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Abstract

Species attributes are commonly used to infer impacts of environmental change on multiyear species trends, e.g. dec-
adal changes in population size. However, by themselves attributes are of limited value in global change attribution
since they do not measure the changing environment. A broader foundation for attributing species responses to glo-
bal change may be achieved by complementing an attributes-based approach by one estimating the relationship
between repeated measures of organismal and environmental changes over short time scales. To assess the benefit of
this multiscale perspective, we investigate the recent impact of multiple environmental changes on European farm-
land birds, here focusing on climate change and land use change. We analyze more than 800 time series from 18 coun-
tries spanning the past two decades. Analysis of long-term population growth rates documents simultaneous
responses that can be attributed to both climate change and land-use change, including long-term increases in popu-
lations of hot-dwelling species and declines in long-distance migrants and farmland specialists. In contrast, analysis
of annual growth rates yield novel insights into the potential mechanisms driving long-term climate induced change.
In particular, we find that birds are affected by winter, spring, and summer conditions depending on the distinct
breeding phenology that corresponds to their migratory strategy. Birds in general benefit from higher temperatures
or higher primary productivity early on or in the peak of the breeding season with the largest effect sizes observed in
cooler parts of species’ climatic ranges. Our results document the potential of combining time scales and integrating
both species attributes and environmental variables for global change attribution. We suggest such an approach will
be of general use when high-resolution time series are available in large-scale biodiversity surveys.
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Introduction

Lack of knowledge about the causes of long-term biolog-
ical change (Aradjo et al., 2005; Araujo & Rahbek, 2006;
Brown et al.,, 2011; Parmesan et al.,, 2011, 2013) is a
potential factor limiting the reliability of ecological fore-
casts (Clark et al.,, 2001) and indicators (Niemi &
McDonald, 2004). Consequently, improved attribution
to changing environmental conditions has repeatedly
been called for in order to more reliably predict the
future state of biodiversity (Araujo & Rahbek, 2006; Ara-
ujo & Townsend Peterson, 2012; Parmesan et al., 2013)
and to promote decision making based on accurate
interpretation of the past and present (Parmesan et al.,
2011, 2013). Such improvements might be particularly
urgent in large-scale monitoring schemes (Clark et al.,
2001; Scholes et al., 2008; Parmesan et al., 2013), which
often provide the basis for forecasts (e.g. Huntley et al.,
2008; Araajo et al., 2011) as well as indicators (e.g. Gre-
gory et al., 2005; Collen et al., 2009; Butchart et al., 2010).

One strategy toward a broader foundation for global
change attribution is to complement inference of long-
term change explained by organismal attributes and
environmental conditions (e.g. Parmesan & Yohe, 2003;
Fig. 1b) with inference over shorter time scales using

repeated observations of short-term population and
environmental changes (Fig. 1c, Parmesan, 2006;
Parmesan ef al., 2013). Each approach has its own
strengths and weaknesses. In particular, long-term
responses are often more readily available than e.g.
annual resolution data. Secondly, global change
hypotheses can efficiently be tested using simple rela-
tions with often readily available attribute or environ-
mental data (Fig. 1b). Finally, long-term changes also
occur at the same temporal extent as the investigated
global changes, time scales which may be less prone to
environmental and demographic stochasticity. On the
other hand, investigators run the risk of overfitting
long-term responses and concluding from spurious cor-
relations in cases with several hypothesized driving
environmental variables. In contrast, a more desirable
statistical (e.g. Cormont et al., 2011) and interpretative
functional framework (e.g. LaDeau et al., 2007; Parme-
san et al., 2013) is provided by focusing on changes
over shorter temporal extents at which species repro-
duce (Fig. 1c). In particular, repeated measurement of
the association between short-term demographic and
environmental change allows to more robustly assess
the relative evidence for and uncertainty of environ-
mental drivers.
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Fig. 1 Multiscale attribution of population size change to continental environmental change, exemplified with temperature increase.

Functional relationships between species performance and one or more environmental variables (a) are often used to explain long-term
differences in growth rates between populations located in different geographical environments (b), e.g. thermal environments (d). By
characterizing the statistical relationship between annual growth rates (r(t,f + 1)) and changing environmental conditions (env(t)),
short-term inference (c) can complement and validate long-term inference (b) based on decadal growth rates (r(t,t + 10)), organismal
attributes (att) and environmental states (env). This combined analysis of multiple temporal scales broadens the basis for global change
attribution. Thermal coordinate (TC) ranges from —1 to 1 and is illustrated for a hypothetical species distributed across Europe (d).
Black arrows in (c) indicate the expected change in annual growth rates over time as temperature increases. In (b), abundance is stan-

dardized to a common initial value.
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With their near continental coverage, the long
running annual European surveys of breeding bird
abundance provide a rare opportunity to apply this
multiscale approach to global change attribution at a
large spatial scale (Crick, 2004; Gregory et al., 2005;
Parmesan et al., 2011). Yet even in these surveys, as
well as in the North American counterpart (Sauer &
Link, 2011), assessment of environmental change effects
from shorter time scales is still much less common than
analysis of long-term responses using organismal attri-
butes (Table S1). For example, the effect of weather con-
ditions on annual population growth rates was only
recently investigated at national and regional scales
(Table S1, e.g. Albright et al.,, 2011, Cormont et al.,
2011). There is thus still a need to assess the benefit of
combined long and short-term inference at a continen-
tal scale, including the ability to untangle responses to
multiple global changes, such as climate and land use
change (Parmesan et al., 2013).

Marked changes in the European community of
breeding birds have given rise to several hypotheses
about the impact of climate and land use change (e.g.
BirdLife International, 2004). Over the past decades
long-distance migrants and farmland specialists have
declined (Donald et al., 2001, 2006; Sanderson et al.,
2006; Jiguet et al., 2010a) in comparison to permanent
residents, short-distance migrants (Gregory et al., 2007;
Van Turnhout et al., 2010) and habitat generalists
(Davey et al., 2011). In addition, populations of hot-
dwelling species, i.e. species in the local community
with geographical ranges centered in warmer climates,
have increased in abundance (Gregory et al., 2009;
Jiguet et al., 2010a,b). Although climate and land use
change are thought to be major underlying causes of
these trends (BirdLife International, 2004; Crick, 2004;
Green et al., 2008; Gregory et al., 2009), much remains
to be learnt about the observed changes and their dri-
vers (e.g. Knudsen et al., 2011).

A basic but important step in any analysis of environ-
mental effects is to settle on a relevant and manageable
set of candidate environmental variables to investigate.
For European birds, a combination of prior findings
and theoretical considerations provide a good starting
point for this identification. For example, two main pro-
cesses have been proposed to explain the impact of cli-
mate change on birds with different migratory
strategies. First, limited phenological response of long-
distance migrants to earlier spring events associated
with spring greening can lead to a mismatch with the
peak of food resource availability (Both et al., 2006,
2010). In comparison to long-distance migrants, short-
distance migrants adjust faster to an earlier onset of
spring and are consequently thought to benefit in terms
of increased population size (Crick, 2004; Thorup et al.,

2007). A second process acts through increased survival
and recruitment of resident birds in response to war-
mer winters (Hilden, 1989; Saether et al., 2000; Gregory
et al., 2007). In turn, warmer winters can lead to a scar-
city of e.g. nesting resources when migrants arrive at
the breeding grounds (Ahola et al., 2007; Lemoine et al.,
2007). Other suggested drivers of declines in long-dis-
tance migrants relate to drought conditions in the Sub-
Saharan wintering areas (Baillie & Peach, 1992; Vickery
et al., 2013) and the relative importance of these
changes in climate in the breeding and wintering areas
of long-distance migrants remains poorly understood
(Jones & Cresswell, 2010; Knudsen et al., 2011; Vickery
et al., 2013). From a more theoretical standpoint, cli-
matic conditions during the breeding season and the
period of early juvenile survival are likely to influence
recruitment into the breeding population in species
with offspring starting to breed the subsequent year
(Lande et al., 2003), such as many common terrestrial
breeding birds. The relative importance of these biocli-
matic factors has, however, rarely been investigated
across a larger number of species. Instead, many global
change hypotheses originate from investigation of a
single factor across many species or analysis of a single
species’ response to multiple factors. This lack of
knowledge increases the uncertainty about the general-
ity of suggested climate change impacts (e.g. Knudsen
et al.,2011).

Whereas the impact of climate change is usually
attributed to a confined set of factors, avian land use
change impacts in general involves a wider range of
drivers (BirdLife International, 2004); chief among them
in temperate regions is agricultural intensification
(Newton, 1998). In recent decades, agricultural intensi-
fication has led to large declines in European farmland
birds (Donald et al., 2006; Vorisek et al., 2010). Con-
tributing to these declines is a lower availability of
farmland nesting habitat caused by increased soil til-
lage, and a loss of noncrop matrix habitat (Benton et al.,
2002; Newton, 2004). At the local scale, the fecundity
and survival of farmland specialists can be negatively
affected by a lack of insect food resources, for example
caused by the increased use of pesticides (Benton et al.,
2002; Boatman et al., 2004). Due to this complex set of
changes, investigations of land use change impacts at
larger spatial scales often have to use surrogate envi-
ronmental variables for agricultural intensification,
such as crop yield (e.g. Donald et al., 2001).

In the present study, we investigate the benefit of a
combined attribution approach in linking recent major
changes in the European breeding bird community to
proposed driving climate and land-use change vari-
ables, using common farmland birds as the specific
case. We compare evidence for a range of global change
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hypotheses at two time scales using two complemen-
tary approaches, one relying mainly on organismal
attributes as explanatory variables (long-term time
scale) and one combining attributes with temporally
varying environmental variables (short-term time
scale). Specifically, we seek to address the following
questions: (1) to what degree do inferences at each time
scale support and complement each other with regard
to impacts of land use and climate change? (2) Do
effects of changing weather conditions correspond with
expectations that winter warming and advancing
spring will benefit early breeding species and be detri-
mental to late breeding species? (3) What is the relative
importance of environmental change to the breeding or
the wintering grounds for populations of highly mobile
species such as long-distance migrants? (4) Does analy-
sis of short-term population changes provide new
insight to the types of climate change that may be caus-
ing poleward shifts in species abundance? Finally with
regard to land-use change, (5) are farmland specialists
particularly vulnerable to agricultural intensification?

Materials and methods

Study approach

We analyzed log-scale population growth rates estimated
from time series of national count estimates of 51 common
European breeding birds that all use farmland as a breeding
habitat. The investigated species including passerines (Passeri-
formes), pigeons (Columbiformes), woodpeckers (Piciformes;
Table S2) are in Europe characterized by having offspring
born in an undeveloped state requiring feeding by adults (al-
tricial offspring), and by offspring recruitment into the breed-
ing population in the subsequent year (Cramp et al., 1994).
Applying a model selection approach to the analysis of 820
populations, we first looked at long-term population growth
rates in relation to species and population-level attributes,
thereby seeking to identify major changes over the past two
decades associated with functional characteristics (Fig. 1b).
Then, by combining attributes and temporally varying envi-
ronmental variables, we compared annual scale support for
global change hypotheses rooted in the findings from analysis
of long-term growth rates (Fig. 1c). In the long-term analysis
we also included means of environmental variables when
their variation at the annual scale was likely to be driven by a
diversity of natural and human factors (Fig. 1b, see long-term
model). We do not to try and relate long-term environmental
changes to long-term population growth rates because an in-
depth analysis of the existing set of hypotheses would result
in a low sample size to predictor variable ratio. This low ratio
arises for two reasons. (1) The number of functional traits
required to capture the functional diversity of the investigated
species combined with the number of environmental variables
required to capture the diversity of environmental changes
hypothesized to drive species changes. (2) The number of met-

rics required to capture the diversity of ways in which long-
term environmental change may result in a long-term species
response (e.g. through linear change, long-term or short-term
extremes, increased variability etc.).

Time series came from a European data set coordinated
by the Pan-European Common Bird Monitoring
Scheme (PECBMS), led by the European Bird Census Council
(EBCC), BirdLife International and Royal Society for the Pro-
tection of Birds (Gregory et al., 2005). In this collaborative ini-
tiative, a large number of annual counts conducted by skilled
volunteers are summarized to produce annual countrywide
count estimates that are converted into population indices
(PopIndex, index at ty = 100) with associated error estimates.
Population indices and growth rates are calculated using the
TRIM software, which applies Poisson regression while
accounting for missing observations through imputation
methods (for further details, see: Ter Braak et al., 1994; Pan-
nekoek & Van Strien, 2001; Van Strien et al., 2004, http://
www.ebcc.info/index.php?ID=516). See http://www.ebc-
cinfo/pecbm.html for further information on the various
schemes (e.g. Szép & Nagy, 2002). Time series extended from
1990 to 2008 with a mean length of 15.05 years (SD = 3.8,
min = 8, Table S3). The time series came from 18 countries,
but growth rates estimates of two countries, Germany and Bel-
gium, were further divided into two subregions and we ran
additional analyses without either subregion to test for depen-
dence on this historical artifact. Similar subdivisions of sur-
veyed strata are used to assess population changes in the
North American breeding bird survey (Sauer & Link, 2011).

Orgqanismal attributes

We gathered life history, climatic, and habitat use attributes
for all time series (Tables 1 and S2) with migratory and ther-
mal niche attributes specified at the country level for each time
series (henceforth population level) and dietary, body size,
and farmland specialization attributes specified at the species
level. Thermal coordinate (TC), an attribute measuring the
position of a population within a species thermal range (Jiguet
et al., 2010b), was calculated using mean temperature in July
(1981-2006) and 1 degree gridded European breeding ranges
(Holt et al., 2012). The index ranges between 1 and —1 with
locations in warm parts of the breeding range having positive
values and locations in cold parts having negative values
(Fig. 1d). Breeding populations were classified as either per-
manent residents, short-distance migrants or long-distance
migrants, following criteria in Both et al. (2010) and based on
an extensive review of the literature (Fry et al., 1986; Cramp
et al., 1994, Appendix S1). For populations exhibiting a mix of
migratory strategies, the behavior involving the longest regu-
larly travelled distance was used. We used a nominal catego-
rization of species’ specialization to farmland habitats (Farm,
http:/ /www.ebcc.info/wpimages /other/SpeciesClassificatio
n2012.xls) and scored species for their main breeding and
winter diet type using categories of insectivores (I), herbi-
vores (H), and species with a mixed or omnivorous diet
(0). The assignment was based on multiple published
data sets (Bohning-Gaese & Oberrath, 2003; Gregory et al.,

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13097
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Table 1 Population, attribute, and environmental predictor variables used to explain population growth rates including context of
the variables and the major predictions for their effects based on previous studies

Variable Description and data source Context and main predictions (P)
Population
PopIndex  Indexed annual population abundance Accounts for density dependence of annual growth
(N, — (PECBMS) rates
Environment
Cereal Change in cereal yield from year t-1 to year t (FAOStat) A surrogate for short-term agricultural intensification.
P: Detrimental to farmland specialists and insectivores
SprProd Annual spring (Mar-May) productivity anomaly in Spring resources and spring arrival. P: Beneficial to
year t, estimated from NDVI (Pinzon et al., 2005; short-distance migrants, detrimental to long-distance
Tucker et al., 2005) migrants
SumTmp  Annual summer (Jun-Aug) temperature anomaly in Included for comparison with effects of winter and
year t (Mitchell & Jones, 2005) spring conditions
WinProd Annual winter (Dec-Feb) productivity anomaly in the A measure of the amount of resources in the African
wintering range in year ¢, estimated from NDVI wintering range. P: Beneficial to long-distance migrants
(Pinzon et al., 2005; Tucker et al., 2005)
WinTmp Annual winter (Dec-Feb) temperature anomaly in year A measure of how mild the winter is. P: Beneficial to
t (Mitchell & Jones, 2005) permanent residents
Yield Average cereal yield from 1990 to 2007 (FAOStat) A surrogate for the general level of agricultural
intensification. P: Detrimental to farmland specialists
and insectivores
Attribute
DietB Species breeding diet; Insectivore (I), Herbivore (H), Accounts for differential effects of land use and climate
Omnivore (O) (Cramp ef al., 1994; Bohning-Gaese & change (see e.g. Cereal & Yield). Diet is correlated with
Oberrath, 2003; Gregory et al., 2007; Van Turnhout migratory strategy and a competing predictor variable
et al., 2010; Holland et al., 2012)
DietW Species winter diet; Insectivore (I), Herbivore (H), See Diet B
Omnivore (O) (see DietB)
Farm Farmland specialization; specialist (Sp), nonspecialist Accounts for differential effects of agricultural
(NSp) — (PECBMS) intensification (see Cereal & Yield)
logBody Logarithm of species body length (Bohning-Gaese & Nuisance variable included to account for confounding
Oberrath, 2003) trait variation
Migration ~ Migratory strategy; long-distance migrant (L), short- Accounts for differential effects of weather and climate
distance migrant (S), resident (R) — (this study, change (see respective variables). P: Long-distance
appendix S1) migrants in decline
Region Sub-Saharan wintering region (this study) Accounts for differential effects of WinProd. P: Drier
regions should show more positive effects
TC Thermal coordinate, measures the position within the P: Warmer (colder) populations should decline under
thermal range (Mitchell & Jones, 2005; Holt et al., 2012) weather and climate warming (cooling)
WHabitat ~ Habitat type in Sub-Saharan wintering range P: WinProd effects in drier habitats should be more

(Sanderson et al., 2006; Heldbjerg & Fox, 2008)

positive

2007; Van Turnhout et al., 2010; Holland et al., 2012) and a
review of the standard literature (Cramp et al., 1994). Finally,
log-transformed average body length (logBody) was obtained
from (Cramp et al., 1994).

Environmental variables

We extracted environmental variables (Table 1) from popu-
lations” breeding and wintering ranges using a combination
of (1) breeding country, (2) wintering range, (3) biomes of
the breeding-, and (4) wintering range (Fig. S1). Population
level wintering range estimates were based on references
used for assigning migratory strategy (Fry et al., 1986;

Cramp ef al., 1994; Appendix S1). We measured breeding
area conditions in the seasons leading up to or during the
breeding season by spatially intersecting breeding country
and breeding biomes. We measured winter temperature
(WinTmp), spring primary productivity (SprProd, also an
indicator of spring earliness), and summer temperature
(SumTmp). Furthermore, we measured winter conditions
(primary productivity — WinProd) in the Sub-Saharan winter-
ing ranges of long-distance migrants by intersecting winter-
ing range and wintering biomes (Table S4). All variables
were incorporated as annual anomalies through within sub-
ject mean centering (van de Pol & Wright, 2009). First we cal-
culated the yearly mean within the intersected area from

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13097
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original 0.5 degree maps (temperature variables) and 0.125
degree maps (primary productivity variables). We then con-
verted the annual means to anomalies by subtracting a
26-year area mean (1981 — 2006) from the yearly means.
Annual means in the wintering and breeding range were cal-
culated in ArcGIS 9.3 (ESRI). The four bioclimatic variables
have previously been used in the study of environmental
change responses of breeding birds (Table S1, e.g. Peach
et al., 1998; Albright ef al., 2009; Jones & Cresswell, 2010;
Schaub et al., 2011). As a proxy for overall agricultural pro-
ductivity, we wused country level cereal yield (Cereal)
obtained from the statistical database of FAO (http://fao-
stat.fao.org/). This proxy has been used in previous studies
looking at the effect of agricultural land use change on farm-
land birds (Donald et al., 2001, 2006).

Statistical analysis

Long-term model. Regression models were constructed as
linear mixed models with growth rates as response variable
using the Imer function to optimize model log-likelihood via
maximum likelihood approximation (as opposed to
restricted maximum likelihood approximation, Ime4 1.0-4 r-
package http://Ime4.r-forge.r-project.org). All continuous
variables were transformed to mean zero and SD one to
obtain estimates of standardized effect sizes. For the analy-
sis of long-term population growth rates, we used the (log-
scale) growth rate of the longest available time-series for
each species-country combination between 1990 and 2008,
corresponding to the additive TRIM slope (Rgg0s). We con-
sidered species attributes and average cereal yield (1990-
2007, Yield) as explanatory variables. The latter was
included to describe the general level of agricultural intensi-
fication due to the likely nonlinear and lagged impacts of
land use change at shorter time scales (Donald et al., 2001).
To account for confounding factors at the country level and
species relatedness we included country (Jiguet et al., 2010b)
and nested taxonomic levels as random effects (Prinzing
et al., 2001; Jiguet et al., 2010b). We tested two taxonomic
random effect structures, one using just species identity and
one nesting species within taxonomic family and order.
Beyond accounting for country level confounding factors by
incorporating country as random effect, we did not account
for spatial autocorrelation per se. To account for uncertainty
in growth rate estimates we conducted separate weighted
and nonweighted analyses using the inverse standard errors
of growth rate estimates as weights. Equation 1 shows the
fixed effect structure of the full model for which all possi-
ble subset models were evaluated (variables as abbreviated
above and in Table 1).

Roo,08 ~ Diet+(TC, Yield, Farm) + Migration
* (TC, Yield, Farm) + Farm * Yield + logBody + b; + b; + ¢
1)
where parentheses delimit variables considered in interaction
with a grouping variable (in total seven interactions). b; and
b; are the respective random effects for country i and species j
(nested within family and order) and e is the error term. We

evaluated the full model (eqn 1) using both breeding and
wintering diet.

Short-term model. The aim of the short-term analysis was to
investigate the effect of environmental conditions on (log-
scale) annual population growth rates (the change in numbers
from year t to t + 1, R; ;+1). In particular, we were interested in
comparing support for global change hypotheses generated
from the long-term analysis. We therefore considered interac-
tions between species attributes and environmental variables
with the corresponding general formula (eqn 2):

Rit11~a+ piPopIndex, + f,Att + f3Env; + f,Att * Env;
+bi+bjte 2)

where o is the intercept, ff;_3 are parameters for main effects,
P4 is the parameter for a given attribute-environment interac-
tion while b; and b; are the respective random effects for coun-
try i and population j (nested within species, family and order)
and e is the error term. Inverse standard-errors of growth rate
estimates were included as model weights. We further tested
the robustness of consensus models (see model selection) to
inclusion of year as a random factor in order to account for
possible confounding environmental changes in a given year.
Population index (PopIndex) was included to account for den-
sity dependence of annual growth rates and was standardized
to mean zero and SD one for each time series and then jointly
for all time series. Since conditions before and during breeding
in year t can affect both the survival and reproductive compo-
nents of recruitment in year ¢ + 1, they should have a greater
influence on population dynamics compared to conditions in-
between breeding in year t and t + 1. We therefore focused on
effects of weather and general vegetation conditions in year ¢
and change in cereal yield from year -1 to t. The rationale
about relative influence of conditions in different years is
expected to hold especially in species where offspring are
recruited directly into the breeding population in the following
breeding season (Cormont et al., 2011). This is the case for all
species in this analysis except for the corvids where breeding
starts in the first to third year (Cramp ef al., 1994).

We evaluated all subsets of three full short-term models,
with one of the fixed effect structures shown in Eqn (3):

Ry 441 ~Poplndex, + DietW * (Cereal;_;) + Migration
* (WinTmp,, SprProd,, SumTmp,, Cereal; 1) + TC
* (WinTmp,, SprProd,, SumTmp;,) + Farm * Cereal;_
+ log Body (3)

where parentheses delimit interactions between multiple
environmental variables and an attribute variable, variables
are abbreviated as above and in Table 1. In the other two full
models, we swapped the position of Migration and DietW in
(3) to evaluate interactions between weather variables and
breeding as well as wintering diet.

Model selection. We used the function dredge in the r-package
MuMlIn  (http://cran.r-project.org/web/packages/MuMIn/
index.html) to construct all possible subset models using AICc
as selection criterion (Burnham & Anderson, 2002) and subse-
quently build consensus models containing variables overrep-

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13097
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resented in the best model set. AICc measures assumed each
random effect counting as one parameter and measured AICc
sample size as the number of observations in the data set. Two
criteria had to be fulfilled for model i to be included in the best
model set.

1 AICc[model;] < (AICc[Null] —4)

2 AICc[model;] < (AICc[Best] + 4)

where Null is the null model including only an intercept and

Best is the model with lowest AICc score. To ensure that terms

in the consensus model were not included due to large effects

of other model terms, we applied the following criteria for
inclusion of model term i in the consensus model, including

criteria for its co-occurrence with model term j:

1 Corrected occurrence criteria: (frequency[term; in consensus
set] - frequency[term; in full set])/(1 - frequency[term; in
full set]) > 0.1

2 Co-occurrence criteria: frequency[terms;; co-occurring in
consensus set] > frequency[terms; ; co-occurring in full set]

Model terms that fulfilled both criteria were included in the
same consensus model while model terms that only fulfilled
criterion 1 but not 2 were allocated into separate consensus
models. We tested whether different cut-off values for criterion
1 (0, 0.02, 0.1) changed the results of the model selection (they
rarely did) and used 0.1 as a final cut-off to focus on model
terms with the largest overrepresentation in the best set.
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Model parameters and confidence intervals were estimated
with parametric bootstrapping build into the bootMer and
boot.ci functions in the r-packages Ime4 1.0-4 and boot 1.3-7,
respectively (http://cran.r-project.org/web/packages/boot/
index.html). Goodness-of-fit and model performance was
evaluated by considering reduction in Penalized Weighted
Residual Sums of Squares (PWRSS) (Pinheiro & Bates, 2000) as
well as AAICc scores (Burnham & Anderson, 2002). The level
of model collinearity was assessed using a kappa statistic for
mixed-models (https:/ / github.com/aufrank/R-hacks/
blob/master/mer-utils.R) where values below 10 indicate low,
values above 30 indicate high, and values in-between indicate
moderate collinearity. All statistical analyses were carried out
in R 2.15.3 64-bit (R Development Core Team, 2008).

Results

Long-term growth rates

Changes in the abundance of European farmland birds
over the past two decades were best explained by a
consensus model including migratory strategy (Migra-
tion) and breeding diet (DietB) as well as the covariates
thermal coordinate (TC), long-term cereal yield (Yield),
and body size (logBody, Fig. 2a, Table 2). More

(b)
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Fig. 2 Long-term population growth rates of common European breeding birds explained by attributes and long-term cereal yield in
the consensus model. (a) Support for including attributes and long-term cereal yield in a consensus model that explain long-term popu-
lation growth rates of 51 common European breeding birds. Model terms with corrected occurrence exceeding 0.1 were included in the
consensus model. Corrected occurrence is shown for models including species and country as random effects, and inverse growth rate
standard errors as weights (see methods for details). Colons indicate interacting variables. (b) Maximum likelihood parameter estimates
and bootstrapped confidence intervals from the consensus model. Levels of grouping variables are invertebrate (I), herbivore (H), and
mixed diet (O); long-distance migrant (L), permanent resident (R), and short-distance migrant (S); farmland specialist (Sp) and nonspe-
cialist (NSp). If not otherwise specified, effects are parameterized assuming an herbivorous diet, long-distance migration and no farm-
land specialization. Continuous variables are parameterized at 1 SD and error bars are 95% confidence intervals. Symbols illustrate
variables. Small letters indicate group contrast membership. Predictor variables abbreviated as in Table 1
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Table 2 Properties of long-term growth rate models with the lowest AICc (Best), consensus model(s) (Consensus), and a model
including only an intercept as fixed effect (Null). Where two models are identical only the bottom row contains information while
the upper rows contains a dash. Model properties are: the AAICc-scores, the AICc weights within the shown model set (AICc w),
the Penalized Weighted Residual Sums of Squares reduction with respect to Null (PWRSS reduction), the number of model parame-
ters (K), the Kappa condition number (Kappa) and the fixed effect model terms (as defined in Table 1)

Weighting
Random PWRSS
effects Model AAICc  AICcw  reduction (%) K  Kappa Model terms
Weighted
Nested Best - - - - - -
Consensus 0.00 1.00 2.32 20 1371 Migration*Yield + Farm*DietB + TC + logBody
Null 36.76 0.00 6 1.00
Species Best - - - - - -
Consensus 0.00 1.00 2.38 16 1177 Migration*Yield + Farm*DietB + TC + logBody
Null 36.41 0.00 4 1.00
Nonweighted
Nested Best 0.00 0.53 1.98 20 1371 Migration*Yield + Farm*Migration + Farm*DietB
+ TC + logBody
Consensus 0.27 0.47 2.01 18 11.77 Best - Farm*Migration
Null 33.93 0.00 6 1.00
Species  Best - - - - - -
Consensus 0.00 1.00 2.02 16 11.77 Migration*Yield + Farm*DietB + TC + logBody
Null 34.03 0.00 4 1.00

specifically, populations with high thermal coordinates
had lowered growth rates (Fig. 2b, TC), as did popula-
tions in countries with higher cereal yield (Fig. 2b,
Yield). In such high yield countries, growth rates of
long-distance migrants (L) were lower compared to res-
idents (R) and short-distance migrants (S; see Yield
Fig. 2b). Farmland specialists (Farm; Sp) with herbivo-
rous (H) or insectivorous diets (I) declined compared to
nonspecialists (NSp) with similar diets (DietB x Farm in
Fig. 2b). In terms of model performance, AAICc values
between consensus and null models were considerable,
ranging between 33.9 and 36.4 (Table 2), while penal-
ized weighted residual sums of squares (PWRSS, a
goodness-of-fit measure) only were reduced slightly
(min = 2.01%, max = 2.38%, Table 2). Model collinear-
ity was in the low end of the moderate spectrum
(Kappa: min = 11.77, max = 13.71) and all model terms
had the same sign when tested one by one. Random
effects explained between 0.3 and 12.4% of the total
model variance and the species level tended to explain
most of the variance among the taxonomical variables
(Table S5).

Annual growth rates

All investigated environmental variables contributed
to explain year-to-year change in abundance of Euro-
pean farmland birds (Figs 3 and S2, Table 3). In the
consensus model, migratory strategy was the domi-
nant explanatory attribute, interacting with every

environmental variable, whereas nonbreeding diet
(DietW) only interacted with cereal yield (Cereal,
Fig. S2a, Table 3). In-depth analyses confined to single
migratory strategies in general corroborated results
from the full model (Figs 3 and S3) and revealed fur-
ther, more detailed patterns (Figs 4a—d and S2b—d).
Each weather variable, for example, had a main effect
on only one migratory strategy with the seasonal
order of weather variables matching the order of
breeding onset of migratory strategies (Fig. 4e). Thus,
growth rates of residents increased after warm winters
(WinTmp), short-distance migrants after more produc-
tive springs (SprProd), and growth rates of long-dis-
tance migrants increased after warm summers
(SumTmp) (Fig. 4a—e). Positive effects of winter tem-
perature and spring productivity increased in colder
parts of species thermal ranges (interaction with TC in
Fig. 4b,c). Populations of long-distance migrants win-
tering in central and eastern regions of Sub-Saharan
Africa showed a positive response to increasing Afri-
can winter primary productivity (WinProd, Fig. 4d).
In this analysis, there was not support for including
breeding winter temperature in the consensus model,
but it featured in the single best model (Figs 4d and
54, Table 3).

To assess the robustness of model effects and con-
trasts to weather and yield changes across years we ran
consensus models with year as a random variable. In
the full model, all model effects and contrasts were
identical to models without year as random effect in

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13097
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Table 3 Characteristics of annual growth rate models for all studied European farmland birds (all) as well as subsets consisting of
permanent residents (resident), short-distance migrants (short-distance), long-distance migrants (long-distance), and sub-Saharan
long-distance migrants (Sub-Saharan). Properties are shown for the best model with the lowest AICc score (Best), the consensus
model (Consensus), a model including only population index in year f as fixed effect (Abundance), and an intercept model (Null).
Model properties are the AAICc scores (AAICc), the AICc weights within the shown set of models (AICc w), the reduction in Penal-
ized Weighted Residual Sums of Squares in comparison to Null (PWRSS reduction), the number of model parameters (K), a measure
of model collinearity (Kappa), and the fixed effect model terms (as defined in the text and Table 1). Dashes indicate that the best
model equates the model in the below row

PWRSS
Strategy Model AAICc  AICcw reduced (%) K Kappa Fixed effects
All Best - - - - - -
Simplified consensus 0.0 083 17.37 22 6.72 Migration * WinTmp + Migration
* SumTmp + Migration * Cereal
+ TC * SprProd + PopIndex
Full consensus 1.8 017 17.32 28 9.77 Simplified + DietW * Cereal+ Migration
* SprProd
Abundance 419  0.00 16.77 8 1.00 PopIndex
Null 16742 0.00 7 1.00
Long-distance  Best - - - - - -
Consensus 0.0 1.00 20.95 12 946 DietB * WinTmp + SumTmp + PopIndex
Abundance 150  0.00 20.25 8 1.00 PopIndex
Null 597.0  0.00 7 1.00
Short-distance  Best 0.0 0.67 17.20 11 124 TC * SprProd + PopIndex
Consensus 1.5 033 17.41 16 4.39 Best + DietB * WinTmp
Abundance 10.1  0.00 16.84 8 1.00 PopIndex
Null 566.1  0.00 7 1.00
Resident Best - - - - - -
Consensus 0.0 1.00 19.11 19 347 DietW * SprProd + DietW * Cereal + TC
* WinTmp + PopIndex
Abundance 472 0.00 17.10 8 1.00 PoplIndex
Null 5742  0.00 7 1.00
Sub-Saharan Best 0.00 0.81 22.11 17 9.05 PopIndex + SumTmp + WinTmp
+ WinProd * Region
Consensus 299 0.18 21.94 16 9.07 Best — WinTmp
Abundance 9.56 0.01 21.21 8 1.00 PopIndex
Null 540.87 0.00 7 1.00

the full model, indicating robustness of effects across
years and little sensitivity to e.g. extreme events in a
particular year (compare Figs 3 and S3 with Fig. S5-6).
The same pattern was seen in the single strategy
models where all contrasts and main effects had the
same sign, with only minor changes in effect size (com-
pare Fig. 4 with Fig. S7).

Population index (PopIndex) was the covariate with
the largest effect size in all analyses (Figs 34 and S8).
In comparison to null models, consensus models
reduced PWRSS by 17-20%, mainly due to this large
effect of population index (Table 3). Thus, attribute and
environmental variables only reduced PWRSS by an
additional 0.6-2% (Table 3). Individual random effects
often explained less than 0.1% of the total variance and
at maximum 4.8% (Table S6). AAICc values between
consensus models and models including only popula-
tion index ranged between 9.56 and 47.19 (Table 3).

Discarding either one of the German and Belgian subre-
gions or varying the taxonomic random effects struc-
ture had no effect on model selection, parameter
significance or sign of effects.

Discussion

We examined the potential for combined inference
from decadal and annual time scales to broaden global
change attribution of continental-scale changes in abun-
dance of European farmland birds. The combined
approach characterized the long-term demographic
response to recent land-use and climate change and
provided new insights with regard to the effect of
annual weather fluctuations on short-term demo-
graphic responses that may aid pinpoint mechanisms
underlying long-term global change responses. Long-
term changes linked to species’ specialization to farm-

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13097
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Fig. 3 Annual growth rates of common European breeding
birds explained by attribute-environment interactions and pop-
ulation size in the previous year in a simplified consensus
model including only the interactions with strongest support.
Maximum likelihood parameter estimates and parametrically
bootstrapped confidence intervals are presented. Migratory
strategies are long-distance migrants (L), permanent residents
(R) and short-distance migrants (S). All variables are parameter-
ized at 1 SD and error bars are = 95% confidence intervals.
Small letters indicate group contrast membership. Variables as
abbreviated in Table 1.

land habitat (Donald ef al., 2001, 2006; Vorisek et al.,
2010), climatic niche position (Jiguet et al., 2010a,b) and
movement strategy (Sanderson et al., 2006) are not
redundant, but occur simultaneously. Furthermore,
short-term inference indicates that populations benefit
from higher temperature or primary productivity lead-
ing up to or during their breeding season meaning that
birds in the same location are influenced by bioclimatic
variation in separate parts of the year. Populations of
hot-dwelling species benefit more from winter and
spring events which are predicted to increase in fre-
quency with climate change, implying that long-term
change in these weather variables could drive an

increase in more southerly distributed species (Gregory
et al., 2009).

Environmental correlates of short-term population
change have the potential to yield insights into regula-
tory processes of populations and to help inform expec-
tations for long-term outcomes under environmental
change (Jiguet ef al., 2006). Yet, care must be taken
before attempting to link the causes of change at a
shorter time scale to drivers of change at a longer time
scale. For example, although the 10-year mean tempera-
ture in Europe has increased since the 1990s, yearly sea-
sonal conditions have been characterized by large
fluctuations between years (European Environment
Agency, 2012). Within the period of the present study,
these fluctuations challenge direct extrapolation of
short-term weather effects as drivers of long-term
change. Despite this and the potential for various types
of stochasticity as well as regional metapopulation pro-
cesses to affect short-term dynamics even at large spa-
tial scales (Tittler et al., 2009), the short-term analysis
help build expectations for the consequences of envi-
ronmental change. Developing methods for projecting
short-term environmental responses over longer time
scales is an important focus for the future.

In line with previous studies we found that long-
distance migrants are in relative decline (Sanderson
et al., 2006, Gregory et al., 2007; Jiguet et al., 2010a,b;
Van Turnhout et al., 2010), but only significantly so in
countries with more intensive farmland practices
(Fig. 2b). Migratory strategy is also the most important
attribute in explaining annual weather effects (Figs 3
and 4). The positive effect of summer temperature on
European long-distance migrants is known from two
well-studied species (Crick, 2004; Jorgensen et al.,
2013), but has to our knowledge not been reported from
multispecies studies. In the more arid central United
States, Neotropical migrants are negatively affected by
summer heat-waves in southern and montane areas,
while they benefit from them further north (Albright
et al., 2011). In Europe, it is possible that long-distance
migrants benefit from warmer summers in terms of
higher reproductive performance from increased nest-
ling survival, food availability, or competitive advan-

Fig. 4 Annual growth rates of (a) long-distance migrants, (b) permanent residents, (c) short-distance migrants and (d) Sub-Saharan
long-distance migrants explained by attribute-environment interactions and population size in the previous year (PopIndex). Maxi-

mum likelihood parameter estimates and parametrically bootstrapped confidence intervals are presented. Levels of breeding (a, ¢) and
nonbreeding diet (b) are herbivore (H), invertebrate (I), and mixed diet (O) and levels of Sub-Saharan wintering region (d) are central
Africa (Central), eastern Africa (Eastern), southern Africa (Southern), western Africa (Western). All variables are parameterized at 1 SD

and error bars are = 95% confidence intervals. (e) Bird populations are influenced by weather variation according to the general breed-

ing phenology of their migratory strategy. Shown are the main effects of weather on growth rates of resident, short-distance migrant
and long-distance migrants (large arrows in insets). A schematic of species richness in the breeding area over the course of the year is
shown. Small letters indicate group contrast membership. Variables as abbreviated in Table 1.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13097
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tage (Crick, 2004; Jorgensen et al., 2013). All else being
equal, discrepancies in how climate change manifests
at the respective times of breeding onset could con-
tribute to the divergent long-term growth-rates
observed between long-distance migrants and popula-
tions undertaking less extensive seasonal migrations.

Although we find that birds are affected by variation
in the seasonal bioclimatic environment, we cannot dis-
tinguish from these analyses between a set of compet-
ing more proximate drivers. Limited power in
separating competing proximate drivers may in partic-
ular be the case for the negative effect of milder non-
breeding season weather on insectivorous long-
distance migrants (Fig. 4a, Lemoine et al., 2007; Cor-
mont ef al.,, 2011). Here, direct effects of weather on
physiology (Klaassen et al., 2012), mismatches between
populations and their food resources (Both et al., 2006)
and effects due to increased interspecific competition
for food or nesting resources (Ahola et al., 2007;
Lemoine et al., 2007) could all be acting simultaneously.
Another challenge concerning long-distance migrants is
evaluating the relative importance of conditions outside
the breeding area (Seether et al., 2004). Interestingly, we
find that winter temperature in the breeding area is less
important when winter conditions in Africa are also
considered. The effects of primary productivity in the
central and eastern parts of Africa fits with expected
negative consequences of drought (Baillie & Peach,
1992). Taken together, this speaks to a scenario where
climate change in the European breeding areas might
ultimately have mixed effects on long-distance
migrants and for a balanced perspective on population
regulation in the breeding vs. the wintering areas (the
so-called ‘tap’ vs. ‘tub” hypothesis, Seether et al., 2004),
where environmental change in both areas have a regu-
lating effect.

Indirect evidence that agricultural intensification is
still negatively affecting farmland specialists is pro-
vided by our analysis, (Fig. 2b). However, we do not
find evidence that farmland specialists in particular
should be negatively affected by interannual changes in
cereal yield (Figs 3—4). As noted, the effects of agricul-
tural land-use change are complex and likely manifest
with a longer temporal memory and lag than indicated
by responses to annual yield changes. Cereal yield in
Europe is influenced by environmental, mechanical,
and genetic components (Brisson et al., 2010) and
changes in these components have different effects on
farmland habitats, as experienced by birds. Despite the
convincing evidence that abundance of farmland spe-
cies is negatively associated with the general level of
agricultural intensification (Donald et al., 2001, 2006),
the year-to-year effects of changing agricultural land-

use still needs further investigation at the continental
scale.

Our analysis highlights the potential for using stan-
dardized multispecies surveys to integrate species attri-
butes and environmental variables in combined
attribution of global change responses across decadal
and annual scales. This approach broadens the evi-
dence base against which global change hypotheses are
evaluated and we suggest that global change attribu-
tion will likely be improved by applying this combined
time-scales perspective whenever annual time-series
are available and when the aim is to link trends in long-
term abundance to multiple environmental changes.
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