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abstract We developed models for the analysis of recapture data for 2678 serins

(Serinus serinus) ringed in north-eastern Spain since 1985. We investigated several

time- and individual-speci® c factors as potential predictors of overall mortality and

dispersal patterns, and of gender and age diþ erences in these patterns. Time-speci® c

covariates included minimum daily temperature, days below freezing, and abundance of

a strong competitor, siskins (Carduelis spinus) during winter, and maximum temperature

and rainfall during summer. Individual covariates included body mass (i.e. body condi-

tion), and wing length (i.e. ¯ ying ability), and interactions between body mass and

environmental factors. We found little support of a predictive relationship between environ-

mental factors and survival, but good evidence of relationships between body mass and

survival, especially for juveniles. Juvenile survival appears to vary in a curvilinear

manner with increasing mass, suggesting that there may exist an optimal mass beyond

which increases are detrimental. The mass- survival relationship does seem to be in¯ uenced

by at least one environmental factor, namely the abundance of wintering siskins. When

siskins are abundant, increases in body mass appear to relate strongly to increasing

survival. When siskin numbers are average or low the relationship is largely reversed,

suggesting that the presence of strong competition mitigates the otherwise largely negative

aspects of g reater body mass. Wing length in juveniles also appears to be related positively

to survival, perhaps largely due to the in¯ uence of a few unusually large juveniles with

adult-like survival. Further work is needed to test these relationships, ideally under

experimentation.
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1 Introduction

Prolonged snow cover, low temperature, frost or storms have all been shown to

reduce survival and population density in several bird species (e.g. Trautman et al.,

1939; Slagsvold, 1975; Karlsson & KaÈ llander, 1977; Balen, 1980; Ekman, 1984;

Clobert et al., 1987; Baillie, 1990; Greenwood & Baillie, 1991; Hollands & Yalden,

1991; Newton et al., 1993; Peach et al., 1995; Smith, 1995). The eþ ect of

hard winters and other meteorological regional severity on regulating population

numbers is therefore widely recognized, especially at high latitudes (Lack, 1966;

Elkins, 1983; Newton, 1998). At lower latitudes, summer drought can also aþ ect

population numbers by reducing the amount of wetland available to waterfowl

(Batt et al., 1989), and arid-land species may be highly limited by annual variation

in rainfall through its e þ ect on plant growth and the consequent variation in bird

food-supplies (Newton et al., 1993; Peach et al., 1991; Bryant & Jones, 1995; Mc/

ller, 1989; Baillie & Peach, 1992). However, prolonged severe weather is typically

associated with hard winters, and although the eþ ect of droughts is recognized, it

is mostly associated with arid areas (Newton, 1998). Mediterranean areas are

intermediate between these two extreme climates. Severe winters are sporadic, so

that increased winter mortality should occur infrequently (Senar & Copete, 1995).

In contrast, severe summer droughts may be common, and thus may be expected

to increase mortality risk more frequently than does winter severity (Nager &

Wiersma, 1996; Blondel & Aronson, 1999). Thus, our ® rst aim was to study

survival rates of a typically Mediterranean species, the serin, and to test which

period and meteorological variables may be limiting for the species.

Weather losses are not random through a population. When extreme events

occur, they eliminate vulnerable individuals and, in short-lived species, sometimes

lead to measurable morphological change in the population (Newton, 1998).

Hence, some sex- and age-groups may be aþ ected more than others, and individuals

of a particular size die in greater proportions than others. Bumpus (1899) provided

one of the ® rst examples of analysing how House Sparrows Passer domesticus found

dead after a severe storm, diþ ered in weight and measurements from those that

survived. Studies on ® nches on Galapagos islands have become a classic work by

showing how climatic events such as severe droughts changed the morphology of

the species (Grant, 1986). More recently, Bryant & Jones (1995) have shown how

in the Sand Martin Riparia riparia, drought years were followed by reductions in

mean body size and wetter years by increases. These data are important because

selective mortality provides one of the bases for the action of natural selection

(Futuyma, 1998). Therefore, our second aim in this work was to test if weather

eþ ects on mortality may diþ er according to the sex, age and morphology of

individuals. We examined these questions using captures and recaptures of serins,

a small granivorous ® nch typical of the Mediterranean region (Newton, 1972).

2 Methods

2.1 Study population and ® eld methods

Serins were trapped from 1985 to 2000 in the suburban area of Barcelona in north-

eastern Spain. The study area consisted of orchards, small woods dominated by

pine (Pinus halepensis) and gardens. Birds were trapped at least weekly at baited

feeders using platform traps, clap-nets and mist-nests, and marked with numbered

aluminium rings (Senar, 1988; Conroy et al., 1999). For each bird we recorded
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sex and age (see below). At ® rst capture we also measured body mass using a 100 g

electronic balance (accurate to 0.01 g) and wing-length, de® ned as maximum chord

to the nearest 0.5 mm (Svensson, 1992).

2.2 General statistical model

We grouped the data by two capture periods: October- March (migration and

wintering), and April- September (breeding and postbreeding), and excluded juven-

ile birds from analysis until these were recaptured as subadults or adults (second

or later years of life), when sex can be determined (Conroy et al., 1999). In our

analyses to follow we also de® ned the calendar year as beginning in October rather

than in March, so that in the ® rst period (Oct- Mar) each year both subadults and

adults were captured, with all subadults by de® nition becoming adults in the

second period (Apr- Sep); this convention resulted in further model simpli® cation,

while retaining some ability to model age e þ ects as well as sex and individual

covariate eþ ects. We developed a CJS model that included variation with respect

to age (adultÐ after April in the year after hatching; or subadultÐ Oct- Dec in the

hatching year and before April in the year after hatching), sex, and time (calendar

year). The parameters of this general model included u (v)
s,t , the probability of survival

from the midpoint of each 6-month ringing period t to the midpoint in period

t + 1, for birds of sex s 5 1 (male), 2 (female), of age v 5 0 (subadult), v 5 1 (adult),

and t 5 1, . . . , 28. Similarly, capture probabilities were modelled by ps, t , s 5 1, 2;

t 5 2, . . . , 29. The probability of recapture during year t for marked birds in sex s;

capture probabilities were not age-speci® c because all recaptures were, by de® nition,

of adults. This general model, denoted u (sex * age * t) p(sex * t) contained k 5 168

parameters (112 sex-, age-, and time-speci® c survival rates and 56 sex- and time-

speci® c recapture probabilities). The above model was generalized slightly to allow

for short-term covariate eþ ects (see Section 2.4) and possible temporary survival

and movement e þ ects in the ® rst period following initial marking and release (e.g.

due to a transient e þ ect). This more general model, denoted as u *(sex * age * t)

p(sex * t) included the parameters

u
(1)*
s,t s 5 1, 2; t 5 1, . . . , 28

modelling temporary (transient) eþ ects, and time- and age-speci® c survival rates

u (0)
s,t s 5 1, 2; t 5 2, . . . , 28

u (0)
s,t s 5 1, 2; t 5 1, . . . , 28

and

ps,t , s 5 1, 2; t 5 2, . . . , 29

for 222 parameters (166 sex-, age-, and time-speci® c survival rates and 56 sex-

and time-speci® c recapture probabilities).

We assessed the adequacy of ® t of the global model by two methods. First, we

conducted an initial evaluation for adults only (strati ® ed by sex) using the

RELEASE tests in program MARK (White & Burnham, 1999). We also used

RELEASE to test for possible transient eþ ects as recommended by Pradel et al.

(1997). For the global models described above, we examined goodness of ® t

statistics produced by program MARK, principally the ratio of the deviance-based

chi square statistic to its degrees of freedom:

cÃ 5 v
2 /df
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Deviation of this statistic from 1 indicates lack of ® t. However, this and other lack

of ® t statistics are known to be unreliable for sparse mark- recapture data sets such

as ours. Therefore, we also conducted a number of bootstrap simulations, in which

recapture data were generated under an assumed global model, given our sample

sizes of released birds in each age- sex category, in each period, and used to estimate

model parameters and compute cÃ . This process was repeated > 500 times and then

used to compute

cÃ * 5
cÃ e

cÃ b

where cÃ e is the statistic for the model ® tted to our data, and cÃ b is the mean from

the bootstrap simulations (where the global model is the true underlying model).

This value was taken as a more reliable estimate of ® t, and was used to adjust

variances, con® dence intervals, and likelihood statistics as recommended by

Burnham & Anderson (1998).

We then formed a number of submodels in which the parameters of the global

model were constrained under plausible hypotheses about sex-, age-, and time-

speci® c parameter variation. For instance, sex-speci® c survival diþ erences might

be small (i.e. not detectable in our study), leading to a model in which survival

rates were constrained to be equal between sexes. Likewise, although it is unlikely

that survival or capture rates actually were constant between seasons and years,

nonetheless the magnitude of temporal variation might be small in comparison to

other diþ erences of interest (e.g. sex-speci® c), thus leading to a model in which

these parameters were constrained to be equal over time. Prior to considering the

impact of covariates, we also constructed a number of additive or `parallelism’

models, in which the e þ ects of age, sex, or other factors are assumed to operate,

but not to interact with time. This type of model is reasonable under scenarios in

which, for example, males have higher survival rates than females in any given time

period, but respond in a similar fashion as females to environmental variation.

2.3 Environmental covariates

We obtained daily and monthly climatic data from the weather service o ý ces at

Observatori Fabra in Barcelona. Data were grouped according to the two periods

each year over which survival rates were estimated, 1 Jan- 1 Jul and 1 Jul- 1 Jan,

corresponding to the intervals between the midpoints of the Oct- Mar and Apr- Sep

capture periods. For each period we wished to develop predictive models based on

environmental covariates most likely to be limiting, particularly during the early

part of the survival interval. For the ® rst ( Jan- Jul) period we selected average

minimum daily temperature and numbers of days with temperature < 0ë C during

Jan- Mar. For the second ( Jul- Jan) period we selected total rainfall (mm) and

average daily maximum temperature during Jul- Sep. However, we were not espe-

cially interested in the expected, large seasonal (winter to summer) variation in

these variables, but rather in identifying periods with exceptionally milder or

stronger conditions than average, taking into account the time of year. Therefore,

we standardized each of the environmental covariates by

w t(s) 5
( y t(s) 2 yÅ s )

ss
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where y t(s ) is a weather variable measure in year t and period s 5 1 ( Jan- Mar), 2

( Jul- Sep), yÅ s the mean for the weather variable from 1986 - 1989 and ss the standard

deviation, estimated over years for each period. The resulting value w t(s ) thus

represented deviations from average values (over 1986- 1999) for each of these

covariates, taking into account time of year.

In addition to the weather variables mentioned above, we examined the relation-

ship between abundance of wintering siskins in the vicinity of serin trapping

locations. Siskins were observed to interact agonistically with serins during winter

and to be dominant to them ( JCS, personal observation), and we hypothesized

that the presence of siskins in large numbers could negatively aþ ect the survival of

serins by competitively interfering with feeding. We recorded numbers of siskins

trapped at our serin trapping locations as an index to local siskin abundance. As

with the earlier weather variables, we standardized the counts by the means and

standard deviations of counts over years.

The general form of our covariate models was

log( u i

1 2 u i ) 5 +
k

j 5 1

b jX i, j

where u i is survival for the i th category (combination of age, sex, and time); b j is a

parameter to be estimated, j 5 1, . . . , k; and X i j , i 5 1, . . . , n, j 5 1, . . . , k is an

element of a design matrix containing either 0s or 1s or covariate values. For

example, the model

Y 5 X b

where

Y i 5 log( u i

1 2 u i ) , i 5 1, . . . , 6

u ¢ 5 [ / m
1 , / m

2 , / m
2 , / f

1 , / f
2 , / f

2 [

describes the survival parameterization of a sex- and time-speci® c model for three

years. If standardized temperatures over periods 1, 2 and 3 are [ 2 0.6, 0.4, 0.2]

the design matrix and parameter vector

X 5 f
1 1 2 0.6 2 0.6

1 1 0.4 0.4

1 1 0.2 0.2

1 0 2 0.6 0

1 0 0.4 0

1 0 0.2 0 g
b ¢ 5 [ b 0 , b 1 , b 2 , b 3]

speci® es a model with survival as having sex, ( b 1) and environmental ( b 2 ) eþ ects,

and interaction between temperature and sex ( b 3 ).

As noted, our environmental covariates were selected based on factors thought

to be limiting in either winter ( Jan- Mar) or summer ( Jul- Sep). Thus, the covariates

only took on non-zero values for the relevant season, and were zero (i.e. had no
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design eþ ect) for the opposite season. We also constructed models in which time

was modelled ® rst by a seasonal eþ ect, (winter or summer) and then by a covariate

eþ ect, to ascertain if survival diþ erences were explainable by a general seasonal

eþ ect not attributable to our environmental covariate, or if additional variation was

explained by the covariate. Season by covariate interactions were not considered,

as the covariates by de® nition were con® ned to a particular season. The above

model could be compared to a generalization with a seasonal eþ ect, to which is

added a year e þ ect (i.e. year-to-year variation, unexplained by covariate predictors),

for example denoting a season + year eþ ect. This last readily extends to the

generalized CJS, i.e. a general period-to-period eþ ect is equivalent to season +
year + season 3 year.

2.4 Individual bird covariates

As noted earlier, we were interested in testing whether heterogeneity among birds

was predictive of survival and, more importantly, whether individual bird attributes

such as condition and body size interact with climatic variables in in¯ uencing

seasonal survival. However, we anticipated a priori that both mass and wing length

would vary among identi® able age and sex classes, and in the case of mass in

particular, at diþ erent times of the year. We thus standardized body measurements

using the estimated mean and standard deviation for individuals of the same age

and sex, and trapped during the same 6-month trapping period (but irrespective

of year), to eliminate eþ ects induced by age- or sex-speci® c diþ erences in these

attributes, and to eliminate possible seasonal eþ ects. A standardized value was

computed as

z i(a) 5
(x i(a) 2 xÅ a )

sa

where x i(a) is the attribute value (e.g. body mass) for the i th individual in the ath

age-sex-season stratum and xÅ a , sa are the estimated mean and standard deviation

of the attribute for individuals in the ath stratum. Eþ ectively these transformed

values represented an individual’ s deviation from the average of otherwise similar

birds (i.e. trapped at the same time of year, and of the same age and sex class),

with large negative values representing unusually low values of the attribute (e.g.

wing length), values close to zero representing `average’ birds, and large positive

values representing unusually large attribute values. Incorporation of mass as a

covariate is complicated by the fact that mass (even on a standardized or relative

scale) may not be a permanent attribute of an animal, but rather is a transitory

state. Unfortunately, in most cases body mass was not remeasured on individuals

upon recapture, and of course was measured not at all for animals not recaptured.

We thus had no way to assess whether mass was transitory, or to build appropriate

models for survival and capture probability based on changing weight. Therefore,

we incorporated mass as a covariate only to predict survival in the period immedi-

ately following ® rst capture ( u (1)*
s,t for adults, u (0)

s,t for subadults, s 5 1, 2).

We constructed models in which survival on the logit scale was predicted as a

quadratic function of the individual attributes, to allow for non-monotonic survival

eþ ect (e.g. survival increases with mass for very light birds but decreases for extremely

heavy birds). As with the environmental covariates we used the general form

Y 5 X b
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where

Y i 5 log( u i(z)

1 2 u i(z) )
where survival is now a function of a vector of k 5 1, . . . , n individual attributes

(i.e. covariates)

z ¢ 5 [I1 (i )z1 , I2(i )z2 , , . . . In (i )zn ]

where zk is the attribute of animal k, k 5 1, . . . , n and Ik(i ) is an indicator variable

assuming 1 if the capture history for animal k is associated with the appropriate

sex- age- time category (row of the design matrix) and 0 otherwise. Taking the

previous example of three periods of survival for males and females, the CJS model

is augmented by the individual covariate e þ ects (e.g. body mass) for the individuals

of the appropriate sex and time categories as de® ned by the animal’ s capture

history. Thus

X 5 f
1 1 1 0 1 0 z z

1 1 0 1 0 1 z z

1 1 0 0 0 0 z z

1 0 1 0 0 0 z 0

1 0 0 1 0 0 z 0

1 0 0 0 0 0 z 0 g
u ¢ 5 [ u m1 , u m2 , u m3 , u f1 , u f 2 , u f 3]

b ¢ 5 [ b 0 , b 1 , b 2 , b 3 , b 4 , b 5 , b 6 , b 7]

where b 1 2 b 5 represent sex, time and sex 3 time interaction eþ ects, b 6 represents

the additive (on a logit or other scale as determined by the model link function)

eþ ect of the covariate, and b 7 represents sex 3 covariate interactions.

As noted earlier, we were particularly interested in whether individual attributes

might interact with environmental conditions. In particular, we hypothesized that

birds in better condition (higher body mass) might react diþ erently to harsh

environmental conditions or competitors, than birds in poorer condition (Lower

mass). We therefore constructed models in which survival in the period following

® rst capture was predicted by the interaction of a time-speci® c factor in that period

and the body mass of the individual, again measured upon capture immediately

before the period. For example, taking the earlier, hypothetical vector of environ-

mental covariates, and the above individual covariate example, we would obtain

X 5 f
1 1 1 0 1 0 0.6z

1 1 0 1 0 1 0.4z

1 1 0 0 0 0 0.2z

1 0 1 0 0 0 0.6z

1 0 0 1 0 0 0.4z

1 0 0 0 0 0 0.2z g
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where the last column represents the interaction between the time- and individual-

speci® c factors, indicating that the individual covariate (z) operates at a diþ erent

intensity depending on the level of the environmental factor (0.6, 0.4 or 0.2), and

vice-versa.

2.5 Estimation and model selection

We used program MARK (White & Burnham, 1999) to estimate parameters and

compare and select the `best’ models for inference, using the capture histories

(sequence of mark, release, and recaptured or not recapture on each time occasion)

and time- and individual-speci® c covariates described above. Our approach gener-

ally followed that described by Burnham & Anderson (1998). First, we delineated

a `global model’ thought to capture important sources of temporal and individual

variation in survival and capture probabilities consistent with the biology of our

study organism, the characteristics of our study area and the limitations of our

design. We then constructed plausible submodels, as described in Section 2.1. For

example, additive models are reasonable under scenarios in which, for example,

males have higher survival rates than females in any given time period, but respond

in a similar fashion as females to environmental variation. To these we added the

time- and individual-speci® c covariate models as described in Sections 2.3 and 2.4.

We used Akaike Information Criterion (AIC; Burnham & Anderson, 1998) to

rank candidate models in our model set. We adjusted AIC for small e þ ective

sample sizes and for lack of ® t by cÃ to form QAIC C (Burnham & Anderson, 1998,

pp. 51- 53). The candidate models (global and submodels) were ranked by QAIC C

to calculate D QAICC (always zero for the best model). A model weight for a

candidate model in the model set was then computed as

w i 5
e( 2 D AICi / 2)

R R
j 5 1 e ( 2 D AICj /2)

where R is the number of models in the set of candidate models.

Generally we sought to identify the most plausible model as that model with the

lowest QAIC C value (equivalently, highest model weight). However, several models

were frequently close competitors ( D QAICC < approximately 2) and had similar

weights. In such cases we considered all `close’ models as equally plausible, and

estimated parameters for each. In all cases, however, we incorporated model

uncertainty into the estimation of variances and con® dence intervals of parameters.

If inference was based on a single `best’ model we reported the parameter estimates

for that model, but calculated variances and con® dence intervals by computing an

estimate of unconditional variance for each parameter (Burnham & Anderson,

1998, p. 134) as

vaÃ r( h Ã ) 5 f +
R ¢

i 5 1

w i Î var( h Ã i ½ M i) + ( h Ã i 2 h Ã a )2 g
2

where h is the parameter of interest (e.g. survival rate or coeý cient in a covariate

relationship),

h Ã a 5 +
R

i 5 1

w i h
Ã

i
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is the weighted average estimate across models, and h Ã i and vaÃ r( h Ã i ½ M i) are the

parameter estimate and conditional variance based on the i th model, for the R ¢
models in which the parameter appears. If inference was based on multiple models

we followed a similar procedure, but instead of a `best’ estimate we reported the

weighted average estimate, where averaging is again across the R ¢ models in which

the parameter appears. In both cases, the weights w i of the subset of models used

were normalized to sum to 1.

In addition to obtaining the best possible estimates of survival rates, and

investigating patterns of variation in these rates in relation to environmental and

individual factors, we were interested in constructing predictive models of these

relationships. Therefore, once we obtained a suitable subset of models based on

information criteria, we constructed a predictive model based on the model-

averaged estimates ( b Ã ) of the parameters contained among the several models. We

then applied these parameters to a design matrix (X 0 ) containing speci® ed values

for the predictor variables (sex, age, covariates, etc) and obtained predictions as

YÃ 5 X 0 b Ã

with estimated variance- covariance structure of

v(YÃ ) 5 X 0 VX ¢0

where V is the estimated variance- covariance matrix of the model-averaged esti-

mates (Searle, 1971, pp. 90- 91). We estimated V by ® rst estimating the correlation

matrix under the model containing all the parameters of interest, then estimating

the unconditional parameter variances as described above, and ® nally applying the

unconditional variance estimates to the correlation matrix to re-estimate the

variance covariance matrix. Approximate 95% con® dence intervals of YÃ were

obtained as

YÃ 6 1.96 3 [D(V)]1/2

where D is an operator producing a vector of elements from the diagonal of a square

matrix. Finally, these were back-transformed to obtain predicted survival rates by

SÃ 5 logit 2 1 ë (YÃ ) û

to obtain the predicted value and upper and lower con® dence limits.

3 Results

3.1 General analysis

We conducted a preliminary analysis of birds captured as adults and, performed

tests in program RELEASE. The combined results of TEST 2 and TEST 3 from

RELEASE provide no evidence of lack of model ® t for the sex-strati® ed CJS model

(v 2
5 68.82, df 5 94, P 5 0.98). In particular, these tests provided no indication of

a transient or temporary capture eþ ect. We thence proceeded with the development

of global age-, sex-, and time-speci® c models as described in Section 2.1, and

estimated parameters of model u (sex * age * t)p(sex * t), as well as the more general

u *(sex * age * t)p(sex * t). The ® t of the more general model (cÃ e 5 22.857) was worse

than that of u (sex * age * t)p(sex * t) (cÃ e 5 14.247), and had many parameters that

were poorly estimated (e.g. very large standard errors). Therefore, u (sex * age * t)

p(sex * t) was taken as the provisional global model, and subjected to further
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evaluation using bootstrapping. The average from n 5 576 bootstrap samples was

cÃ b 5 11.338 (95th percentile 5 9.937), both of which exceeded cÃ e . We took this as

evidence of moderate extra-binomial variation, lack of ® t, or both, and following

the recommendations of Burnham & Anderson (1998) used cÃ * 5 14.247 /

11.338 5 1.26 to adjust variances, con® dence intervals, and AIC values in sub-

sequent estimation and model comparisons (Table 1). These results were used

with model averaging to obtain the sex-, age-, and time-speci® c estimates of u in

Fig. 1. These indicate a small sex-speci® c diþ erence in survival (males higher than

females) but consistently higher adult than juvenile survival rates. Survival exhibited

great year-to-year variability, particularly for adults, but only a minor apparent

seasonal e þ ect.

3.2 Covariates analyses

Time speci® c and individual covariate values are summarized in Tables 2 and 3.

Table 2 generally con® rms the mildness of the Mediterranean climate, with a fairly

narrow range in winter and summer temperatures and days below freezing in

winter. In contrast, there was a wide range in numbers of wintering siskins captured

(0 to > 3000) and in Jul- Sep rainfall (78 - 329 mm). These data and those of the

individual covariates summarized in Table 3 were used as predictors in the covariate

models (Table 1) after standardization as described in Sections 2.3 and 2.4.

The models in Table 1 were grouped into four categories: (1) those containing

no covariates (individual or time-speci® c); containing only (2) time or (3) individual

covariates; and (4) containing both types of covariates, in particular, interactions

between individual and time-speci® c factors. Our ® rst conclusion based on the

rankings displayed was that category (2) models were universally poor in perfor-

mance, with D QAIC C > 74 and w i » 0 for all models in this category. We therefore

removed these models from further consideration, and concentrated on categories

(1), (3) and (4). We were particularly interested in (4), as these models related to

our a prior i ideas about birds in diþ erent condition. The `best’ model overall

(w i 5 0.25) was of this type, including a term involving the interaction between

mass and winter abundance of siskins. Several other of the category (3) and (4)

models were reasonable contenders for further consideration (w i approaching 0.10,

D QAICC < 2); virtually none of the category (1), and none of the category (2)

models approached these criteria. We therefore examined the best category (1)

model and two best category (2) models, all meeting the above criteria, to determine

the subset of predictor variable for further estimation and predictive modelling.

Based on this, we obtained model-averaged estimates for the parameters listed in

Table 4, where again averaging was done separately for each parameter, across

models in which that parameter appears. These estimates were then used to develop

predictions for the speci® c set of covariate and other factors shown in Figs 2 - 4.

There is an apparent optimum for body mass of juveniles, with the maximum

predicted survival at approximately 1 SD below the average juvenile mass, and

declining thereafter; there was little eþ ect of mass on survival except at very high

(> 2 SD above the mean) masses (Fig. 2). However, there appears to be a

pronounced interaction between siskin abundance and mass in aþ ecting Jan- Jul

survival (Fig. 3). At average levels of siskins the relationship is nearly identical to

that depicted in Fig. 2 (Fig. 3(b)). However, at low siskin abundance the eþ ect of

increasing mass on survival is monotonically negative (Fig. 3(a)) whereas at high

siskin abundance the reverse is true (Fig. 3(c)).
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Table 1. Model selection criteria for serins ringed as adults and subadults and recaptured in Barcelona,

1986 - 1999

Covariatesa Modelb, c
k

d D QAIC e
C w

f
i

Individual* time u (sex + age + wt*sisk + wng + wng2 + age*wng + seas*wng + t) 61 0.00 0.2538

Individual* time u (sex + age + wt* frz + wng + wng2 + age*wng + seas*wng + t) 61 2.56 0.0706

Individual* time u (sex + age + wt* tmax + wng + wng2 + age*wng + seas*wng + t) 61 2.63 0.0681

Individual* time u (sex + age + wt*tmin + wng + wng
2 + age*wng + seas*wng + t) 61 3.00 0.0566

Individual* time u (sex + age + wt*rain + wng + wng2 + age*wng + seas*wng + t) 61 4.07 0.0332

Individual* time u (sex + age + wt + wt2 + age* wt + seas* wt + wt*sisk + t) 61 4.36 0.0287

Individual* time u (sex + age + wt + wt2 + age* wt + seas* wt + wt* frz + t) 61 5.11 0.0197

Individual* time u (sex + age + wt + wt2 + age* wt + seas* wt + wt* tmin + t) 61 5.67 0.0149

Individual* time u (sex + age + wt + wt
2 + age* wt + seas* wt + wt* tmax + t) 61 6.21 0.0114

Individual* time u (sex + age + wt + wt2 + age* wt + seas* wt + wt*rain + t) 61 6.48 0.0099

Individual* time u (sex + age + wt + wt2 + age* wt + seas* wt + wt*weather 70 10.28 0.0015

Individual u (sex + age + wng + wng2 + age* wng + seas*wng + t) 60 1.56 0.1162

Individual u (sex + age + wt + wt2 + seas*wt + t) 59 1.96 0.0951

Individual u (sex + age + wt + wt
2 + t) 59 2.26 0.082

Individual u (sex + age + wng + wng2 + seas*wng + t) 59 3.17 0.0519

Individual u (sex + age + wt + wt
2 + age*wt + seas* wt + t) 60 3.96 0.0351

Individual u (sex + age + wng + wng2 + t) 58 8.58 0.0035

None u (sex *age + t)) 57 4.81 0.0229

None u (sex + age + t)) 56 5.18 0.0190

None u (age + t)) 55 7.58 0.0057

None u (sex *age * t)) 116 26.78 0.0000

None u (sex *age * t)p(sex* t)) (global model)] 142 61.47 0.0000

None u (sex + age + seas + age* seas + year)) 44 69.74 0.0000

None u *(age + t)) 57 71.63 0.0000

None u *(sex * age + t)) 59 72.54 0.0000

None u *(sex * age + t)p(sex + t)) 60 73.86 0.0000

None u * (sex *age * t)p(sex* t)) 173 87.01 0.0000

None u (sex + age + seas + age* seas)) 32 95.27 0.0000

None u (sex *age + t)p(sex * t)) 84 107.98 0.0000

None u * (sex *age + t)p(sex* t)) 86 111.99 0.0000

None u *(sex*age)) 34 158.06 0.0000

Time u (sex + age + seas + age* seas + rain + tmax + sisk + frz + tmin + age*weath) 42 74.76 0.0000

Time u (sex + age + seas + age* seas + sisk + frz + tmin)) 35 84.60 0.0000

Time u (sex + age + seas + age* seas + rain + tmax + sisk + frz + tmin)) 37 88.50 0.0000

Time u (sex + age + seas + age* seas + rain + tmax)) 34 98.90 0.0000

Time u (sex + age + rain + tmax + sisk + frz + tmin)) 35 124.90 0.0000

a Models grouped by covariate type (individual, time-speci® c, or both) and sorted by descending model

weight (wi) within group.
b Covariates: sisk 5 counts of siskins at serin trapping sites during Jan- Mar; frz 5 number of days with

temperature < 0ë C during Jan Mar; tmin 5 average minimum daily temperature during Jan- Mar;

tmax 5 average daily maximum temperature during Jul- Sep; rain 5 total rainfall (mm) during Jul- Sep;

weath 5 all weather covariates in the model, e.g. age*weath in model u (sex + ages + rain + tmax +
tmin + age*weath) denotes interaction terms age* rain, age * tmax, and age * tmin; wt 5 body mass,

wng 5 wing length.
c Covariate eþ ects included in linear logistic model of survival; all models include a time but no other

eþ ect for recapture ( p).
d
k 5 number of model parameters

e D QAICC 5 diþ erence above lowest corrected QAIC value; Variance in¯ ation factor cÃ 5 1.26;
f
w i 5 model weight based on D QAIC c ; model weight is based on models in all covariate groups.
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Figure 1. Model-averaged estimates and approximate 95% con® dence intervals of time-, age-, and

sex-speci® c survival. Tick marks correspond to Apr- Sep of corresponding year (1985 - 99), midpoint

between ticks to Oct- Mar of each year.

Table 2. Time-speci® c covariates used in analysis of survival rates for serins recaptured in Barcelona,

1986 - 1999

Period Variable xÅ SD n min max

Jan- Mar Min temp ë C 6.60 0.75 14 5.60 8.00

Days < 0C 1.86 2.21 14 0.00 7.00

n siskins captured 474.86 923.89 14 0.00 3105.00

Jul- Sep Rain (mm) 160.48 72.31 14 77.70 329.30

Max. temp ë C 27.07 0.94 14 25.40 28.73

Table 3. Individual covariates used in analysis of survival rates for serins recaptured in Barcelona,

1986 - 1999

Mass Wing

Sex Age Period xÅ SD n min max xÅ SD n min max

Male Adult Oct- Mar 11.25 1.00 333 9.0 14.5 71.92 3.99 333 70.0 78.0

Apr- Sep 11.00 0.67 294 8.9 13.0 71.44 1.54 294 68.5 76.5

Subadult Oct- Mar 11.54 1.03 810 8.9 16.5 71.40 1.71 810 65.0 77.0

Female Adult Oct- Mar 11.24 0.98 201 8.8 15.5 69.08 1.88 201 61.5 76.0

Apr- Sep 11.30 1.10 304 9.3 15.0 68.81 1.54 304 63.5 72.5

Subadult Oct- Mar 11.39 1.72 736 9.0 18.0 68.77 1.72 736 61.0 75.0

Total 2678 2678
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Table 4. Model-averaged estimates of individual and time-speci® c

covariate eþ ects for serins

95% Con® dence interval

Parameter h Ã a SE( h Ã a ) Lower Upper

Intercept 7.5811 73.8130 2 137.0925 152.2546

Sex 0.2370 0.1175 0.0067 0.4674

Age 2.5476 0.2919 1.9754 3.1197

Wt 2.6507 1.8853 2 1.0445 6.3459

Wt2
2 2.8681 1.9261 2 6.6432 0.9070

Age * wt 2 0.0216 0.2392 2 0.4904 0.4473

Seas*wt 2 0.1749 0.2588 2 0.6823 0.3324

Wt*sisk 0.4319 0.2478 2 0.0538 0.9177

Wng 2 0.1006 0.4326 2 0.9486 0.7473

Wng2 0.6178 0.4333 2 0.2314 1.4671

Age * wng 2 0.2688 0.1593 2 0.5811 0.0435

Seas*wng 2 0.5371 0.1821 2 0.8939 2 0.1802

Figure 2. Predicted survival of serins in relation to body mass, averaged between 6-month survival

periods. Error bars represent 95% con® dence intervals of predicted survival after back transformation

from linear logistic model, using weighted average estimates of coeý cients (Table 4).

Predicted survival of subadults increased with wing length, so that unusually

large subadults (> 3 SD above the mean) were predicted to survive at nearly the

same rate as adults. In contrast, adult survival was virtually unaþ ected by changes

in body mass (Fig. 4). Interpretation of these results should take into account that

adult and juvenile wing lengths are very similar and that the ranges in size overlap

very much (Table 2). In addition, of course, on average juvenile survival is much

lower than adult survival. Therefore, the eþ ects apparent in Fig. 4 may be largely

due to a few unusually large individuals, which have very high (adult-like) survival.
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Figure 3. Predicted survival of serins in relation to body mass during Jan- Jul, at diþ erent levels of

standardized abundance of siskins: (a) 2 3 (3 SD units below average) (b) 0 (average), and (c) 3 (3 SD

units above average). Error bars represent 95% con® dence intervals of predicted survival after back

transformation from linear logistic model, using weighted average estimates of coeý cients (Table 4).
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Figure 4. Predicted survival of serins in relation to wing length, averaged between 6-month survival

periods. Error bars represent 95% con® dence intervals of predicted survival after back transformation

from linear logistic model, using weighted average estimates of coeý cients (Table 4).

Finally, the con® dence intervals on the parameter estimates used in these predic-

tions (Table 4) were quite wide, leading to high prediction variance as re¯ ected in

the error bars in Figs 2 and 3; thus, biological interpretation of these relationships

must be made with caution.

4 Discussion

Our analysis failed to detect a predictive relationship between environmental

covariates and survival, and neither does there seem to be a strong indication of

seasonal variation in survival, as would be expected from the mild weather in the

Mediterranean area. The general expectation of higher survival rates for adults

compared with subadults was con® rmed by our models and estimates. Similarly,

there was, as expected, a higher survival of males compared to females (Breitwisch,

1989), although this diþ erence was not as pronounced. We have evidence for a

relationship between body mass (taken as an indicator of body reserves against

starvation) and survival of both sexes. For juveniles there is evidence of a curvilinear

mass-survival relationship, whereas for adults predicted survival declines with

increasing mass. Both results are consistent with the suggestion by Witter & Cuthill

(1993) that very heavy birds are disadvantaged by mass in survival; this is especially

noticeable for juveniles.

In spite of the general lack of importance of environmental factors, at least one

factor, the presence and relative abundance of siskins, appears to in¯ uence the

body mass-survival relationship. At low and average levels of siskin abundance,

survival generally decreases with mass but at high siskin levels the eþ ect seems

reversed, suggesting that the need to have more body stores to overcome competi-

tion with the more dominant siskins may compensate for the disadvantage of heavy
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mass, as has been found in studies at the intraspeci® c level (Clark & Ekman, 1995;

Ekman & Lilliendahl, 1993; Hafthorn, 1998; Hake, 1996). Subordinate individuals

within a ¯ ock prefer to maintain high fat loads, which although increasing predation

risk, allows the subordinate birds to overcome the more immediate risk of starvation

because of competition with dominant ¯ ock companions. Our results therefore

resemble those of Krams (1998) on mixed-species ¯ ocks of parids, but have the

additional aspect of relating the body mass /competition relationship to survival.

The positive mass-survival relationship at times when competition is strongest (i.e.

when many siskins are present), and the apparent reversal of the relationship when

siskins are absent (when the disadvantages of higher body mass may prevail; Witter

& Cuthill, 1993), suggests that management of body reserves is related to overall

® tness as summarized by survival.

Naturally, we cannot exclude the possibility that other environmental or other

factors are operating to in¯ uence survival in serins. Nor, because of the observa-

tional nature of this study, can we exclude the possibility that our empirical results

are the result of chance covariation among many factors, and do not represent

causation. However, we believe that the study has the advantage over much

previous work in starting with reasonable a prior i hypotheses about environmental

and individual covariate e þ ect. Our application of rigorous analytical methods

based on information criteria provide additional strength to the resulting inferences.

At the least, our work is a good motivation for further, ideally, experimental tests

of these questions.

Finally, we recognize that our study design and analysis has inherent limitations

that must be taken into account in generalizing these results. An important

limitation is that our estimates of the e þ ects of environmental and individual

covariates on survival are conditional on birds that have survived to subadult status,

i.e. have survived their ® rst winter of life. Further investigations into these questions

should take into account the possibility that juveniles respond diþ erently to these

factors than do subadults and adults. These investigations may be facilitated by

improvements in methods for determining the sex of juvenile birds, a major reason

that this cohort was excluded from our analyses.
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