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Introduction

Abstract

Recent large declines in house sparrow Passer domesticus L. populations in many
European towns and cities have generated much speculation as to possible
environmental causes, although empirical insights have been lacking. We mea-
sured reproductive success in a declining house sparrow population along an
urbanization gradient in Leicester, England, and used mixed models to identify
correlates of nesting success. A stochastic simulation approach was developed to
estimate annual reproductive success when the number of breeding attempts was
unknown, and to assess the sensitivity of reproductive success to variation in
different environmental factors. During 2 out of 3 years, reproductive output was
lower than the predicted threshold required for population stability. Years
of inadequate reproduction were characterized by lower chick survival and body
mass at fledging (a predictor of post-fledging survival). Factors associated with
reduced reproductive output included low ambient temperatures, extremes of
rainfall, high levels of vegetable material in the diet (all affecting chick survival and
body mass), low aphid densities (an important component of chick diet) and high
concentrations of air pollution from traffic (affecting chick body mass). Repro-
ductive failure linked to inadequate invertebrate availability provides a plausible
demographic mechanism accounting for declines in urban—suburban house spar-
row populations. Increased traffic volume and vegetation removal are candidate
causal factors in these declines although the mechanism underlying the former is
unclear. Increasing densities of key invertebrate prey away from major roads
should be an objective of conservation management aimed at urban—suburban
house sparrows. This study illustrates the utility of mixed models for the analysis
of individual sibling survival and of stochastic simulation for modelling reproduc-
tive success in multi-brooded animals.

its European status is no longer considered secure (Baillie
et al., 2007).

Evidence is mounting for large reductions in house sparrow
Passer domesticus L. populations in many European towns
and cities. In urban—suburban Britain, the decline appears
to have started in the mid-1980s and continued throughout
the 1990s (Summers-Smith, 2003; Robinson, Siriwardena &
Crick, 2005). The best-documented change has occurred in
London where numbers of breeding sparrows declined by
60% between 1994 and 2004 (Raven, Noble & Baillie, 2005).
Smaller-scale surveys suggest losses of 85% in Kensington
Gardens, London (1925-1995), 99% in suburban Glasgow
(1959-1997), 90% in an Edinburgh park (1983-1998) and
75% in suburban Hamburg (1991-1999) (Summers-Smith,
1999; Dott & Brown, 2000; Mitschke, Rathje & Baumung,
2000). The house sparrow has recently been added to the list
of priority species in the UK Biodiversity Action Plan and

Such large and rapid losses of a familiar garden species
have stimulated considerable speculation as to possible
environmental causes of the decline (McCarthy, 2000; Sum-
mers-Smith, 2003; Beckerman, Boots & Gaston, 2007). Ear-
lier declines of house sparrows on British farmland have
been attributed to reduced availability of winter seed and
grain linked to changes in agricultural practices (Hole ez al.,
2002) but equivalent empirical studies in urban—suburban
habitats are lacking. Small-scale studies of a declining
suburban house sparrow population in Hamburg, Germany
suggest brood starvation might have been caused by a lack
of aphids (Aphidoidea) and ants (Formicidae) as chick food
close to nests (Bower, 1999; Mitschke et al., 2000). Extensive
monitoring of house sparrow breeding success in Britain has
highlighted a reduction in average maximum brood size
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(from c¢. 3.5 in the late 1980s to 2.7 in 2003; Baillie et al.,
2007), suggesting that mortality of young chicks may be a
widespread and increasing phenomenon. Summers-Smith
(2003, 2007) speculates that the timing of population decline
and the local re-distribution of nesting sparrows are consis-
tent with an impact of vehicle exhaust emissions on house
sparrows possibly via their invertebrate prey. Vehicle emis-
sions are known to have a variety of impacts on plant
physiology and growth but effects on invertebrates are
less well understood (Bignal, Ashmore & Power, 2004).
Emissions most likely to impact ecological systems include
nitrogen oxides, volatile organic compounds, polycyclic
aromatic hydrocarbons, metals and particulates (Bignal
et al., 2004).

The current study addressed three main questions. First,
is annual productivity in suburban and rural garden-nesting
house sparrows sufficient to maintain population size and
does it therefore constitute a potential demographic cause of
population decline. Second, does nutritional stress (as re-
flected through chick mortality and body condition) limit
reproductive success, and third, what are the relative im-
pacts on reproductive success of prevailing weather, habitat
composition and air pollution from vehicle emissions
within the vicinity of the nest. To answer these questions,
we studied house sparrow reproductive success along an
urban—suburban—rural gradient to ensure a wide range of
variation in key ecological variables (McDonnell & Pickett,
1990; Theobald, 2004).

Materials and methods

Nest monitoring and covariates of nesting
success

During 2001-2003 we studied reproductive success in a
declining population of house sparrows breeding in artificial
nest boxes in nine study areas in and around the city of
Leicester, England. Nest boxes were erected in localities
known to support house sparrows but occupancy rates
varied between study areas (see Supporting Information
Appendix S1). Boxes were fixed to the sides of buildings
(usually two to four boxes per property, usually a domestic
house), 4-5m above ground level and within 10-20m of
roads. The distribution of occupied nest boxes was deter-
mined by the presence of sparrows, the willingness of
residents to accept boxes and box occupancy rates. Nest
histories were gathered for 258 nesting attempts from 104
nest boxes located across a range of urban (i.e. no private
gardens within 100 m; four nesting attempts in 2001, two in
2002 and two in 2003), suburban (private gardens within
100m; 9, 69 and 107) and rural (private gardens and farm-
land within 100m; 6, 21 and 38) localities. Nest boxes were
inspected at least once every 7 days between early April and
mid-August to ensure that most breeding attempts were
located during the egg stage and the fates of most nests were
established with certainty. Censuses of adult males (two
early morning surveys between February and May, covering
973 ha of urban, suburban and rural habitat) indicated a 9%
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decline in breeding numbers between 2001 and 2002, and a
further 21% decline between 2002 and 2003 (Vincent, 2006).

For each nest we calculated as many of the following
parameters that could be determined with certainty: first egg
date (assuming one egg is laid each day and an incubation
period of 11 days; Summers-Smith, 1963), maximum clutch
size, hatch date (observed or estimated from chick feather
development), proportion of eggs hatched and the number
of young fledged. Infertile eggs and dead chicks were usually
found in the nest. Marking the legs of young chicks
(2—-6 days old) with indelible ink and older chicks (7-10 days)
with individually numbered aluminium rings allowed the
fates of individual chicks to be determined. Chicks were
weighed (to the nearest 0.1 g) and measured (tarsus length to
the nearest 0.1 mm). Many chicks produced faecal samples
when handled and these were preserved in 70% alcohol for
subsequent determination of the relative abundance of
vegetable material in the chick diet, a simple measure of diet
quality (Vincent, 2006). A binocular microscope was used to
estimate the percentage cover of vegetable material (frag-
ments of mainly bread, peanuts and seed) in each of 36
segments marked on a glass Petri dish across which the
faecal remains were evenly spread.

Habitat composition was mapped within a 70 m radius of
each occupied nest box, a distance that included 95% of
foraging by provisioning adults in suburban Hamburg
(Mitschke et al., 2000). Seven habitat categories were
recognized: deciduous shrubs, evergreen shrubs, ornamental
shrubs and flowerbeds, trees, grass and weedy areas, vege-
table patches and arable farmland, concrete/buildings.
These categories were simplified using principal components
analysis (PCA) in which the first axis (HAB1) accounted for
40% of variation in habitat composition across localities
and reflected relatively large areas of grass (eigenvector =
0.45), deciduous shrubs (0.45) and trees (0.42) and relatively
small areas of concrete (—0.53). A second axis (HAB2)
accounted for a further 23% of the variation in habitat
composition and reflected relatively large areas of evergreen
shrubs (0.47) and concrete (0.31) and relatively small areas
of arable (—0.65) and grass (—0.35). Habitat composit-
ion was only mapped in the year a nest box was first
occupied, as there were no substantial habitat changes in
subsequent years.

Air pollution data for Leicester were available from
Atmospheric Dispersion Modelling Software (ADMS Ur-
ban version 1.6; Cambridge Environmental Research Con-
sultants, 2001) that integrates point source air pollution
data, traffic flows and meteorological data to predict spatial
variation in air pollutant concentrations. Year-specific aver-
age daily concentrations of nitrogen dioxide (NO,) covering
the period March—September were available for each post-
code area in our study (a UK postcode typically includes all
the properties within a single suburban street; the median
area of the 35 occupied postcodes in our study was 1.9 ha).
Measures of several other air pollutants from vehicle emis-
sions were highly correlated with NO, so were not consid-
ered further. NO, concentration declines rapidly with
distance from roadside, falling by about 40% over the first
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20 m and reaching background levels at about 100 m (Bignal
et al., 2004). Average NO, levels varied markedly between
postcodes within our study areas (Supporting Information
Appendix S1).

Aphids are important components of sparrow chick diet
during June and July (Seel, 1969; Bower, 1999) and in 2003
we assessed the relative abundance of aphids during late
June and July within the home ranges of 32 sparrow nests.
These nests were selected to represent the full range of the
urbanization gradient (mean NO, ranged between 16.9 and
29.2 ugNO, m~> compared with 16.9-32.7 ug NO,m™> for
the full set of occupied nests in 2003). For each home range,
we scored aphid abundance on 30—40 deciduous trees and
shrubs, and 35-50 herbaceous plants and vegetables within
100 m of the nest. An ordinal rank abundance score (0 = no
aphids, 1 = 1-15 aphids, 2 = 16-30 aphids, 3 = 30 + aphids)
was assigned to individual herbaceous plants and to 10
randomly selected growing shoots to characterize individual
trees and shrubs. Aphid scores were summed across plants
within home ranges and expressed as the percentage of the
maximum possible score.

Analytical methods

Generalized linear mixed models (GLMMs; Brown & Pre-
scott, 1999) were used to identify correlates of reproductive
success and chick condition. These analyses allowed for the
non-independence of successive broods in the same box in
the same year, or of individual chicks from the same brood,
by declaring nest box or brood, respectively, as random
factors. Declaring brood as a random factor allows the
study of survival of individual chicks rather than the usual
whole nest or brood (Mayfield, 1975; Johnson, 1979). This is
particularly useful for species like house sparrow where
partial brood mortality is common and where covariates
relating to individual chicks (e.g. faecal samples) are avail-
able. The random brood term represents factors that influ-
ence the fates of all young within the same brood
simultaneously and equally. Our approach is equivalent to
a repeated measures model with equal variance and covar-
iance between the fates of individual young within a brood
[i.e. a compound symmetry covariance structure (Brown &
Prescott, 1999)]. Study area was also declared as either a
random (preferred) or fixed (if the random term failed to
converge) factor to allow for the spatial clustering of nest
sites. Mixed models carry an assumption that the random
terms are normally distributed and histogram plots sug-
gested this was reasonable for our data.

Dependent variables (normal errors unless stated other-
wise) were clutch size, whole nest survival at the egg stage
(binomial trials with logit link), the proportion of eggs
hatching from each clutch excluding complete nest failures
(binomial trials), daily survival rates of individual chicks
(binomial trials), mean brood body condition 2—6 days after
hatching and mean brood tarsus length and body mass
10-12days after hatching. The body condition analysis
involved modelling residuals from the strong, linear rela-
tionship between the logarithm of tarsus length and the
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logarithm of body mass (F 144 = 805.2, P<0.0001, R*=
0.85; Bradbury et al., 2003; Schulte-Hostedde ez al., 2005).
In order to reflect the full range of environmental conditions
along our urbanization gradient, all 2002 and 2003 nest
histories were included in the GLMM analyses, while the
relatively small sample of nests from 2001 was excluded.

Initially the following set of ‘nuisance’ variables were
screened for possible effects on dependent variables: year
(2002 or 2003), period (‘early’ = first egg laid before the end
of May, ‘mid’ = first egg laid during June, ‘late’ = first egg
laid during July or August), average daily maximum tem-
perature and rainfall (nest stage specific), brood size and
chick age (the latter two for brood condition and body mass
only). One-year-old house sparrows have lower nesting
success than older birds (Summers-Smith, 1963; Hatch &
Westneat, 2007). In case first time breeders were more likely
than older birds to occupy newly available nest boxes, we
tested whether dependent variables differed between first
and subsequent years of nest box occupation but this was
never significant. Having allowed for the effects of any
significant nuisance variables, we then tested for relation-
ships between dependent variables and habitat composition
(two PCA axes), NO, levels and, for subsets of nests, the
proportion of vegetable material in chick faeces and the
abundance of aphids within 100m of the nest. Variables
were added to models using a step-up approach (most
significant predictors first), checking for non-linear relation-
ships (quadratic term in the presence of the linear term) and
plausible interactions (i.e. between year and all other pre-
dictors, between period and habitat, NO,, vegetable materi-
al and aphids, between temperature and rainfall and
between habitat variables and NO,, vegetable material and
aphids). Inter-correlations between predictor variables were
generally weak, the strongest being between HAB1 and NO,
concentration (r =—0.49, P<0.001). However, there were
no instances where these two variables could substitute for
each other as significant predictors of nesting success.

All GLMMs were fitted using procedures MIXED and
GLIMMIX of SAS version 9.1 using the Satterthwaite
approximation for estimating degrees of freedom (Littell
et al., 1996). As information theoretic approaches cannot
generally be used to assess the importance of fixed factors in
mixed models (Verbeke & Molenberghs, 2000; Gurka,
2006), Wald tests were used to select significant predictors
of nesting success.

Stochastic simulation model of annual
reproductive success

House sparrows typically make up to four nesting attempts
each year (Summers-Smith, 1963), but we lacked direct
measures of the numbers of attempts per pair. To estimate
average annual reproductive output per breeding pair we
developed a simulation model of nesting behaviour that
extended the approach of Green et al. (1997) and Ratcliffe,
Schmitt & Whiffen (2005). The model used observed dis-
tributions of start dates (the date of completion of the first
clutch) and stop dates (the date after which no further
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clutches were laid), and observed intervals between succes-
sive nesting attempts, all taken from individual nest box
histories, to simulate re-nesting behaviour. In order to
minimize any influence of sparrows switching nest sites
between successive breeding attempts, we restricted start
dates to those that occurred during the population-wide
periods for known first and second nesting attempts in
individual boxes. This assumes that any later “first’ attempts
involved adults switching nest sites after their first attempt.
Although a few genuinely late first attempts, perhaps by
first-time breeders (Hatch & Westneat, 2007), may have
been misclassified as second attempts, any consequent bias
will have inflated estimates of reproductive success and
therefore rendered our conclusions about their adequacy
conservative. The observed seasonal distribution of nesting
attempts (across eleven 10-day periods) was similar to that
predicted by the simulation model (e.g. Kolmogorov—Smir-
nov tests for suburban nests: D = 0.086, P = 0.72 for 2002,
D=0.098, P=0.25 for 2003) suggesting any bias was
negligible.

The simulation model allocated a breeding female a start
date, stop date and replacement period randomly selected
from normal distributions defined by mean and standard
deviation (sp) dates observed in Leicester. Stop date was
constrained not to be later than 10 August (the latest
observed nest initiation was 1 August). Clutch size was
allocated according to the observed distribution and laying
period was clutch size minus 1 day. The incubation period
was fixed at 11 days and the chick period at 14 days (Sum-
mers-Smith, 1963). Observed daily whole clutch (Mayfield,
1975) failure rates were applied to each day of the laying and
incubation period by testing whether a random probability
exceeded the clutch survival rate until it failed or hatched. If
the nest survived the incubation period, a random prob-
ability was generated for each egg and the egg was consid-
ered infertile or addled if this probability was below the
observed rate of unviable eggs. In the same way, each chick
was then subjected to an observed daily chick survival rate
until all members of the brood were dead or at least one had
reached fledging age (14 days old). The model then predicted
survival during the 10 days following fledging (to indepen-
dence) using the empirical relationship between body mass
at 13days old and subsequent survival (logit survi-
val = 0.2348 x body mass—5.1005) derived from Hole
(2001). Body mass of chicks surviving to 13 days old was
selected at random from a normal distribution based on
observed mean and sp body mass statistics. When a nesting
attempt ended, the replacement period was added to the
estimated failure or fledging date and as long as this did not
exceed the stop date, a subsequent nesting attempt was
initiated. Observed replacement periods did not differ fol-
lowing successful and unsuccessful nests. When the stop
date was exceeded, the total number of fledged and indepen-
dent young reared by each pair was determined. The model
simulated total annual productivity for a population of 100
sparrow pairs 4999 times, providing estimates of mean (plus
95% confidence intervals) population level productivity
incorporating demographic stochasticity. Separate simula-
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tions were run for nests in suburban and rural localities in
2002 and 2003 (the few urban nests were excluded), and for
all 19 nests in 2001 (parameter estimates used in these
simulations are listed in Supporting Information Appendix
S2). Our estimates of reproductive success (measured and
simulated) are compared with those from previous studies of
house sparrows in Britain (Seel, 1970; Hole, 2001; Crick &
Siriwardena, 2002).

By combining productivity estimates from the simulation
model with published survival estimates for British house
sparrows, it was possible to predict whether productivity
was sufficient to maintain population size. The best avail-
able survival estimates for British house sparrows are
derived from the entire national sample of ringing recoveries
(habitat-specific estimates are not available) and cover the
period 1976-1994 (Siriwardena, Baillie & Wilson, 1998).
Many of the sparrows contributing to these survival esti-
mates are likely to have been ringed in suburban and rural
gardens where sparrow numbers were known to be declining
for all (suburban) or most (rural) of this period (Robinson
et al., 2005). Owing to uncertainties over the average date of
sparrow ringing, the exact starting dates of Siriwardena
et al’s (1998) ‘annual’ survival periods are unknown (survi-
val periods ended on 15 July). House sparrows are identifi-
able as juveniles only until the completion of post-juvenile
moult in September (Ginn & Melville, 1983), and we suggest
that the average juvenile ringing date in Britain is likely to
fall between 15 July and 15 August. We allowed for the
period between the average date on which Leicester fledg-
lings were expected to reach independence (30 June) and the
start of the first-year survival period, by assuming average
juvenile ringing dates of 15 July and 15 August and then
applying Siriwardena et al’s (1998) ‘first-year’ survival
estimate (0.333) to the period between the average date of
independence and the presumed average date of juvenile
ringing (i.e. 15 or 46days, respectively). Assuming annual
adult survival of 0.50 (Siriwardena et al., 1998), we esti-
mated that the average number of independent young that
each breeding house sparrow pair must raise each year in
order to maintain stability of adult populations lies between
3.14 (average ringing date = 15 July) and 3.45 (15 August).
Assuming survival between fledging and independence to
average 0.62 (Hole, 2001), ¢. 5.1-5.6 young need to be
fledged by each breeding sparrow pair each year. Our
approach to assessing the adequacy of reproductive output
assumes that all adult sparrows attempt to breed each year.
Although non-breeding adults have been recorded in house
sparrow populations (Summers-Smith, 1963), information
on their relative abundance is lacking. The presence of non-
breeding adults in our study populations would cause us to
underestimate the threshold level of reproductive output
required to maintain population stability, and would there-
fore render our conclusions about the adequacy of predicted
reproductive output conservative.

The simulation model was also used to assess the sensi-
tivity of annual productivity to variation in the environ-
mental factors identified in GLMMSs to be correlated with
different components of reproductive success. Our aim was
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to assess the pattern and relative magnitude of the potential
impacts of the various environmental correlates on overall
reproductive success rather than the component traits con-
sidered in GLMMs. Numerical relationships between the
various components of reproductive success and environ-
mental variables were incorporated into the model with any
non-sensitive components being fixed to their observed
means in 2002. Although single-variable perturbation ap-
proaches have their limitations (e.g. Katzner, Bragin &
Milner-Gulland, 2006), they provide a useful means of
assessing the form and relative importance of multiple
additive predictors in GLMMs (e.g. Milsom et al., 2000).

Results

Absolute levels of reproductive success

From an average clutch size of 4.04 eggs in all 3 years, 77%
of eggs hatched and 65% of chicks fledged, resulting in an
average of 2.02 chicks fledging per nesting attempt. Twenty-
five per cent of all nesting attempts failed to fledge any

Table 1 Components of reproductive success compared across studies
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young, with a further 9 and 22% of nests fledging one and
two young, respectively. Most eggs that failed to hatch
appeared to be infertile and most chick mortality (72%)
occurred within the first 4 days after hatching and appeared
to be caused by starvation. No cases of nest predation were
recorded.

The mean number of young fledged per nesting attempt
varied significantly between years (F s = 10.3, P<0.005)
with fewer young being fledged in 2003 than in 2001 or 2002
(Table 1). The number of nesting attempts predicted by the
simulation model was similar to that recorded in previous
studies (Table 1; Summers-Smith, 1963). Predicted post-
fledging survival was higher than or similar to that for a
declining farmland population in Oxfordshire (Hole, 2001;
Table 1).

In 2001 and 2003, the average annual production of
fledglings and independent young per pair was lower than
that recorded in farmland populations during the 1960s and
1990s, and much lower than the predicted threshold re-
quired to maintain population stability (Table 1, Fig. 1). In
2002, reproductive success was at (suburban) or above

Location Oxfordshire®  Oxfordshire®  Oxfordshire®  Britain® Leicester (this study)

Time period 1961-1964 1967-1971 1998-2000 1970-2000 2001 2002 2002 2003 2003

Habitat Sub Farm Farm Sub Rur Mix Sub Rur Sub Rur

Population trend Stable? Stable Declining Stable/decline Declining

Component
Fledglings per attempt 1.6 2.3 2.6 2.6 3.1 2.1 2.2 2.6 1.4 1.7
Nesting attempts per pair® 2.1/2.5° 2.4 2.1 - - 2.3 2.4 2.3 2.4 2.0
Fledglings per pair 3.4/4.0' 5.4 5.7 - - 4.7 5.4 6.1 3.4 3.3
Chick mass on day 13 23.8 23.8 23.3 - - 23.5 24.8 27.2 23.4 24.7
Post-fledging survival® 0.62 0.62 0.59 - - 0.60 0.67 0.78 0.60 0.66
Independent young per pair 2.1/2.5' 3.4 3.4 - - 2.7 3.6 4.5 2.0 2.1
Probability <3.14 independent - - - - 1.0 <0.01 0.00 1.0 1.0

young raised per pair”

Population multiplication rate' 1.111.21° 1.44 1.04 - - 0.93 1.07 1.22 0.82 0.83

Habitats are farmland (Farm), suburban (Sub), rural (Rur) and mixed suburban and rural (Mix); population trend summarises changes in population

size at the time of the study.

#From Seel (1970). Based on 911 nest histories. Population status unknown but probably stable.
PFrom Hole (2001). Based on ¢. 372 (1967-1971) and 272 (1998-2000) nest histories.
°From Crick & Siriwardena (2002). Based on 817-1102 (Sub) and 325-541 (Rur) nest histories.

9All components of nesting success (except chick mass and post-fledging survival) are derived from the simulation model. See ‘Materials and
methods’ for sample sizes.

°The observed mean numbers of nesting attempts per nest box were: 1.2 in 2001, 1.9 (Sub) and 2.1 (Rur) in 2002, and 2.1 (Sub) and 1.7 (Rur) in
2003.

fSeel's (1968) estimate of 2.13 attempts per nest box made no allowance for sparrows switching nest sites between attempts. Productivity
estimates are therefore presented for this minimum estimate and for a corrected estimate based on the observed difference between this and
the simulated number of attempts per pair derived from the Leicester data from 2002-03 (i.e. 2.13+0.34=2.47 attempts). The equivalent
correction from the Oxfordshire farmland study was+0.68 in 1999 and +0.55 in 2000 (D. Hole, pers. comm.).

9Predicted from chick mass on day 13 (Hole, 2001).

PFrom the distribution generated from 4999 simulations for a population of 100 pairs (see ‘Materials and methods'); 3.14 independent young is the
productivity needed to maintain population size assuming an average ringing date for juvenile house sparrows in Britain of 15 July (see ‘Materials
and methods’).

'Predicted from the number of surviving independent young, assuming adult and first-year survival rates of 0.582 and 0.502 respectively during
1961-75, and 0.5 and 0.318 after 1975 (from Siriwardena et al., 1998). First-year survival estimates have been adjusted to include the period
between the mean date of juvenile independence (estimated from the Leicester data to be 30 June) and the average ringing date of juvenile
sparrows in Britain (assumed here to be 15 July; see ‘Materials and methods’).
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Figure 1 Variation between years and suburban (sub) and rural (rur)
localities in the number of young reared to fledging (open squares) and
to independence (filled diamonds) per house sparrow Passer domes-
ticus L. pair per year (errors bars show 95% confidence intervals). The
2001 sample was a mix of nests from rural, suburban and urban
localities (see 'Materials and methods’). Horizontal lines show the
productivity required to balance annual mortality estimated from
British ringing recoveries. Dashed lines show the required number of
fledged young and continuous lines the required number of indepen-
dent young. The two lines of each type reflect different assumed
average ringing dates for British juvenile sparrows (lower line=15
July, upper line =15 August; see ‘Materials and methods’).
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(rural) the predicted threshold for population stability
(Fig. 1). The main components of reproductive success that
differed between years of adequate (2002) and inadequate
(2001 and 2003) reproduction were chick survival (lower in
2003; daily rate of 0.953 compared with 0.982 in 2001 and
0.977 in 2002) and post-fledging survival (lower in 2001 and
2003, Table 1). The proportion of eggs that hatched was
only slightly higher in 2002 (0.80 compared with 0.76 in 2001
and 2003). The higher reproductive success in rural (com-
pared with suburban) localities in 2002 was a consequence
of higher rates of egg fertility, chick survival and post-
fledging survival (Supporting Information Appendix S2).

Correlates of reproductive success

Clutch size and chick survival varied seasonally while egg
stage survival, chick survival and body mass before fledging
varied between years (Table 2). Low temperatures and wet
(and very dry) weather were associated with reduced chick
survival, brood condition at 2-6 days and brood body mass
at 10-12 days of age. The proportion of eggs hatching and
chick survival (after allowing for variation in aphid abun-
dance) were weakly related to habitat composition around
the nest (HABI in Table 2).

Brood body condition at 2—-6 days old, and brood tarsus
length and body mass at 10-12days old were all strongly
and negatively related to local NO, concentration (Table 2).
An analysis of brood condition at 10-12days old (using
the same method used for younger chicks) highlighted
a marginally significant negative relationship with NO,
(P =0.07). Chick body mass at day 13 is a strong predictor

Table 2 Predictors of components of nesting success and chick body condition in suburban—rural house sparrows Passer domesticus L.

Breeding parameter

Number of nests or chicks

Predictors:

Temporal/weather Environmental

Clutch size 242
Whole nest survival at egg stage 228
Proportion of eggs hatching 202
Chick survival 735
206°

110°

Brood condition at 2-6 days old 146
Brood tarsus length at 10-12 days old® 75
Brood body mass at 10-12 days old® 75
29°

YR*
HAB1™
YR*** PER*** YR x PER*
TM*, TMZ*, RF***, RFz sokok
RF***, RFZ kkk VEG***
RF***, RF2 *** APHID**, HAB1*
TM***, TMZ***, RF*, RFZ*** NOZ***
YR***, RF, RFz* NOZ***
YR***, RF, RFZ* NOQ***
NO,*, VEG**

Predictors are year (2002, 2003: 'YR’), period (early, middle or late breeding season: 'PER’), temperature (TM) and rainfall (RF), local habitat
composition (first principal component: HAB1), proportional of vegetable material in chick faeces (VEG), local abundance of aphids during
June-July 2003 (APHID) and local summer atmospheric concentration of nitrogen dioxide (NO,). Bold type indicates significant positive
relationships, ordinary type indicates negative. Squared terms indicate quadratic relationships.

#p<0.07.
*P<0.05.
**p<0.01.
#*% P < 0.005.

®Analyses restricted to chicks/broods from which faecal samples were available.
PAnalyses restricted to chicks reared from localities that were surveyed for aphids during June—July 2003.

“Models include significant brood age factors.
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Figure 2 Relationship between mean brood body mass at fledging
(allowing for chick age and rainfall effects) and local summer concen-
trations of nitrogen dioxide in 2002 (filled diamonds; r=-0.52,
P<0.005) and 2003 (open squares; r=—0.53, P<0.001).

of post-fledging survival probability (Hole, 2001). The rela-
tionship between brood body mass at 10-12days old and
local NO, concentration (Fig. 2) predicts the former to
average 24.6 g at 20 ug NO, m > and 19.3 g at 30 ug NO, m >
(Fig. 2), which equates to predicted survival over the 10-day
post-fledging period of 0.66 and 0.36, respectively.

Chick survival and body mass at 10-12 days old were
both strongly related to the quality of chick diet (Table 2).
Chicks for which vegetable material comprised <10% of
faecal volume had an expected survival probability over the
entire 14-day hatching to fledging period of 0.79 compared
with 0.27 for chicks whose faecal samples comprised 50% or
more vegetable material (Fig. 3a). During June and July
2003, daily chick survival was higher in localities with
abundant aphids (Fig. 3b), and this equates to expected
survival over the 14-day chick period of 0.82 and 0.36 in the
highest and lowest aphid abundance categories, respectively.

Single-variable perturbation analyses suggested relatively
strong relationships between reproductive output and tem-
perature, rainfall and NO,, and a weaker relationship with
habitat composition (Fig. 4). Variation across the observed
90 percentile range of chick stage ambient temperatures
could account for 2.2 additional independent young per pair
per year, compared with 2.1 for the equivalent range of
NO; levels, 1.8 for rainfall and 0.5 for habitat composition
(Fig. 4). Given that our best estimate of the threshold level
of productivity necessary for population stability is 3.1-3.5
independent young per pair per year (see ‘Materials and
methods’), variation in temperature, rainfall and NO, all
have the potential to have biologically significant impacts on
reproductive success in suburban house sparrows.

Discussion

This study highlights inadequate reproductive success as a
potential cause of population declines among suburban
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Figure 3 Relationship between daily chick mortality (= sg) and (a) the
extent of vegetable material in faecal samples and (b) the relative
abundance of aphids within 100 m of nests during June and July 2003.
Aphid scores are grouped into four bins reflecting low (0) to high (3)
relative abundance.

house sparrows. One previous study of suburban house
sparrows found similarly low reproductive success to that
in Leicester (Seel, 1970), although daily inspection of nests
in that study might have affected nest outcomes. Higher
over winter survival during the 1960s (Siriwardena et al.,
1998) may have rendered this apparently low reproductive
success sufficient to maintain population size (Table 1).

The main demographic components accounting for low
reproductive success were higher chick mortality during the
first week after hatching (2003) and reduced post-fledging
survival (2001 and 2003, inferred from body mass prior to
fledging), both of which imply nutritional stress affecting
chicks as the most likely proximal limiting factor. House
sparrow chicks are fed mainly invertebrates especially dur-
ing the first week after hatching (Summers-Smith, 1963)
when so much of the mortality in this study occurred. In
Leicester, adult Tipulids (Diptera), weevils (Curculionidae),
spiders (Araneae), aphids and ants were the main inverte-
brate prey (Vincent, 2006), while grasshoppers (Orthoptera)
and moth (Lepidoptera) larvae have been more prominent
in other studies (Seel, 1969). Direct evidence for an influence
of invertebrate availability on reproductive success is
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provided by the strong negative relationship between the
proportion of vegetable material in chick faecal samples,
and the positive relationship between local aphid abundance
and chick survival (Fig. 3). The latter may reflect a positive
association between the abundance of aphids and a range of
potential invertebrate prey including ants, various Diptera,
Coleoptera and Neuroptera (Dolling, 1991), rather than any
dependence of sparrow chicks on aphids.

The quality of the chick diet probably explains the
marked differences in chick survival and brood body mass
between 2002 and 2003 (which were evident after allowing
for any possible effects of weather and NO,, Table 2). The
proportion of vegetable material in chick faeces was sig-
nificantly higher in 2003 than in 2002 (Vincent, 2006) and
when this measure of chick diet quality was included in
GLMMs, the previously significant ‘year’ effect disap-
peared. It is not clear why invertebrate prey might have
been less available in 2003 than in 2002 (conditions in 2003
were warmer and drier than in 2002 but not exceptional).
Invertebrate availability has previously been proposed as a
factor limiting reproductive success of house sparrows, great
tits Parus major L., blue tits Parus caeruleus L. and starlings
Sturnus vulgaris L. in urban—suburban habitats (Seel, 1970;
Cowie & Hinsley, 1987; Mennechez & Clergeau, 20006).
Nutritional stress is also the most plausible explanation for
the recent reduction in average maximum brood size from
an extensive sample of house sparrow nests from across
Britain (Baillie et al., 2007).

vals) was derived from a model simulating re-
nesting behaviour (see text). Thick horizontal
lines show the ninety percentile ranges of the
environmental variables.

The observed relationships between temperature and
rainfall and chick survival and condition probably reflects a
combination of direct physiological impacts (e.g. chilling)
and indirect impacts on invertebrate availability. Low tem-
peratures generally limit invertebrate activity and reproduc-
tion, while heavy rainfall may inhibit invertebrate activity
and the foraging efficiency of birds (Cowie & Hinsley, 1987).
Average maximum daily temperatures increased signifi-
cantly (linear regression of mean monthly temperatures for
May, June and July on year: P = 0.006) in Leicester from an
average of 17.7°C in 1961 to 19.1 °C in 2002 but there was
no evidence of any similar trend in summer rainfall. By
incorporating local historical daily temperature and rainfall
records into our simulation model of sparrow nesting
behaviour, we estimated the potential impact on reproduc-
tive success of observed long-term variation in breeding
season weather conditions (Fig. 5). This suggests that
the warmer summers of the 1980s and 1990s are likely
to have been more conducive to successful reproduction
in house sparrows, and are unlikely to have caused any
reduction in breeding success. The slight reduction in the
suitability of weather conditions since the late 1990s is a
consequence of heavier rainfall during several of those
summers (e.g. 1997).

Chicks in localities with high NO, levels tended to be
smaller and lighter than those in localities with lower NO,
levels (Table 2, Fig. 2). The observed differences in body
mass were large enough to have had a relatively large impact
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Figure 5 Predicted impacts of long-term variation in daily temperature
and rainfall on annual reproductive success (number of independent
young raised per pair) in Leicester house sparrows. Reproductive
success is estimated from the re-nesting simulation model using
average reproductive parameters and NO,/HAB1 values for the years
2001-2003. The line shows the 5-year moving average.

on post-fledging survival (Hole, 2001) and thereby overall
reproductive output (Fig. 4c). Our data provide a potential
mechanism (i.e. nutritional stress) to account for a tendency
for adult sparrows to be smaller and lighter in urban areas
compared with counterparts in rural and suburban sites
(Liker et al., 2008). Road traffic is the main source of NO, in
urban—suburban areas and levels of this pollutant can be
considered an indirect measure of local traffic volume
(Bignal et al., 2004). We can think of three potential
mechanisms through which air pollution from traffic or
proximity to major roads might affect body mass in house
sparrow chicks. First, some component of air pollution from
traffic could be affecting invertebrate densities either di-
rectly or via effects on plant hosts (Bignal ez al., 2004).
Several studies document increased densities of aphids close
to roads (Spencer & Port, 1988; Bolsinger & Fluckiger,
1989), while effects of roads on other invertebrate groups
are mixed (Przybylski, 1979; Muskett & Jones, 1980).
Second, some component of air pollution from traffic (such
as heavy metals or particulates) could have a direct toxic
impact on chicks, either through ingestion of contaminated
prey (e.g. Eeva, Lehikoinen & Nikinmaa, 2003) or through
inhalation. Third, house sparrows are relatively vulnerable
to mortality caused by collisions with moving vehicles
especially during the breeding season (Heij & Moeliker,
1990; Erritzoe, Mazgajski & Rejt, 2003) and it is likely that
sparrows nesting close to major roads suffer higher rates of
such mortality. The death of one parent is likely to reduce
food intake rates of chicks and thereby affect brood body
mass. Higher aphid densities close to roads could potentially
attract foraging parent sparrows to dangerous roadside
locations.

UK traffic volume has increased by 82% since 1980 (20%
since 1990), most of this caused by increases in car usage
(Department for Transport, 2007). The levels of air pollu-
tion associated with traffic emissions probably peaked in

House sparrow reproductive failure

Britain during the early 1990s and have since declined or
stabilized (Bower et al., 2006). Concerns are now focused on
NO,, particulate matter, ozone, ammonia and some lead
replacement anti-knock agents such as methyl tertiary butyl
ether (Cape et al., 2004; Summers-Smith, 2007).

Management to promote invertebrate abundance in ur-
ban—suburban habitats is an obvious recommendation to
draw from this study, although other unknown limiting
factors might still constrain population recovery. House
sparrow parents collect most invertebrate prey from decid-
uous woody vegetation, trees and grassland and make
relatively little usage of evergreen or ornamental shrubs
(Vincent, 2006). There is evidence of widespread recent
losses of greenery from British cities as a consequence of
development on green space, tree removal and the conver-
sion of front gardens for parking (e.g. London Assembly,
2001, 2005, 2007). Management should therefore include the
planting of native deciduous shrubs and trees especially
those providing canopy cover above 2m (Smith et al.,
2006). Allowing a diversity of grasses and forbs to set seed
and remain in situ throughout the winter should promote
the abundance of a range of foliar invertebrates including
Dipterous flies, Lepidopteran larvae, spiders and Homo-
pteran bugs (McNeill, 1973; Purvis & Curry, 1981; Morris,
2000). Given the uncertainty concerning the possible im-
pacts of air pollution and/or vehicles on house sparrows,
management to promote invertebrate abundance should
initially be concentrated away from busy roads. Such advice
needs to be targeted at the owners of private gardens and
could be incorporated into local authority green space
management plans.

Most previous studies of avian reproductive success
have considered the survival of whole broods because the
fates of individual young cannot be assumed independent
(Mayfield, 1975; Johnson, 1979; Dinsmore, White & Knopf,
2002). Declaring brood as a random factor within a mixed
model allows for the non-independence of sibling fates and
the testing of individual covariates. Our approach could
readily be extended to incorporate more complex forms of
correlation within subject groups. For example, for species
exhibiting hatching asynchrony where the condition and
survival of offspring depends on hatch order, an autoregres-
sive correlation structure (Brown & Prescott, 1999) might be
more appropriate. The simulation approach has wide po-
tential application to studies of multi-brooded animals
because it overcomes the common problem of a lack of
knowledge of the number of breeding attempts made per
female, and because it allows direct comparison of the
sensitivity of annual reproductive success to a range of
candidate environmental factors. The main limitation to
simulations of this sort will be a lack of detailed knowledge
of key parameters such as the distributions of stop dates
and intervals between nesting attempts. Even where such
information is lacking, it would be possible to assess the
sensitivity of productivity to a range of plausible parameter
values (sometimes available from previous studies) and
to explore relationships between productivity and environ-
mental variables.

Animal Conservation 11 (2008) 493-503 (© 2008 The Authors. Journal compilation © 2008 The Zoological Society of London 501



House sparrow reproductive failure

Acknowledgements

We thank Alison Smith, Kim Fenton, Rosie Cleary, Lousie
Cussen and Kelly Thomas for help with data collection.
Derek Gruar analysed faecal samples, Dave Hole kindly
advised on post-fledging survival, Norman Ratcliffe advised
on simulation modelling and Stijn Bierman and Sue Wel-
ham advised on the use of mixed models. Comments from
Gavin Siriwardena and Todd Katzner improved the paper.
Leicester City Council kindly provided air pollution data
and BADC provided weather data. The study was funded by
De Montfort University, RSPB and English Nature (now
Natural England).

References

Baillie, S.R., Marchant, J.H., Crick, H.Q.P., Noble, D.G.,
Balmer, D.E., Barimore, C., Coombes, R.H., Downie, I.S.,
Freeman, S.N., Joys, A.C., Leech, D.I., Raven, M.J.,
Robinson, R.A. & Thewlis, R.M. (2007). Breeding Birds in
the Wider Countryside: their conservation status 2006.
British Trust for Ornithology Research Report No. 470,
Thetford, UK (http://www.bto.org/birdtrends).

Beckerman, A.P., Boots, M. & Gaston, K.J. (2007). Urban
bird declines and the fear of cats. Anim. Conserv. 10,
320-325.

Bignal, K., Ashmore, M. & Power, S. (2004). The ecological
effects of diffuse air pollution from road traffic. English
Nature Research Report 580, Peterborough, UK.

Bolsinger, M. & Fluckiger, W. (1989). Ambient air pollution
induced changes in amino acid pattern of phloem sap in
host plants — relevance to aphid infestation. Environ.
Pollut. 56, 209-216.

Bower, J., Lambert, J., Broughton, G., Stedman, J., Pye, S.,
Targa, J., Kent, A. & Grice, S. (2006). Air pollution in the
UK: 2005. Didcot, UK: NetCen.

Bower, S. (1999). Breeding, habitat use and population
structure of a house sparrow flock in Hamburg. Hamburger
avifaun. Beitr. 30, 91-128.

Bradbury, R., Wilson, J., Moorcroft, D., Morris, A. &
Perkins, A. (2003). Habitat and weather are weak corre-
lates of nestling condition and growth rates of four UK
farmland passerines. /bis 145, 295-306.

Brown, H. & Prescott, R. (1999). Applied mixed models in
medicine. Chichester, UK: Wiley.

Cape, J.N., Tang, Y.S., van Dijk, N., Love, L., Sutton, M.A.
& Palmer, S.C.F. (2004). Concentrations of ammonia and
nitrogen dioxide at roadside verges, and their contribution
to nitrogen deposition. Environ. Pollut. 132, 469-478.

Cambridge Environmental Research Consultants. (2001).
ADMS — urban user manual. Cambridge, UK: Cambridge
Environmental Research Consultants Ltd.

Cowie, R.A. & Hinsley, S.A. (1987). Breeding success of blue
tits and great tits in suburban gardens. Ardea 75, 81-90.
Crick, H.Q.P. & Siriwardena, G.M. (2002). National trends in

the breeding performance of house sparrows. In Investiga-

W. J. Peach et al.

tion into the causes of the decline of starlings and house
sparrows in Great Britain. British Trust for Ornithology
Research Report 290: 163-191. Crick, H.Q.P., Robinson,
R.A., Appleton, G.F., Clark, N.A. & Rickard, A.D.
(Eds). Bristol, UK: Defra (http://www.defra.gov.uk/wild
life-countryside/resprog/findings/sparrow/).

Department for Transport. (2007). Transport trends 2006.
London, UK: Department for Transport.

Dinsmore, S.J., White, G.C. & Knopf, F.L. (2002). Advanced
techniques for modelling avian nest survival. Ecology 83,
3476-3488.

Dolling, W.R. (1991). The Hemiptera. Oxford: Oxford Uni-
versity Press.

Dott, H.E. & Brown, A.W. (2000). A major decline in house
sparrows in central Edinburgh. Scottish Birds 21, 61-68.

Eeva, T., Lehikoinen, E. & Nikinmaa, M. (2003). Pollution-
induced nutritional stress in birds: an experimental study of
direct and indirect effects. Ecol. Appl. 13, 1242—-1249.

Erritzoe, J., Mazgajski, D. & Rejt, L. (2003). Bird casualties
on European roads — a review. Acta Ornithol. 38,

77-93.

Green, R.E., Tyler, G.A., Stowe, T.J. & Newton, A.V. (1997).
A simulation model of the effect of mowing of agricultural
grassland on breeding success of the corncrake. J. Zool.
(Lond.) 243, 81-115.

Ginn, H.B. & Melville, D.S. (1983). Moult in birds. Thetford,
UK: British Trust for Ornithology.

Gurka, M.J. (2006). Selecting the best linear mixed model
under REML. Am. Stat. 60, 19-26.

Hatch, M.1. & Westneat, D.F. (2007). Age-related patterns of
reproductive success in house sparrows Passer domesticus.
J. Avian. Biol. 38, 603-611.

Heij, C.J. & Moeliker, C.W. (1990). Population dynamics of
Dutch house sparrows in urban, suburban and rural
habitats. In Granivorous birds in the agricultural landscape:
59-86. Pinowski, J. & Summers-Smith, J.D. (Eds). War-
saw, Poland: PWN — Polish Scientific Publishers.

Hole, D.G. (2001). The population ecology and ecological
genetics of the house sparrow Passer domesticus on farmland
in Oxfordshire. DPhil thesis, University of Oxford.

Hole, D.G., Whittingham, M.J., Bradbury, R., Anderson, G.,
Lee, P.W. & Krebs, J. (2002). Widespread local house
sparrow extinctions. Nature 418, 931-932.

Johnson, D.H. (1979). Estimating nest success: the Mayfield
method and an alternative. Auk 96, 651-661.

Katzner, T.E., Bragin, E.A. & Milner-Gulland, E.J. (2006).
Modelling populations of long-lived birds of prey for
conservation: a study of imperial eagles (Aquila heliaca) in
Kazakhstan. Biol. Conserv. 132, 322-335.

Liker, A., Papp, Z., Bokony, V. & Lendvai, A.Z. (2008). Lean
birds in the city: body size and condition of house sparrows
along the urbanization gradient. J. Anim. Ecol. 77,
789-795.

Littell, R.C., Milliken, G.A., Stoup, W.W. & Wolfinger, R.D.
(1996). SAS system for mixed models. Cary, NC, USA: SAS
Institute Inc.

502 Animal Conservation 11 (2008) 493-503 (© 2008 The Authors. Journal compilation © 2008 The Zoological Society of London



W. J. Peach et al.

London Assembly. (2001). Scrutiny of green spaces in London.
London, UK: Greater London Authority.

London Assembly. (2005). Cray paving: the environmental
importance of London’s front gardens. London, UK:
Greater London Authority.

London Assembly. (2007). Chainsaw massacre: a review of
London’s street trees. London, UK: Greater London
Authority.

Mayfield, H.F. (1975). Suggestions for calculating nest suc-
cess. Wilson Bull. 87, 456-466.

McCarthy, M. (2000). Where have all the sparrows gone? The
Independent 18 March 2000. London: Independent News &
Media Ltd.

McDonnell, M.J. & Pickett, S.T.A. (1990). Ecosystem struc-
ture and function along urban—suburban gradients: an
unexploited opportunity for ecology. Ecology 71,
1232-1237.

McNeill, S. (1973). The dynamics of a population of Lepto-
terna dolobrata (Heteroptera: Miridae) in relation to its
food resources. J. Anim. Ecol. 42, 495-507.

Mennechez, G. & Clergeau, P. (2006). Effect of urbanisation
on habitat generalists: starlings not so flexible? Acta Oecol.
30, 182-191.

Milsom, T.P., Langton, S.D., Parkin, W.K., Peel, S., Bishop,
J.D., Hart, J.D. & Moore, N.P. (2000). Habitat models of
bird species’ distribution: an aid to the management of
coastal grazing marshes. J. Appl. Ecol. 37, 706-727.

Mitschke, A., Rathje, H. & Baumung, S. (2000). House
sparrows in Hamburg: population habitat choice and
threats. Hamburger avifaun. Beitr. 30, 129-204.

Morris, M.G. (2000). The effects of structure and its dynamics
on the ecology and conservation of arthropods in British
grasslands. Biol. Conserv. 95, 129-142.

Muskett, C.J. & Jones, M.P. (1980). The dispersal of lead,
cadmium and nickel from motor vehicles and effects on
roadside invertebrate macrofauna. Environ. Pollut. Ser. A
23, 231-242.

Przybylski, Z. (1979). The effects of automobile exhaust gases
on the arthropods of cultivated plants, meadows and
orchards. Environ. Pollut. 19, 157-161.

Purvis, G. & Curry, J.P. (1981). The influence of sward
management on foliage arthropod communities in a ley
grassland. J. Appl. Ecol. 18, 711-725.

Ratcliffe, N., Schmitt, S. & Whiffen, M. (2005). Sink or swim?
Viability of a black-tailed godwit population in relation to
flooding. J. Appl. Ecol. 42, 834-843.

Raven, M.J., Noble, D.G. & Baillie, S.R. (2005). The breeding
bird survey 2004. Thetford, UK: British Trust for Or-
nithology.

Robinson, R.A., Siriwardena, G.M. & Crick, H.Q.P. (2005).
Size and trends of the house sparrow population in Great
Britain. Ibis 147, 552-562.

House sparrow reproductive failure

Schulte-Hostedde, A.I., Zinner, B., Millar, J.S. & Hickling,
G.J. (2005). Restitution of mass—size residuals: validating
body condition indices. Ecology 86, 155-163.

Seel, D.C. (1968). Breeding seasons of the house sparrow and
tree sparrow Passer spp. at Oxford. Ibis. 110, 129-144.

Seel, D.C. (1969). Food, feeding rates and body temperature
in the nestling house sparrow at Oxford. Ibis 111, 36-47.

Seel, D.C. (1970). Nestling survival and nestling weights in the
house sparrow and tree sparrow at Oxford. /bis 112, 1-14.

Siriwardena, G.M., Baillie, S.R. & Wilson, J.D. (1998).
Variation in the survival rates of some British Passerines
with respect to their population trends on farmland. Bird
Study 45, 276-292.

Smith, R.M., Gaston, K.J., Warren, P.H. & Thompson, K.
(2006). Urban domestic gardens (VIII): environmental
correlates of invertebrate abundance. Biodivers. Conserv.
15, 2515-2545.

Spencer, H.J. & Port, G.R. (1988). Effects of roadside condi-
tions on plants and insects. II. Soil conditions. J. Appl.
Ecol. 25, 709-715.

Summers-Smith, J.D. (1963). The house sparrow. London,
UK: Collins.

Summers-Smith, J.D. (1999). Current status of the house
sparrow in Britain. Br. Wildl. 381-386.

Summers-Smith, J.D. (2003). The decline of the house spar-
row: a review. Br. Birds 96, 439-446.

Summers-Smith, J.D. (2007). Is unleading petrol a factor in
urban house sparrow decline? Br. Birds 100, 558—559.

Theobald, D.M. (2004). Placing exurban land-use change in a
human modification framework. Front. Ecol. Environ. 2,
139-144.

Verbeke, G. & Molenberghs, G. (2000). Linear mixed models
for longitudinal data. New York: Springer-Verlag.

Vincent, K.E. (20006). Investigating the causes of the decline of
the urban house sparrow population in Britain. PhD thesis,
De Montfort University, Leicester (http: www. katevin
cent.org/).

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Appendix S1. Attributes of house sparrow (HS) study
areas and nest box occupancy.

Appendix S2. Observed mean components of repro-
ductive success used in stochastic simulation models.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.

Animal Conservation 11 (2008) 493-503 (© 2008 The Authors. Journal compilation © 2008 The Zoological Society of London 503



