging to be more than 0.9, whereas males in the
same size range (30-55 cm) were estimated to have
survival probabilities of 0.3-0.8 at average levels of
perch and pike abundances and temperature (i.e., 0; Fig.
4A, Tables 2 and 3). Models including interaction effects
between temperature and perch abundance (hypothesis
2) and between perch abundance and age-2 pike
abundance (hypothesis 3) also obtained high support.
According to these models, small-pike survival was more
sensitive to variation in perch and age-2 pike abundance
under cold conditions than under warm conditions, and
generally the survival probability increased with increas-
ing temperature (Fig. SA-E). In general, all models
estimated small pike in the north basin to have slightly
lower survival probabilities than small pike in the south
basin. For small pike individuals, dispersal probability
(V) was sensitive to the between-basin difference in
perch abundance, and the highest ranked model
estimated dispersal probability to increase when perch
abundance was lower in the departure basin compared
to the destination basin (hypothesis 4). However,
dispersal in the north-to-south direction was more
sensitive to this gradient than dispersal in the south-to-
north direction. Capture probability during the winter
sampling was estimated to increase with increasing size
at tagging and was generally highest in the north basin
(Fig. 4B). Interestingly, there was no evidence of a sex

effect on small-pike winter sampling capture probability,
but models with a temperature X perch abundance effect
received high support (AAIC. = 3.9 compared to a
model without the interaction, but otherwise similar),
predicting that the positive effect of perch abundance is
more profound under warm conditions than cold
conditions (hypothesis 5; Table 3).

Growth analysis

The growth analysis revealed very similar basin and
sex-specific effects from the covariates on both age 2-3
and age 3-4 growth (Table 4). Temperature, perch
abundance, and older-than-age-2 pike abundance all
had a significant positive effect on growth increment,
whereas age-2 pike abundance had a negative effect on
growth increment. Interaction effects between tempera-
ture and perch abundance and between perch abun-
dance and age-2 pike abundance were significant and
had the same signs as in the small-pike survival model
(hypothesis 2; Table 3). The data did not support any
interaction effect between sex and length at age 3 on
length at age 4 (P =0.18), and there was no evidence for
a basin effect on length at age 3 (P = 0.90).

Survival, dispersal, and fishing mortality
in large pike individuals

For large pike, the best survival models (Tables 2 and
3) estimated survival to be higher in the north basin and
highest for males within that basin. Also, models
including an interaction effect between basin and
abundance of older-than-age-2 pike obtained high
rankings and estimated survival to be more density
dependent in the south basin compared to the north
basin (Fig. 6A). Large-pike survival probability was
estimated to be almost unaffected by perch abundance
and to increase with age-2 pike (rapid) abundance in
both basins (hence, supportive of hypothesis 3 when
combining with the results for small pike). North-to-
south dispersal for large-pike individuals was estimated
to be driven much more by between-basin relative
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vertical line illustrate dispersal. Abbreviations of factors are identified in Table 1. Note that there is no dispersal between north and
south basins for small pike because the small pike become large pike during the dispersal period (from spring to winter).

abundance differences of both older-than-age-2 pike and
perch than was south-to-north dispersal (hypothesis 4;
Fig. 6B). Hence, for situations with similar perch
abundances (i.e., perch abundance gradient = 0) in both
basins a difference in older-than-age-2 pike relative
density of 1 SD unit in favor of the north basin would
produce a north-to-south dispersal probability at 0.47 *
0.12. Similarly, for a situation in which the older-than-
age-2 pike density gradient is 1 SD unit in favor of the
south basin, south-to-north dispersal probability is
estimated to be 0.09 *= 0.03. Dispersal probability in
large pike individuals was generally estimated to be
higher in males than females. Winter capture probabil-
ities in large pike individuals were, for a given fishing
effort level, estimated to be significantly higher for north
basin males than for all other sex and basin combina-
tions (north males, p,; = 0.42 = 0.12; remainder, p,,; =
0.30 = 0.07, for effort fixed at 0, i.e., the mean; see Fig.
7A). However, because north basin males have higher
natural survival, the total mortality rate is only slightly
higher for these individuals compared to the other

individuals (Fig. 7A). In small pike individuals, males
from both basins had much higher total mortality rates
than the females when smaller than 55 cm at tagging,
whereas the two sexes had very similar total mortalities
at tagging sizes above 55 cm (Fig. 7B, C). The relative
contribution to total mortality from fishing differed
profoundly between sexes, always increasing with
tagging length in males and remaining fairly stable in
females.

Discussion

Over the last few decades there has been considerable
progress in the quantification of the effects of density-
dependent and density-independent processes on popu-
lation dynamics and demographic processes (see, e.g.,
Turchin 1995, Leirs et al. 1997, Julliard et al. 2001,
Yoccoz et al. 2001). More recently, there has also been
some interest in the quantification of the interaction
between such density-dependent and density-indepen-
dent factors (see, e.g., Coulson et al. 2001, Stenseth et al.
2004). Our study falls directly within these traditions
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and, by taking advantage of a long-term data series of
CMR data, we have provided evidence of a complex
interplay between density-dependent factors (prey and
competitors) and density-independent factors (tempera-
ture) in determining the survival and dispersal proba-
bility of pike in this large natural lake system.

Long-term CMR data do provide important information
about ecological processes

Long-term capture-mark-recapture data series are
not numerous, but when available they have a tremen-
dous potential for providing information about detailed
ecological and evolutionary processes. Because most of
them, at least for fish data series, have not been
commenced with the purpose of enlightening such
processes the data most likely violate various assump-
tions that are vital for performing CMR statistical
analyses. In the current study, this was the case as there
was no (re)release of tagged individuals during the
winter sampling occasions, a prerequisite for most CMR
models (Lebreton et al. 1992). Even though the
sensitivity analyses undertaken in this study generally
showed that most of our assumptions had little effect on
the parameters under estimation, this was not an
obvious result. For instance, Schaub et al. (2004) shows
that multistate models perform well even in situations
with temporary emigration from the sampling area.
However, this was only true if not all parameters
(survival, capture probability, and dispersal) varied over
time and provided that capture and survival probability
are relatively high. Hence, we want to emphasize that
most of the CAS results presented in this paper are
conditional on the rather strong assumption of no
seasonal variation in survival and dispersal. Even
though the parameter estimates produce estimates on
annual scales that are consistent with similar estimates
from models fitting annual rates directly (Appendix B)
and even though capture probability proved to be robust
for forced intra-annual variation in survival and
dispersal (Appendix B), one must keep this condition
in mind when interpreting the results. These sensitivity
analyses, which we believe to be a fairly unique exercise
in CMR studies, have only shown that some of the
estimates are fairly robust, but we still do not know
whether there is seasonal variation in any of the
parameter types estimated. In the future, we strongly
encourage researchers to construct CMR studies that
enable testing for the presence of seasonal variation in
these vital rates.

The specific hypotheses and relevance for pike ecology

In this study, we formulated a set of hypotheses of
particular interest in pike ecology. Clearly, these
hypotheses are also relevant for other top-predator
species with indeterminate growth, but these general
ecological aspects of our results will be discussed after
having dealt with the more pike-specific features. The
hypotheses were not tested by means of strict statistical
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Fic. 4. Length effects on capture and survival probability
immediately following the tagging occasion (a = 1). Solid lines
are model predictions, and dashed lines correspond to 95% CI.
(A) Estimated small-pike capture probability for pike from
north and south basins as a function of size at tagging. This plot
can also be considered as the size-dependent recruitment curve
to the winter fisheries. (B) The interaction effect of sex and size
on half-year natural survival probability for the period
following tagging. Predictions apply to pike from the north
basin where age-2 pike, pike older than age 2, and perch
abundances all are fixed at 0, i.e., mean In(abundance).

testing, but by exploring the significance of the
coefficients involved in the various hypotheses we will
here discuss to what degree they received support in the
data.

Hypothesis 1 tested whether small males experience a
lower size-related survival than small females. Sex
differences in survival of pike have been documented
(see references in Craig 1996b), and some studies
indicate size-related survival (e.g., Raat 1988). However,
this study provides the first quantification of size-specific
mortality in pike. The higher mortality rate of mature
male pike smaller than 55 cm (Fig. 4A) compared to
similarly sized females is supportive of hypothesis 1 and
is in agreement with earlier studies (reviewed in Craig
1996a) and in particular with previous findings from
Windermere (Kipling and Frost 1970). However, males
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Parameter estimates over the best conditional Arnason-Schwarz (CAS) model (model 1 in Table 2) fitted to Windermere

Survival probability, S

Winter capture probability, p

Dispersal probability,

Parameter Parameter Parameter

(interpretation) Estimate SE (interpretation)  Estimate SE (interpretation) Estimate SE
Small pike
Bo (intercept) 3.09 0.53 By (intercept) —1.64 0.08 By (intercept) —-2.14 0.14
Bg (basin) —0.33  0.21 Pg (basin) 0.65 0.16 PBg (basin) 148 0.21
B (sex) —1.11  0.52 B, (effort) 0.34  0.06 Bg (sex) —0.15 0.08
B. (perch) 0.42 0.13 B. (perch) 0.26  0.06 B (perch gradient) 0.53 0.17
By (small pike) —0.02 0.21 B (temperature) 0.07 0.06 PBpx(basin X perch —-1.37 0.32

gradient)
B, (large pike) —0.29 0.13 B, (length) 0.82  0.06
Bz (temperature) —0.30 0.14 PBrx. (temperature —-0.15 0.08
X perch)
B, (length) —0.66 0.18
Boxs (sex X length) 1.82  0.28
B7x- (temperature X perch) 0.32 0.14
Bxx- (small pike X perch) —-0.34 0.14
Large pike
Bo (intercept) 1.35  0.10 By (intercept) —0.86 0.12 By (intercept) —-3.62 0.48
Bp (basin) 0.15 0.22 PBp (basin) 0.05 0.27 PBg (basin) 0.09 0.53
Bg (sex) 0.26  0.10 Pg (sex) —0.03  0.15 Bg (sex) 1.01 0.42
B. (perch) 0.00 0.09 Bpxc (basin X sex) 0.57 0.20 B, (age >2 pike gradient) —-0.55 0.27
By (small pike) 0.40 0.14 B, (effort) 0.37  0.05 Bpxq (basin X age >2 pike 2.75  0.62
gradient)

B, (large pike) —1.38 0.24 B (perch gradient) 0.37 0.32
Bpx, (basin X large pike) 1.00  0.28 Bpx s (basin X perch gradient) —1.47 0.65
Bx- (small pike X perch) —0.18  0.09

Notes: The parameters are shown as B values indexed by their respective predictor variables. Spring capture probability estimates
are not provided as they have been estimated under full temporal variation. The default basin (B) is north, and default sex (G) is

male. All estimates are provided on a logit scale.

surviving beyond 55 cm experience higher survival
prospects than do females. It is interesting to note that
individuals that were tagged at lengths larger than 55 cm
(but that were modeled as small pike) were estimated to
have the same sex-specific level of survival as individuals
modeled under the large-pike model (i.e., male survival
is higher than female survival; Figs. 4A and 7A). Most
of the sex differentiation in size effects on survival may
be explained by the reproductive biology of pike (Lucas
1992). During the spawning period, males are far more
active than females, they stay at the spawning grounds
for a longer period, and they are involved in extensive
territorial fights in which small males are prone to suffer
from biting by the larger males (Fabricius and Gustaf-
son 1958, Billard 1996). However, after reaching sizes
beyond about 50 cm, the gape size of other males is too
small to inflict serious bites.

The strong support for size-related variation in
natural survival and fishing mortality found within this
group of mature fish has important population ecology
consequences. Simply distinguishing between mature
and immature survival as such, which is a common
practice in fish population ecology studies, is inadequate
when performing population analyses for pike. As the
length effect was very different between sexes, both
length distribution and sex ratio should be included in
any population analysis of this species.

Hypothesis 2 tested whether survival (and growth) in
small pike is affected by the interaction between perch
abundance and temperature. Indeed the perch X
temperature interaction coefficients were shown to be
statistically different from zero for both the survival and
growth response (Tables 3 and 4), which is supportive of
the hypothesis. By fitting both a growth and a survival
model, using the same predictor model structure, we
were able to explore the growth- and size-related
processes involved in survival in greater detail than
would have been the case if we had included only the
survival analysis. In the hypothesis 2 context, the
interaction effect between temperature and perch
abundance in both the survival model and the growth
model entails a modulation of the positive effect of
increased perch abundance such that it is less pro-
nounced under cold than warm conditions. However,
the finding that temperature has an overall positive
effect on growth, but not on survival, suggests that
surviving individuals (being involved in our growth
analysis) exhibit a different temperature-related behav-
ior than those dying (being included in the survival
analyses). One possibility would be that the dying
individuals exhibit a more risk-prone behavior than
the surviving individuals under warm conditions than
under cold conditions. This is a testable hypothesis that
should be explored in the future under controlled
conditions. The predicted rise in temperature over all
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(117 degree-days). (F) Drop-line plot of the distribution of annual perch and age-2 pike abundances and temperatures. 7 values are
standardized values of water temperature sums for water temperatures above 14°C during May—October. The values are provided

in SD units.

of the northern pike distribution area in the northern
hemisphere (Johns et al. 2003) makes this test particu-
larly pertinent. Similarly, when comparing the effect
from abundance of pike older than two years and
temperature on survival and growth we also exposed an
interesting feature as both effects were positive on pike
growth, but negative on small-pike survival. Although
this appears to be contradictory, owing to the negative
influence of large pike on small-male pike survival, the
surviving individuals, on whom we could perform the
growth analysis, seem to experience better growth

conditions due to the resulting reduction in competition.
Alternatively, or in addition to this, pike older than two
years may have a more negative impact on slow-growing
individuals (which is very likely under size-biased
cannibalism) than on rapidly growing individuals
(Grimm 1981). The first alternative constitutes a
phenotypic plastic response to increased food availabil-
ity, whereas the second one constitutes natural selection
that may, given that genetic variation is available, result
in local adaptation to a cannibalistic regime. Our data
do not allow for further exploration of these alterna-
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TaBLE 4. Parameter estimates and model fit statistics for linear models fitted to age-specific back-calculated length data.

Response
In(age-3 length) In(age-4 length)
Effect Estimate SE P Estimate SE P
Intercept 1.6462 0.0104 <0.0001 1.3233 0.0114 <0.0001
Basin 0.0000 0.0004 0.9009 —0.0008 0.0003 0.0044
Sex 0.0562 0.0101 <0.0001 0.0440 0.0108 0.0001
In(age-2 [or age-3] length) 0.6354 0.0028 <0.0001 0.7081 0.0029 <0.0001
Perch 0.0043 0.0005 <0.0001 0.0043 0.0004 <0.0001
Age-2 pike —0.0034 0.0004 <0.0001 —0.0024 0.0004 <0.0001
Older-than-age-2 pike 0.0022 0.0005 <0.0001 0.0014 0.0004 <0.0001
Temperature 0.0106 0.0005 <0.0001 0.0058 0.0004 <0.0001
Age-2 pike X perch —0.0037 0.0006 <0.0001 —0.0004 0.0003 0.0813
Temperature X perch 0.0039 0.0005 <0.0001 0.0006 0.0003 0.0277
Sex X In(age-2 [or age-3] length) —0.0058 0.0027 0.0338 —0.0037 0.0027 0.1752

Notes: The model structure fitted corresponds to the best small-pike survival model (Table 3). For In(age 3 length) and In(age 4
length), respectively, summary model statistics are: multiple R*=0.86 and 0.92; F="7738 and 11 570; df = 10, 13 764 and 10, 11277;

P < 0.0001 for both ages.

tives. Further studies should focus on this, as revealing
the relative role of the two processes will improve our
ability to understand the process of self-structuring in
this species and other top-predator fish species as well.
Before leaving the perch and temperature effects on
survival of small pike, we want to look at the combined
effect from these predictor variables with the effect of
small pike, i.e., how did temperature modify the density-
dependent effects of food availability (perch abundance)
and competition (small-pike abundance) on survival?
We did not formulate any a priori hypothesis for testing
this highly relevant ecological formulation, but the
combined effect of the perch X temperature and small
pike X perch interactions (Fig. 5) demonstrated that the
combined effect of competition and prey abundance is
highly modulated by temperature. In particular, we find
that if temperatures are high, an increase in perch
abundance will actually decrease small-pike survival and
particularly so if the abundance of competitors is high.
Why should an increase in prey abundance be negative
for small pike? When temperatures get high, metabolic
costs from both swimming and digestion increase
rapidly in a cold-water-adapted species such as northern
pike (Diana 1996). Further, Jones et al. (1974) have
documented that pike are very poor sustained swim-
mers, with critical swimming velocities at 0.5 body
length units per second that can only be maintained over
some two minutes. Such physiological constraints can
become critical at high temperatures as the perch, a
more warm-water-adapted species (Bergman 1987), may
have higher escape success under warmer conditions and
hence impose starvation and decreased survival in the
small pike. This situation will of course become
particularly critical if the number of competitors is high,
as energy expended on agonistic behavior, such as
territory defense, will impose further deficit to the energy
budget and lead to reduced prospect of survival.
Survival of large pike responded differently to the
interaction between perch and age-2 pike abundance

than did survival in small pike. This is in accordance
with hypothesis 3. For large pike, survival increased
with increasing age-2 pike, but not with increasing perch
density (Table 3). As both age-2 pike and perch are
potential prey for large pike the lack of positive perch
effect may seem counterintuitive. However, because
age-2 pike also eat perch and thus may compete with
larger pike, the outcome of the perch vs. age-2 pike
abundance interaction effects on large-pike survival is
not a straightforward prediction. One interpretation of
the results is that intra-size group interactions among
small-pike individuals impose more serious effects on
small-pike survival than inter-size group interactions
between small- and large-pike individuals impose on
large-pike survival. There is indication of an inter-size
group effect on large-pike survival as the increase in
survival probability with increased perch abundance is
estimated to be lower at high age-2 pike abundances
than at low abundances.

Our study demonstrates that between-basin dispersal
is driven by prey abundance gradients (both small and
large pike) and density of conspecifics (large pike only),
which is largely supportive of hypothesis 4. Models
including pike (both age-2 and older-than-age-2) abun-
dance gradient effects in small-pike dispersal consistent-
ly received less support (QAIC, was consistently more
than 2.3 units larger; see Appendix C) than those not
including such effects. This finding is not in accordance
with hypothesis 4. Pike has previously been shown to
respond to density gradients by dispersing (Grimm and
Klinge 1996). Hence, we should therefore expect even
small pike to respond to such gradients. One possible
explanation for this result is that small pike disperse
over larger distances in response to decreased prey
density compared to the response to increased pike
density. Consequently, our spatial scale of dispersal (i.e.,
between-basin) would be too coarse to detect conspecific
density dependence of small-pike dispersal. There was a
net migration rate from the north to the south basin,
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Fic. 6. Density-dependent effects on survival and dispersal
in pike larger than 55 cm (¢ > 1). (A) Estimated natural
survival probability in @ > 1 pike as a function of standardized
older-than-2-years pike abundance and basin. Values are
adjusted to mean standardized In(abundances) of perch and
age-2 pike abundances (i.e., 0). Solid lines are model
predictions, and dashed lines correspond to 95% CI. (B)
Estimated simultaneous effects of between-basin abundance
gradients of perch and pike older than age 2 on dispersal of
large male pike. The abundance gradients have been estimated
as the difference in standardized abundance between north and
south basins (hence, high values indicate high relative
abundance in the north basin compared to the south basin).
Only male predictions are provided because the sex effect was
additive in favor of higher male dispersal probability (Table 3).
Red and blue surfaces are for north-to-south and south-to-
north dispersals, respectively.

which is as expected as the south basin is the most
productive basin. The dispersal probability in the north-
to-south direction may be substantial (>0.5 per season)
under conditions with steep perch and pike abundance
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Fic. 7. Natural, fishing, and total mortality by pike sex and
basin (N, north; S, south). The relative contributions from
natural mortality (M) and fishing mortality (F) to the total
mortality (Z) are shown for (A) large pike (mean and 95% CI),
(B) female small pike, and (C) male small pike. In (B) and (C)
the mortality rates are given as functions of size at tagging. All
rates have been estimated from the best model (Table 3) and
constrained to mean abundance of pike and perch and mean
fishing effort.

gradients. It is important to keep in mind the temporal
resolution of the current dispersal results as they
demonstrate that Windermere pike have quite high
levels of between-basin dispersal from one spring to the
next spring (i.e., annual scale). Knowing that pike
individuals may move over several kilometers in a few
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hours (Diana et al. 1977, Chapman and Mackay 1984)
they may indeed move between basins essentially
instantaneously (the spatial extent of Windermere being
7 km between basin midpoints).

In hypothesis 5, recruitment of small pike to the gill
net sampling was estimated to be significantly affected
by the interaction between perch abundance and
temperature. We expected this to be case because the
fishing gear used during the winter fisheries is highly size
selective (gill nets with mesh size 64 mm) and hence
should capture fish that grow rapidly into sizes at risk
for the gill net captures. Hence, the fishery recruitment
process is hypothesized to be highly related to the
individual growth process. Indeed, that is the case for
the Windermere pike as temperature and prey abun-
dance (perch) have a pronounced positive effect on both
processes. However, the sign of the perch X temperature
interaction effect differs between the two processes. As a
consequence, high temperatures reduce the positive
effect from high perch abundances for the fishery
recruitment process, whereas the opposite is the case
for individual growth. This discrepancy seems most
likely linked to temperature-related changes in behavior.
As mentioned above, perch is favored under warm
conditions as pike experience higher metabolic costs
from both swimming and digestion and have low critical
swimming velocities that can be sustained for just a few
minutes (Jones et al. 1974, Bergman 1987, Diana 1996).
Consequently, perch may have higher escape success
under warm than under cold conditions. The optimal
feeding behavior for pike under warm conditions is
therefore to reduce swimming activity and wait for the
prey. In particular, this should be the case under high
perch abundances as the frequency of prey encounters
will then be higher due to a higher prey density. Such
reduced swimming activity at high temperatures and
perch abundances will make the pike less susceptible to
gill net captures and thus constitute a candidate
mechanism for explaining the discrepancy in the
temperature X perch abundance interaction effect
between the growth and fishery recruitment processes.

The generality of this study

Due to the unique and detailed long-term data
available for the Windermere system, we have been able
to study ecological process in more detail than has been
feasible using other natural systems with other kinds of
data. We believe that many of the results achieved are
also applicable to other aquatic top predators, at least
for aquatic top predators with indeterminate growth and
cannibalistic propensities. We also believe that the
results shed light on important ecological and evolu-
tionary processes.

Survival, growth, and harvest rate for small pike were
all shown to be density-dependent processes that were
modulated by temperature. Since climate change models
now predict that global temperatures will rise by the
order of 0.1°-0.6°C per decade (IPCC 2001), any
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temperature-sensitive demographic process has the
potential to affect future population dynamics and also
evolution. An increasing number of review papers
demonstrate that climate forcing has an important
impact on the dynamics of both terrestrial and aquatic
populations (Stenseth et al. 2002, Crick 2004, Lehodey
et al. 2006, Sutherland 2006). Climate impact on
individuals and populations may operate either directly
through physiology (metabolic and reproductive pro-
cesses) or indirectly through the ecosystem, including
prey, predators, and competitors. According to Stenseth
et al. (2002) there are at least five effects to consider:

(1) Delayed effects of climate may result as climate
conditions experienced during the first year of life may
impose effects that remain throughout life. For cohorts
growing up under harsh conditions individual size may
remain small throughout life, and the cohort that
remains small will produce few recruits. In pike, this
effect may be particularly pertinent due to the influence
of cannibalism. Individuals growing up under cold
conditions with low food availability will, due to their
reduced growth (Table 4), result in a cohort with
prolonged exposure to cannibalism, and hence, impose
additional reduction of this cohort. This is an example
of interaction effects between two density-dependent
factors (food availability and cannibalism) and the
density-independent factor of climate (temperature) that
imposes delayed effects on the population (reduced
abundance for older individuals and reduced recruit-
ment).

(2) Climate factors often have differential effects on
groups within the population such as sex and age
groups. As a consequence, the effect of climate factors
on population dynamics will depend on the age and sex
structure (Coulson et al. 2001). For the pike in Win-
dermere, we found that survival in large (adult)
individuals was insensitive to temperature, but small
(subadult) pike were highly sensitive to temperature.
Hence, owing to this differential response a change in
temperature may impose age structure changes in this
population in the future.

(3) Climate change may lead to a higher frequency of
extreme events, which often are ecologically more
relevant than are fluctuations in the mean climate
(Seastedt and Knapp 1993, Chan et al. 2005). For the
Windermere pike, both extremely low-temperature
summers and extremely warm summers had a negative
impact on small-pike survival, but this effect is highly
dependent upon the food and competition situation.
Hence, in pike extreme events may impose changes in
the population dynamics, depending upon the manner in
which the perch population responds to the same events.

(4) Direct effects of climate may affect the entire
organism as such or other organisms upon which the
focal organism is directly dependent. For instance, direct
negative climatic effect on just one out of two competing
species will encourage expansion of the non-affected
species (e.g., Setre et al. 1999). In the Windermere pike
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and perch system, differential direct effects of climate
may significantly affect the predator—prey relationship
as perch may be favored by an increase in water
temperature.

(5) The fifth climate effect mechanism described in
Stenseth et al. (2002) notes that the population response
to climate variation may ultimately depend upon levels
of density-related factors, measured as an interaction
effect. The existence of interaction effects between
climate factors and density-dependent factors is little
considered in classical age-structured fisheries assess-
ment models. In fact, until very recently most such
models assumed that the stock recruitment process was
the only population process under the influence of
density-dependent mechanisms (Rothschild 1986, Hil-
born and Walters 1992). More recent studies (e.g.,
Jenkins et al. 1999, Lobon-Cervia 2006) demonstrate
that other demographic processes also are under
density-dependent regulation, even in marine species
(Helser and Almeida 1997, Stenseth et al. 1999). In fact,
density-dependent growth has been proposed to be the
key mechanism in the regulation of fish populations
(Lorenzen and Enberg 2002). In the current study, we do
not show only that both demographic processes and
growth are influenced by density-dependent factors, but
also that the degree of density dependence is modulated
by temperature. Such interactions have received little
attention in fish population biology studies. Examples
from terrestrial systems demonstrate that failing to
detect such interactions may lead to spurious relations
between climate and the process studied (Forchhammer
et al. 1998, Post et al. 1999). We therefore encourage fish
population biologists to address this issue in future work
in order to explore the manner in which such common
interaction effects exist in fish populations and to what
extent they affect population dynamics.

The basin specificity of dispersal (and survival) is an
interesting result that may illuminate both general
evolutionary as well as ecological hypotheses. For
instance, our results support predictions made by the
balanced dispersal hypothesis of McPeek and Holt
(1992). Their analysis showed that when carrying
capacities vary both spatially and temporally, as is
likely to be the case for the two basins comprising
Windermere, natural selection will favor only two
genotypes (a high-dispersal and a no-dispersal geno-
type). They further show that this dimorphism can be
invaded by one genotype with a particular combination
of habitat-specific dispersal propensities in a ratio
inversely proportional to the ratio of the population
sizes. Our results cannot be used for evaluating which
one of the two alternatives is the case in Windermere as
we do not have information on any possible correlation
between spatial variation in dispersal “willingness” and
genetic variation. In order to explore this further,
experiments with pike from the two basins will have to
be performed under common garden conditions (i.e.,
varying density).
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The basin-specific dispersal differentiation found in
Windermere pike may also shed light on population
dynamic theories. According to many recent dispersal
studies (reviewed in Hanski 2001), dispersal may not
only impose effects on population growth rate and
density, it might even change the type of population
dynamics, most often by simplifying what would be
complex dynamics if the populations lived in isolation
(Dieckmann et al. 2000). Pascual (1993) demonstrates
that low dispersal values drive otherwise periodic
predator—prey systems into aperiodic behavior (chaos).

The asymmetries found in basin-specific survival and
dispersal may also be related to theories dealing with
distributional processes. For instance, the well-studied
ideal free distribution theory of Fretwell and Lucas
(1970) may be explored in light of our results. By
including information on density-dependent fecundity
for pike in Windermere we were able to estimate basin-
specific density dependence of fitness. This enabled us to
test the real-scale relevance of the ideal free distribution
(IFD) theory by using the Windermere pike results
(Haugen et al. 2006). Indeed, the results indicated the
Windermere pike to be ideally free distributed. This
demonstration of the full-scale relevance of the IFD
theory provides fisheries management with a convenient
and simple tool for predicting distributional responses to
harvesting, and it also highlights the point that
population studies should include the potential for
habitat selection (Morris 2006).

Many predator species are so-called self-regulating, a
phenomenon that is characterized by a constant size/age
structure over time. This phenomenon most often arises
in cannibalistic systems in which the victim:cannibal
size ratios are small. Typically, as in pike (Persson et al.
2006), recruitment of juveniles is controlled by canni-
balism from older/larger individuals (see e.g., Tonn et al.
1994, Frankiewicz et al. 1999, Moksnes 2004, Wise
2006). In the current study of adults only, we found
evidence that males seem more susceptible to lethal
interactions with conspecifics than females. Even though
the mortality rate is high for small males, this is
probably not as important as a population-regulating
force as the cannibalism on juveniles has proven to be in
other pike and top-predator studies. The reason for this
is that recruiting, juvenile pike are vulnerable to
cannibalism from a far larger proportion of the pike
population than adult males simply because they are
smaller than the critical size limited by the gape width of
potential cannibals (Nilsson and Bronmark 2000).
Furthermore, because juvenile and small pike eat the
same prey, smaller and younger individuals will suffer
from both inter-cohort competition for food and inter-
cohort cannibalism. This was evident at the small-pike
and large-pike level in this study in which the observed
negative effect from large pike on small-pike survival
was larger than the influence from abundance of small
pike, as would be expected in any system in which
cannibals and their prey share common resources
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(Claessen et al. 2000, Persson et al. 2004). We want to
highlight the finding that even adult, male pike
experience substantial size- and density-dependent mor-
tality that most likely can be attributed to cannibalism,
but it still remains to be explored whether this source of
mortality is as important a self-regulating mechanism as
is juvenile cannibalism.

Altogether, our study provides explicit estimates of
the influences of and interactions between key environ-
mental variables with respect to a number of vital rates
involved in population dynamic processes. To the best
of our knowledge, this is the first study to have
disentangled the simultaneous influences of density-
dependent and density-independent processes on surviv-
al, dispersal, and fishing rates under the influence of
individual size. Thus, incorporating density dependence
and density independence in these vital rates will
certainly add to the literature of density dependence
vs. density independence, which to a large extent refers
to total populations sizes only (see, e.g., Turchin 1995).
Improved understanding of the manner in which the
density-dependent and density-independent processes
are mediated through the vital rates will certainly
improve our ability to manage pike and perch systems
in a sustainable manner. Here we demonstrated that
information encompassed in time-series data for study-
ing ecological and evolutionary processes is invaluable.
We encourage research institutions to continue such
time series as these time-series studies may hold the
information needed for understanding and predicting
effects from climate change and hence the tools for
construction of the proper mitigation actions.
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