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Preface
This thesis is the product of a three year PhD project at the Faculty of Science, University of
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acting as co-supervisors on four central chapters. Further guidance, collaboration, and advice
were received in relation to specific chapters from Eline D. Lorenzen, Philip F. Thomsen and
Scott P. Carroll.
The thesis consists of two parts. The first part is a synopsis which gives an overview of the
background and the objectives of the thesis, summarizes and discusses the main findings, and
outlines some perspectives for future research. The second part consists of eight manuscripts,
written as scientific papers, which comprise the core of the PhD project. Finally, two
appendices document the founding and first activities of the International Network of NextGeneration Ecologists (www.innge.net).
During my PhD I had the pleasure of spending approximately one month in the lab of Eric
Post at Pennsylvania State University. Further, I spend the first year of the PhD at the
wonderful University of California at Berkeley working on the phylogeography and
population genetics of three avian taxa in the Eastern Arc Mountains. The work on this
system was unfortunately delayed due to external causes and not included in the present
thesis. The stay at UC Berkeley was partially funded by the Denmark-America foundation
and included visits to the Natural History Museums of London (Tring), Leiden and Berlin.
Besides the work contained in the chapters I have also assisted with teaching in the courses
International Nature Conservation, Population Biology as well as Community and
Macroecology. I have served as board member of the International Association for Ecology
(INTECOL) and co-founded and coordinated a network of early-career scientists spanning 18
learned societies and other institutional members, the International Network of NextGeneration Ecologists (INNGE).

Peter Søgaard Jørgensen
Copenhagen, Denmark
March, 2014
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Summary
Human induced changes in the earth system, such as anthropogenic climate change, cause
loss of biodiversity that feed back as food, health and environmental challenges for human
society. Climate change is one of the main threats to biodiversity and human society due to
its global manifestation, long interval from reduction in green house emission to cessation of
warming, and the uncertain capacity of the natural systems to buffer greenhouse gas
emissions. This thesis explores current challenges in our understanding of how climate
change will affect biodiversity and how consequent challenges for human society can be
minimized. It comprises eight chapters and two appendices.
Chapter I presents an integrated framework and synthesis for how the study of
species’ responses to changing environments can be improved through a combination of
existing methods and by explicitly accounting for their strengths and weaknesses when
measuring organismal processes and environmental impacts over space and time.
Chapter II provides an example of such integration. Genetic material from wild
populations serves as a resource to reconstruct past changes in numbers, but the accuracy of
reconstructions is often uncertain. This chapter presents an example of combining existing
methods by comparing genetically inferred numbers to historical records. The comparison
confirms predictions about how accuracy should change with the magnitude and point in time
of historical changes. This indicates the utility of population genetics in improving our
understanding of strong population declines due to human impact dating back to before any
reliable observation accounts existed.
Two of the most comprehensive wildlife monitoring programs that have been running
since the middle of the 20th century is The North American and European breeding bird
surveys. The next four chapters in the thesis (chapters III-VI) are based on these programs.
The chapters seek to answer questions about the continental-scale responses of biodiversity to
climate change through investigation of population dynamics since 1980. Chapter III
presents an investigation of land-use and climate change effects on common European
farmland birds. It shows that suspected impacts of land-use changes are most evident over
decadal time-scales whereas climate change impacts can be detected both at the decadal and
annual time-scale through increases in more equatorially distributed species and divergent
responses of migratory strategies to seasonal weather.
Chapter IV presents the first of three comparative studies of the North American and
European avifauna. Since the mid-20th century, birds that migrate to the tropics have
exhibited decreases in population size with climate change being proposed as one of the
causes. The chapter investigates the evidence for recent increases in tropical precipitation and
primary productivity to cause a recovery in migrant populations. It presents novel evidence
for two dichotomies in the effect of such “re-greening”. Over yearly time spans “re-greening”
leads to increased population size of migrants present in seasonal habitats through increases
in both survival and reproduction. Migrants in more seasonally stable habitats are less
affected by short-term re-greening and mainly through effects on reproduction. The second
dichotomy is detected on the time span of decades: as a likely result of re-greening, migrants
present in tropical areas closer to the breeding area have partially recovered from past
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declines, while migrants that have to travel further to reach their destinations are not
responding to long-term re-greening and many are still in decline.
Movement of species toward the poles and associated increases in poleward
populations is one of the most generally documented biodiversity effects of climate change.
Chapter V investigates the generality of this response in European and North American
breeding birds. I also investigate the presence of continental gradients in seven metrics of
population dynamics that may be indicative of current and future vulnerability to climate
change. This study provides evidence for poleward shifts in abundance in three out of four
investigated regions and shows that equatorial populations have the least stable population
dynamics. It also shows that geographical gradients in population dynamics are most frequent
in regions with presence of cool summer climates.
Abrupt irreversible changes in geophysical and biological systems are particular
concern as a potential of climate change. Until now most evidence for such effects comes
from destabilization of large-scale geophysical systems or local ecosystems. Chapter VI
provides evidence that stability of continental-scale breeding bird communities in Europe and
North America has declined over the past 30 years in concert with pronounced global
warming. The connection of these findings to global warming warrant further investigation,
but has the potential to change our perspective of climate change as a destabilizing factor in
wildlife communities at large spatial scales.
The potential for cold- and warm-adapted species to coexist during climate warming
is of much interest, but poorly understood in most taxa. Chapter VII investigates this in two
species-rich groups of insects - moths and beetles. It provides some of the first evidence in
animal communities that divergent phenological responses by cold- and warm-adapted
species may serve as a mechanism for co-existence, minimizing local extinctions of coldadapted species during global warming.
Effects on biodiversity of human-mediated environmental change feed back to human
society by challenging food production, human health and environmental management. These
challenges are caused by declines in species that human societies depend on and due to rapid
evolution in species that are considered pests and pathogens. Chapter VIII takes a step back
and provides a multidisciplinary review of how biological knowledge of environmental
change effects can be turned into solutions to minimize current global challenges for human
society in areas of food production, health and environmental protection. This kind of
solution-oriented contributions in the ecological sciences will be important for the protection
of biodiversity and human well-being during this century - that will be marked by climate
change. Overall the results of the thesis point towards a diverse se of impact of climate
change on the common breeding birds of Europe and North America. Such diverse responses
challenge our ability to predict future outcomes of biodiversity responses to climate change
and the need for a multi-facetted approach to conservation of species during climate change
as well as to the study of climate change effects themselves.
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Sammenfatning
Menneskets påvirkning af jordens system forårsager tab af biodiversitet som igen forstærker
menneskets udfordringer indenfor fødevarer, sundhed, natur og miljø. Klimaforandringer er en af de
største trusler for den biologiske mangfoldighed og menneskeheden på grund af dens globale
manifestering, drivhusgassers langvarige virkning efter de er udledt og usikkerheden om havets og
jordens kapacitet til at optage drivhusgasser. Denne afhandling består af otte kapitler og to
appendikser, der søger at adressere nuværende udfordringer i forståelsen af hvordan
klimaforandringer vil påvirke biodiversitet og hvordan samfundsmæssige følgevirkninger kan
minimeres.
I kapitel 1 præsenterer jeg en ramme og syntese for hvordan studiet af miljøforandringers
artspåvirkning kan forbedres ved integrering af eksisterende metoder og en italesættelse af deres
enkelte styrker og svagheder mht. at måle organismers processer og miljøpåvirkninger i tid og rum.
Kapitel II præsenterer et eksempel på en sådan integration: genetisk materiale fra vilde bestande er
en værdifuld ressource til at rekonstruere historiske ændringer i bestandsstørrelse, men deres
nøjagtighed er ofte uvis. Jeg præsenterer et eksempel på hvordan eksisterende metoder kan
integreres ved at sammenligne bestandsstørrelser estimeret ved hjælp af genetisk materiale og
usystematiske historiske registreringer. Sammenligningen bekræfter forudsigelser om hvordan
nøjagtigheden af de genetiske metoder bør ændre sig som følge af tidligere bestandsændringers
størrelse og tidspunkt. Dette peger imod nytten af populationsgenetik til at forstå store og nyere
bestandsnedgange i tilfælde hvor der ikke findes pålidelige observationer.
Det nord amerikanske og europæiske ynglefugle moniteringsprogram har kørt siden midten af det
tyvende århundrede og anses for at være to af de mest omfangsrige registreringer af dyr. Fire
kapitler i denne afhandling er baseret på disse programmer med henblik på at forstå
klimaforandringers artspåvirkning på kontinental skala ved at se på udviklinger i
populationsdynamik siden 1980. Kapitel III præsenterer en undersøgelse af arealanvendelse og
klimaforandringers påvirkninger på almindelige Europæiske agerlandsfugle. Studiet viser at
forventede ændringer som følger af arealanvendelse hovedsageligt kan ses på en tiårig skala,
hvorimod effekterne af klimaforandringer ses både på en årlig og en tiårig skala.
Klimaforandringers påvirkning af populationerne ses som følge af de mere varmeudbredte arters
øgning og årstidernes forskelligartede påvirkning af arter med forskellige trækstrategier. Fugle der
trækker til tropiske egne har været i tilbagegang siden omkring midten af det tyvende århundrede og
klimaforandringer er blevet foreslået som en af de mulige årsager bag. I kapitel IV præsenterer jeg
den første af tre komparative analyser af den Nord Amerikanske og Europæiske fuglefauna. Jeg ser
på evidensen for at nylige ændringer i nedbør og primærproduktion i troperne, såkaldt ”regreening”, skulle have forårsaget en genkomst af trækfulgebestandene til tigligere niveauer. Studiet
bidrager med ny evidens mht. til to dikotomier der karakteriserer ”re-greenings” effekter. Over
årlige tidsrum foråsager ”re-greening” en forøgelse af bestandstørrelsen hos trækfugle der findes i
sæsonvariende tropiske områder både gennem forøget overlevelse og forøget reproduktion. Den
anden dikotomi ses over tiårige tidsrum: trækfugle der overvintrer i troperne tættere på
yngleområderne er nu fter tidligere bestandstilbagegange i delvis fremgang. Trækfugle der
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overvintrer længere væk fra yngleområdet påvirkes ikke positivt af ”re-greening” på den tiårige
skala og mange arter er fortsat i tilbagegang.
Arters rykken med polerne og associerede ændringer i hyppighed er en af de mest bredt
dokumenterede effekter af klimaforandringer. I kapitel V efterforsker jeg generaliteten af denne
effekt i europæiske og nord amerikanske ynglefugle. Studiet undersøger derudover tilstædeværelsen
af kontinental gradienter i syv populationsdynamiske mål, som er relevante for forståelsen af
klimaforandringernes nuværende og fremtidige effekter. Jeg viser at arternes hyppighed i tre ud af
fire områder for øjeblikket rykker mod polerne og at de mest varmtudbredte bestande også udviser
den mindst stabile populationsdynamik. Generelt er gradienter i populationsdynamik mest hyppige i
områder med tilstædeværelse af koldt sommerklima.
Bratte og irreversible ændringer i geofysiske og biologiske systemer er en potential effekt af
menneskabte klimaforandringer af særlig bekymring. Indtil videre har den største bevisbyrde for
sådanne ændringer i stabiliteten af systemer kommet fra geofysiske eller lokale økologiske
systemer. I kapitel VI bidrager jeg med evidens der viser at stabiliten i de kontinentale
ynglefuglesamfund i Europa og Nord Amerika indenfor de sidste 30 år er for nedafgående. Den
kausale forbindelse mellem aftagende stabilitet og global opvarmning er et perspektiv fra dette
studie som kræver yderligere opfølgning og har mulighed for at ændre vores opfattelse af
klimaforandringer som en destabiliserende faktor for biologiske samfund over stor rummelig skala.
Potentialet for sameksistensen mellem koldt- og varmt-tilpassede arter under klimaforandringer er
af stor interesse men generelt et emne vi ved meget lidt om. I kapitel VII undersøger jeg dette i to
artsrige insektgrupper – møl og biller. Vi finder noget af den første indikation indenfor
dyreverdenen for at forskelligtrettede fænologiske ændringer i koldt- og varmttilpassede arter kan
være en medvirkende mekanisme der kan facilitere sameksistens og minimere det lokale tab af
koldt-tilpassede arter under global opvarmning.
Menneskeskabte miljøforandringers negative påvirkning af biodiversitet føres tilbage til menneskets
samfund som udfordringer indenfor fødevareproduktion, sundhed og miljø- og naturforvaltning.
Disse udfordringer er særligt skabt af tilbagegang af arter som mennesket er afhængige af og
gennem evolutionær udvikling over korte tidsrum i arter der ofte betragtes som skadedyr og
patogener. I kapitel VIII træder jeg et skridt tilbage og giver et flerfagligt overblik over hvordan
biologisk viden om effekterne af miljøforandringer kan omdannes til løsningsorienterede forslag til
at minimere globale udfordringer for menneskeheden indenfor ovennævnte områder. Sådanne
løsningsorienterede bidrag fra de økologiske videnskaber vil være af stor vigtighed for beskyttelsen
af biodiversitet og det menneskelige velvære i det igangværende århundrede, som vil blive
underlagt yderligere globale klimarforandringer. Overordnet set viser denne afhandling at
klimaforandringer har en række konsekvenser af forskellig ensartethed mellem arter og deres
levesteder. Resultaterne bidrager til forståelsen af vigitigheden af en flerstrenget tilgang til
naturbevarelse som følge af klimaforandringer i studiet af klimaforandringernes effekter på
biodiversteten såvel som vores egne samfund.
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Synopsis
Macroecology of environmental change response
1 Introduction
The search for general patterns in the interactions between organisms and their environment
dates back to the founders of natural history and the ecological sciences (Darwin 1859,
Egerton 2001). Although the earth system and biosphere have always undergone perpetual
change (Zachos et al. 2001), human impact on the planet’s biota and its recognition by
scientists has increased over time and is an important part of the foundation on which ecology
and evolutionary biology are built (Darwin 1839, 1859, Elton 1958). Today, the search for
general patterns and the study of humans’ planetary impact have been given their own
separate labels. Macroecology constitutes the search for general laws and patterns in the
ecological sciences (Brown and Maurer 1989, Lawton 1999, Gaston and Blackburn 2000).
and Global change science is the study of the consequences associated with past, present and
future human impact on the planet’s environment (Steffen et al. 2004). The macroecological
study of global change effects in ecological systems is concerned with synthesizing our
understanding of these effects across large spatial, temporal or biological extents (Kerr et al.
2007, Chown and Gaston 2008, Kühn et al. 2008).

1.1 Human influence on biodiversity and the earth system
Human population has increased by approximately three orders of magnitude over the past
10000 years and between one third to one half of the planet’s terrestrial area is dominated by
human activity (Ellis and Ramankutty 2007, Ellis et al. 2010, 2013, Ellis 2011). The current
impact of humans on biodiversity manifests itself through a complex set of interrelated
processes, the ultimate drivers of which are changes in our consumption patterns, increasing
population size and technological and industrial development (Ehrlich and Holdren 1971,
Steffen et al. 2007, 2011, Rockström et al. 2009). These drivers impact biodiversity through a
number of processes, the foremost being: (1) the introduction of new species, in particular
predators and pathogens, to naïve native communities (Lockwood and McKinney 2001), (2)
changes in use of land, sea and freshwater, which decreases habitat quality and quantity, (3)
over-exploitation of organisms for consumption, resource use, income and prestige, (4)
emission of physio-chemical compounds that lead to a change in the state of the atmosphere,
hydrosphere and geosphere and manifests itself as chemical toxicants, global warming and
associated ocean acidification (Steffen et al. 2004, Millennium Ecosystem Assessment 2005a,
IPCC 2013). In other words, humans have become the dominant ecological and evolutionary
force on the planet causing both what has been described as the earth’s sixth mass extinction
(Barnosky et al. 2012) and widespread contemporary evolutionary change, most readily
observed in species that are considered pests and pathogens (Palumbi 2001, Palumbi and Mu
2001, Hairston et al. 2005). This has been described as a conundrum (Latta 2008) where the
species succumbing to our own species are the ones we wish to protect, such as large-bodied
mammals. In contrast, the species that we struggle to control are evading many of our
attempts at doing so, such as agricultural pests and human pathogens.
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Most of understanding our understanding of how biodiversity is affected by anthropogenic
environmental change, and climate change in particular, comes from a non-random selection
of species biased towards the temperate biomes of Europe and North America (Parmesan et
al. 2013). We still know little about the biological diversity of the planet we inhabit.
Estimates of the total number of species on our planet range from five (Costello et al. 2013)
to slightly above ten million species (Chapman 2009), of which less than half to less than a
fifth are known to science. Of the about 1.7 million (1,729,693) species recognized by the
International Union for Conservation of Nature (IUCN) we know enough about only 4 %
(71,576) to assess whether they are threatened by human activities. Of these, 30 % (21,286)
are estimated to be threatened (IUCN 2013) and 741 species of animals and 119 species of
plants are known to have become extinct or extinct in the wild nature over the past couple of
centuries (IUCN 2013). Such extinctions have been associated with human peopling of the
planet and at the latest by western civilization (Lomolino et al. 2005). They are occurring at a
rate 10-1000 times the background levels before the existence of the human species (Lawton
and May 1995, Millennium Ecosystem Assessment 2005b, He and Hubbell 2011). A better
understanding of the broad-scale impact of anthropogenic environmental change on
biodiversity is therefore of high priority (Nelson et al. 2006)l.

1.2 Environment in ecology – from controversy to attribution
The foundation for understanding how humans alter the conditions and habitat of species is
understanding species in their natural environment – ecology. In its simplest definition,
ecology studies the interaction between organisms (O) and their environment (E) (e.g.
Ricklefs 1973) [equation 1]. The perceived importance of environment in causing changes in
organisms has varied through time (Egerton 2014). Thus, through the history of ecology the
distinction between observed changes caused by the effect of the organism on itself and
changes caused by external factors has been a common source of debate and even
controversy (Lawton 1999, Egerton 2001). Central debates in population biology, for
example, were concerned with the relative role of population density and external
environmental factors in shaping the population fluctuations that we see in nature (Nicholson
1933, 1954, Andrewartha and Birch 1954). A similar debate has shaped the history of
biogeography and focuses on determinants of current species distributions (Lomolino et al.
2005). Here the debate can be viewed as a dichotomy of whether species present
geographical ranges are in equilibrium with current environmental conditions, or whether
interactions between organismal processes and historical environments determine current
ranges and consequent species richness patterns (Araujo et al. 2008).

Evidence for the ecological effects of global warming started accumulating in the final
decade of the 20th century (Lubchenco et al. 1991, Field et al. 1992, Vitousek 1992, Vitousek
et al. 1997). This increased evidence for rapid environmental changes leading to altered
phenology and species ranges (Walther et al. 2002) spurred a more reconciling approach to
the organism-versus-environment dichotomy. A more synthetic approach in population
biology (Turchin 1995, 2001), for example allowed the quantification of the effects of
climate change on populations while accounting for density dependent effects (Post 2013a).
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Biogeographers started focusing on the impacts of climate change in the future using
forecasted range from species distribution or bioclimatic envelope models (Martínez-meyer et
al. 2004, Thomas et al. 2004). However, here as well, the field continues to acknowledge the
importance of and need to validate the assumption that current ranges are in equilibrium with
present environment (Araujo and Townsend Peterson 2012).
Today, macroecology and global change ecology are increasingly connected to a set of
interdisciplinary and solution-oriented sciences developed in the second half of the 20th
century to address the consequences of human environmental impacts. Starting with the
environmental sciences and conservation biology in the 1960’s, global change science and
earth system science followed suit in the 1980’s and were concluded with the labeling of
sustainability science in 2001 (Kates 2001). The scientific, civic and growing political
concerns over global environmental changes through the second half of the 20 th century
meant a growing connection between ecology and policy. Thus, synthesis of biodiversity
responses to climate change is an important part of the assessments of the Intergovernmental
Panel on Climate Change (IPCC) (IPCC and Press 2007). The establishment of the
Intergovernmental Platform on Biodiversity and Ecosystem Services (IPCC 2007, Kühn et al.
2008, Larigauderie and Mooney 2010) has sparked a new set of debates relating to the
feasibility and the consequences of implementing requests from policy and decision makers.
One debate revolves around the demand for concrete and quantifiable evidence for the link
between anthropogenic greenhouse gas emissions and ecological changes, with points being
raised about the difficulties of showing such direct links (Rosenzweig et al. 2008, Parmesan
et al. 2011, 2013, Rosenzweig and Neofotis 2013). Another debate relates to the integration
of knowledge systems other than traditional scientific knowledge in the interface between
scientists and policy makers (Larigauderie and Mooney 2010, Koetz et al. 2011). These
recent developments mark a new time for the ecological sciences with an increased attention
on synthesis of environmental effects and increased integration with the rest of the natural
and social sciences.

2 Aims of the thesis
This PhD thesis uses a macroecological approach to investigate species temporal response to
global environmental change with a focus on the effects of climate change on common
breeding birds of Europe and North America. It aims to provide conceptual insight that
contributes to
-

The strengthened inference of species level environmental change responses
(chapter I).
The validation of historical responses to anthropogenic environmental change as
inferred from population genetic methods (chapter II).
The synthesis of solution-oriented contributions from the ecological sciences,
specifically evolutionary biology, to current societal challenges under global
environmental change (chapter VIII).
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It further aims to improve the macroecologial understanding of proposed climate change
impacts by
-

-

Comparing the evidence for climate driven changes in common breeding birds
over decadal and annual time scales (chapters III-VI)
Evaluating proposed climate-related causes of declines in European and North
American long-distance migrants (chapters III-IV).
Evaluating the presence of common geographical gradients in the population
dynamics of the European and North American avifauna, and to discuss their
implications for current and future impact of climate change (chapter V)
Evaluating the potential for climate change to destabilize breeding bird
communities at large spatial scales (chapter VI)
Investigating the net outcome of climate-driven community turnover in two
species rich insect taxa, moths and beetles, with the specific aim to investigate
potential mechanisms for the loss or gain of cold- and warm-adapted species
(chapter VII)

3 Breeding birds as indicators of anthropogenic environmental
change
The avifauna of the European and North American continents are likely two of the most
studied and well monitored groups of species on the planet. Due to this fact, changes in their
population and species numbers have a tradition for being used as environmental indicators
of change e.g. land use, climate and chemical pollutants (Morrison 1986, Gregory et al. 2008,
2009, Gregory and van Strien 2010, Butchart et al. 2010).
The history of systematic bird monitoring in Europe and North America stretches back to the
beginning of the 20th century with the establishment of the Christmas Bird Count in North
America in 1900 (Chapman 1900) and the invention of scientific bird ringing in Denmark in
1899 (Bønløkke et al. 2006). Historical changes in the western Holarctic bird communities
before the 20th century are documented less systematically, but the extinction of highly
abundant species due to over exploitation, such as in the case of the Passenger Pigeon,
indicates a profound human impact (Hodge 1911). Despite its early beginnings in the 20th
century, systematic large-scale monitoring of breeding bird abundances were not initiated
before the 1960’s with the establishment of the breeding bird survey in North America
(https://www.pwrc.usgs.gov/bbs/about/) and the common bird census in the United Kingdom
(http://www.bto.org/survey/complete/cbc.htm). Today standardized monitoring programs
exist in 37 countries in Europe (http://www.ebcc.info/) and in all major jurisdictions of the
United States and Canada (Sauer and Link 2011, figure 1). These are the datasets which serve
as a basis for analyses presented in chapter III-VI. They constitute regional level composite
time series combined at the level of at the level of nations, states, provinces and conservation
regions from many individual counts carried out with point count techniques, territory
mapping or related methods (Bibby et al. 2000, figure 1). Such regional time series have the
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Conﬁdence in attribution

Figure 1 The routes of the North American and European breeding bird surveys (yellow
points) on which analyses in Chapters III-VI are based. Routes in Europe are shown at
smaller scale and with a trasparency setting so that individual routes better can be
discerned. Data from European Bird Census Council (EBCC) and Patuxent Wildlife
Research Center at the United States Geological Survey (PWRC USGS).
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Figure 2 Confidence in attribution of observed
ecological responses to climate change increases
with the spatial extent (x axis) and temporal extent
(colored lines) of the observation (Figure 1 from
Parmesan et al. 2011).

Figure 3 Macroecological studies (pink) tend to be
carried out at a larger spatial extent than studies in
global change biology (green) (Figure 1 from Kerr et
al. 2007).
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benefit of being more readily interpreted by managers and policy makers. Reducing the vast
complexity of the full datasets, may have the benefit of averaging out local observation errors
from individual routes and may be ideally suited for the investigation of the large-scale
impact of climate change (Parmesan et al. 2013). All together the two dataset consists of
more than 10500 time series (Europe: ~2400, North America: ~8350) at the national (Europe)
or jurisdiction level (North America). The surveys together collect data about 570 species
(Europe: 178, North America: 407) (Voříšek et al. 2010, Sauer and Link 2011).
During the 20th century the breeding bird communities of Europe and North America have
undergone large changes in composition. While many specialized groups of birds have
declined in the 20th and 21st century, habitat generalists have generally increased (BirdLife
International 2004, Gregory et al. 2005, Voříšek et al. 2010, Barnagaud et al. 2011). Other
marked changes can roughly be summarized in four phases : (1) The decline of grassland and
other farmland habitat specialists following the green revolution and the intensification of
agricultural land use (e.g. Chamberlain et al. 2000, Chamberlain and Fuller 2001, Donald
2001, Donald et al. 2001, 2002). (2) The decline and ongoing partial recovery in a number of
birds of prey in response to levels of especially heavy metals and chemical toxicants like
DDT (Porter 1969, Grier 1982, Wiemeyer et al. 1988). (3) Sequential declines in different
groups of tropical migrants from the mid-1960’s onwards (Baillie and Peach 1992, Baillie et
al. 1993, Newton 2004a, 2004b, 2007, Sanderson et al. 2006, Heldbjerg and Fox 2008,
Marchant 2008, Ockendon et al. 2012, Vickery et al. 2013). (4) Increasing abundance and
range extensions of more equatorially distributed species (Lemoine and Bohning-Gaese 2003,
Julliard et al. 2004a, 2004b, Jiguet et al. 2006, 2007, 2010a, Lemoine et al. 2007b, 2007a,
Devictor et al. 2008, 2012, Gregory et al. 2009). The role of climate change is particularly
relevant for the latter two trends and falls under a broader group of proposed effects of recent
climate change on wildlife populations (outlined in box 1).

4 Inference in environmental change ecology
Several frameworks have been proposed to help systematize inference of ecological
responses to environmental change. The diversity of proposed frameworks range broadly and
numerously, from the larger need for measuring fundamental processes instead of quantifying
more easily observed responses (O’Connor et al. 2012), to advocacy for the use of metaanalysis (Parmesan et al. 2011, 2013), to the use and development of evidence-based
approaches via expert opinion, output-driven modelling and scenarios (Sutherland 2006), to
the use of mechanistic models at local scales and statistical models at larger spatial scales
(Amano 2012), and finally to the need for integrated assessment based on long-term
palaeoecological observations, recent ecological and evolutionary observations, experiments
and computer models (Dawson et al. 2011).
Chapter I is an argument for a more systematic and solution-oriented approach to combine
current methods in particular with the aim to expand their inferential strengths in time and
space, and to better incorporated omitted organismal and environmental aspects.
Environmental change inference can be characterized with regard to environment and
organismal processes occurring in space and time. While the three latter groups of inference
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Box 1 Proposed macroecological responses of wildlife populations and communities to
climate change.
Box 1 - Proposed effects of climate change on populations, communities and species
Each of the examples below constitute climate change effects that may considered as
hypothesis for the macroecological study of environmental change response at the
population, community and species level. For each example a brief introduction to the
argument of the hypothesis and the nature of existing evidence is provided. At the end of
each hypothesis any contributions from the present thesis to the topic are outlined.
-

[1] Collapsing population cycles
o explanation: climate change increases abiotic limitation or increases
number of generalist predators which weakens population cycles(Elton
1924, Ims et al. 2008, Gilg et al. 2009, Yan et al. 2013)
o evidence and context: simple, mostly artic, mammal communities (e.g.
Kausrud et al. 2008, Yan et al. 2013, Post et al. 2014)
 Contribution
 not investigated

-

[2] Increased synchrony between populations
o explanation: climate change act to synchronize populations through
increasingly spatially correlated environmental variation (Moran 1953,
Bjørnstad et al. 1999, Ims and Andreassen 2000, Post and Forchhammer
2002, 2004, 2006, Liebhold et al. 2004) . Such changes may also be
explained by change in dispersal rates.
o evidence and context: expected effects are independent of organism type.
Will be most visible in communities where gross abiotic sensitivity is
high.
 Contribution
 not investigated

-

[3] Poleward shifts in occurrence (e.g. Parmesan and Yohe 2003)
o explanation: temperature causes poleward changes in habitat availability
and population dynamics and species thermal limits may be reached at hot
end of species range. These factors also explain similar shifts with regard
to elevation (Hill et al. 1999, Parmesan et al. 1999, Parmesan and Yohe
2003, Chen et al. 2011)
o context: various types of organisms, particularly well documented in
butterflies and birds (Hill et al. 1999, Parmesan et al. 1999, Parmesan and
Yohe 2003), but also marine life (Poloczanska et al. 2013)
[4] … and abundance
o explanation: see above for shifts in occurrence, additionally abundant
center hypothesis (Brown 1984)
o evidence and context: especially well documented in European breeding
birds (e.g. Jiguet et al. 2007, 2010a, 2010b).
 Contribution
 Chapter III re-confirms this pattern in European farmland
birds and adds to existing evidence by showing that annual
increases in abundance response to critical seasonal

-
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Box 1 - Proposed effects of climate change on populations, communities and species
conditions are largest in Northern populations.
 Chapter V expands the evidence from European birds to
North America by showing that breeding birds in three out
of four large regions are undertaking northward abundance
shifts
-

[5] Community turnover
o explanation: species are affected differentially by climate change, which
leads to differential poleward shifts in occurrence and abundance, e.g.
through different degree of life-history specialization
o evidence and context: well documented in European birds and butterflies
as well as North American birds (Ives 1995b, Devictor et al. 2008, 2012,
Tingley et al. 2009)
 Contribution
 Chapter VII indicates that community turnover is
particularly strong in dietary specialized groups of insects
 Chapter VII further shows that phenological shifts can
acts to buffer climate-mediated community turnover. Most
likely through cold and warm adapted species being
specialized to different resources of which they track the
availability. This can slow down loss of cold-adapted
during climate warming.

-

[6] …which results in increasing species richness in temperate regions
o explanation: species richness generally increases toward equatorial
latitudes (latitudinal richness gradient). As climate becomes warmer
species move northward (see range shifts).
o evidence and context: predicted by species distribution models (Thomas
et al. 2004), documented in e.g. British butterflies (Menéndez et al. 2006).
 Contribution
 Chapter VII show increasing local species richness of
both moths and beetles over the past two decades.
Increases in species richness have been more pronounced
among warm-adapted than cold-adapted species.

-

[7] Destabilization of populations and communities
o explanation: Increased autocorrelation and variability in environmental
conditions is expected destabilize population dynamics (e.g. Wilmers et
al. 2007, Post 2013a). Destabilization of population dynamics can be
transferred by amplified by interspecific interactions and lead to changes
in community composition (Kirby and Beaugrand 2009, Post 2013b).
Destabilization of populations can be an early-warning of extinction
events.
o evidence and context: In particular arctic populations and communities
(Post 2013b, 2013c) and marine multi-trophic communities (Kirby and
Beaugrand 2009, Francis et al. 2012).
 Contribution
 Chapter V indicates that populations at the hot end of
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Box 1 - Proposed effects of climate change on populations, communities and species
species ranges are already less stable, which may indicate
present impact of climate change or pre-disposed
vulnerability to climate change
 Chapter VI shows that such slowing down is happening at
large spatial scales in both Europe and North American
breeding bird communities
-

[8] Population or species extinctions
o explanation: Extinction is more likely if climate change through a variety
of impacts may make environmental conditions less suitable and causes
decreases in population abundance and species ranges (Lawton and May
1995).
o evidence and context: Many local extinctions through above processes,
but limited documentation of proximate causes of extinctions to climate
change (Cahill et al. 2013). Studies documenting poleward and projection
decreased range size. Past species extinctions events are correlated with
changes in climate and local manifestation of climate may have
contributed to extinction of Bufo periglenes (Parmesan 2006). Climate
change may contribute to extinctions by altering other environmental
change processes that are currently threatening species, such as, habitat
loss, success of non-native species, pathogens and human exploitation.
 Contribution
 not investigated

Proposed effects on particular life-history strategies
-

[9] Differential effects on early versus late breeding species
o explanation: Climate change manifests through changes in seasonal
conditions and the timing of species
o evidence and context: European breeding birds respond differentially to
winter, spring and summer conditions (evidence summarized in Chapter
III).
 Contribution
 Chapter III shows that the dynamics of populations
belonging to three migratory strategies are most affected
by seasonal conditions around the time of breeding onset.
The net impact on the three strategies depends on the
degree to which these conditions will be correlated in the
future.

-

[10] Declines in migratory species
o explanation: Migrants have to adjust their life-cycle to conditions in
multiple localities. When climate change results in altered conditions in
one or more of these places migratory species have to adjust their lifecycle. Such changes are more likely to happen in multiple than in one
single location.
o Evidence and context: Climate change have been suggested to cause
declines in some European and North American breeding birds that
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Box 1 - Proposed effects of climate change on populations, communities and species
migrate to the Tropics through e.g. increased mortality from drought
events (Baillie and Peach 1992) and changing in timing between events at
the breeding ground and the rest of the life-cycle (Both et al. 2006, Møller
et al. 2008).
 Contribution
 Chapter IV finds that species of European and North
American long-distance migrants that migrate to wintering
grounds further away from the breeding area are not
responding to improvements in climate conditions.
Populations of such species are more likely to be severely
decimated if climatic conditions become less favorable.
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are currently well articulated in ecological research, an integrative framework to compare
environmental inferences between methods has lagged further behind. In chapter I a
framework is presented and discussed about environmental inference and to compare the
strengths and weaknesses of current methods.

5 Macroecological effects of climate change on population
dynamics
In comparison to changes in species ranges and phenology (Forchhammer et al. 1998a,
Parmesan et al. 1999, 2013, Penuelas and Filella 2001, Walther et al. 2002, La Sorte and
Thompson 2007, Poloczanska et al. 2013), the study of climate change effects on population
dynamics has received relatively little attention at a macroecological scale (box 1). Most
cases of climate change influences on population dynamics are reported from single species
and often single locations (Jenouvrier 2013) and these studies reveal a diverse set of effects.
In a set of reviews in the early 21 st century the effects of climatic fluctuations on population
dynamics were reviewed, but without coming to conclusions about the directionality of the
effects or the underlying processes (Walther et al. 2002, Stenseth et al. 2002). Some of the
few macroecologial population dynamic responses to climate change at the continental level
are latitudinal gradients in long-term growth rates of European breeding birds (Jiguet et al.
2010a), change in climate related community composition of European birds and butterflies
(Devictor et al. 2012) and patterns of population regulation in arctic ungulates (Post 2005,
Post et al. 2009, Gilg et al. 2009) (box 1).
In total, ten types of climate change effects are driven by changes in population abundance
and have received enough attention to be considered macroecological predictions (box 1).
The responses are [1] the collapse or weakening of population cycles, [2] increased spatial
synchrony in population abundance - the Moran effect, [3] poleward shifts in occurrence, and
[4] related shifts in abundance, [5] community turnover, [6] increases in species richness in
temperate regions, [7] destabilization of populations and communities, [8] population and
species extinctions, [9] differential changes in abundance of early versus late breeding
species, [10] declines in migratory species (box 1). Box 1 gives a brief outline to each of
these responses and the thesis contributes specific knowledge to seven out of ten of these
macroecological responses to climate change [3-7, 9-10].

5.1 The impact of climate change on migratory strategies
Like other studies of avian climate change effects (Jenouvrier 2013), studies in migrants have
also sought generalization from single-species case studies (Knudsen et al. 2011). The effects
of climate change on migratory species is of particular interest due to the long fascination
with long-distance migrants’ spectacular yearly movements (Wilcove and Wikelski 2008).
Chapter III and IV provide an investigation in the dynamics of European and North
American tropical migrants (chapter IV) as well as populations of three migratory strategies
in Europe (chapter III).
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In chapter III, evidence is presented that populations of three migratory strategies benefit
from bioclimatic anomalies in different seasons of the year (box 1). While resident
populations benefit from warmer winters, short-distance migrants benefit from a spring
season with more primary productivity (vegetation greenness), and long-distance migrants
show greatest response to summer temperatures. This result may be the most direct multispecies indication that populations with different migratory strategies, at a continental scale,
are influenced by breeding area conditions during different periods of the year.
Chapter III further provides a novel finding with respect to the impacts of climate change
causing increases of southern species (box 1). Northern most residents and short-distance
migrants benefit most from seasonal events predicted under climate change, namely warmer
winters and stronger manifestation of spring conditions. With climate change expected to be
greatest at northern latitudes this finding provides a possible more proximate mechanism for
why northern populations are increasing (even if climate change is equal across Europe). In
contrast, long-distance migrants do not exhibit any geographical gradient in their annual
response to summer temperature which begs the question of which factors might be driving
the predicted poleward shifts in migrants (Lemoine and Bohning-Gaese 2003, Lemoine et al.
2007b), or whether range shifts in migrants will be more limited (Knudsen et al. 2011).
In chapter IV a more in-depth test is provided of one of the main hypothesis to explain the
population dynamics of long-distance migrants and hence their long-term decline (box 1).
The resource hypothesis is tested. First proposed by David Lack in the 1950’s (Lack 1950,
1954), we find that the resource hypothesis has strong support in seasonal wintering areas.
Further we show that the effects of environmental conditions in the wintering areas act
through both lagged and direct signals in the population abundance. The relative contribution
of lagged and direct signals can be explained by the seasonality of the wintering area. This
importantly indicates that in particular migrants wintering in seasonal habitats are more
limited by survival in adults whereas migrants wintering in the more stable and wetter parts
of the tropics to a larger extent are limited by effects that carry over on reproduction in the
breeding area (see 6 for further discussion of climate change effects).
Despite annual-scale responses to improving bioclimatic conditions, over the long-term the
recovery of migrants wintering furthest away from the breeding area is not aided by improved
conditions in vegetation and precipitation. This suggests that other factors perhaps related to
the combination of climate change and the species’ more complex movement strategies
(Møller et al. 2008), or non-climate factors such as land-use change, may have caused their
initial decline or maybe preventing them from a recovery in population size (Bohning-gaese
and Brown 1993, Sauer et al. 1996, Vickery et al. 2013).

6 Macroecological analysis of global change response – four
steps to generality
The macroecological study of species responses to environmental change at minimum
contains the four following components: 1) observation, 2) investigation, 3) evaluation, and
4) generality, which are occupied with Observing a response, initial Investigation of causes,
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Evaluation of proposed driving processes (mechanisms), and establishment of biological,
temporal and spatial Generality, respectively.

6.1 Observation
The first two decades of global change biology have to a large extent focused on gathering
basic information of species responses to global climate change (Parmesan et al. 2013).
Currently, a large bias occurs in the types of responses that have been observed and in their
geographical location (Parmesan et al. 2013). As already mentioned, the most readily
observed responses are change in the timing of ecological events (phenology) and in the
spatial occurrence of organisms (range shifts). In recent studies these responses make up 4076 % of observed responses and mainly come from Europe and North America (Parmesan
and Yohe 2003, Root et al. 2003, Parmesan et al. 2013). Much less well documented are
changes in abundance.
Ecological time series are the fundamental data type over which temporal responses to
environmental change are observed (e.g. Dornelas 2013). Fundamental properties of time
series include directionality of observations and non-independence between individual
observations (reviewed in Dornelas 2013). The establishment of net change in rates of
environmental change response measures is limited by the duration of the observation
(Thogmartin et al. 2007, Dennis et al. 2010), inaccurate observations (Dennis et al. 2006,
Lindén and Knape 2009, Knape et al. 2011) and by changes in methodology or surroundings
when they are unaccounted for and therefore implicitly assumed to be constant (Kendall et al.
1996, Sauer et al. 1996, Link and Sauer 1998, Eglington et al. 2010). A general solution to
the problem of observation effects, i.e. an observation process, is provided by state-space
models where variation caused by observation errors is modeled separately from effects of
organismal and environmental effects (Boling 1973).
Much of the work presented in this thesis relies on linear autoregressive time series models to
quantify environmental or regulatory effects in populations (Ives 1995a, Forchhammer et al.
1998b). This is a relatively simple type of analysis method that does not account well for
non-linear population dynamics such as threshold effects or chaotic population dynamics
(May 1974). On the other hand, autoregressive time series analysis provides a flexible
framework to investigate environmental change effects across thousands of time-series and
model types and thus balances suitable flexibility with a well understood analytical
framework. A future priority is to apply stochastic predictive non-linear models to the types
of questions that have been addressed in this thesis, especially with regard to the stability of
populations during climate change (chapter VI).

6.1.1 Inferring responses to historical environmental change
A particular challenge in the observation of environmental change responses concerns the
evaluation of unmonitored historical human impacts. With the establishment of
computational methods based on the analytical framework of coalescent theory (Kingman
1982, 2000), population genetics offers an increasingly popular method for inferring past
changes in population abundance (Peery et al. 2012, Palsbøll et al. 2013). However,
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validation of such inferences is rarely possible due to the lack of historical wildlife
monitoring. In chapter II, I apply a novel method to try and validate predictions based on the
use of non-systematic estimates of the historical timing and magnitude of population
declines. The method assumes that such historical observations provide some information
about true changes. By combining this assumption with predictions from coalescent theory it
can be predicted that less severe and more recent changes should be harder to detect in
genetic samples and therefore the average accuracy estimated changes should therefore be
smaller. We find a higher accuracy of genetically-inferred growth rate estimates in
populations that underwent larger declines and declines happening further back in time.
Similarly, the accuracy of genetically-inferred times of population decline increases for
populations that underwent large declines. The approach in chapter II offers an alternative
approach to integrating different sources of evidence in the validation of indirect observations
(chapter I). In that sense it complements approaches based on the integration of historical
spatial occurrences and population genetics (Lorenzen et al. 2011, Metcalf et al. 2014). The
method applied in chapter II is clearly limited to comparative studies synthesizing evidence
across a larger number of cases. The findings do, however, provide important support for the
usefulness of population genetics to infer pronounced conservation relevant population
declines on the scale of tens to hundreds of generations.

6.2 Initial causal investigation
Without a proposed cause underlying it an observed ecological change is not more than an
observed pattern and cannot be linked to changes in the environment (chapter I). In depth
causal investigation of suspected environmental change responses may not always be
possible due to lack of knowledge about the organism, lack of environmental data or lack of
resources. There are myriads of re environmental variables of which some may have an
effect just by chance (Ioannidis 2005, Knape and de Valpine 2011). There are, however, a
number of initial considerations that can be undertaken to assess potential processes
underlying an observed ecological change, by relying on the spatial and temporal scale of its
observation and the properties of the organisms it is observed in.
Following Parmesan et al. (2011, 2013) the spatial and temporal scale of the observed
ecological change should be considered in relation to the scale at which the underlying
change in environment is most likely to impact at. Parmesan et al. (2011, 2013) uses this
framework to attribute ecological changes to global climate change. The larger the spatial
scale a response is observed at, the fewer competing processes there are. Importantly this
attribution framework is not bidirectional as both large scale and small scale environmental
changes may impact a local ecological observation (figure 2). Parmesan’s framework also
proves to show why the use of regional time series in chapters III-VI may be offering new
insights compared to the study of local population time series, as fewer competing
environmental processes should leave a strong signal in the data.

6.2.1 Traits as windows into the driving processes of ecological changes
The most commonly applied initial investigation into the underlying cause for suspected
environmental change responses is the association between a responses and properties (traits)
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of the organism. If the trait is known to have a function (functional trait) it can be associated
to the performance of the organism in a given environment (Abrams 2001, McGill et al.
2006, Violle et al. 2007, see chapter I for further disussion). In the study of environmental
change, trait-based approaches have become one of the main (Webb et al. 2010, Cormont et
al. 2011, Chown 2012) methods to infer and predict species vulnerability and the drivers of
change.
Chapter III, VI and VII explores the association between occurrence and abundance
(chapter VII), long-term growth rate and other population dynamical properties in relation to
metrics that describe the distribution of species geographical ranges in terms of climate.
These studies add to the host of studies showing that communities are changing in
composition such that a larger proportion of species have ranges centered in warmer climates
and such species are becoming more abundant (Jiguet and Devictor 2010, Jiguet et al. 2010b,
Devictor et al. 2012). In chapter III I compare evidence from such an initial investigation of
trait correlates with direct evidence for hypothesized environmental effects at a shorter time
scale.
The climate trait associations investigated here have become popular with the increasing
evidence for the impact of climate change, however, many other species characteristics such
as habitat and dietary associations are much less well systematically described and harder to
quantify than species geographical ranges. A priority for better quality input to the sciencepolicy interface and better basic research insights is therefore the organization of traits in
large scale databases where individual phenotypes and genotypes ideally are linked. Several
such initiatives are underway but of limited relevance to wildlife populations – examples
include the Plant Trait Database (http://www.try-db.org), human disease phenotypes database
(http://www.human-phenotype-ontology.org/), a general genotype-phenotype database
(http://www.ncbi.nlm.nih.gov/gap/),
and
a
database
for
model
organisms
(http://www.phenomicdb.de/).

6.3 Evaluating hypothesized drivers
While simple correlations between observed ecological changes and an environmental
variable remain one of the strongest indications for causation in ecology (Dornelas 2013), use
of simple correlations also run the risk of not accounting for false positives (Ioannidis 2005,
Knape and de Valpine 2011) and interpreting effect sizes without a context of the average
expected effect size (Knape and de Valpine 2011).
An important priority in the general approach to measure support for environmental variables
in this thesis has been to evaluate the relative support for hypothesized effects of closely
associated environmental variables. Such comparisons can be between effects in different
years (chapter IV), e.g. when a hypothesis exists about the relative impact of environmental
conditions on survival and reproduction (Baillie and Peach 1992), or between different
seasons, e.g. when certain life history strategies are suspected to be impacted by a particular
season (chapter III). A third comparison may be not to measure the spatial average, but to
compare the occurrence of positive and negative correlations (chapter IV). Such example of
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model comparison between environmental variables provides one approach to deal with the
challenges of a multivariate environment.

6.3.1 Quantifying environmental change effects in highly mobile species
A particular challenge in the study of environmental change concerns highly mobile, in
particular migratory species that move regularly between multiple localities (5.1). Due to this
behavior they can be influenced by environmental change in multiple localities and
investigations are complicated even further because there these localities often are less well
known than for residential species (Wisz et al. 2007).
Previous approaches to quantify effects of environmental change on migrants have either
used local conditions from a single weather station (e.g. Baillie and Peach 1992a, chapter
III), or average conditions across large spatial extents (Tøttrup et al. 2008, Jones and
Cresswell 2010). In chapter IV I apply an improved version of an explorative approach that
for a long time has been applied in climate sciences to search for climate teleconnections
(atmospheric or oceanic bridges connecting meteorological dynamics in far separated
localities). This approach was first adopted in the study of migrants by Szep et al. (2006) and
has subsequently been applied in further studies (e.g. Sæther et al. 2006, Ambrosini et al.
2011). Realizing the limitations of averaging conditions over such large areas, we adopted
and formalized the method to allow formal evaluation of the evidence for or against a given
effects within a predefined area. Although the method can still be improved by further
adjusting its statistical procedures for spatio-temporal autocorrelation in the environmental
variable, the statistical formalization should be a significant improvement to its previous
application. With the expansive application of new tracking technologies to migratory
passerines (McKinnon et al. 2013) a significant validation test of the method will be to
ground truth it in tracked populations.

6.4 Establishing generality
Most studies investigating global climate change are local in extent, and there is therefore a
bias with the scale across which the effects climate change are likely to be experienced (Kerr
et al. 2007, figure 3). A key part of the macroecological study of environmental change
responses is to establish a level of generality in time, space or across taxa and to be able to
explain deviations from the general patterns. Several methods are available to seek and
establish generality in space, time and across the tree of life. For example, Parmesan
(Parmesan et al. 2013) argue for the usefulness and success of meta-analysis to establish
generality of climate change effects on phenology and range shifts..
Chapter II seeks to further our general level of understanding of climate change impacts on
the trends and dynamics of species abundance in breeding birds (chapters III-VI) and insects
(chapter VII). Specifically I test the generality of two of these three predictions across the
European and North American continent (south-north gradients – chapter III, V, VII,
destabilization – chapter VI).
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Meta-analysis of population dynamics integrates time series across a wide variety of taxa,
survey methods and ecological contexts. Previous meta-analysis of population dynamics have
relied on time series aggregated from a diverse set of taxa, locations, methods and ecological
contexts (Kendall et al. 1998, Knape and de Valpine 2011, 2012). All cited studies in the
previous sentence thus rely on the Global Population Dynamics Database
(http://www3.imperial.ac.uk/cpb/databases/gpdd). The breeding bird surveys of Europe and
North America provide a rare example of a standardized methodology (with some variations)
being applied across the majority of the area of the two continents. The breeding bird surveys
of Europe and North America thus provide a unique opportunity to test macroecological
patterns in population dynamics in the context of climate change. The caveats with the
methods of the two breeding bird surveys have been debated and methods have been
developed to account for observation biases and missing observations in North America
(Link et al. 1994, Sauer et al. 1994, Kendall et al. 1996, Griffith et al. 2010, Sauer and Link
2011) and in Europe (Ter Braak et al. 1994, Van Strien et al. 2004, Voříšek et al. 2010).
To establish cross-region generality, in chapter V I show that the likelihood of finding a
south to north gradients in long-term population growth rates various between four regions of
North America and Europe (box 1). The gradient reported by (Jiguet et al. 2010a) is most
apparent in Europe and only detectable in two out of three North American regions under a
less general set of circumstances. In particular, we find that the north-to-south gradient is
observed in models that take species identity into account. We interpret this finding as
support that reported gradients in long-term growth rates are indeed indications of ongoing
shifts in abundance within species, associated with ongoing northward range shifts. See
chapter V for further discussion of the study in the context of the almost complete lack of
previous work on continental-scale gradients in population dynamics, and implications for
climate change responses.
The final comparative study of the North American and European avifauna is presented in
chapter VI. The study finds that among species of similar foraging strategy, population
stability has declined in both Europe and North America. In Europe this seems to be a
universal pattern without strong correlations explaining the degree of destabilization. In
North America on the other hand, average destabilization has been less severe and
destabilization increases within the continent with an increased variability in annual mean
temperatures. While it is hard to interpret the results from Europe due to the low number of
regions and lack of correlation between changing stability and climatic autocorrelation or
variability the results from North America support the tension hypothesis and the
destabilizing effect of extreme events on large scale population dynamics (box 1).

7 Step five – responding to change – the ecological sciences in the
interdisciplinary environmental sciences and science-policy
Successful tackling of the four above steps will be important to make the most of current hard
fought advances in linking the ecological sciences to global policy in the Intergovernmental
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Platform on Biodiversity and Ecosystem Services (www.ipbes.net) (Larigauderie and
Mooney 2010, Koetz et al. 2011, Mooney and Balvanera 2012).
The number of calls for the ecological sciences not to be held back by its diverse and
sometimes fragmented history are numerous (Ehrlich 2009, 2010, Hampton et al. 2013, Mace
2013, Scheiner 2013). One such call is to integrate the various phenomenological levels at
which we study the dynamics of organisms and ecosystem processes (Mace 2013). The
ecological sciences can better be linked and help answer questions of the physical and social
sciences, if they are internally consistent. In the light of IPBES, such internal integration is
particularly urgent with regard to the organismal and ecosystem perspective in ecology
(Reyers et al. 2010, 2012b, 2012a, Rodríguez et al. 2011, Massol et al. 2011, Purves 2013).
The importance of vegetation variables as either direct measures or proxies for environmental
conditions that impact continental scale population dynamics of breeding birds (chapter III,
IV) illustrates how closely interconnected the use of ecosystem and organismal variables are
in the study of global change dynamics. The capability to predict future vegetation dynamics
and therefore part of the future state of breeding populations is likely to be improved by
further integrating the organism and ecosystem perspective. Likewise future ecosystem
function will be better predicted by translating some of the lessons learned from the study of
climate change responses in birds (chapter III-VI) and other vertebrates (chapter II), as
well as insects (chapter VII) to biomass, vegetation and nutrient models (Purves 2013).
Increasing the solution-oriented contributions from the ecological sciences is another
challenge that currently hinders a stronger role in interdisciplinary contexts. That applies
from the environmental sciences to sustainability science and global challenges such as
regaining or maintaining sustainability in food, health, resource and environmental systems.
Chapter VIII provides an interdisciplinary and solution-oriented review of how the
application of evolutionary biology might help address some of the global challenges
currently faced (box 2). Similar and increasingly solution-oriented, explicit and
interdisciplinary contributions from the other parts of the ecological sciences will help make
the macroecological study of environmental change a player in future interdisciplinary
science, science-policy, policy and decision making (Future Earth 2013, Rivera-ferre et al.
2013).

8 Future research priorities and perspectives
The work presented in the thesis can be followed up with a set of specific studies to address
newly generated questions or outstanding issues. For the individual chapters, the following
next steps are proposed.
Chapter I Form working groups with the specific task to set out multi-method guidelines for
inference of environmental change effects, comparable to clinical guidelines in the medical
sciences and recent developments of guidelines for systematic review in ecology.
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Box 2 - The contribution of applied evolutionary biology in proposed themes of new
sustainable development goals (Griggs et al. 2013, box from chapter VIII)
Goal 1: Thriving lives and livelihoods.
- Reduce chronic lifestyle disease through environmental alignment of human lifestyle.
- Reduce environmental levels of human toxicants through application of reduced selection
response techniques to pesticides/biocides.
- Apply reduced selection response techniques to antimicrobials to maintain long-term efficacy
and avert the antibiotics crisis.
- Reconcile individual and group incentives to reduce virulence and resistance of emerging and
re-emerging pathogens.
Goal 2: Sustainable food security.
- Increase crop yield through continued selection of varieties and improved access to these.
- Prolong efficacy of pesticides and artificially selected or GM crops through reduced selection
response techniques.
- Improve yields through integration of group selection in production of novel crop varieties.
- Reduce climate change impact by choosing crop varieties resilient to drought, flooding and
other extremes.
Goal 3: Secure sustainable water.
- Increase water security through use of reduced selection response techniques to water
polluting pesticides/biocides
- Use genetic manipulation to produce crop varieties with improved water economy.
Goal 4: Universal clean energy.
- Improve biofuels through genetic manipulation with the aim to reduce CO2 emissions and
land area for energy production.
- Assess risks and benefits of synthetic organisms for biofuel production in a coupled systems
framework.
Goal 5: Healthy and productive ecosystems.
- Reduce biodiversity extinction rates through environmental alignment and genetic
manipulation of fitness.
- Retain naturalness of captive biodiversity through environmental alignment.
- Choose pre-adapted or high diversity sources for increased habitat restoration success.
- Avoid collapse and protect genetic diversity of aquatic resources through non-selective
harvesting strategies (Error! Bookmark not defined.) informed by early warning signals.
Goal 6: Governance for sustainable societies.
- Incorporate externalities from rapid evolution as well as the loss of evolutionary history and
potential into green accounting for sustainable governance of the earth system.
- Coordinate strategies of SDG’s in a coupled systems framework to reduce conflicts from
inadvertent rapid evolution and phenotype-environment mismatch.
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Chapter II Supplement the study with simulations that confirm the interpretation. Test
whether the inference applies beyond vertebrates and test the rate of false positive
bottlenecks.
Chapter III The findings of the study could well be attempted to be replicated in the North
American breeding bird survey. Can the same characteristic response of migrants to weather
in different seasons be found?
Chapter IV Development of improved climate change scenarios in the tropics including
changes in precipitation regime and vegetation conditions is of high priority to gain further
certainty about the future prospects for long-distance migrants. A particular challenge is to
combine the dynamics of both the multidecadal oscillations in circulation indices in addition
to that of anthropogenic radiative forcing. With improved predictive climate models, migrant
population dynamics can be integrated to predict future risk of further decline.
Chapter V A systematic review of the continental bias in proposed general patterns in avian
population dynamics should be undertaken. Such a review should aim at answering the
question to what degree our current understanding of avian populations may rely too heavily
on extrapolation of non-replicated case studies. In particular, in what cases is the body of
research biased towards either Western Europe or Western North America, and in what cases
is research biased towards Central and Eastern North America? If continental scale gradients
in population dynamics are systematically different between these pairs of regions, how many
other current research findings need to be limited to interpretation within a given region?
Initial topics for such a review could be influences of pathogens on populations, and effects
of climate change effects through changes in the timing and state of seasonal conditions such
as the onset of spring.
Chapter VI The practical implications should be assessed of declining statistical stability of
population dynamics in Europe and North America, for example by combining
macroecological studies with single species cases to assess whether longer return times and
lower reactivity are a precursor of extinctions or alternative stable states.
Chapter VII The generality of the observed divergent phenological response of cold and
warm-adapted species should be established outside the single location of the study. If such
responses are general, to what extent will they slow down local extinction rates of cold
adapted species?
Chapter VIII National reviews should be undertaken to establish the monetary savings and
improvement of well-being applied evolutionary strategies could provide on an annual and
decadal time frame. Such reviews could assess savings using integrated measures of growth
in societal well-being such as the Genuine Progress Indicator (Costanza et al. 2014). Reviews
could further assess the degree to which national governments are reliant on international
coordination to reap benefits of such initiatives in a multisector context.
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Abstract
The recent proliferation of multi-line evidence, coupled models, and integrated assessments
makes interdisciplinary fluency an important skill of environmental change ecology.
However, the most commonly applied environmental change methods are characterized by
little overlap between inferential domains of organismal and environmental processes in
space and time. An important first step in increasing fluency therefore consists of identifying
sources of constrained inference and opportunities for strengthening, extension and
combination. Currently, such identification is slowed down by the lack of a simple, but
explicit framework to identify cross-methodological strengths and weaknesses, in particular
with regard to environmental inference. The main types of environmental inference can be
grouped based on whether they make inference about the total or a specific environment and
whether environment is measured or is inferred through endogenous variables and trait-based
approaches. A common source for inferential constraints is mismatches between the spatiotemporal scale of observation, data generation and inference. Such mismatches lead to
omission of processes that may be crucial at the inferred scale despite being weak at the scale
of observation or data generation. Additionally, despite their importance, surrogate variables
introduce assumptions that lead to new inferential constraints and must be addressed to
strengthen inference. Examples of the latter are phenotypes as surrogates for genotypes, traits
as surrogates for reaction-norms and the substitution of naturalness for variable control.
Finally, temporal inference from non-temporal, e.g. spatial or genetic, observations requires
extra care sorting out organismal and environmental processes. Inference can be improved by
combining methods to quantify omitted processes, such as in the case of coupled species
distribution and population models. Other means of improved inference are based on
replication of studies in space or across traits and matching of predicted and observed extents.
With the expansion of environmental change ecology, increased standards are emerging for
improved inference. An important priority is dissemination of such new standards with
continued reference to broad conceptual and specialist frameworks.
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Introduction
Better capacity for understanding and predicting species responses to environmental change
is of the highest priority for the ecological sciences. Its importance is underscored by
increasing demand from policy and decision makers (Mooney n.d., Sachs et al. 2009, Dawson
et al. 2011, Koetz et al. 2011, Opgenoorth et al. 2014) and continuing loss of biodiversity
(Butchart et al. 2010). The demand for conclusive or standardized information by decision
makers may appear at odds with the diversity of the ecological disciplines where various
methods contribute evidence at different spatial and temporal scales with characteristic
assumptions tied to that evidence.
It has previously been argued that biological impacts of global change should be explained,
understood and predicted by a certain set of methods or a certain approach. Such proposals
include process-oriented models (Amano 2012, O’Connor et al. 2012) and models that couple
climate and ecological systems (Rosenzweig et al. 2008, Stone et al. 2009, Rosenzweig and
Neofotis 2013). On the other hand, a set of properties characterizing ecological systems
underlie calls for the integration of a more diverse spectrum of methods and caution against
reliance on single-stranded approaches (Sutherland 2006, Dawson et al. 2011, Parmesan et al.
2011, 2013). Such properties include the diversity and complexity of ecological systems
(Beckage et al. 2011), emergent properties of ecological systems (Bascompte and Solé 1995),
commonness of higher-order interactions (Beckage et al. 2011, Parmesan et al. 2013), and
dependence on initial conditions (Beckage et al. 2011). The implications of these
characteristics are amplified by increased requirements to models such properties (Ibanez et
al. 2006, Williams et al. 2008, Sinclair et al. 2010, Dawson et al. 2011, Beckage et al. 2011).
Environmental change ecology is therefore likely to continue to be characterized by a
diversity of methods and types of evidence.
Increasing demand for information and the integral diversity of the ecological sciences makes
interdisciplinary fluency a key to advance environmental change ecology. For example,
consider the array of methods commonly used to investigate species-level environmental
change responses. This array includes a range of experimental methods (e.g. selection on
physiology (Chown et al. 2010, Hoffmann and Sgro 2011)), species distribution models
(Phillips and Dudík 2008, Araujo and Townsend Peterson 2012), mathematical and statistical
population models (Turchin 1995, 2013, Brook et al. 2000, Post 2013), demographic
reconstruction through population genetics (Kingman 1982, 2000, Heled and Drummond
2008, Minin et al. 2008), quantitative genetics (Gienapp et al. 2008), trait-based assessments
(e.g. (BirdLife International 2004, O’Grady et al. 2004, IUCN 2013, Foden et al. 2013a)) and
a variety of macroecological perspectives (Kerr et al. 2007b). The benefits from increased
fluency are illustrated by recent developments including frameworks that integrate multiple
lines of spatial and genetic evidence (Lorenzen et al. 2011, Metcalf et al. 2014), coupling of
population and species distribution models (Keith et al. 2008) and the synthesis value of
integrative biodiversity assessments (Dawson et al. 2011).
A first step in providing a broader and more flexible framework for interdisciplinary fluency
is to consider the scale at which ecological and evolutionary processes operate and how that
scale intersects with the inferential method (Table 1 and Fig. 1-3 introduce the
environmental, spatial and temporal inferential domains of some of the main species-level
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Table 1 Two basic classifications are useful to distinguish methods to quantify environmental
change responses. Methods differ in the degree to which they explain organismal processes
by total environment or by a subset of environmental variables [implicit vs. explicit].
Approaches that try to explain the impact of the total environment usually do not measure
environmental variables, whereas most explicit approaches do, except for trait-based
inference.
Topic
Environment explicit

Total vs. specific
environment

Distinction
No
Yes

Approach
endogenous, trait-based
temporal
correlation,
model
comparison, multiple regression,
variable control

Total

endogenous

Specific

temporal
correlation,
model
comparison, multiple regression,
variable control, trait-based
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Illustration

Approach

Endogenous
distance

Endogenous

state & rate

Trait-based

Common
applica ons

Examples
discussed

Popula on
models

Popula on
models

models

Quan ta ve
gene cs

Com
studies,

studies,
quan ta ve
gene cs

Temporal

Most explicit
approaches

Popula on
gene cs

Model
comparison

Most explicit
approaches

Popula on
models

Mul ple
regression

SDM, other

SDM

Variable
control

Experiments

Experiments

Figure 1
Eight approaches to infer species effects of environmental change. Endogenous approaches that do not directly measure the environment but infer it through organismal variables [green boxes] are distinguished from
of the environment. In the sketches environmental inference is indicated by green arrows, multiple arrows
indicate multiple environmental variables. Time is on the x axis and organismal and environmental variables
on the y axis. Organismal observations are shown in red, models based solely on endogenous measures in
dark blue, models including environmental variables in stippled black, phenotypes in grey and environmental
treatments in green circles.
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Box 1. Environmental inferential domains in environmental change ecology.

Inferential domains in environmental change ecology
Endogenous
The effect of the total
environment (E) on an
organismal variable (O) is
inferred through the state or
ability to predict the
organismal variable. Includes
the measurement of residual
variation between an
endogenous prediction (p)
and observation (o).
Environment Inferred and
total
Conceptualization
state/rate: (O-c) ∝ E
residual:|p-o| ∝ E
c is a constant or another
organismal variable (Oi)
Examples Demographic
parameters, e.g.
environmental stochasticity,
stability and carrying
capacity.
------------------------Trait-based
Relates endogenous variable
(O) to specific environment
(E) through the reaction
norm of a trait (G, sensu
(McGill et al. 2006, Webb et
al. 2010)).
Environment Inferred and
specific
Conceptualization
(O ~ G) |Ei ∝(O ~ Ei) |G
Examples Vulnerability
assessment, population trend
comparison, quantitative
genetics.

Environmental correlation
The effect of a specified
environment is estimated
through the covariance
between an organismal (O)
and environmental measure
(Ei). Ei may be indirectly
represented by a time
variable.

Environment Measured &
specific
Conceptualization
O~ Ei

Examples Most common
way to infer environmental
effects in ecology (Dornelas
2013).
-------------------------Multiple environmental
regression
Aggregate or partial effect of
a multivariate specified
environment (E1...Ek)
inferred through regression
on an organismal variable
(O).
Environment Measured &
specific
Conceptualization
(O ~ E1+E2+…+Ek)

Model comparison
Inference is based on
comparative performance of
environmental variables.

Environment Measured &
specific
Conceptualization
O~E1 vs. O~E2 vs. O~Ek

Examples Model comparison
in statistical population
models
----------------------------Variable control
Inference is based on
controlled variation of one or
more individual components
(Ei) in a constant residual
environment (Ec).
Environment Controlled,
measured & specific
Conceptualization
O~Ei|Ec-i
Examples: Physiological and
selection experiments

Examples: Species
distribution modelling and
other types of multiple
regression

Variables: E - environment, O – organismal variable, G – trait, o –organismal observation, p – organismal
prediction, c – constant or O, subscripts: 1,2,i,k - part of environment or organism, c – constant environment
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Range wide

Regional
Population models
Quantitative genetics

Trait-based

SDM
Population genetics

Local
Experiments

Figure 2
Spatial domains of some common approaches to infer species’ response to global environmental change.

Trait-based
Pop gen
SDM

SDM

Pop models
Quant gen

Pop models
Experiments

PAST

FUTURE

Figure 3
Temporal domains of some common approaches to infer species’ responses to global environmental change.
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environmental change methods). For example, physiological selection experiments usually
operate at small spatial and temporal scales with questions arising about the artificiality of
environments and omission of adaptation processes (Harshman and Hoffmann 2000, Collins
and Bell 2004, Chown et al. 2010, Le Gac et al. 2012) and at the opposite end of the spatiotemporal spectrum, species distribution models have its own set of challenges estimating
temporal processes from often large-scale spatial patterns formed over longer periods of time
(Phillips 2008, Yackulic et al. 2013) (Fig. 2-4). Thus, acknowledging that every method has
its own inferential challenges is part of the first step in establishing fluency in environmental
change ecology.
Increased fluency will allow the pursuit of two important goals: (1) to bring environmental
inference from different methods to a comparable spatio-temporal scale (Fig. 4), e.g. for
integrative assessments and, (2) to identify means with which inference can be improved e.g.
by combining the strengths of methods (Table 2 outlines the main identified approaches for
enhanced inference). The achievement of both goals may be aided through explicitly
assessing the ecological and evolutionary consequences when comparable levels of spatiotemporal inference are not achieved (Fig. 4).
In this paper we review the predominant inferential domains in environmental change
ecology with the purpose of identifying current sources of constrained inference. We provide
a framework for relieving such constraints across methods. We focus on environmental
inference and its link to previously reviewed inference of organismal processes (O’Connor et
al. 2012) spatial (Kerr et al. 2007a, Parmesan et al. 2011, 2013) and temporal inferential
domains (Parmesan et al. 2011, 2013, Condamine et al. 2013). We end the review with a look
at future priorities and emerging standards for environmental change inference in ecology.
We limit our review to the main frameworks investigating environmental change response in
species vital rates, abundance and occurrence. Our main focus include the aforementioned
application of population models to investigate effects of climate change and extinction risk;
physiological and selection experiments; predictions about climate change mediated range
shifts using species distribution modelling; quantitative genetics to assess selection from
environmental change, and reconstruction of past abundance change from population genetics
(Chown and Gaston 2008, Gienapp et al. 2008, Palsbøll et al. 2013, Parmesan et al. 2013).

Synthesis as the new paradigm for environmental change ecology
Biodiversity science is increasingly evolving into an integrative discipline in which distinct
packages of methods are combined to either form broad synthetic assessments, to inform
parameterization of each other, or to generate coupled models of environmental change
response (Williams et al. 2008, Dawson et al. 2011). Inference can be strengthened through
such integration both when predicting the impact of a single global change factor, and when
comparing impact of multiple factors. A couple of recent examples illustrate the benefits of
integrating across disciplines.
First, due to the restrictive assumptions tied to such inference, integration across methods is
of critical importance for changes in past population size inferred from population genetic
datasets (Palsbøll et al. 2013). Lorenzen et al. (2011) combined demographic simulations
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Millennia
Centuries
Decades

Experiments
e.g. adap ve
processes

Popula on
gene cs

Large-scale
biogeographical
processes
- refugia
- popula
divergence

SDM

Popula on
models

Years

Environmental change Inference

a)

Years

Decades

Centuries

Millennia

Con nental Global
Regional
Local

Environmental change Inference

b)

Popula on
models climate vs.

bio c interac

SDM
Gene ﬂow

Popula on gene cs

Experiments

Higher-order interac
(dampening ampliﬁca

Local

Regional

nental

Global

Observa on/data genera ng process
Figure 4
Systematic bias is introduced through omission of processes (small font) when inference is made at an
other spatial (a) or temporal (b) scale than the observation or data generating process. X-axis indicates scale of
the observation or data-generating process, y-axis the scale that inference is made at. Common environmental
change methods are indicated by labels and missing processes in smaller fonts.
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Table 2 –Examples of enhanced inference of environmental change responses across
methods, and spatial and temporal scales.
Type
Replication

Goal
Spatial, taxonomic,
temporal extension

Means of extension
Replicate experiments or
observations

Combine
methods

Spatio-temporal
extension
Spatio-temporal
extension

Correlation to
comparison

Environmental
extension
Environmental
extension
Spatio-temporal
extension

Couple range-wide and local
process (e.g. dispersal)
Parameterize range-wide
process via individual level
data
Model comparison of
environmental model
Model comparison of
organismal model
Match extent of prediction to
observed environmental
gradient, area and duration
Choose central tendency and
measure variability from
ensemble of models
Exclude no-analog conditions

Match extent,
limit
interpretation

Spatio-temporal
extension
Validation of
environmental
model
Temporal extension
Environmental
extension
Suppl. data, a
priori
assessment

New data
types

Validation of
environmental
model
Quantification of
omitted
environmental
process
Accounting for
unobserved process

Limit interpretation of
inference to regional scale
Reduce dimensionality of traitspace to make inference about
major axis of trait variation
Assess equilibrium with current
environment

Examples (refs)
E.g. meta-analysis, comparative
method (Kellermann et al. 2012,
Parmesan et al. 2013)
Coupling population models and
SDM (Keith et al. 2008)
SDM (Kearney and Porter 2009,
Kearney et al. 2010, Buckley et al.
2010)
Population models (Knape and de
Valpine 2011)
Population genetics (Bertorelle et al.
2004)
SDM (Blois et al. 2013), Population
models (Brook et al. 2000)
SDM (Araújo et al. 2005)
SDM (Williams and Jackson 2007)
SDM, Population genetics (Chikhi
2008, Chikhi et al. 2010, Palsbøll et
al. 2013)
Trait-based inference, population
models
SDM (Thuiller et al. 2008, Araújo et
al. 2008)

Assess spatial scales at which
dampening or amplification is
observed

Experiments (Leuzinger et al. 2011)
SDM & population models (Araújo
and Rozenfeld 2013)

A priori assessment – where
does trait fall on phenotypic
plasticity spectrum
Minimize residual variance by
incorporating integrating traits
such as body size
Incorporate environmentalreaction norms (phenotypic
plasticity)

Quantitative genetics (Gienapp et al.
2008)

Increased scale of
observation

Increase spatial grain and
temporal extent of observations

Increased data
resolution

Increase potential for shortterm inference by highresolution data
Increase naturalness of
conditions

Experiments (Schindler 1998,
Leuzinger et al. 2011, Wernberg et al.
2012b)
Population genetics (Peery et al.
2012b, Palsbøll et al. 2013)

Accounting for
collinearity/multicausality
Accounting for
unobserved process

Increased
environmental
reality
Validation of
environmental
model

Test space-for-time hypothesis
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Trait-based , population models
(Gienapp et al. 2007, 2008, Greenberg
et al. 2012)
Pedigrees and the animal model in
quantitative genetics (Wilson et al.
2010)

Experiments (Wernberg et al. 2012b)
SDM (Miguel et al. 2005, Blois et al.
2013)
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based on ancient DNA with species distribution modeling and archaeological evidence to test
the relative likelihood that climate change and human exploitation have driven abundance
changes in late Quaternary megafauna (Lorenzen et al. 2011, see also Metcalf et al. 2014).
Intriguingly, the multi-method approach showed that the processes explaining population
dynamics differed markedly between individual species (Lorenzen et al. 2011).
Second, the need for integration across methods and more data types arguably increases with
the number of organismal and environmental processes that cannot be estimated directly from
a single response variable. For example, experimental data and field observations of
physiology and habitat preference are increasingly utilized to parameterize species
distribution models (Kearney and Porter 2009, Buckley et al. 2010). Here the physiological
data allow assessment of species physiological limits to future conditions (Kearney and
Porter 2009, Buckley et al. 2010). Rate of adaptation to new climates can also be
parameterized via selection experiments (Kearney et al. 2009, Hoffmann and Sgro 2011) and
a recent study demonstrated the usefulness of using time-series to parameterize habitat use
variables in species distribution models (De Cáceres and Brotons 2012). Judging from the
outcome of these examples, further combination of methods may help diversify the study of
environmental change impacts from focusing on a few generic outcomes for many species to
a view where many different outcomes are expected for only a few species each (Boettiger
and Hastings 2012).

Inferential domains in environmental change ecology
Biological processes occur over characteristic hierarchical scales, e.g. O’Connor’s (2012)
Figure 1. Phenotypic plasticity, for example, usually occurs over shorter temporal extents
than species range shifts (O’Connor et al. 2012). Thus the spatio-temporal scale that
environmental change methods operate at (Figs. 3-4) reflects their weighting of organismal
processes at the individual, population, meta-population and species-level. In the simplest
conceptual framework, ecology is defined as the interaction between organisms and their
environment, or what John Lawton referred to as ecology’s fifth universal law (Lawton
1999). Following this framework, improved inference in space and time can by definition
only be achieved by better inference of organismal or environmental processes. Here we refer
to extended spatial or temporal inference when inference is improved beyond the usual
spatial or temporal domain in scale of extent or grain size. We refer to extended or improved
environmental or organismal inference when a process is better accounted for in the
modelling strategy, whether it is within or beyond the dominant spatio-temporal domain. In
this framework we also use environmental processes to refer to organismal processes which
result from strong interactions between organisms and their environment and which are
specifically studied as a function of environment. An example of such a process is reactionnorms of phenotypic plasticity or natural selection. As a contrasting example, dispersal is
often studied independently of environment (Ronce 2007) and in such cases inference may be
considered entirely focused on the organism. Strengths and weaknesses between inferential
domains have important implications, see for example Parmesan’s recent discussion of the
limits in attributing ecological observations directly to anthropogenic forcing of climate
change and the underscored importance of inference in ecology (Parmesan et al. 2011, 2013).
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However, comparisons with regard to environmental inference have been less explicit in
contrast to comparative frameworks for spatial (Kerr et al. 2007b) and temporal domains
(Kerr et al. 2007b, Condamine et al. 2013) or inference of organismal processes (e.g.
O’Connor et al. 2012).

Outlining domains of environmental inference
Glymour makes the argument that biology has generally had a vague understanding of what
constitutes an environment and proceeds to argue for the need to more careful distinguish
between approaches (Glymour 2011). Making a similar claim that environmental change
ecology has a vague understanding of what constitutes an environment may appear
contradictory due to the aim of the discipline. Nonetheless an indication that Glymour’s
statement may have some relevance for environmental change ecology is illustrated by, to the
best of our knowledge, a lacking of a broadly accepted integrative framework for
environmental inference that can tie together the many methods of the discipline. A set of
ongoing debates illustrates the importance of a stronger framework for environmental
inference. These debates include (1) the use of local versus regional weather variables in the
investigation of climate change effects on population dynamics (Stenseth et al. 2003, van de
Pol et al. 2013); (2) the ratio of observation records to environmental variables in species
distribution models (Yackulic et al. 2013); (3) implications of artificial background
environment choice in many experiments (Wernberg et al. 2012a, Parmesan et al. 2013), and;
(4) the poor understanding of interaction effects of environmental change processes (Brook et
al. 2008, Parmesan et al. 2013, see future perspective for a return to two of these issues). In
each of these debates, a stronger framework for how to incorporate and think about
environment have improved methodological choices and strengthened the certainty in
inferred environmental change effects.
Glymour (2011) identifies two basic ways environments can be represented, defined by their
respective attempt to quantify environmental impact as a whole or attribute impact to certain
parts of the environment (table 1). First, the total environment domain (also termed
environmental quality or endogenous domain) attributes differences between predictions and
observations to the overall quality or variation of the observed environment. Examples of
such approaches include demographic parameters measured under a certain set of unspecified
conditions, such as e.g. net growth rates (Lande et al. 2003, Glymour 2011). When measured
over time the unexplained variation from a purely organismal model or some predictable part
of the observed variation may be attributed to environmental change, such as in the
measurement of environmental stochasticity or population stability metrics (Ives et al. 2003,
Lande et al. 2003). Secondly, the specific environment domain (also termed explicit
environment domain) is concerned with how certain parts of the environment explain
observations. Thus, the explicit environmental framework measures organismal properties as
function of a specific part of the environment, such as weather or climate (Stenseth et al.
2003, Knape and de Valpine 2011) or habitat quality (Donald et al. 2001), often in the form
of an environmental covariate in mathematical or statistical models.
Making this basic conceptual framework explicit also has both present and historical value to
understand transitions in environmental change ecology why inferential domains may have
been slow to integrate. The environmental quality framework was at the center for the
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classical debate about the contribution of external environmental factors compared to
endogenous factors such as population density in population regulation (Turchin 1995, Hixon
et al. 2002). Andrewartha and Birch (1954) had pioneered the explicit environmental
approach in the 1950s and also provided much of the framework for dividing the environment
into different components such as biotic and abiotic factors. Following Nicholson’s (1933,
1954) influential work and the resulting returned focus to endogenous factors in the 1970’s
(May 1973, 1974), the final transition to a more pragmatic and synthetic view, where both
endogenous and external factors are acknowledged (Turchin 1995, 2013), occurred in parallel
to the increasing documentation that populations were undertaking large-scale climateinduced shifts in phenology and distributions (Walther et al. 2002, Parmesan and Yohe 2003).
As a consequence the focus shifted from quantifying the total relative contribution of
endogenous and external factors to the inference of specific environmental correlations
underlying longer term population changes (Parmesan et al. 2011, 2013). As Post (2013)
notes, this change in focus also meant a change from the dominant use of phenomenological
models to a greater use of statistical models in the study of single species ecology.

Main domains of environmental inference
Importantly, the total and specific environmental domains are not mutually exclusive and are
often combined such that they today exist in a continuum. For example, purely endogenous
population models are now combined with often purely specific specie distribution models
(see discussion below)(Keith et al. 2008, Brook et al. 2009). Glymour’s framework (table 1)
can be expanded to delineate some finer scale domains of environmental inference that today
are associated with a particular set of methods in environmental change ecology (figure 1,
box 1). These include two forms of total environmental inference; trait-based inference
about an explicit and inferred environment, and four related classes for making inference
about an explicit and measured environment (figure 1, box 1). The domains of environmental
inference reflect varying ability to account for organismal processes and environmental
processes. Thus if a method dominates a spatio-temporal domain inferences will naturally be
biased towards the processes detectable by that class of methods (Fig. 2-3).
Methods in the total environment domain, such as most mathematical population models, are
very efficient at quantifying organismal processes such as non-linear population dynamics
(May 1974) and dispersal dynamics (Hanski 1998). In contrast, they are less preoccupied
with specifying the parts of the environment that shape temporal dynamics. Methods in the
measured environmental domain (table 1) such as statistical population models, species
distribution models and controlled experiments are occupied with parsing and parameterizing
effects of specific environmental components. Again, what these methods add in terms of
environmental specificity they may lack in quantifying organismal processes. Consider, for
example, the lack of gene flow or the pervasiveness of adaptation to artificial conditions in
ecological field experiments (Strauss et al. 2008) and lack of any organismal processes in
classic climate change projections of species ranges (e.g. Thomas et al. 2004).
Within the total environmental domain (table 1) an important distinction can be made
between inferring environmental effects based on the difference between observations and
predictions and using the observed or predicted organismal state itself as an indication of
environmental effects. The first approach, “endogenous distance” (figure 1, box 1), serves an
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important role as the main method to quantify environmental stochasticity (Lande et al.
2003). The second approach, “endogenous state/rate”, can be applied beyond interpreting of
demographic parameters in the context of the total environment. For example, annual
seasonal survival rates of the Soay Sheep were interpreted to indicate environmental quality
and thus as one of the first methods to quantify selection’s dependence on environmental
conditions (Wilson et al. 2006).
Trait-based inference (figure 1, box 1) can be viewed as an intermediate between total
environmental inference and inference about a specific and measured part of the
environment. Given a priori knowledge about performance of species with certain traits,
trait-based inference can be a potentially efficient approach to infer effects of environmental
change across a large number of species (Foden et al. 2013a). Trait-based inference is an area
of growing activity in ecology, in general, and in the context of environmental change, in
particular. Recent frameworks for species adaptation (Abrams 2001), community dynamics
(McGill et al. 2006, Webb et al. 2010) and conservation assessments (Foden et al. 2013b,
2013a, Hidasi-Neto et al. 2013) exemplify this renewed focus. Use of trait-based inference is
pioneered in the IUCN Red List where a certain generation time or growth rate may help
indicate vulnerability to global change as well as intrinsic extinction risk and thus under
which threat category species should be listed (IUCN 2013). Another application illustrating
use of trait-based inference comes from quantitative genetics. Given knowledge of what traits
are under selection, environmental hypothesis can be formulated for further testing about
what parts of the environment are exerting the selection pressures (Gienapp et al. 2008). The
hypothesis of drought-induced selection on beak morphology through changing availability
of food resources for one of Darwin’s finches provides one cautionary tale about this
approach (Grant and Grant 1995). After thirty years of study the Grants prominently
concluded that microevolution in the species was unpredictable (Grant and Grant 2002).
Thus, the example of Darwin’s finches serves as a case to illustrate the risk of relying too
much on trait-based inference to predict future dynamics. Recent evidence on the
physiological role of beaks in regulating metabolism of birds (Greenberg et al. 2012) is a
timely reminder that simple traits serve many functional roles and may therefore be impacted
in unpredictable ways by multivariate environmental change.
Finally, correlation in space or time between an organismal and environmental variable can
be seen as a the basic building block of explicit environmental inference (Fig. 1, Box 1)
(Dornelas 2013). Environmental inference of past abundance changes reconstructed from
population genetics is an example of a discipline where temporal correlation is often also the
sole source of evidence (Girod et al. 2011, Palsbøll et al. 2013). Additional support for an
environmental inference can be achieved by comparing correlative or predictive performance
between two or more environmental variables, “model comparison” (Fig. 1, Box 1). This is
often a focus for investigators of population dynamics under environmental change (e.g.
(Knape and de Valpine 2011)). In other cases the summed effect of several environmental
variables are of the greatest interest such as in the “multiple regression” approach of most
species distribution models (Araujo and Townsend Peterson 2012). The correlational
approaches to explicit environmental inference are limited by the confounding effects of
variation in other parts of the environment during observation. In contrast, the ability to vary
environmental variables one by one while holding the background environment constant
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makes experiments unique. Thus, experimental ecology characterizes the “variable control”
domain as the sole domain where the background or total environment can be controlled (Fig.
1, Box 1).

Sources of constrained inference and debate
Environmental change inference may be constrained because of difficulty in parameterizing
an organismal or environmental process. Depending on the process, problems with
parameterization will have consequences at a particular spatial and temporal scale (Fig. 4).
For example, problems of detecting evolutionary adaptation will have increasing
consequences over time, whereas problems with detecting phenotypic plasticity may have
particularly important consequences on the shorter time scale (O’Connor et al. 2012).
In addition to uncertain parameterization, uncertainty can appear when interpretation of
results takes place at another spatio-temporal scale than they were generated or observed at.
Whether implicit or explicit, environmental change inference is always made at a particular
spatio-temporal scale. When the interpretative scale is altered, new organismal and
environmental processes are introduced which may not have been accounted for (Fig. 4). For
example, extrapolation of experimental climate change effects to a larger spatial scale
introduces uncertainty about whether such effects will be dampened or amplified due to
higher order interactions. The potential for such interactions are exemplified by the normally
amplified individual level and more dampened larger-scale population responses of plants to
CO2 enrichment (Leuzinger et al. 2011, Wernberg et al. 2012a). These are the two
fundamental constraints to environmental change inference: difficulty at modelling
organismal and environmental processes at the scale of observation, and introduction of new
processes by inference at scales different from observation or data generation. In particular
three patterns emerge, which beyond mismatch in extend involve substituting one variable for
another and inferring temporal processes from non-temporal observations.
Predictions outside observed extents. Two debates illustrate introduction of inferential
uncertainty when predictions are made outside the observed extent of the data. For example,
Brook et al. (Brook et al. 2000) showed that the accuracy of predicted extinction risks in
population viability analyses declined rapidly when predictions were extrapolated beyond the
time series used for parameterization. Moreover, after several early studies on species
distribution modelling sparked significant attention and debate (Thomas et al. 2004), a
similar point was made regarding the uncertainty of predicted species occurrence in noanalog climates, or climates not observed in the data used for parameterization (Williams and
Jackson 2007, Veloz et al. 2012).
Methods that exchange one strength for another. When one type of data is substituted with a
surrogate, for example in order to apply the approach to a wider set of species, or to get a
better sense of proximate mechanisms, debates arise. Thus continued debate surrounds the
experimental effects found under the artificial conditions at which most ecological
experiments are conducted (Schindler 1998, Wernberg et al. 2012a, Wolkovich et al. 2012).
For example, many studies of selection due to environmental change have had to rely on
phenotypes instead of genotypes. This allowed a much wider taxonomic investigation into
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potential selection under ongoing climate change, but also conflating selection and
phenotypic plasticity (Gienapp et al. 2008). Trait-based inference is a versatile method
because it allows formulation of environmental hypothesis for an observed response (Foden
et al. 2013b, IUCN 2013, Pearson et al. 2014), and its conceptual framework (Box 1) makes
clear that inference is based on the substitution of environmental reaction norms with
environmental hypothesis about the performance of individual or species traits. However, this
substitution introduces a specific problem: Traits with different functionalities are often
correlated due to factors like chromosome position and adaptive syndromes. Thus when
individuals or species with a certain trait perform particularly well or poorly during
environmental change, it is not clear whether this change is due to environmental sensitivity
in the focal trait, or in a correlated trait. This can be illustrated by considering the correlation
between an insectivorous diet and long-distance migrations in passerine birds (chapter III).
Hypotheses to explain 20th century declines in long-distance migrants have therefore been
unable to ascertain the causes of these declines based just on trait-based inference (but see
Sanderson et al. 2006) and explicit investigation of environmental effects on species varying
in these two traits (chapter III).
Inferring temporal processes from non-temporal observations. The third source of debate has
to do with the data types used for inferring environmental change responses. When
contemporary patterns are attributed to a historical process, a major challenge is to test for the
alternative processes that may have created the pattern. The inference of past population
abundance from population genetics or past or future geographic ranges from species
distribution models both demonstrate this by the debate that is often introduced about
possible alternative explanations or scenarios for inferred environmental change responses. A
continuing challenge in demographic inference from population genetics is, for example, to
assess the likelihood that patterns in genetic diversity are actually caused by past changes in
population size, rather than gene flow, mutation, drift or selection (Peery et al. 2012a,
Palsbøll et al. 2013). Similarly, species distribution modelling seeks to separate a species’
environmental response from spatial patterns caused by other factors such as dispersal or
species interactions, which are often not included in the model (Davis et al. 1998, Araújo and
Luoto 2007, Williams and Jackson 2007, Thuiller et al. 2008).

Extending inferential domains, relieving constraints
Environmental change inference may be improved through a host of actions (table 2). Some
of the most powerful strategies are characterized by using replication in either space, time or
across taxa and have been useful to extend inference in e.g. experimental ecology. Despite
the small scale at which manipulative experiments are often conducted, replicating
experiments across taxa will not only relieve taxonomic constraints on inference, but also
temporal. For example, the existence of fundamental physiological boundaries such as
desiccation tolerance in 96 species of Drosophila (Kellermann et al. 2012) or thermal
tolerances across vertebrates, insects and plants (Araújo et al. 2013, Sunday et al. 2014)
indicate that physiological limits detected within a single species are unlikely to evolve over
time despite prolongation of the experiment. In that sense, biological replication, the
cornerstone of comparative biology, extends environmental change inference in time.
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Similarly, spatial replication in global meta-analyses of climate change responses (Parmesan
and Yohe 2003, Root et al. 2003, Rosenzweig et al. 2008, Poloczanska et al. 2013) relieves
constraint on the spatial and biological extent of observation by seeking to confirm inferences
across studies on other organisms and in different environments (Parmesan et al. 2013).
Importantly, replication is not as efficient a tool to relieve constraints on the temporal or
spatial grain of observation as it is in relieving constraints on extend (Schindler 1998). To this
end, studies must first be combined across similar biological, spatial, temporal identities such
as in the regional time series of the North American and European breeding bird surveys
(Sauer et al. 2003, Voříšek et al. 2010). Other general means of extension which will be
discussed with specific examples below include combining the inferential strengths of two or
more methods, choosing the environmental domain allowing strongest inference, matching
predicted and observed extents, limiting the scale of interpretation, validating crucial
assumptions with supplementary data or a priori assessments, and using new types of data
(table 2).
Combining inferential domains. Replication of observations is a resource heavy strategy and
may take many years to complete. In the meantime environmental change inference may be
extended in time and space by combining the strengths of methods from different
environmental domains. Two examples are encouraging illustrations of how species
distribution models, from the multiple regression domain, can become more realistic in terms
of organismal processes, through combination with methods from the endogenous and
variable control domain (Fig. 1, Box 1, Table 2). The coupling of species distribution models
with meta-population models add critical organismal processes such as survival, dispersal and
stochasticity (Keith et al. 2008, Brook et al. 2009, Conlisk et al. 2013, Naujokaitis-Lewis et
al. 2013, Pearson et al. 2014). Similarly, the parameterization of species distribution models
with physiological limits (Buckley 2008, Buckley et al. 2010) and evolutionary rates
(Kearney et al. 2009, Kearney and Porter 2009, Elith et al. 2010) from experimental data help
assess the importance of species’ evolutionary potential (Kearney et al. 2009, Hoffmann and
Sgro 2011) and hard evolutionary limits (Kellermann et al. 2009, 2012).
From correlation to comparison. One of the best ways to relieve controversy across diverse
disciplines such as population genetics, population models and species distribution models
may to focus on model comparison instead raw correlations (table 2). For example, model
comparison of both weather and climate variables in population models allow an informed
discussion about their relative ability to predict population dynamics (though see Future
perspectives) and may end up concluding smaller differences than would be clear from
studies only using one of the types (Knape and de Valpine 2011). The flexible Approximate
Bayesian Computation methods in population genetics allows the comparison of
demographic scenarios including e.g. different timing for changes in population size and
population divergence (Chan et al. 2006, Bertorelle et al. 2010, Oaks et al. 2013). The ABC
framework is therefore emerging as one of the most flexible methods to test hypotheses and
assess the likelihood of anthropogenic versus non-anthropogenic population declines
(Fontaine et al. 2012). Finally, species distribution models may to a higher degree start
quantifying uncertainty using different environmental variables sets in addition to different
emission scenarios (Yackulic et al. 2013).
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Matching extents, limiting interpretation. As already discussed, predictions in both time and
space decrease rapidly when made beyond the observed extent. Thus extent matching may be
one of the best solution for ensuring validity of environmental change inferences in both
population viability analysis (Brook et al. 2000) and species distribution models (Williams
and Jackson 2007, Blois et al. 2013, Yackulic et al. 2013), climate change experiments
(Leuzinger et al. 2011, Wernberg et al. 2012a, Parmesan et al. 2013) and beyond (table 2).
Further, if results are extrapolated far back or forward in time the spatial resolution of
interpretation should be made coarser. The influence of gene flow on population genetic
inference means that past changes in population size should normally be interpreted at the
regional scale, unless thorough tests to exclude the role of gene flow are made (Palsbøll et al.
2013). A final way in which the scale of interpretation may be limited is not to interpret a
single model but refer to the central tendency as well as the variance in a set of different
models such as in the ensemble approach to species distribution modelling (Araújo and New
2007).
Supporting data and a priori assessments. When none of the above methods are available
environmental inference may be supported through analysis of supporting data or formal a
priori assessments of the input data required to test key assumptions. Examples of formal a
priori assessments that may be developed for the future include the degree of phenotypic
plasticity a phenotypic trait is assessed to possess before conducting quantitative genetic
analysis (Gienapp et al. 2008); macrevolutionary analysis of trait lability (Perkins 2012) will
be useful to choose between traits for species vulnerability assessments. Tus evolutionarily
stable traits may be the least likely to undergo adaptation, whereas evolutionarily labile traits
may be more likely to reflect the species’ current ecology, but may also change rapidly over
time (Lavergne et al. 2013) in response to environmental change. Finally the critical
assumption of equilibrium with current climate in species distribution modelling could by
modelling investigated through analysis of historical biogeography where current patterns in
richness or distribution are predicted with historical environmental conditions (Araújo et al.
2008, Araujo and Townsend Peterson 2012).
New data types allow extension. For some types of inferences newly emerging data types
may be the most reliable for making inference at the desired spatio-temporal scale or with
regard to a certain organismal processes (Fig. 4, table 2). For example, without individual
level pedigrees (Wilson et al. 2010), genomic data may be needed in order to infer genotypic
selection based on phenotypic quantitative traits (Gienapp et al. 2008). Genomic data as a
replacement for single locus and microsatellite data may also be the best key to unlock
species’ very recent demographic history with population genetics (Palsbøll et al. 2013).
Finally, collecting time series of spatial occurrences should be of high priority for species
distribution modelling to test the space-for-time hypothesis in more than the most well
studied taxa, e.g. (Araújo and Pearson 2005, Tingley et al. 2009).

Future perspectives
Environmental change ecology is an integrative field where interdisciplinary standards will
only become more important, especially seen in the light of novel combinations of methods
and growing demands from policy and decision makers. In this review we have highlighted
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current inferential domains for some of the most commonly applied methods and compared
general means of strengthening inferences. A challenge in this new integrative community is
ensuring that newly established and emerging standards are communicated beyond a small
community of highly specialized developers. We end this review with a look to three current
needs for standards.

Environmental variables for single species versus comparative studies
The best choice of environmental variable will depend on whether a study is based in one or
multiple localities This issue has been somewhat overlooked in past discussions of the use of
climate indices versus local weather variables (but see Post 2005) and highlights a need for
better and more explicit standards in the choice of environmental variables. A recent study by
van de Pol et al. (2013) explain, climate indices may well be correlated with local weather to
a different degree and in different directions, and climate indices are therefore rarely
experienced similarly across broad spatial extents. A gradient in the effect of climate indices
can be due to 1) a high correlation between climate and local weather in multiple localities,
but different effects of local weather on populations or, 2) different correlation between
climate and local weather but similar impacts of local weather. Comparison of multiple local
weather variables with a meaningful temporal and spatial extent may therefore be superior to
large-scale indices in comparative studies.

Standards for environmental over-parameterization
The choice of environmental variables is also an issue of recent debate in species distribution
modelling. Here the debate focuses on the ratio of occurrence records to environmental
variables. Species distribution modeling is a disciplines with developing standardization in
modelling procedures (Araujo and Townsend Peterson 2012, Merow et al. 2013). Yet,
decisions about environmental variables have been somewhat overlooked, perhaps due to a
focus on testing a range of circulation models and a high number of possible model
combinations (Yackulic et al. 2013, Merow et al. 2013) and common use of a standard set of
variables (Hijmans et al. 2005). Merow et al. argue that a priori knowledge should play a
larger role in setting parameters, choosing variables and formulation of hypothesis (Merow et
al. 2013). A survey by (Yackulic et al. 2013) show that models include a wide-ranging
number of environmental variables to observation records. In 107 studies using the
MAXENT method this ratio ranges from less than one to around 1000. For ~ 25 % of studies
the ratio is less than five, but for the majority it ranges from five to 100. Although some
studies perform sensitivity analysis to test the influence of the number of environmental
variables, reviews of the impact this ratio might have are currently lacking. Environmental
over-parameterization is likely an area that will need further systematic review and
development of methods used to test for over-parameterization of environmental variables in
statistical population models (Knape and de Valpine 2011) and other fields should be
integrated with current developments in species distribution models.

Error propagation in coupled models
Coupling of species distribution models with mathematical population models may well
represent one of the greatest methodological improvements in climate change forecasting of
species ranges. A key issue in coupling of models is to minimize propagation of uncertainty
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from one model to the next. To address this issue the proportion of variation in the final
predictions that can be ascribed to parameters in each sub model will be a useful measure.
This assessment will be important to determine when increased model complexity no longer
reduces uncertainty of predictions. For example, while the demographic data to parameterize
population models in the SDM context may only be available for a limited number of species,
incorporation of population models with a range of parameter values may serve to quantify
how predicted range shifts will vary with demographic parameters.
While these three areas highlight the further value of rigor in environmental change ecology,
the many recent advances in extending environmental change inference reviewed here are a
cause for future optimism. A set of general strategies provide the framework -by which
increased fluency can facilitate the combinations of methodological strengths needed to
address the most pressing challenges facing environmental change ecology today and in the
future.
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Abstract
Accurate estimates of past population size change is imperative for pinpointing drivers of
recent species decline. The reliability of recent coalescent-based methods to detect past
bottlenecks has not yet been empirically validated in a conservation context. Here we seek to
validate coalescent-based bottleneck inference within the past 1000 years across 34 vertebrate
species, using non-genetic, putative bottleneck estimates as validation source. For 52 out of
54 coalescent-based estimates we detect a qualitative agreement with putative estimates.
Comparing the discrepancy between coalescent-based and putative estimates we find that
accuracy of coalescent-estimated bottleneck magnitudes increases with the putative
magnitude and number of generations since bottleneck onset. Similarly, accuracy of
coalescent-estimated bottleneck onsets increases with the putative bottlenecks magnitude.
These results match predictions based on coalescent-theory and suggest that true bottlenecks
are driving genetic inference, at least of the most severe and historical bottlenecks. Our
results provide important empirical evaluation of the use of coalescent-based inference in
conservation biology and highlight circumstances under which current analyses may need to
be augmented with greater statistical power from e.g. genomic data, larger sample size or
adjustments to the sampling scheme.
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Introduction
Targeted conservation efforts of threatened species benefit from knowing the causes leading
to a species’ endangerment. For example, it is important to discern whether species have
declined as a consequence of recent human activity or whether species have persisted as rare
through centuries, millennia or more (Harrison et al. 2008). However, more often than not,
observations of past population sizes are unavailable and reconstruction must be sought to
from e.g. scattered historical observations, catch size records or archaeological data. More
recently, genetic material has become one of the most common methods of reconstruction of
species’ recent demographic history (e.g. (Beaumont 1999; Wakeley 1999; Peery et al.
2012a; Palsbøll et al. 2013).
The utility of demographic reconstruction for conservation clearly depends on the reliability
of the reconstructed history. Spurious genetic signals of population declines can arise due to
a number of competing processes, such population structure and altered gene flow for
example due to habitat fragmentation. In addition, when bottleneck signals are detected, they
at best represent averages of large-scale and long-term processes such that local bottlenecks
are less likely to be detected (Palsbøll et al. 2013).
These circumstances underscore the need to evaluate the reliability of recent improved
methods to detect bottlenecks through Bayesian analysis and Approximate Bayesian
Computation (Peery et al. 2012b; Palsbøll et al. 2013). However, validation of conservationrelevant bottleneck signals are rarely possible for two reasons: 1) Systematic monitoring of
population size rarely dates back to the period predating the decline (IUCN 2013). 2) Most
populations subject to investigation are suspected to have undergone bottlenecks, and false
bottleneck discovery rates can therefore rarely be compared with historically increasing or
stable populations (Girod et al. 2011).
A relatively unexplored means of validating bottleneck signals compares signals with
putative estimates from historical information. Assuming that historical observations reflect a
true signal of population size changes, investigated population declines and genetic
bottleneck signals should vary systematically when the former is driving the latter. According
to coalescence theory, large declines in population size should have a higher probability of
being manifested in population genetic datasets. In addition, because it takes time for
population size changes to be manifested genetically in the samples, very recent changes of
the same magnitude as a historical event should be harder to detect (Palsbøll et al. 2013). This
leads to the expectation that genetic estimates of more pronounced and less recent bottlenecks
are more likely to be detected. Estimates that rely on such events may therefore also in
general carry more of a bottleneck signal, whereas smaller signals from less severe and more
recent events are more likely to be obscured by e.g. changes in gene flow.
Here, we set out to validate inferences of genetic bottlenecks by testing these two predictions.
Such validation is particularly relevant in a conservation context since it will improve the
evidence basis on which species assessments such as the Red-list rely to assign current threat
categories based on historical abundance (IUCN 2013). We investigated three commonly
used Bayesian coalescent-based methods that all provide estimates of population size changes
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and their timing: MSVAR (Beaumont 1999), the Bayesian skyline method implemented in
BEAST (Minin et al. 2008; Cornuet et al. 2010), and the ABC model-selection approach
(Beaumont et al. 2002; Estoup et al. 2004; Bertorelle et al. 2010; Csillery et al. 2010; Grover
et al. 2012).

Methods and materials
Literature search
We performed a literature search of studies that have applied coalescent-based methods to
reconstruct population size changes. We focused on papers investigating vertebrate species
and a timeframe covering the past millennium. We specifically investigated studies using the
program MSVAR (Beaumont 1999; Storz & Beaumont 2002), the skyline methods
implemented in BEAST (Minin et al. 2008; Cornuet et al. 2010), and ABC methods
(Beaumont et al. 2002; Bertorelle et al. 2010; Csillery et al. 2010; Grover et al. 2012).
We searched ISI’s Web of Knowledge using the following protocols: (1) To retrieve MSVAR
analyses we scanned papers citing Beaumont 1999 (Beaumont 1999); (2) BEAST analyses
were retrieved using topical search terms - (((coalescen* OR Bayesian) AND (skyride OR
skyline OR BSP OR EBSP)) AND (genetic*) AND ((population AND size) OR
(demograph*))); (3) ABC analyses were also retrieved using topical search terms - ((ABC OR
(approximate AND Bayesian AND computation)) AND (genetic*) AND ((population AND
size) OR (demograph*)) AND (vertebrat* OR bird* OR mamma* OR marsup* OR reptil*
OR amphib* OR fish*)). Our search returned 403 unique papers: 120 papers using ABC, 125
papers using BEAST and 181 papers using MSVAR.
We used two subsequent steps to narrow our search. We selected papers that focused on a
recent population size change, i.e. within the past 1000 years. This procedure yielded 75
papers. Of these, we omitted papers that did not present any non-genetic information, which
could be used to independently infer the magnitude and timing of a given population size
change. The second step yielded a final set of 46 papers. Only three of these investigated a
population increase, and we therefore focus our analyses on the 43 papers that investigate a
population decline. The 43 papers represent data on 34 vertebrate species.

Data compilation
For the 43 papers investigated, we recorded background information on species, number of
loci, sample size and study location, and compiled genetic and non-genetic estimates of the
magnitude and onset of the population decline (Table S1). We limited our analysis to the
central tendency of the reported results (mode or median), as error margins of the genetically
inferred estimates were not consistently reported.
For studies using MSVAR, we used the relative growth rate as a measure of the magnitude of
a population size change, defined as the ratio between the population size prior to and after a
decline. For studies using the skyline analysis implemented in BEAST, we used the timing
and size of the decline reported in the results section or, when absent, estimated the
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information from figures in the paper. When the skyline did not show a decline, we recorded
the onset and magnitude of the largest change (increase) in population size. For studies using
the ABC approach, we used the scenario identified to have the highest likelihood by the
authors. Because we focus on relative growth rates, we did not distinguish between results
reported in units of effective population size (Ne) and results where Ne had been converted to
census population size. We converted all onset estimates into number of generations and
retrieved generation time estimates from the literature for those species where an estimate
was absent.
Studies were grouped according to the nature and certainty of the non-genetic information –
we define these estimates as putative. We distinguished between (i) studies with direct
population-based evidence of a decline, such as a decline in persecution rates or encounters
(certain group) and (ii) studies that relied on a proxy to quantify the decline, such as rates of
habitat reduction (indirect/uncertain group). For some organisms, we could only find
quantitative estimates of the onset of decline, whereas the magnitude of the decline was
described in qualitative terms. We classified these latter studies as “qualitative” as opposed to
“quantitative” and only include them in the analysis of onset estimates. We defined the
accuracy of any magnitude and onset inference based on genetic data as one minus the
Euclidian distance between genetic and putative estimates divided by the putative estimate.
This interpretation assumes that all putative estimates are known with a common average
certainty and bias. We used log-log regression to analyze the analysis of magnitude and onset
estimates. All statistical analyses were performed in R 2.15.3 (R Development Core Team
2008).

Results
Half of the 34 investigated species are listed as data deficient or threatened by the World
Conservation Union (IUCN 2013). Twenty-five of the species were mammals, four were
birds, three were fish and two were reptiles. The geographic origin of samples encompassed
Africa (n=10), Europe (n=7), North America (n=7) and Asia (n=6), while four marine studies
spanned several continents. Of the ten African studies, seven were Madagascan (Holt et al.
2012). Details of the compiled studies are listed in Table S1.
The mean putative population decline was 87.0 % (median=90.7%, SD=14.1%) and occurred
52.6 generations (median=20, SD=92.5) or 236 years ago (median=120, SD=293.3). Putative
declines inferred from historic observations were qualitatively supported in 54 out of 56 cases
by genetic estimates (negative relative growth rate). The largest declines were generally
inferred by studies using MSVAR (Fig. 1). Putative and inferred magnitudes of decline were
not correlated (p=0.23, slope=0.63, df.res=22), although there was a correlation between
putative and inferred onsets of decline (p=0.004, slope=0.59, s.e. = 0.19, df.res=32). There
was a slight bias in onset estimates to lie further back in time than the putative onset (Fig. 2,
median=-18 generations). MSVAR onset estimates alone occurred before putative onsets
(35/56 estimates, p=0.003, mean = -145.3 generations, s.e. = 46.6, df.res = 55). Inferred
onsets also tended to lie before putative onsets using BEAST (all estimates) and ABC (4/6
estimates).
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relative growth rate

Figure 1 Distribution of genetically inferred relative growth
rates using MSVAR (blue),
BEAST (green) and ABC methods (red). Grey vertical lines
indicate medians and dashed
black lines a stable population
(relative growth rate = 1).
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The accuracy of genetically inferred magnitudes of decline increased with the magnitude of
the putative decline based on historic records (Fig. 3a, p=0.004, slope=0.75,
s.e.=0.23,df.res=21). Thus, an average putative decline of 50% yielded 70% accuracy while
accuracy increased to 99% for a 99% decline. Similarly, magnitude accuracy increased with
the putative onset of decline (Fig.3b, p=0.001, slope=-0.90, s.e. = 0.25, df.res=25). An
average study investigating a decline occurring five generations ago reported an accuracy of
64% while accuracy of a putative decline 50 generations ago was 96%. Onset accuracy did
not correlate with the putative magnitude (p=0.77, slope=-0.12, s.e.=0.41, df.res=22) or onset
(p=0.11, slope=0.45, s.e.=0.28, df.res=29).
We divided the raw onset accuracy with the putative onset to obtain an accuracy measure that
was measured in units of putative onset (highly correlated with raw accuracy, Fig 4c,
p<0.001, slope=0.73, s.e.=0.18, df.res=22). This relative accuracy was positively correlated
with putative magnitude (Fig. 4a, p<0.05, slope=0.93, s.e.=0.45,df.res=22) and strengthened
when only considering MSVAR estimates (p<0.01, slope=1.03, s.e.= 0.34, df.res=14). Using
only MSVAR estimates, a 98% decline yielded a relative onset estimate 2/3 from the putative
onset while a 50% decline yield an estimate approximately 18 times from the putative onset.
Relative accuracy and putative onset was not correlated (Fig. 4b, p=0.87, slope=0.05,
s.e.=0.28, df.res=33). Finally, relative onset and magnitude accuracy were not correlated
(Fig. 3c, p=0.50, slope=0.10, s.e. = 0.16, df.res = 0.22) and in fact there was a tendency for a
negative correlation using raw onset accuracy (p=0.06, slope=-0.32, s.e.=0.16, df.res=22).

Discussion
In this study, we set out to validate bottleneck inference of three coalescence-based methods
(MSVAR, the Bayesian skyline method implemented in BEAST, and the ABC modelselection approach). We find that studies applying one or more of the three methods almost
exclusively find signals of population declines, the accuracy of which varies systematically
with putative onset and magnitude. We find empirical support that accuracy of inferred
bottleneck magnitude and onset is higher when putative bottlenecks are large. Accuracy of
inferred magnitude also increases with the number of generations since the putative
bottleneck. The agreement between theoretical expectations and empirical findings provide
important information on the use of coalescent-based methods to detect historical changes
relevant for species conservation and furthermore highlight the circumstances under which
accuracy may be increased through augmentation with increased sample size or genomic data
or modifications to the sampling design.

Are bottleneck signals real?
The reliability of genetic bottleneck signals have been subject to much debate, both in the
context of past (Peery et al. 2012b) and more recent coalescent-based methods (Palsbøll et al.
2013). Although we find that 54 out of 56 genetic estimates find some signal of population
decline, a major concern is that a bottleneck signal may result from demographic scenarios
involving changes in population structure and gene flow (Wakeley 1999; Palsbøll et al.
2013). In addition, the three coalescent-based methods apply some simplifying assumptions
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about population structure, gene flow and mutations (Palsboll et al. 2013). Departure from
any of these assumptions may result in erroneous signals of population size change (see e.g.
(Chikhi et al. 2010; Girod et al. 2011; Palsbøll et al. 2013; Paz-Vinas et al. 2013)). For
example, departures from mutation model assumptions may be most common and
consequential for microsatellite data assuming single stepwise mutation model (Faurby &
Pertoldi 2012). Departures from this model causes the false detection of bottlenecks (see
(Girod et al. 2011)). Yet, a moderate proportion of multistep mutations does not seem to alter
bottleneck detection performance (Girod et al. 2011). Further, both MSVAR and the skyline
method in BEAST assume that samples originate from a single panmictic population
(Palsbøll et al. 2013). Structured populations analyzed under this assumption will also
generate spurious bottleneck signals (Wakeley 1999). In other cases, gene flow may generate
genetic signals of population expansion, as shown by simulations of asymmetric gene flow
into the focal population (Paz-Vinas et al. 2013).

Interpreting bottleneck accuracy
We find that accuracy correlates with the putative magnitude and timing of bottlenecks,
suggesting that true bottlenecks are driving genetic inference. Yet a number of factors
complicate this interpretation. Our analysis assumes that the putative observations are
unbiased estimates of the true event. However, it is possible that some putative observations
are less biased than others. For example, large bottlenecks such as near-extinction events may
be known with higher certainty than smaller population fluctuations. This would contribute to
the positive association between magnitude as well as onset accuracy. In comparison, the
relationship between putative onset of decline and growth rate accuracy may be less prone to
such confounding factors. At least there is no reason to believe that less recent bottlenecks
should be known with greater certainty than more recent events. In this context, the low
correlation between putative magnitude and timing accuracy could be an indication that
different processes are contributing to increased accuracy of bottleneck magnitude and
timing. Finally, there is also the option that our results are not caused by bottleneck
magnitude per se, but severity of another closely associated process such as habitat
fragmentation (Andersen et al. 2004). If fragmentation tends to be more pronounced for
populations going through a larger bottleneck, this non-independence may inflate the
perceived explanatory ability of bottleneck magnitude itself.

Practical implications
Our results encourage the use of coalescent-based methods to infer recent demographic
history in species that are of conservation concern. However, the value of the methods relies
on careful assumption testing and minimization of sampling bias. Adjustments to the
sampling scheme and a combination of contemporary and historical samples may help reduce
the likelihood of detecting a spurious bottleneck signal (Chikhi et al. 2010; Peery et al.
2012b; Palsbøll et al. 2013). Using simulations, Chiki et al. (Chikhi et al. 2010) indicate that
stratifying samples from different demes within a population, for example different habitat
fragments, counteracts the effect of population structure at a larger spatial scale.
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Although sample size is not a silver bullet (Peery et al. 2013), studies may in particular
consider increasing sample size or genomic coverage when genetic and non-genetic estimates
differ and putative population size change is recent or small in magnitude. This will increase
certainty in the detected signal (but not in whether it is true or not). Similarly, genetic
diversity does not in itself cause a directional bias in inferred population size change, but high
diversity exacerbates the down-stream effects of e.g. violated model assumptions. Spurious
bottleneck signals are therefore more likely to be detected in populations with higher levels of
genetic diversity (Chikhi et al. 2010) and careful review of model assumptions are of
particular importance for such studies.
To better understand the frequency of erroneous bottleneck signals in conservation genetics,
information is needed on the rate of false positives in declining populations with the rate of
populations that have been stable or undergone a recent increase. With only three identified
studies investigating a population increase (see (Girod et al. 2011) for a similar lack of
investigated increases), we were not able compare the false positives detection rate of
population declines versus increases. There is therefore a need to better complement studies
of rare and threatened species with studies of more common, e.g. introduced species. Along
with such improvements, we conclude that our ability to predict species vulnerability to
global environmental change is tangible also when historical information is scarce.
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Reed warbler
Giant Panda
Antarctic fur seal
Bowhead whale
Bowhead Whale
Northern fur seal
Wolf
Red deer
Red deer
Freshwater cyprinid
Reunion Cuckoo shrike
European whitefish
Gray Whale
Stellar Sea Lion
Bog turtle
Madagascar fish-eagle
African elephant
Eurasian otter
Fisher
Bongolava mouse lemur
Danfoss' mouse lemur
Golden-brown mouse lemur
Tiger
Tiger
Harbor porpoise
Orang-utan
Przewalski's gazelle
Verreaux's sifaka
African buffalo
European greyling
Himalayan Brown Bear
Black-capped vireo

Species
Jordan
China
Southern Ocean
Arctic Ocean
Arctic Ocean
North America
South East Europe
Denmark
Norway
Portugal
Reunion Island
Finland
Pacific Ocean
North America
USA
Madagascar
Kenya
Czech and Slovak Republic
USA
Madagascar
Madagascar
Madagascar
South East Asia
South East Asia
Black Sea
Malaysia
China
Madagascar
Kenya, Uganda
Denmark
Pakistan
USA

Location
1
5
3.5
50
50
15
3
8.6
8.6
2
3
4.5
15.5
10
10
5
17.4
3
5
1
1
1
5
5
10
8
3
17.5*
7.5
3
10
1.5

GT

Red
List
LC
EN
LC
LC
LC
VU
LC
LC
LC
NA
CE
VU
LC
NT
CE
CE
VU
NT
LC
DD
DD
EN
EN
EN
LC
CE
EN
VU
LC
LC
LC
VU
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x

x
x
x

x
x

x
x

MSVAR

x

x
x

x

x
x
x

BEAST

x

x

x

x

x

x
x

ABC

0.1

0.02
0.3
0.0857
0.033

0.025
0.025
0.025

0.15
0.0287

0.59
0.1845
0.2
0.26

0.2

0.0525
0.03
0.0001
0.05
0.32
0.1
0.004
0.1

Magnitude

48
60
57
2
4
13
167
23
58
5
100
9
10
10
10
35
11
67
20
500
500
500
10
20
5
14
40
80
16
17
100
67

Onset

Table S1 Studies estimating putative bottleneck magnitude (Magnitude, ratio between population size after and before bottleneck) or
onset (Onset, generations). Species are referenced with common names, and their generation time in years (GT) as well as IUCN Red
List category (Red List). Red List categories are abbreviated LC – least concern, VU – vulnerable, NT – near threatened, EN –
endangered, CE – critically endangered, DD – data deficient. Study methods are indicated by “x” in their respective columns (MSVAR,
BEAST, ABC). Studies are referred to by last name of the first author and publication year. *Estimate based on mark-recapture study.

Prochazka, 2008
Zhu, 2010
Hoffman, 2011
Phillips, 2013
McLeod, 2012
Pinsky, 2010
Lucchini, 2004
Nielsen, 2008
Rosvold, 2012
Sousa, 2008
Salmona, 2012
McCairns, 2012
Alter, 2012
Phillips, 2011
Pittman, 2011
Johnson, 2009
Okello, 2008
Hajkova, 2007
Tucker, 2012
Olivieri, 2008
Olivieri, 2008
Olivieri, 2008
Mondol, 2009
Mondol, 2009
Fontaine, 2012
Goossens, 2006
Yang, 2011
Lawler, 2011
Heller, 2008
Meldgaard, 2003
Bellemain, 2007
Athrey, 2012
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Abstract
To understand drivers of long-term population trends under global change, environmental
correlates of short-term population change can strengthen long-term character based
inference. Applying this approach, we provide the first analysis to compare proposed climate
and land-use change driven population trends with evidence from annual scale population
dynamics across a continent. Using 820 regional time series of European breeding birds from
18 countries between 1990 and 2008, we confirm the long-term increase of hot-dwelling
species, and decline of long-distance migrants and farmland specialists. In our evaluation of
proposed drivers, we show that winter, spring and summer conditions best explaining the
dynamics of the main migratory strategies. Importantly, every migratory strategy benefits
from warmer or more productive vegetation conditions early in their breeding season. This
indicates that unequal seasonal impact of climate change contributes to differences in their
long-term dynamics. Long-distance migrants are additionally affected by conditions on both
the breeding and wintering grounds, while hot-dwelling residents and short-distance migrants
benefit disproportionately from milder winters and springs with higher primary productivity.
The combined time-scale perspective strengthens evidence that migratory and climate niche
characteristics are important to explain the impact of climate change on European breeding
birds.
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Introduction
Attribution of long-term population changes to environmental drivers is one of ecology’s
biggest challenges in the era of global change [1]. Hypothesized environmental drivers are
often inferred, based on a combination of correlation between long-term population growth
rates and species characteristics [2] and use of expert opinion [3]. For biodiversity timeseries, temporal correlation with hypothesized driver variables are among the strongest
possible evidence for causal links [4]. Thus, when the required data is available, evidence for
or against a driver can be strengthened by investigating effects on a shorter time scale such as
on the interannual fluctuations of populations [5] (see the electronic supplementary material,
figure S1). For example, effects of extreme variation in weather yields predictions of the
long-term effects of climate change [6].
Recent decades have been characterized by non-random change in bird species
abundance [2]. In Europe, long-distance migrants and farmland specialists have declined [7–
10] in comparison to permanent residents, short-distance migrants [11,12] and habitat
generalists [13]. In addition, populations of hot-dwelling species, i.e. species with
geographical ranges centred in warmer climates than the majority of the community, have
increased in abundance [9,14,15]. Climate and land use change are thought to be major
underlying causes of these trends [2,15–17]. However, much remains to be learnt about the
observed changes and their drivers [18]. Although large scale data sets such as the breeding
bird surveys of Europe and North America are valuable resources for this sort of analysis
[1,15,19,20], incorporation of short-term environmental effects is much less common than
analysis based solely on long-term changes (see the electronic supplementary material, table
S1). Only recently has climatic variation, for example, been explicitly related to species traits
at the national and regional scales [5,21]. An important step in any such evaluation is to settle
on a manageable candidate set of environmental variables and traits to investigate. For
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European birds, this can be done based on a combination of results from prior studies and
theoretical considerations.
Two main processes have been proposed to explain the differential impact of climate
change on birds with different migratory strategies. First, the phenological response of longdistance migrants to earlier springs can lead to a mismatch with the peak of food resource
abundance [22,23]. Short-distance migrants adapt much quicker to earlier spring events, and
are consequently thought to benefit in terms of increased population size [16,24]. A second
process acts through increased survival and recruitment of resident birds in response to
warmer winters [11,25,26]. In turn, this can lead to a scarcity of e.g. nesting resources when
migrants arrive at the breeding grounds [27,28]. Additional effects relate to drought
conditions in the sub-Saharan wintering areas in some long-distance migrants [29]. Finally,
from a theoretical standpoint, the conditions during breeding and the period of early juvenile
survival should be important in species with direct offspring recruitment [30].
Whereas climate change is usually attributed to a confined set of main driving
processes, land use change in general involves a wider range of driving mechanisms [2].
Chief among them in temperate regions is agricultural intensification [31]. In recent decades,
agricultural intensification has led to large declines in European farmland birds [7,32].
Contributing to these declines is the lower availability of farmland nesting habitat [33] caused
by increased soil tillage [33], and the loss of non-crop matrix habitat [33,34]. 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 [34,35]. Due
to these complex changes, investigations of land-use change over larger spatial scales have
had to use surrogate variables, such as agricultural yield [7].
In the present study, we aim to evaluate proposed climate and land-use drivers of
long-term population change for common farmland breeding birds. We do this by analysing
continent-wide long-term monitoring data for 51 species. We first analyse long-term
population growth rates in relation to species and population level traits, thereby seeking to
confirm patterns in this dataset that have led to the proposal of hypothesized drivers. We
then evaluate support for drivers by relating year-to-year changes in abundance to temporal
variation in bioclimatic conditions and agricultural land use. The analysis spans 18 European
countries and constitutes the first study to directly validate hypothesized climate change and
land use change drivers with evidence from their short-term effects on population abundance
across a continent. In the analysis we compare the evidence for a range of climate and landuse change related hypotheses. We specifically focus on the following questions: (1) Do
effects of changing weather conditions correspond with the expectations of warmer winters
and springs with higher primary productivity benefiting residents and short-distance
migrants? (2) Does environmental change on the breeding or wintering ground regulate longdistance migrants? (3) Do hot-dwelling species benefit more from an increase in winter
temperature, spring productivity or summer temperature? And finally with regard to land-use
change, (4) are farmland specialists particularly vulnerable to increasing agricultural yield?
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Methods
Survey data and species selection criteria
Data on bird population time-series came from a European dataset coordinated by the PanEuropean Common Bird Monitoring Scheme (PECBMS), led by the European Bird Census
Council (EBCC), BirdLife International and RSPB [19]. In this collaborative initiative, a
large number of annual counts conducted by skilled volunteers are summarized to produce
countrywide population indices with associated error estimates. Population indices and
growth rates are calculated by using the TRIM software, which applies Poisson regression
while accounting for missing observations [36–38] (see http://www.ebcc.info/pecbm.html for
further information on the various schemes [e.g. 39]).
We analysed time series extending from 1990 to 2008 of 51 species from the
taxonomic orders Passeriformes, Columbiformes, Piciformes and Cuculiformes (see the
electronic supplementary material table S2 for species information). These orders are in
Europe characterized by species with altricial offspring and direct offspring recruitment that
feed mainly on insects (and other invertebrates), seeds and fruits or adopt an omnivorous diet
[40]. To ensure relevance for the study of agricultural land use change, we restricted the set
of species to those that use at least one type of farmland habitat for breeding. For a species to
be included, long-term growth-rates had to be available for at least two countries. Times
series came from 18 countries and totalled 820. Germany and Belgium had growth rate data
divided into two sub-regions and population index data aggregated at the country level
resulting in 20 growth rate time-series with a mean length of 15.05 years (s.d. = 3.8, min = 8,
see the electronic supplementary material table S3). To make sure that results were not
sensitive to the shared population index data between the German and Belgian sub-regions,
we also ran our analyses without either sub-region.

Population traits
We gathered and estimated life-history, climatic and habitat use traits for all populations (i.e.
country level time series; see the electronic supplementary material, table S2 and S4
summarizes all trait variables). Migratory strategy and thermal niche traits were specified at
the population level, whereas dietary strategy, body size and farmland habitat specialization
were specified at the species level.
Populations were classified as either permanent residents, short-distance migrants or
long-distance migrants, following criteria in [23] and inferred from [40,41] and references in
the electronic supplementary material appendix A. For migrants exhibiting a mix of
migratory strategies, the migratory behaviour involving the longest regular distance was used.
We used a nominal categorization of a species’ farmland specialization applied at the
continental
level
(FarmC,
http://www.ebcc.info/wpimages/other/SpeciesClassification2012.xls) and scored species for
main breeding and winter diet type using categories of invertebrate consumers (I), herbivores
(H) and species with a mixed or omnivorous diet (O). The assignment was based on multiple
published datasets [11,12,42,43] and a review of the standard literature [40]. Finally, logtransformed average body length (logBody) was obtained from [40].
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Thermal niche traits and environmental variables
Four types of information were used to extract spatially-explicit environmental variables: 1)
breeding country, 2) wintering ranges, 3) biomes of the breeding- and 4) wintering range (see
the electronic supplementary material methods for more detail, figure S2 for a regions map,
and table S2, S4 and S5 for a description of all environmental variables and traits). Simple
rules were applied to define breeding areas and wintering ranges based on the same
references for assigning migratory strategy. Thermal coordinate (TC) [14] was calculated on
the mean July temperature between 1981 and 2006 using 1 degree gridded European breeding
ranges [44]. The index ranges between 1 and -1 with populations in warm parts of the
breeding range having positive values and populations in cold parts having negative values.
Annual weather and vegetation conditions were summarized for the European
breeding areas for three periods in the lead up to or during the breeding season (figure 1,
winter temperature - WinTmp, spring primary productivity - SprProd, and summer
temperature - SumTmp) as well as in winter for the African wintering ranges of long-distance
migrants (winter primary productivity - WinProd). All variables were incorporated as
anomalies, calculated by subtracting a 26 year mean (1981 – 2006) from the yearly value.
Calculations were carried out in ArcGIS 9.3 (ESRI). As a proxy for overall agricultural
productivity, we used country level cereal yield (Cereal) obtained from the statistical
database of FAO (http://faostat.fao.org/). This proxy has been used in previous studies
looking at the effect of agricultural land use change on farmland birds [7,8].

Statistical analysis
Model formulation
We constructed regression models containing data from all species and models limited to
single migratory strategies (only year-to-year analysis). Models were constrcucted as linear
mixed models (LMM’s) with population growth rate as response variable using the lmer
function of the lme4 R-package (http://lme4.r-forge.r-project.org) optimize model loglikelihood. All continuous variables were transformed to mean = 0 and s.d. = 1 to obtain
estimates of standardized effects.
For the analysis of long-term population growth rates, we used the (log-scale) growth
rate of the longest available time-series between 1990 and 2008, corresponding to the
additive TRIM slope (R90,08). Since the aim of this part of the analysis was to identify traits
associated with population decline or increase, we considered traits and average cereal yield
(1990-2007, Yield) as explanatory variables. The latter was included to describe the general
level of agricultural intensification due to the likely cumulative and lagged effects of land use
change on a shorter time scale [7]. To account for confounding factors at the country level
and species relatedness, we included two random effect structures following [14,45] (see the
electronic supplementary material methods for more detail on model formulation). We
conducted separate weighted and non-weighted analyses with the inverse standard errors of
growth rate as weights. Equation 2 shows the fixed effect structure of the full model for
which all possible subset models were evaluated (variables as defined above).
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〈

〉

〈

〉
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where parentheses delimit variables considered in interaction with a grouping variable. We
evaluated the full model (equation 2) using both breeding and wintering diet.
The aim of the year-to-year analysis was to investigate the effect of environmental
conditions on (log-scale) annual population growth rates (Rt,t+1, the change in population
count from year t to t+1) and whether these effects were associated with traits included in the
long-term analysis. We therefore considered interactions between traits and environmental
variables with the corresponding general formula (equation 3):

Where α is the intercept and β1-3 the parameters for main effects of population index in the
year t (PopIndex) and the respective trait and environmental variables. β4 is the parameter for
a given trait-environment interaction while bi and bj are the respective random effects for
country i and population j and e is the error term. Population index was included to account
for density dependence of annual growth rate and was first standardized at the population
level (mean = 0, s.d. = 1).
We focused on effects of weather and general vegetation conditions in year t and
change in cereal yield from year t-1 to t. Since conditions before and during breeding in year t
can affect both the survival and reproductive components of recruitment in year t+1, they
should have a greater influence on population dynamics compared to conditions in-between
breeding in year t and t+1. This is expected especially in species where offspring are
recruited into the breeding population in the following breeding season [5]. This is the case
for all species in this analysis except for the Corvids where breeding starts in the first to third
year [40]. We evaluated all subsets of three full models, the fixed structure of one of these is
shown in equation 4.

〉

⟨
〈

〈

⟩

〉
(4)

Parentheses delimit interactions between multiple environmental variables and a trait
variable. Variables are abbreviated as in the text.
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Model selection
After model evaluation we constructed “consensus models” of variables overrepresented in
models with the best selection criteria. We used the function dredge in the R-package MuMIn
to construct all possible subset models using AICc as selection criterion [46]. Two criteria
had to be fulfilled for model i to be included in the set used to construct consensus models
(the consensus set):
1. AICc[modeli] < (AICc[Null] – 4)
2. AICc[modeli] < (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 present due to large
effects of other model terms we applied the following criteria to the corrected occurrence of
model term i as well as its co-occurrence with model term j:

1. Corrected occurrence: (Frequency[termi in consensus set] - frequency[termi in full
set])/ (1 - frequency[termi in full set]) > 0.1
2. Co-occurrence: Frequency[termsi,j co-occurring in consensus set] > Frequency[termsi,j
co-occurring in full set]

Model terms that fulfilled both criteria were included in the same consensus model while
terms that 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 term with the
strongest signal.
Model parameters and confidence intervals were estimated with Markov Chain Monte
Carlo Sampling build into the R-package “gmodels”. Goodness-of-fit and model performance
was evaluated by considering reduction in Penalized Weighted Residual Sums of Squares
(PWRSS) [47] as well as ∆AICc scores [46]. The level of model collinearity was assessed
using
a
kappa
statistic
for
mixed-models
(https://github.com/aufrank/Rhacks/blob/master/mer-utils.R) where values below 10 indicate low, values above 30 indicate
high, and values in-between moderate collinearity. All statistical analyses were carried out in
R 2.12.2 64-bit [48].

Results
Long-term growth rates
Long-term population growth rates were best explained by a consensus model including
migratory strategy (Migration) and breeding diet (DietB) as well as thermal coordinate (TC),
long-term cereal yield (Yield) and body size (logBody, see the electorinic supplementary
material figure S3, table S6). Long-term population growth-rates were higher for populations
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of hot-dwelling species (lower TC) and lower in countries with higher yield (figure 2). In
countries with high cereal yield, long-distance migrants had lower population growth rates
compared to residents and short-distance migrants (figure 2). In comparison to species with
an omnivorous diet, invertebrate consuming and herbivorous farmland specialists showed
decreasing population growth rates (figure 2). In terms of model performance ∆AICc values
between consensus and null models were considerable (min = 33.93, max = 36.41, table S6)
with penalized weighted residual sums of squares (PWRSS, a penalized goodness-of-fit
measure) only reduced slightly (min = 2.01 %, max = 2.38%, table S6). Model collinearity
was in the low end of the moderate spectrum (Kappa: min =11.77, max=13.71). All model
terms had the same sign when tested in a univariate model (results not shown).

Year-to-year change
All environmental variables contributed to explain annual population growth rates of the 51
species (see the electronic supplementary material figure S4, table 1 “full consensus model”).
In the consensus model, migratory strategy interacted with every environmental variable
whereas non-breeding diet (DietW) interacted only with cereal yield (Cereal, table 1).
Analyses within migratory strategies in general corroborated effects in their combined
analysis (figure 3) and revealed more detailed results (figure 4). For example, no weather
variables had a general effect on more than one migratory strategy (figure 3). The largest
weather effects were a positive effect of high summer temperature (SumTmp) on longdistance migrants, a positive effect of high winter temperature (WinTmp) on residents and a
negative effect of high winter temperature on long-distance migrants (figure 4a,b). Spring
productivity (SprProd) had the most positive effect on short-distance migrants (figure 4c, see
the electronic supplementary material figure S5).
Two weather variables had more positive effects on hot-dwelling species; high spring
productivity benefitted hot-dwelling short-distance migrants (figure 4c), and winter
temperature benefitted hot-dwelling permanent residents (figure 4b). There was no support
for including winter temperature in the consensus model for long-distance migrants when
African winter primary productivity (WinProd) was considered for a subset of Sub-Saharan
migrants (see the electronic supplementary material figure S6-S7, table S7). Migrants
wintering in central and eastern regions showed a positive response to increasing primary
productivity.
In all analyses of year-to-year population change, the negative effect of population
index (PopIndex) had the largest effect size (figure 3, 3, see the electronic supplementary
material figure S8). Consensus models reduced the PWRSS of the null model by 17 to 20 %,
mainly due to this large effect of population index (table 1). Thus, trait and environmental
variables reduced PWRSS only by an additional 0.6 to 2 % (table 1) when compared to
models including only population index. ∆AICc values for this model comparison ranged
between 9.56 and 47.19 (table 1). Consensus model selection, parameter significance and
sign were not affected by discarding either the sub-region with the longest or shortest time
series for Germany and Belgium. Model selection and effects were unaffected by the
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Figure 4 Annual growth rates of (a) long-distance migrants, (b) permanent residents and (c) shortdistance migrants explained by trait-environment interactions. All variables are parameterized at 1 s.d.
and error bars are ± 95 % confidence intervals. Variables are: cereal yield (Cereal), population index in
year t (PopIndex), spring primary productivity (SprProd), summer temperature (SumTmp), thermal coordinate (TC) and winter temperature (WinTmp ). Single letters indicate breeding (a,b) or non-breeding
diet (c), or migratory strategy: herbivore (H), invertebrate (I), or mixed diet (O); long-distance migrant
(L), permanent resident (R) or short-distance migrant (S).
108

chapter III

Table 1 Key properties of annual growth rate models for 51 species (all), permanent residents
(resident), short-distance migrants (short-distance) and long-distance migrants (longdistance). Properties are shown for the model with the lowest AICc (Best), the consensus
model (Consensus), a model including only population index in year t (Abundance) as fixed
effect, and an intercept model (Null). Model properties are the ∆AICc scores (∆AICc), the
AICc weights (AICc w), the Penalized Weighted Residual Sums of Squares reduction (%
PWRSS reduction) with respect to Null, the number of model parameters (K), s measure of
model collinearity (Kappa), and the fixed effect model terms (terms as defined in the text).
“-“ indicates that the best model equates the consensus model.
Strategy

AICc w

% PWRSS
reduction

K

-

-

-

-

Consensus
(simplified)

0.00

0.83

17.37

22

6.72

Consensus
(full)

1.77

0.17

17.32

28

9.77

Simplified + DietW
Migration * SprProd

Abundance

41.87

0.00

16.77

8

1.00

PopIndex

Null

1674.21

0.00

7

1.00

Best

-

-

-

-

-

Consensus

0.00

1.00

20.95

12

9.46

DietB * WinTmp + SumTmp +
PopIndex

Abundance

14.99

0.00

20.25

8

1.00

PopIndex

Null

596.97

0.00

7

1.00

Best

0.00

0.67

17.20

11

1.24

TC * SprProd + PopIndex

Consensus

1.45

0.33

17.41

16

4.39

Best + DietB * WinTmp

Abundance

10.11

0.00

16.84

8

1.00

PopIndex

Null

566.07

0.00

7

1.00

Best

-

-

-

-

-

Consensus

0.00

1.00

19.11

19

3.47

DietW * SprProd + DietW * Cereal +
TC * WinTmp + PopIndex

Abundance

47.19

0.00

17.10

8

1.00

PopIndex

Null

574.19

0.00

7

1.00

Model

resident

short-distance

long-distance

all

Best

∆AICc
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Kappa

Fixed effect model terms

Migration * WinTmp + Migration *
SumTmp + Migration * Cereal + TC *
SprProd + PopIndex

*

Cereal+

-

-
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inclusion or exclusion of higher taxonomic relationships in the random effects structure
(results not shown).

Discussion
We examined whether hypothesized drivers of long-term bird population trends are supported
by environmental correlates of short-term population change. We identify several
environmental variables likely to be important for the understanding of long-term population
responses to global change. In particular, the breeding onset of migratory strategies matches
the season when they benefit from higher temperatures or primary productivity. Based on
their increasingly positive effect on populations of hot-dwelling species, winter temperature
and spring productivity are potential drivers of these populations` long-term increase [15].
Environmental correlates of population dynamics yield insights into ecological
processes that regulate populations as well as expectations for responses to long-term
environmental change [6]. Yet, care must be taken before directly extrapolating from a
shorter time scale. For example, although the 10-year mean temperature in Europe has
increased since the 1990’s and 2000’s, yearly seasonal conditions have been characterized by
large variation between years [49]. This makes a direct extrapolation from short-term effects
of temperature and primary productivity to long-term population trends more challenging.
In line with previous studies we find that long-distance migrants are in relative
decline [9–12,14], especially in countries with more intensive farmland practices (higher
average yield, figure 2). Migratory strategy is further the most important trait in explaining
weather effects on short-term population dynamics (figure 3). Interestingly, all strategies
benefit from either warmer temperatures or higher primary productivity, with the season
predicted by their breeding phenology. Thus, the earliest breeders (residents) benefitted from
higher winter temperatures [5,11,50], short-distance migrants benefitted from higher spring
productivity [5], and the species with the latest breeding onset (long-distance migrants)
benefitted from higher summer temperatures (figure 4). The positive effect of summer
temperature on European long-distance migrants is known from two well-studied species
[16,51], but has to our knowledge not been reported before from multi-species studies. In the
more arid central United States, neotropical migrants are negatively affected by heat-waves in
the southern and montane areas, while they benefit from them further north [21]. In Europe,
long-distance migrants probably benefit from warmer summer in terms of increased
reproductive performance via nestling survival, food availability or competitive advantage
over other migratory strategies [16,51]. All else being equal, unequal change in conditions at
the respective time of breeding onset and early offspring development could contribute to
divergent long-term growth-rates in birds with different migratory strategies.
Although we find that birds are affected by variation in the seasonal bioclimatic
environment, we cannot from these results distinguish between a set of competing more
plausible proximate drivers. Direct effects of weather on physiology [52], mismatches
between populations and their food resources [22] and effects due to increased interspecific
competition for food or nesting resources [27,28] could all be acting simultaneously. This
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issue may be particularly important for long-distance migrants and the negative effect of
milder non-breeding season weather for insectivorous species [5,27] (figure 4a). To tease
apart the potential effects of resource mismatches versus interspecific competition [27],
future analyses could compare models that include a combination of weather variables and
proxies of resource availability with combined abundance of competing species. Climate
change in the European breeding areas might ultimately have a mixed effect on long-distance
migrants, with mild winters and earlier springs having negative effects and warmer summers
having positive effects on population size.
Another challenge concerning long-distance migrants is evaluating the relative
importance of conditions outside the breeding area [53]. Interestingly, we find that winter
temperature in the breeding area is less important when winter conditions in Africa are also
considered, which speaks for a balanced perspective on population regulation in the breeding
vs. the wintering areas (“tap” vs. “tub” hypothesis) [53]. Positive effects of increasing
primary productivity in the central and eastern parts of Africa fits with expected detrimental
consequences of drought conditions [29]. That we do not find this effect for birds wintering
in the western part of Africa could be due to: (1) the low spatial resolution of designated
wintering ranges; (2) species, population or area-specific responses to environmental
conditions; or (3) the fact that the most severe droughts in the Western Sahel region occurred
in the 1980’s [54]. In the future current deployment of new tracking technology willl provide
a much better basis for the evaluation of climate change effects in the non-breeding areas
[55].
Indirect evidence that agricultural intensification is still affecting farmland species
negatively is provided by our analysis, showing decreasing long-term growth rates of most
farmland specialists and a negative effect of average yield on migrants (figure 2). Our
analysis does not however show a trait-based connection between the long-term decline of
farmland specialist birds and annually changing cereal yield (figure 3-3). As noted, the
effects of agricultural land-use change are complex and likely manifested via a longer
temporal memory and lag than responses to annual changes in yield. Cereal yield in Europe is
influenced by both environmental, mechanical and genetic components [56] and changes in
these components have different effects on the farmland environment, as experienced by
birds. It is further possible that, through its dependence by annual weather variation [56],
cereal yield can be indirectly linked to performance of farmland birds through variables
influencing both cereal yield and e.g. insect abundance. However, accounting for this by
using the residuals from cereal yield regressed on spring primary productivity did not change
our results. The smaller declines in farmland species’ abundance in the 1990’s and 2000’s
(following the large declines leading up to this period [32]) will make it difficult to detect any
short-term effects of yield change. Changing conditions in non-arable land, such as in
meadow habitats, could have and additional influence on population dynamics. In summary,
despite the convincing evidence of population size being negatively correlated with the
general level of agricultural intensification in Europe [7,8], the year-to-year effects of
changing agricultural land-use still needs further investigation at the continental scale.
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Environmental effects are small to density dependent effects as reflected by the large
negative effect of high population levels in a previous year. The latter confirms that direct
negative demographic density dependence, compared to a scenario of a randomly fluctuating
population is a general factor in regulation of common European breeding birds [57]. The
small effect sizes of the environmental variables could be a result of individual populations
being influenced by additional processes than represented by the variables we investigated
here. These could include more fundamentally stochastic environmental, demographic or
observation processes [11,30]. Environmental effects on survival in the non-breeding season
before survey in year t+1 [5,53] and strong carry-over effects from years prior to year t [58]
might also influence the populations. However, our aim was to evaluate general effects and
not to describe dynamics of single populations in detail.
This analysis constitutes the first multispecies study to directly compare hypothesized
land-use and climate change drivers of long-term population trends with evidence of
environmental effects on population change on an annual time scale. By comparing regional
time series across species ranges, global approaches to population dynamics [59] bear with
them a promise for increased understanding of observed long-term patterns under global
change. Whenever the relevant time-series data are available, the combined time-scales
perspective should be routine analysis when the aim is to link observed changes to the
surrounding environment.
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dwelling species.

toward the cold end having negative values. This means that in a given country more hot-dwelling species will have lower TC values than cold-

(TC). The index ranges between 1 and -1 with populations toward the warm end of the breeding range having positive values and populations

comparison between species, we divided the thermal coordinate with thermal niche amplitude and obtained a standardized thermal coordinate

European breeding range and in a population’s breeding area is defined as the thermal coordinate [3] (table S2). Following [3], to allow

spanned by a species European breeding range is defined as the species thermal amplitude. The difference between the temperature in the

species breeding distributions [2]. July is along with August generally one of the two hottest months in Europe. The range of temperatures

Thermal coordinate (TC) was calculated on the mean July temperature between 1981 and 2006 [1] [CRU TS 3.0] using 1 degree gridded

than European areas reflecting the fact that African wintering ranges are known with coarser spatial resolution [44].

boundaries of the 17 areas were drawn to reflect areas that often delimit wintering ranges within and between species. African areas were larger

range was constructed from a combination of 17 areas in Europe and Africa (figure S2) intersected with the wintering range biomes. The

breeding areas and wintering ranges: Breeding area was defined by intersecting the breeding country with the breeding range biomes. Wintering

(appendix A). Biome use was specified at the species level, all other variables at the population level. Simple rules were applied to define

the breeding- and 4) wintering range. Biomes and wintering range designation was based on the references used for specifying migratory strategy

We used four sets of information to extract spatially explicit climatic variables (figure S2): 1) breeding country, 2) wintering ranges, 3) biomes of

Thermal niche traits and environmental variables

Additional information about calculation of trait and environmental variables and model formulation.

Supplementary methods

Supplementary methods; supplementary appendix; supplementary tables; supplementary figures; supplementary references

Electronic supplementary material:
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model 2) breeding - or (full model 3) non-breeding diet in interaction with all climate variables and cereal yield, and migratory strategy in

(full model 1) migratory strategy in interaction with all climate variables and cereal yield and wintering diet in interaction with cereal yield, (full

weights after being standardized to the population mean error and log-transformed. We evaluated all subset combinations of three full models:

model selection with population and species as the only taxonomic terms. The inverse standard error of the annual growth rate was used as model

taxonomically variables such as diet, with some taxonomic structure, was contingent on the taxonomic random effects structure we also ran the

accounting for higher taxonomic associations, additionally nesting a population identity term within species. To check whether the importance of

regression of the respective variable on time (year). We used a random effects structure similar to the analysis of long-term change [3,9],

To account for temporal autocorrelation within response and explanatory variables in the year-to-year analysis we used the residuals of a linear

inverse standard errors as weights.

term population abundance (more abundant populations having smaller errors) we conducted separate weighted and non-weighted analyses with

associations by nesting species within taxonomic family and order. Since standard errors of long-term growth rates could be associated with long-

included breeding country and species identity. Following the methods of [3,9] the second in addition included higher-level taxonomic

To account for confounding factors at the country level and relatedness of taxonomic units we considered two random effect structures. One

Model formulation

Statistical analysis

(Region) or habitat (WHabitat) [7,8] (table S4, S5).

winter primary productivity in their wintering range (WinProd, December –February average) and whether the effect varied with wintering region

compared between years an indicator of primary productivity. For a set of exclusively sub-Saharan migrants (table S5) we considered the effect of

[4,5] [Normalized Difference Vegetaton Index]. NDVI measures vegetation greenness, and is a proxy for photosynthesizing biomass [6] and

variable from the African wintering ranges during winter (table 1). Variables were calculated from either temperature [1] [CRU TS 3.0] or NDVI

We included weather and vegetation variables from the European breeding areas during winter, spring and summer as well as a vegetation
linking time scales with traits

〉

⟩

〈

Literature used to identify population migratory strategies and wintering ranges [10–26].

Supplementary appendix – appendix A

where ( ) delimit the environmental variables interacting with a trait variable.

〈

⟨

equation (fixed effect structure of full model 1).
〉

interaction with cereal yield. In the three sets, interactions with thermal coordinate and farmland specialization were the same as in the below
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Climate

Climate

Climate

[28]

[29]

[30]

[31]

France

Europe

Continental,
Regional

France

Country

Country

Country

Climate
Land Use
UK

Netherlands,
Europe

Country,
Regional

[27]

Climate

Study

Geographical
extent

Geographical
unit

Environmental
drivers

77

32

1 &13 / 1 &
13

24 /
24, 1

77

49

Species
Number

13 / 13

33 / 12, 33

17 & 21 / -

Time span /
Time unit

Passeriformes
(Terrestrial)

Aves
(Forest)

Species,
Multispecies
Index

-

Habitat
Region

Migration
Nest
Diet
Body mass

Habitat
Latitude

Hunting
Migration
Body mass
Productivity

Habitat
W.Area

Diet
Foraging
Nest
Migration
(Mainly)
Passeriformes
(forest)

Aves (Terrestrial)

Habitat

Migration
Phenology

Traits included

Environmental
traits

Passeriformes
(insectivorous)

Species included

Species

Species

Species

Species

Systematic
unit

which environmental variables were correlated with population abundance or growth rates.

Winter
Tmp

Spring Tmp

-

-

-

Temporal
environmental
variable

23

1

-

-

-

Population environment
correlation

environmental variable: The temporally varying environmental variables included in the study. Population – environment correlation: The time span over

included that relate to use of the environment or vary in space, numbers indicate number of variables considered in each trait category. Temporal

systematic characteristic delimiting species included in the study. Traits included: Traits that were used as explanatory variables. Environmental traits: Traits

number: The number of species included in the study. Systematic unit: The taxonomic level the analysis was conducted at. Species included: The trait and

extent: The spatial extent of the study. Time span / unit: The number of years analyzed / the temporal unit that population change was measured over. Species

climate). Study: Literature reference. Environmental drivers: Global change context. Geographical unit: The spatial resolution of the study. Geographical

growth rates, but few of them (12) use some form of temporally varying environmental variable (five studies related to land use and seven studies related to

All studies are published before 2011 and include more than 10 species. They all draw inference to potential environmental drivers of long-term population

Table S1 Methodological characteristics of 36 recent multispecies studies (from 1998) examining temporal bird population dynamics at a large spatial scale.

Supplementary material - table S1-S7
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Europe

Climate
Land Use

Climate

Land Use

Climate

Land Use

[37]

[38]

[39]

[40]

[41]

Country (1)

Country (1)

Country (1)

Country

Country

Country

Climate
Land Use

[35]

Climate
Land Use

W Europe

Lat-belt, Country
(3)

Climate

[3]

[36]

Europe

Continental

Climate
Land Use

[34]

Czech Rep.

Czech Rep.

Czech Rep.

England

Europe

France

Netherlands

Europe

Continental

Disturbance

Nordic Countries

[33]

Country (3)

Land Use

[32]

22 / 22, 12, 9

25 / 25

19

103

62

59

40 /
10, 40

24 / 24

110

71

170

62

96

56

29

16 / 16

17 / 17

16 / 16

20 / 20

20, 10 /
20, 10

15 / 15

18 / 18

Species

Species

Species

Species

Species

Species

Species

Species

Species

Species

Species

-

Aves
(Terrestrial)

Aves
(Terrestrial)

Aves

Aves

-

Migration

Max Tmp
Habitat
Winter
Latitude

Migration
Nest
Pop Size
Dispersal
Body Mass
Brain Mass

PCA (Ag Intensity

-

Habitat
Latitude
Farmland

-

Habitat 4

-

-

Habitat
Max Tmp
Range size
Aves
(Terrestrial)

Productivity
Migration

-

-

e.g.
Productivity
Dispersal
Hunting
Migration
Diet

25 traits

-

Tmp Niche
Habitat
Latitude

Body mass
Migration

-

Habitat
Latitude
Max Tmp

e.g.
Body mass
Migration
Hunting
Brain mass
Phenology change
Productivity

-

Habitat
Latitude

Flight distance
Body mass
Migration
Hunting
Brain mass

-

-

Migration

Habitat 2
Climate 5
Latitude 2

Aves
(Terrestrial)

Aves
(Terrestrial)

Aves
(Terrestrial)

Aves (Terrestrial)

Aves (Terrestrial)

Passeriformes

22

-

-

-

-

-

-

-

-

-

-
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Land Use

Not specified

Land Use

Climate

[8]

[51]

[7]

[47]

[50]

Climate

[46]

Land Use

Land Use

[45]

[49]

Climate

[44]

Land Use

Land Use

[43]

[48]

Country (1)

Climate
Land Use

Continental

Country (X)

Country

Country

Country

Country

Country

Country

Continental (2)

Country (30)

Country (1)

Land Use

[42]

Europe

Europe

Denmark

Denmark

United Kingdom

United Kingdom

United Kingdom

Sweden

Europe,
N America

Europe

Czech Rep.

Czech Rep.

58

60

21, 11 / 21,
11

62

30 / 30, 20,
10
11 /

19

40

29

42

21

134 (194
subsp.)

52

68

47

29 / 1

28 / 28

34 / 1

25 / 25

26 / 26, 13, 1

10 & 26/
10 & 26

20 / 20

26 / 26

22 / 22 & 1

&1

Species

Multispecies

Species

Migration

Diet

Aves
(Terrestrial)
Passeriformes

Diet
Migration
Passeriformes

W Habitat

Habitat
Ag Intensity 4

-

-

-

Br. Habitat
W. Habitat
W. Area

-

-

-

2

Ag Intensity
26,
PCA
-

Aves
(Terrestrial)

Multispecies
(PCA)

-

Aves
CBC-species

Species

29

25

26 (abundance)

10 & 26

-

-

22

-

-

Productivity
Body Mass
Brain Mass
Brain 4
Migration
Diet

Ag Intensity 31,
PCA

Climate Envelope

Ag Intensity 21,
PCA

Br. Tmp,.
W. Tmp,
W Tmp – Br. Tmp

Ag Intensity 7

-

Forest cover

28)

-

Habitat

Habitat
Latitude

Body Mass
Migration
-

Aves
Aves
(Terrestrial)

Multisppecies
(PCA)

Species

Habitat

-

Habitat
Longitude
Latitude

Body Mass
Diet
Migration
Phenology

Aves (Terrestrial),
excl. Falconiiformes

Aves
(Terrestrial)

Ag Intensity 7
Latitude

-

Passeriformes

Species,
Multispecies
(PCA)

CV-abundance
Habitat 2

Migration
Diet
Nest
Life History 8

Aves (Terrestrial)

Habitat specialist

Migration

Aves
(Forest)

Subspecies,
Species

Species

Species

Species

specialist

(Farmland)
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Country (1/2)

State

Climate
Land Use

Climate
Land Use

Disease

Climate

[53]

[54]

[55]

[56]
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State, province

10x10 km

Climate

Land Use

Land Use
Climate

[57]

[58]

[59]

Continental
distribution

Ecoregions

State

State (4), Country
(4)

Land Use

[52]

Spain

USA, Canada

E and W US

Central US

USA

Bodensee

Ireland, UK

USA, Europe

9/9

15,31 / 15,1

17 / 1

26 / 1

20 / 10, 20

13 / 1

20, 25 / 20,
25

43

39

20

159

28

15 - 35

Passeriformes

Migration, Range
size

Migration

Passeriformes
(Aeriral
insectivores)

Species,
Population

Species

Migration

Migration,
Synanthropic

Aves (terrestrial)

Aves
(Terrestrial)

Species,
Population

Disease
susceptibility

Migration

Migration

Species,
population

Passerines,
Woodpeckers,
Doves

Aves

Passeriformes

Passeriformes

Species

Species

Species

Species

Migration
Brain Mass
Productivity
Body Mass
Reproduction 4

Pop Density
Habitat
June Tmp
Spring
Precipitation

Wintering area

Habitat
Latitude

Habitat

Habitat

-

Stormy days

NDVI,
Precipitaiton

ENSO, NAO

-

Winter Prec
Win Tmp
Spring Clim
Ag Intensity

-

-

31

17

26

-

-

-
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Species
Acrocephalus palustris
Alauda arvensis
Anthus pratensis
Anthus trivialis
Carduelis cannabina
Carduelis carduelis
Carduelis chloris
Carduelis flammea
Certhia brachydactyla
Columba oenas
Columba palumbus
Corvus corone
Corvus frugilegus
Corvus monedula
Dendrocopos major
Dendrocopos minor
Emberiza citrinella
Erithacus rubecula
Fringilla coelebs
Hippolais icterina
Hirundo rustica
Lullula arborea
Luscinia megarhynchos

Number of Body
FarmC
populations length
13
12.5
0
19
18
1
16
14
1
16
15
0
16
13.5
1
15
12
1
19
14.5
0
9
13.5
0
10
12.5
0
13
33
0
20
41
0
19
47
1
12
46
1
16
33
0
18
23
0
10
15
0
17
16.5
1
19
14
0
19
15
0
12
13.5
0
19
19
1
8
15
0
12
16
0

TC
min
13.2
10.9
10.9
10.9
13.2
13.2
11.0
10.9
13.2
14.4
11.1
10.9
14.3
14.3
11.3
12.8
10.9
11.0
10.9
11.3
10.9
15.2
13.2

TC
mean
16.3
16.1
15.6
16.0
16.7
16.7
16.2
14.7
17.3
16.4
16.2
16.1
16.4
16.4
16.2
16.5
15.9
16.1
16.1
15.9
16.1
17.5
17.4

TC
max
20.2
21.7
18.5
20.2
21.7
21.7
21.7
17.1
21.7
21.9
21.7
21.7
18.2
21.7
21.6
18.6
20.2
21.7
21.7
17.3
21.7
21.7
21.8
I
I
I
I
H
H
H
O
I
H
H
O
I
O
I
I
I
I
O
I
I
I
I

I
H
O
I
H
H
H
H
I
H
H
O
O
O
H
I
O
O
H
I
I
H
I

DietB DietW

Wallonia and Brussels. Therefore the number of populations (max 20) can exceed the number of countries (18).

100
0
0
100
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
100
100
0
100

%L

0
100
100
0
94
100
95
100
0
100
75
21
42
75
0
0
41
89
84
0
0
88
0

%S

0
0
0
0
6
0
5
0
100
0
25
79
58
25
100
100
59
11
16
0
0
13
0

%R

migrants (L), short-distance migrants (S) and permanent residents (R). Note that Germany is split into East and West, and Belgium into the regions

Omnivore or mixed diet), DietW: Non-breeding diet (same abbreviations as for DietB). % L, S, R: Percentage of populations that are, long-distance

(°C); TC mean: Mean country level TC (°C); TC max: Maximum TC at the country level (°C). DietB: Breeding diet (H – Herbivore, I – Invertebrates, O –

Body length in centimeters. FarmC: Farmland specialist (0 – not specialist, 1 – specialist). TC min: Minimum thermal coordinate (TC) at the country level

Table S2 Information regarding the 51 species included in the study. Number of populations: The number of regional time-series analysed. Body length:
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Motacilla alba
Motacilla flava
Oenanthe oenanthe
Oriolus oriolus
Parus caeruleus
Parus major
Passer domesticus
Passer montanus
Phoenicurus phoenicurus
Phylloscopus collybita
Phylloscopus trochilus
Pica pica
Picus viridis
Prunella modularis
Pyrrhula pyrrhula
Saxicola rubetra
Sitta europaea
Streptopelia decaocto
Streptopelia turtur
Sturnus vulgaris
Sylvia atricapilla
Sylvia borin
Sylvia communis
Sylvia curruca
Turdus merula
Turdus philomelos
Turdus pilaris
Turdus viscivorus

17
13
13
14
19
18
18
15
16
17
18
20
14
18
16
17
17
15
13
18
20
18
17
16
19
19
12
15

13
17
15
24
11.5
14
14.5
14
14
11
11
46
32
14
15
12.5
14
32
27
21
14
14
14
13.5
25
23
26
27

1
1
1
0
0
0
0
1
0
0
0
0
0
0
0
1
0
0
1
0
0
0
1
1
0
0
1
0

10.9
12.8
12.8
13.2
11.4
10.9
10.9
13.2
10.9
11.0
10.9
10.9
13.2
10.9
10.9
11.0
12.2
13.2
15.4
10.9
11.1
10.9
11.4
11.6
11.0
10.9
10.9
13.1

16.0
16.4
15.7
17.1
16.2
16.1
16.2
16.7
15.9
16.0
15.9
16.1
16.8
15.9
15.9
15.9
16.5
16.6
17.2
16.1
16.2
16.0
16.3
16.0
16.2
16.1
15.6
16.2

21.7
21.7
21.7
21.7
21.7
21.7
21.7
21.8
21.6
20.2
20.2
21.7
21.7
21.0
19.5
20.2
21.6
20.9
21.7
20.2
21.7
21.3
21.5
20.2
21.7
21.5
17.3
21.8

I
I
I
I
I
I
O
O
I
I
I
O
I
I
H
I
I
H
H
I
I
I
I
I
I
I
I
I

I
I
I
H
O
O
H
H
I
I
I
O
I
I
H
I
H
H
H
O
H
H
H
I
O
O
O
O

0
100
100
100
0
0
0
0
100
41
100
0
0
0
0
100
0
0
100
0
0
100
100
100
0
0
0
0

100
0
0
0
5
0
0
0
0
59
0
0
0
83
19
0
0
0
0
83
100
0
0
0
79
84
92
67

0
0
0
0
95
100
100
100
0
0
0
100
100
17
81
0
100
100
0
17
0
0
0
0
21
16
8
33

chapter III

125
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Table S3 Countries and regions with growth-rate data included in this study. Start year is the first year of
survey data included in this study and End year the last. Length is number of annual growth rates included
for a survey. Note that Germany has separate time series for East and West, and Belgium for the regions
Wallonia and Brussels. Therefore the number of populations for each species can exceed the number of
countries (18).
Country
Austria

Start year End year Length
1998

2008

10

Brussels

1992

2008

16

Wallonia

1990

2008

18

Czech Republic

1990

2008

18

Denmark

1990

2008

18

Estonia

1990

2005

15

Finland

1990

2008

18

France

1990

2008

18

East

1991

2008

17

West

1990

2008

18

Hungary

2000

2008

8

Latvia

1995

2008

13

Netherlands

1990

2008

18

Norway

1995

2008

13

Poland

2000

2008

8

Republic of Ireland

1998

2008

10

Spain

1990

2008

18

Sweden

1990

2008

18

Switzerland

1998

2008

10

United Kingdom

1990

2008

18

Belgium

Germany

126
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Table S4 Trait and environmental variables used in this study listing their definition and the dataset they
were derived from.

Variable type

Abbreviation

Description

Dataset

Change in cereal yield from year
t-1 to year t

FAOStat

PopIndex

Indexed annual population
abundance (Nt)

PECBMS

Environment

SprProd

Annual spring (Mar-May) NDVI
anomaly in year t

AVHRR [4,5]

Environment

SumTmp

Annual summer (Jun-Aug)
temperature anomaly in year t

CRU TS3.0 [1]

Environment

WinProd

Annual winter (Dec-Feb) NDVI
anomaly in year t

AVHRR [4,5]

Environment

WinTmp

Annual winter (Dec-Feb)
temperature anomaly in year t

CRU TS3.0 [1]

Environment

Yield

Average cereal yield from 1990 to
2007

FAOStat

Trait

DietB

Species breeding diet; Insectivore
(I), Herbivore (H), Omnivore (O).

[13,31,35,60,61]

Trait

DietW

Species winter diet; Insectivore
(I), Herbivore (H), Omnivore (O).

[13,31,35,60,61]

Trait

FarmC

Continental farmland specialist,
nominal measure

PECBMS

Trait

logBody

Logarithm of species body length

[60]

Trait

Migration

Population migratory strategy;
Long-distance migrant (L), Shortdistance migrant (S), Resident
population (R)

This study

Trait

Region

Sub-Saharan Wintering Region

This study

Trait

TC

Thermal coordinate. See main
text for calculation.

CRU TS3.0, [1,2]

Trait

WHabitat

Environment

Cereal

Population

Main habitat type in sub-Saharan
wintering range

127
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Table S5 Wintering region and habitat for a subset of Sub-Saharan long-distance migrants where species
distributions models were available from [62]. Winter habitat: main wintering habitat type [based on 7,8].
Region: main wintering region in Africa (number of populations indicated when species has multiple
regions). Number of populations: the number of time-series included in the study. Populations mainly
wintering in polygon 7 of figure S2 were assigned to the Western region, polygon 4 and 6 to Central,
polygon 5 and 6 to Eastern, and polygon 1, 2 and 3 to the Southern region.
Number of

Winter
Habitat

Region

Acrocephalus palustris

Wooded

Southern

13

Anthus trivialis

Wooded

Western

16

Hippolais icterina

Wooded

Central

12

Hirundo rustica

All

Southern

18

Motacilla flava

Dry open

Western

13

Oenanthe oenanthe

Dry open

Western

13

Oriolus oriolus

Wooded

Southern

14

Phoenicurus
phoenicurus

Wooded

Western

16

Phylloscopus trochilus

Wooded

11 Western,
6 Central

17

Saxicola rubetra

Dry open

Western

16

Sylvia borin

Wooded

15 Central,
3 Western

18

Sylvia communis

Dry open

10 Western,
7 Central

17

Sylvia curruca

Wooded

Eastern

16

Species

Populations
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Table S6 Properties of key long-term growth rate models. Properties are shown for the following models:
Best - the model with the lowest AICc, Consensus - consensus model(s), Abundance – a model including
only PopIndex as fixed effect, Null – a model including only an intercept as fixed effect. Where models
are identical only the bottom row contains information while the upper rows contains a dash (“-“). The
leftmost column (Strategy) indicates which migratory strategies models were run for. The second most left
column indicates model weights (non- or growth rate standard errors) as well as random effects (nested
taxonomic levels or species). Model properties are: the ∆AICc-scores, the AICc weights (AICc w), the
Penalized Weighted Residual Sums of Squares reduction (% PWRSS reduction) with respect to Null, the
number of model parameters (K), the Kappa condition number of the model (Kappa) and the fixed effect
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model terms (see table 1). Variables as defined in table S4.

Weighting
Random
effects

Model

∆AICc

AICc w

% PWRSS
reduction

K

Kappa

Best

-

-

-

-

-

Model terms

Consensus 0.00

1.00

Null

36.76

0.00

Best

-

-

Consensus 0.00

1.00

Null

0.00

36.41

2.32

2.38

20

13.71

6

1.00

-

-

16

11.77

4

1.00

Migration*Yield +
FarmC*Migration +
FarmC*DietB + TC +
logBody

Migration*Yield +
FarmC*DietB + TC +
logBody

Taxonomy

Non-weighted

Species

all

Species

Taxonomy

Weighted

0.00

0.53

1.98

20

13.71

Migration*Yield +
FarmC*Migration +
FarmC*DietB + TC +
logBody

Consensus 0.27

0.47

2.01

18

11.77

Best - FarmC*Migration

Null

33.93

0.00

6

1.00

Best

-

-

-

-

-

Consensus 0.00

1.00

2.02

16

11.77

Null

0.00

4

1.00

Best

34.03
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Table S7 Properties of annual population growth rate models for a set of Sub-Saharan long-distance
migrants. Properties are shown for the following models: Best - the model with the lowest AICc from the
selection procedure, Consensus – the consensus model from the model selection, Abundance – a model
including only population index in year t (PopIndex) as fixed effect, Null – a model including only an
intercept as fixed effect. Model properties are the ∆AICc scores (∆AICc), the AICc weights (AICc w), the
Penalized Weighted Residual Sums of Squares reduction (% PWRSS reduction) with respect to Null, the
number of model parameters (K), a kappa statistic (Kappa) indicating the level of model collinearity

Sub-Saharan

Strategy

(values below 10 represent low collinearity), and the fixed effect model terms (see table 1).

% PWRSS
reduction

Model

∆AICc

AICc w

Best

0.00

0.81

22.11

17

9.05

PopIndex + SumTmp + WinTmp
+ WinProd*Region

Consensus

2.99

0.18

21.94

16

9.07

Best – WinTmp

Abundance

9.56

0.01

21.21

8

1.00

PopIndex

540.87

0.00

7

1.00

Null

130

K

Kappa Model terms

chapter III

Supplementary material - figure S1-S8
Figure S1 The framework applied in this study uses trait-environment interactions to evaluate proposed
explanations for long-term population growth rates that involve environmental change. Effects of traitenvironment interactions are compared with expected effects pertaining to a suggested explanation. The
figure illustrates this framework with regard to long-term change across a species thermal niche. If we
assume that a species with a European distribution (a) is not fully adapted to local climate (colors in (a)
reflect mean temperature), but to some extent adapted towards the mean climate conditions of the range
(b), then annual population growth rate regressed on temperature should vary systematically (c). In this
case populations in colder parts of the distribution will benefit from warming. These and similar
predictions can be used to evaluate suspected drivers of long-term population growth rates (d) in datasets
that span a significant part of a species distribution.

(d)

(b)

Thermal Niche

io
at
id
al

(a)

on

V

ati
ect
Exp

Long-term Mean Temperature

n

Long-term Trend

(c)

Growth Rate – Temperature
Reaction Norm

131

linking time scales with traits

Figure S2 A map of the areas that wintering ranges were designated to (numbers) with the
terrestrial biomes as underlying layer. Dotted blue lines indicate the outline of countries
analyzed in the study.
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Figure S3 Support for including traits and long-term cereal yield in a consensus model that explain
long-term population 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. Variables as defined
in table S4.
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Figure S4 Support for including environmental variables and trait-environment interactions in
a consensus model that explain annual population growth-rates of a) all 51 bird species, b)
long-distance migrants, c) permanent residents and, d) short-distance migrants. Model terms
with corrected occurrence exceeding 0.1 were included in the consensus model. Models
include nested taxonomic variables and country as random effects, and inverse growth rate
standard errors as weights (see methods for details). Colons indicate interacting variables.
Variables as defined in table S4.
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Figure S5 Annual growth rates of 51 common European breeding birds explained by traitenvironment interactions. The full consensus model including all interactions is shown
(compare to simplified model, figure 2). All variables are parameterized at 1 SD and error
bars are ± 95 % confidence intervals. Variables as defined in table S4. Single letters indicate
levels for grouping variables: L – long-distance migrants, R – permanent residents, S – shortdistance migrants, H – winter herbivore, I – winter invertebrate consuming, O –mixed winter
diet.
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Figure S6 Support for including environmental variables and trait-environment interactions in
a consensus model that explain annual population growth-rates of Sub-Saharan long-distance
migrants. Model selection was performed including African winter productivity (WinProd) in
interaction with (a) wintering habitat and (b) wintering region. Model terms with corrected
occurrence exceeding 0.1 were included in the consensus model (see methods for details).
Trait variables as defined in table S4. Colons indicate interacting variables.
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Figure S7 Annual growth rates of Sub-Saharan long-distance explained by trait-environment
interactions. All variables are parameterized at 1 SD and error bars are ± 95 % confidence
intervals. Variables as defined in table S4. Effects specific for Sub-Saharan wintering regions
are indicated by: Central – central Africa, Eastern – eastern Africa, Southern – southern
Africa, Western – western Africa.
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Figure S8 Negative demographic density dependence in common European breeding birds. Simple linear
regression of annual growth rate from year t to t+1 versus population index in year t is shown for
populations of each migratory strategy. Variables have been standardized to Mean = 0, SD = 1. Grey
points are raw data. Orange – long-distance migrants, blue – short-distance migrants, green – permanent
residents. Thinner lines indicate ± 95 % confidence intervals.
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Abstract
Despite recent re-greening of vegetation across many parts of the Tropics, European and
North American long-distance migrants are still in decline on most of the African and much
of the Latin American wintering grounds. Analysis of nearly 800 time series across 92
species show that only migrants wintering closest to the breeding areas have recovered from
past declines along with rising resource levels. Spatio-temporal regression models indicate
regulating effects of tropical resource levels on population dynamics in all wintering areas.
The strongest regulating responses are seen through direct effects on population size in
migrants wintering in highly seasonal regions. In contrast, lagged responses are mainly seen
in wetter more stable regions. Thus, the long-term population recovery in species migrating
further south may be prevented by factors related to more complex migration patterns, land
use change and biotic interactions. Continuing declines despite improved conditions are of
imminent concern taking into account the risk of tropical climate cycles returning to a dry
phase.
Short title: Declines in migrants despite re-greening
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Introduction
Migratory species are of concern during periods of global climate change (1). Due to their
repeated movements between multiple locations, migrants are likely to experience
deteriorating conditions during part of their life-cycle. Such deterioration may occur either in
the breeding area (2), the non-breeding area (3), while moving between them (4), or due to
the combined change in two or more of these areas (5). In the second half of the 20th century,
breeding populations of long-distance migratory songbirds were observed to be in widespread
decline (1) across much of Europe (3, 6–11) and North America (12–15). For some migrants,
this decline has continued or even intensified in the 21st Century, with declines in continentwide breeding populations up to more than fifty percent since 1980 (11, 13). A variety of
factors have been implicated in these declines, including land use (15, 16) and climate change
(17). Among these potential factors evaluating the role of environmental change in the
Tropics poses a particular challenge (11).
Over the past decades, much of the African and Latin American non-breeding areas have
experienced increased precipitation (18) and a resulting increase in remotely sensed
vegetation greenness (19–21). As indicators of food resource levels, it is expected that
migrants should benefit from such increases (1, 2, 22, 23) and possibly recover from declines
in the 20th century. Such a recovery is particularly expected under the resource (22, 23) or tub
hypothesis (24) first formulated by David Lack, where resources in the non-breeding area is
the main limiting factor for migrant populations. In the past decades, studies of locally or
regionally well-studied species have continued to advance our understanding climate change
impacts in (sub-)tropical non-breeding areas (3, 25–31). However, no studies have attempted
to link the regulatory role of non-breeding conditions at the short and long-term time scale
across multiple species and migration systems.
Here we provide a spatially explicit test of the resource hypothesis in the context of recent
tropical climate change, taking advantage of the European (32, 33) and North American (13)
breeding bird surveys in combination with potential non-breeding ranges (34–36). In our two
step approach we first evaluate the influence of seasonal conditions on annual-scale
population dynamics, identifying periods where changes in resource levels appear to have the
strongest consequences. We then use these critical periods to evaluate whether the signal
from the annual scale explains observed long-term changes in continental-scale migrant
populations.

Methods
Expected resource effects on migrant population dynamics
We predict that the resource hypothesis should be most evident in the most seasonal regions
where migrants are the least protected against unexpected environmental change. Migrants
enter a tropical community of the non-breeding where many food resource niches are likely
already to be partially filled by resident species. Increased resource levels should therefore
lead to increased survival and improved physical condition among migrants (22, 23, 37) since
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resources can maintain a larger population. This expectation is comparable to the expected
positive effect of increased resources levels in the breeding range on migrant reproduction
and species richness (38, 39). In highly seasonal non-breeding areas resource availability in a
given year depends on the phase and location of large oceanic and atmospheric circulation
systems (40). We expect the effect of changing resource levels to be most visible in these
areas because resources change from being abundant to scarce within and between years. We
use running three month averages of precipitation and remotely-sensed vegetation greenness
as two indices of resource levels. We expect vegetation greenness to have a positive influence
on migrant population size, especially during times of the year when greenness is low or
declining. We expect precipitation during the rainy season to enhance population size through
effects on vegetation greenness and food resources (3). In regions with less pronounced dry
and wet seasons, precipitation responses should vary more idiosyncratically depending on the
specific life history of each species.

Study approach
We employed a spatio-temporal grid-cell based regression approach. This spatially explicit
framework allows accounting for important but currently unquantified intraspecific variation
and varying interspecific confidence in potential non-breeding ranges. To analyze the effect
of resource levels on annual-scale population dynamics we fit resource models grid-cell by
grid-cell as autoregressive population time series models with monthly resource variables as
covariates. Model selection and a spatial filter are applied on the grid-cell level to identify
spatio-temporal patterns in resource responses. A resource model is selected when it
outperforms reference models containing no resource variables and when at least one of the
neighboring grid cells shows a resource response (Fig. S1). The evidence for a resource effect
is then summarized within regions of similar species composition and bioclimatic seasonality.
Based on this summary we identify months with the strongest resource response. Finally, we
use the identified months to test the strong version of the resource hypothesis, which predicts
that abundance over the long-term is limited by resource in the non-breeding area. To test this
hypothesis we look at the correlation between five-year running mean population size and
resource levels.

Population time series
We analyzed 770 time-series of 28 Afro- (table S1) and 64 Neo-Tropical migrants (table S2)
that all weigh less than 200 grams and breed and forage in terrestrial habitats with a diet
based wholly or partially on arthropods. Time series derive from the continental breeding bird
surveys of North America (13) and Europe (32, 33) (table S1-S2). These time series are
aggregated from a large number of annual counts to produce indices of population abundance
within administrative or conservation regions (13, 33) while accounting for missing
observations and observer bias (41, 42). We excluded time series from North America that
were not assigned the highest data quality score by the Patuxent Wildlife Research Center
and time-series from Europe shorter than 10 years (table S3). Time series were analyzed
individually for the period 1980-2010 or the longest period available within this interval.
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Environmental data
The environmental time series derive from two sources. For vegetation greenness
(Normalized Difference Vegetation Index - NDVI) we used the 30 year GIMMS time series
extending from 1981 to 2011 (43, 44). For precipitation we used the interpolated product of
the Climatic Research Unit (CRU ts 3.1) (45). All environmental layers were aggregated and
analyzed at 0.5 degree resolution.

Species' non-breeding ranges
Potential species' non-breeding ranges were used to define the geographical extent of the
analysis individually for each species (36). In the Afrotropics the dataset was partially based
on a published database of species records and checked against a published dataset of
potential species' ranges (34). We limited the extent of non-breeding ranges in Afro-tropical
migrants by discarding areas that are mainly used by breeding populations in other parts of
Eurasia (Jørgensen et al. unpublished) (table S1).

Autoregressive time series models
We used model comparison to investigate the importance of resource variables within gridcells. A second-order autoregressive moving average model (arima) was fitted with logpopulation abundance in year t (Xt) as the response variable and year and the resource
variable in year t-1 or t as covariates (hereafter the resource model). The model including
resource variables in year t-1 estimates the lagged effect of resources acting through effects
on reproduction or survival (lagged resource model) [equation 1]. In contrast, the model
including resource variables in year t estimates the effect of resources through direct effects
on survival (direct resource model) [equation 2]. To assess performance of the resource
models, Akaike’s Information Criterion corrected for small sample size (AICc) was
compared to a model without resource variables (the reference model) [equation 3]. A spatial
filter was applied to reduce the type I error rate during resource model selection. The filter
removes initially selected resource models if the resource model in at least one of the eight
neighboring grid cells did not outperform the reference model (Fig. S1).
Lagged resource model:

[1]

Direct resource model:

[2]

Reference model:

[3]

Bioclimatic summary regions
Resource effects were summarized within spatially coherent regions of similar environmental
seasonality (Fig. S2-S3, table S4). These regions were produced through a hierarchical
clustering of quarterly anomalies in vegetation greenness, precipitation, and temperature
(Euclidian distance and Ward algorithm). In Latin America, environmental variables
produced spatially less cohesive regions unsuitable for summarizing effects, so in this case
we use regions of similar species composition as a surrogate (Fig. S3). Regions of similar
species composition were identified based on the binary distance between two grid cells. In
Latin America, we only analyze regions north of the Amazon Basin due to the larger
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Table 1 Bioclimatic description of African and Latin American non-breeding regions and the
critical response periods of migrants. Regions are characterized according to peak NDVI
duration (the number of months that fall within 10% of the regional maximum NDVI) and the
3rd driest month (cm). The critical response period is identified with numerals referring to
months of the calendar year and according to direct (D) and lagged (L) responses.

Continent

Africa

Non-breeding
Region
Sudano-Sahelian
(A.SS)
Guinean (A.Gu)
Wet tropical (A.We)
Equatorial (A.Eq)
Miomboan (A.Mi)

Southern (A.So)
Latin
America

Caribbean (L.Ca)
Montane
Mexican
(L.MM)
Mesoamerican (L.Me)
Isthmus (L.Is)
Colombian (L.Co)

Critical
NDVI
period
L:D:8-1
L:9-10
D:11-1,5
L:2-6
D:12
L:5-6
D:L:9-10,35
D:L:4-6
D:4-6
L:3-6
D:3-4
L:7-9,3-5
D:L:2-5
D:7,10
L:7-10,3
D:L:10-3
D:-
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Peak NDVI
duration
[months]
2

Precipitation
3rd driest
month [cm]
0.38

5

3.4

5

12.0

7

6.0

7

3.1

4

0.72

5

1.5

7

7.0

8

5.3

6

12.0

9

11.0
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uncertainty of species' non-breeding ranges and the few migrants that winter southward
thereof.

Statistical analysis
We applied a number of statistical approaches to estimate resource effects in summary
regions. At the time-series scale, we applied a logistic regression on the number of grid cells
with a positive versus a negative resource response. Across time series, we additionally
applied mixed effect logistic regression models using species and breeding area as random
effects. In the mixed effect logistic regressions, we considered both the resource response of
individual grid cells as well as time series as response variable. Using summed ranks on pvalues we could assess which months displayed a consistent signal across these methods
(results reported in table S6-S8). The period of critical resource response (critical period) is
identified as the fourth quartile of positive monthly responses.

Long-term trends in resources and populations
We used the five year running mean of resource levels to investigate whether annual resource
responses in the critical period carried over to explain long-term trends in the migrant
communities. Resource levels were compared to the running five year mean migrant
abundance in time series with at least 25 years of data. After z-scoring population time series
(mean = 0, standard deviation = 1) we calculated the annual mean species abundance which
was used as response variable. We explored the sensitivity of his analysis to inclusion or
exclusion of European farmland specialists for which long-term declines have been
specifically linked to agricultural intensification in Europe (11, 46).

Results
Annual-scale dynamics
Resource responses confirmed patterns predicted by the resource hypothesis both within and
amongst non-breeding regions (Fig. 1, figs. S4-S5). Mean vegetation responses were
strongest in regions with a shorter peak in vegetation greenness (Fig. 1a, fig. S4, anova P <
0.05, Mann-Whitney (MW) P < 0.01). The probability of observing a positive resource
response varied between 0.61 in the most seasonal region (Sudano-Sahelian) and 0.25 in the
region with the strongest negative response (Miomboan) (Fig. 1a). Precipitation responses
were more variable than vegetation responses (fig. S5). Thus, in four of the driest regions,
mean responses were positive (P < 0.05 A.So, A.Mi, A.SS, L.MM, mean = 0.68), while
positive and negative responses were equally likely in the remaining regions (P > 0.05,
mean=0.50).
The contribution of direct and lagged responses to the mean resource response varied with the
seasonality of non-breeding regions (Fig. 2b). Direct vegetation responses were strongest in
regions with shorter growing seasons (anova P < 0.001, MW P < 0.01, least seasonal group:
lagged = 0.71, direct = 0.59, most seasonal group: lagged = 0.70, direct = 0.73) and lagged
responses increased linearly with growing season length (linear slope = 0.03, P < 0.01, R2 =
0.71). In accordance with vegetation responses, lagged precipitation responses increased

154

mean resource response (logit)
−0.4
0.0
0.4

chapter IV

a

●
●
●
●

●

●
●
●

●

1.0

b
●
●

0.0

●
●
●

●

●
●

●

●

−1.0

lagged − unlagged
resource response (logit)

2
4
6
8
peak NDVI duration (months)

long−term growth rate
−0.04
0.00
0.04

2
4
6
8
peak NDVI duration (months)

●
●
●

●
● ●

●
●

20
abundance resource correlation
−1.0
0.0
1.0

c

●

●●

●

10 0 −10
latitude

d

●
●

●
●

20

●●

●

●

10
0 −10
latitude

Figure 1 Annual and long-term population dynamics of species migrating to Africa (blue) and Latin
America (black). The probability of observing a resource response is larger in highly seasonal regions (a).
Migrants in seasonal regions are to a larger extent regulated by direct responses, whereas lagged responses
are dominant in non-seasonal regions (b). Long-term population growth rates decline with latitude of the
wintering region from north to south (c). Long-term abundance and resource levels are positively correlated in regions furthest to the north (d).
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Figure 2 Thirty year development in migrant abundance (left) and resource levels in the critical
period (right). Resource levels have increased in all regions, but in the same period only migrants
wintering in regions furthest north have increased. Plots show the five year running mean of variables. Green (red) ribbons indicate a positive (negative) correlation between abundance and
resources. The most explanatory resource variable is shown. pre – precipitation (mm), NDVI index
varies from 0 to 10000. Abundance is scaled to mean zero and standard deviation one.
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linearly with precipitation in the third direst month, a measure of the severity of the dry
season (P = 0.004, R2 = 0.66, slope = 0.002). Direct precipitation responses were more
positive in the most seasonal than in the least seasonal regions (P < 0.05, mean most seasonal
= 0.54, mean least seasonal = 0.43).
Within non-breeding regions, positive vegetation responses were shifted towards periods of
declining or minimum resource levels (fig. S4). In the two most seasonal regions of Africa
(A.So, A.SS), positive vegetation responses were stronger in the declining phase of the
growing season compared to the increasing phase (fig. S4, P < 0.001, mean diff. = 0.30,
A.So, A.SS). Vegetation responses were comparatively stronger during the boreal winter
(Nov-Jan) in the two most northern regions (A.SS, A.Gu, P < 0.05, mean diff. = 0.04), and
stronger in boreal spring (March-May) in regions further south (A.We, A.Mi, A.So, P < 0.05,
mean diff. = 0.10). In the most seasonal regions of Latin America, vegetation responses were
more positive in the six months with lowest resource levels than during the six months with
highest resource levels (P < 0.05, L.MM P = 0.12, mean diff.= 0.07). In the four most
seasonal regions of Africa, precipitation responses were stronger in the rainy season than in
the months outside the rainy season (P < 0.001, mean high = 0.64, mean low =0.54, not
significant for A.Mi). Strength of responses did not vary between months with high and low
precipitation in regions with less pronounced dry seasons (P > 0.05).

Long-term change
Mean thirty-year population growth rates declined from north to south (Fig. 1c). In Africa,
only non-farmland specialists in the Sudano-Sahelian region increased (P < 0.001, mean =
3%). All other regions exhibited declines (grand mean= -3.3%, min=-1.2%, max=-4.6%),
with the strongest declines taking place in the Wet tropical and Miomboan regions. In Latin
America, migrants in the three most northern regions have increased by an average of 2.7%
per year (P < 0.001, min=1.6%, median=2.5%, max=4.2%), while migrants in the Isthmus
and Colombian regions have declined with 0.8 % and 0.2%, respectively.
The thirty-year correlation between mean resource levels and migrant abundance exhibits a
north-south shift from positive to negative (Fig. 1d, fig. 2). In Africa, only migrants in the
Sudano-Sahelian zone exhibited a positive correlation, whereas all correlations were negative
in regions further south (Fig. 1d, fig. 2, A.SS r = 0.95, mean negative r = -0.78). In Latin
America, the three most northern wintering regions exhibited positive correlations before a
more gradual shift to negative correlation in the two most equatorial regions (Fig. 1d, fig. 2,
mean positive r = 0.66, mean negative r = -0.69).
Precipitation and vegetation conditions were generally positively correlated during the 30
year period for which migrant responses were examined (figs. S8-S9, median = 0.66, min = 0.25, max = 0.88). In seven of the ten regions, correlations between vegetation and
precipitation were stronger (median = 0.77, median ∆AIC = 10.5) than between vegetation
and temperature (median = 0.42) or NDVI and an aridity index (median = 0.32). Exceptions
included, (1) the Southern region of Africa, where the aridity index best explained vegetation
conditions (fig. S8, r = -0.72, ∆AIC = 11.3), (2) the Colombian region of Latin America,
where temperature performed just as well (fig. S9, r = 0.76, ∆AIC = 0.97), and (3) the West
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tropical region of Africa, where temperature was the best correlate (fig. S8, r = 0.59, ∆AIC =
12.1).
Finally we quantified the correlation between conditions in the non-breeding areas and two
major ocean circulation indices, the El Nino Southern Oscillation and the North Atlantic
Oscillation (ENSO in fig. S10, NAO in fig. S11). ENSO was more strongly correlated with
temperature and precipitation during the Afrotropical rainy season (fig. S10 f-j), while the
NAO (fig. S11 a-e) was most strongly correlated with conditions outside the rainy season and
generally was a weaker correlate. Both the NAO and ENSO were positively correlated with
precipitation in the Caribbean during the boreal winter, and ENSO displayed the strongest
correlations in the Colombian and Isthmus regions (figs. S10-S11).

Discussion
We are able to confirm a number of predictions derived from the resource hypothesis both
between and within non-breeding regions. Our results suggest that in the most northern
regions of Africa and Latin America, annual fluctuations in resource levels have carried over
to explain 30 years of change in abundance of migratory birds. For migrants wintering further
south, annual resource responses give way to a combination of other factors that drive 30year population trends.
The hypothesis that migrants benefit from a buffering against low resource levels in seasonal
environments is supported by the observation that resource responses are strongest in regions
with the shortest seasonal resource peak. Further, within seasonal non-breeding regions, the
most strongly supported responses were found during the declining phase of the growing
season (Africa) and during periods with minimum resource levels (Latin America). On both
continents, this period coincides with a critical refueling phase before spring migration back
to the breeding areas.
A long standing research question concerns whether conditions on the non-breeding grounds
primarily regulate abundance through direct demographic effects, such as mortality, or
whether conditions carry over to influence reproduction and juvenile mortality on the
breeding grounds (37). Our results suggest that the relative strengths of direct and lagged
effects vary predictably, and can be explained by region seasonality. Thus, direct effects
through mortality dominate for migrants in regions with shorter resource peaks, whereas
carry-over effects are stronger in more stable and wet tropical regions. The question of direct
vs. lagged responses is related to the more general discussion of whether breeding areas
(taps) or non-breeding areas (tubs) regulate populations of long-distance migrants through
reproduction and mortality, respectively (24). While we have not attempted to quantify tapvs. tub-effects, our results suggest that the tub-hypothesis is more likely to be in operation in
seasonal regions where direct mortality is the strongest limiting factor. Importantly, the
stronger role for lagged responses in less seasonal regions suggests that non-breeding areas
co-regulate reproduction or post-breeding mortality and illustrate the intimate link between
the tap- and tub-hypothesis.
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We identify two latitudinal clines that decrease from north to south. First, long-term growth
rates exhibit a latitudinal cline, with migrants wintering further south generally displaying
stronger declines. Second, there is a latitudinal shift in the correlation between abundance and
resource levels. In combination, these patterns indicate that the recent re-greening and return
to wet conditions in the most northern regions of Africa and Latin America could well
explain the partial recovery of migrants wintering in those regions. Thus, our results support
the mechanism suggested by Baillie and Peach (3) in their analysis of the decline in common
British long-distance migrants, and further supports the important role of conditions in the
non-breeding areas during boreal winter and spring in regulating species migrating to the
Caribbean, as suggested by many single species studies (25, 27, 28, 37).
The question then remains why migrants wintering further south have continued to decline
since the 1980s, while climatic conditions have remained stable or improved (figs. S8-S9). A
combination of three factors may contribute to the dissociation between population and
bioclimatic trends. Resource responses measured through bioclimatic surrogates are generally
less likely to be suitable predictors of conditions in more climatically stable regions with less
interannual variation in abiotic and vegetation conditions. That leaves a larger role for biotic
interactions between migrants and the resident community of breeding birds in regulating
resource availability. Migrants that winter farther south generally have more complex
migratory strategies, involving a larger number of stopovers, and have adjusted their
phenology less to recent climate change (47). Deteriorating conditions on any of these
stopovers may affect the phenology, and likely the survival and reproduction, of these species
(4, 48). Population dynamics are therefore less likely to track conditions in a single area, and
are more prone to be affected by mismatches between events in non-breeding areas, stopover
sites, and the breeding area (2, 5). Finally, other factors such as conditions on the breeding
ground, land-use change, and pathogens, cannot be ruled out as major drivers of long-term
population trends.
Tropical precipitation often follows multidecadal or quasidecadal cycles of high and low
phases (40, 49). In this light, it is particularly worrying that only a subset of species have
recovered or stabilized during the current high phase and stabilization of precipitation and
vegetation conditions in the tropics. Broad scale taxonomic evidence for the drivers of current
declines should be of high conservation priority to better assess the magnitude of the risk to
migrants of a return to low precipitation conditions.
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Figure S1 A sketch illustrating the spatial filter applied to reduce type I error rates in the
selection of resource models. Grid cells in blue indicate initially selected resource models that
pass the spatial filter because one of the eight neighboring resource models also outperforms
the reference model. Grid cells in orange are rejected by the spatial filter and therefore not
included in the regionally summarized resource response, because none of the models in the
neighboring grid cells pass the model selection criteria.
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Figure S2 African non-breeding regions based on clustering analysis of quarterly bioclimatic
anomalies. Green - Sudano-Sahelian region; pink – Guinean region; purple – Wet tropical
region; blue – Equatorial region; yellow – Miomboan region; brown – Southern region. The
equatorial region was excluded from the subset analysis of species with high range specificity
due to a low.
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Figure S3 Latin American non-breeding regions based on clustering analysis of the
proportion of shared species between grid cells (as a surrogate for bioclimatic similarity).
Green - Caribbean region; pink – Montane Mexico region; purple – Mesoamerican region;
yellow – Isthmus region; brown – Colombian region.
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Figure S4 Annual-scale vegetation responses in non-breeding regions of Africa and Latin
America. Plots are grouped by seasonality of the regions (table 1) with seasonal regions
showed at the top. In the lower panel, positive (negative) logit-transformed responses (+/s.e.) are shown in green (red). Colors and region names refer to the non-breeding regions on
the continental maps. An annotated legend at the top indicates the timing of the first and
second survey in the context of direct and lagged responses. Monthly responses and
vegetation climatologies are shown in chronological order. The width of the climatological
ribbon indicates +/- 3 standard deviations around the 30-year mean.
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Figure S5 Annual precipitaton responses in non-breeding regions of Africa and Latin
America. In the lower panel, positive (negative) logit-transformed responses (+/- s.e.) are
shown in green (red). Colors and region names refer to the non-breeding regions on the
continental maps. An annotated legend at the bottom indicates the timing of the first and
second survey in the context of direct and lagged responses. Monthly responses and
vegetation climatologies are shown in chronological order. The width of the climatological
ribbon indicates +/- 3 standard deviations around the 30-year mean.
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Figure S6 Mean long-term population
growth rates of all species with ranges
overlapping non-breeding regions. Growth
rates decline with latitude of the region
from north to south in Africa (blue) and
Latin America (black). In Africa species
found in the equatorial region have the
lowest growth rates.

Figure S7 Correlation between long-term
abundance and resource levels of the
critical period using all species with a
range overlapping a non-breeding region.
All African regions exhibit negative
correlations whereas the pattern in Latin
America resembles the pattern from the
subset analysis.
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Figure S8 Fifty year development in annual NDVI (green), precipitation (blue), temperature
(red), and an aridity index (purple) in African non-breeding regions. The aridity index is
calculated as the logarithm of annual precipitation divided by summed monthly temperatures.
Plots show five-year average values and smoothed trend lines. Pairwise correlations with the
NDVI index are shown in the upper panel.
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Figure S9 Fifty year development in annual NDVI (green), precipitation (blue), temperature
(red), and an aridity index (purple) in Latin American non-breeding regions. The aridity
index is calculated as the logarithm of annual precipitation divided by summed monthly
temperatures. Plots show five-year average values and smoothed trend lines. Pairwise
correlations with the NDVI index are shown in the upper panel.
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Figure S10 Correlation (Pearson’s r) between El Nino Southern Oscillation (region 3.4) and
quarterly NDVI (green), precipitation (blue) and temperature (red) in non-breeding regions.
Lines indicate levels of 5%, 1% and 0.1% significance.
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Figure S11 Correlation coefficient (Pearson r) between annual North Atlantic Oscillation
principal component index and quarterly NDVI (green), precipitation (blue) and temperature
(red) in non-breeding regions. Lines indicate levels of 5%, 1% and 0.1% significance.
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Table S1 Species from the European breeding bird survey included in the study. The number
of time series (ts) included for species as well as the non-breeding regions with greatest range
overlap (focal regions) and all overlapping regions are listed (all regions) (cf. table 1).
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Table S2 Table showing species from the North American breeding bird survey included in
the study. The number of time series (ts) included for species as well as the non-breeding
regions with greatest range overlap (focal regions) and all overlapping regions (all regions)
(cf. table 1).
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Table S2 cont.
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Table S3 – Number of species (species) and time series (ts) available for the African and
Latin American non-breeding regions. Numbers are shown for species with the largest
regional overlap (focal) and all overlapping species (all).

Table S4 Number of species, first survey year included, and duration of the analyzed survey
period for national European surveys.
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Table S5 Identified critical periods for migrant precipitation responses in African and Latin
American non-breeding regions. The critical period is identified with numerals referring to
months of the calendar year and according to direct (D) and lagged (L) responses.

Continent
Africa

Region
Sudano-Sahelian (A.SS)
Guinean (A.Gu)
Wet tropical (A.We)
Equatorial (A.Eq)
Miomboan (A.Mi)
Southern (A.So)

Latin
America

Caribbean (L.Ca)
Montane
Mexican
(L.MM)
Mesoamerican (L.Me)
Isthmus (L.Is)
Colombian (L.Co)
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Critical period
L:11,6
D:7-10
L:
D:7-10
L:10-11,3-4
D:10-11
L:10,2
D: 7,10,2,4
L:8-10,12
D:3,5
L:11
D:1-5
L:12,2,4
D:9-10,2
L:7,9,11,4
D:4,6
L:7-9,4-5
D:2
L:7-9,11,2,4
D:L:9-1,4
D:-
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Table S6 Statistical support for a quarterly vegetation (NDVI) or precipitation (pre) response
in the Sudano-Sahelian and Guinean regions of Africa. Rank sums (rank sum) of P-values
from three logistic regression test are shown, as well as the Month, Region, climate Variable
the tests were performed for. Logistic regression models either assume independence of timeseries (glm) or incorporates the breeding region and species as random effects (glmer) to
account for non-independence. As response variable, regressions either use the number of
observed positive and negative grid cells (-cells) or the number of positive and negative time
series (-ts) (see methods for further details on the logistic rgressions). Zeroes indicate P
values below 0.001.
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Table S7 Statistical support for a quarterly vegetation (NDVI) or precipitation (pre) response
in African regions south of the Guinean non-breeding region. Rank sums (rank sum) of Pvalues from three logistic regression test are shown, as well as the Month, Region, resource
Variable the tests were performed for. Zeroes indicate P values below 0.001. Confer table S5
for further details.
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Table S8 Statistical support for a quarterly vegetation (NDVI) or precipitation (pre) response
in the Latin American regions. Rank sums (rank sum) of P-values from three logistic
regression test are shown, as well as the Month, Region, resource Variable the tests were
performed for. Zeroes indicate P values below 0.001. Confer table S6 for further details.
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Abstract
Aim: Whether there are general rules governing spatial gradients in population dynamics
remains poorly understood. Any existence of such rules has important implications for our
understanding of factors governing species' ranges and species’ responses to global change.
Here, we test the generality of continental scale gradients in population dynamics, with
respect to variability, stability, biotic interactions, and global change impacts.
Location: European and North American continents.
Methods: We use time series methods to measure variability, stability, interaction strength
and long-term growth rates in 3194 high-credibility time-series from the European and North
American breeding bird surveys. Gradients associated with latitudinal and climatic range
position are investigated in four longitudinal belts using linear mixed effect models.
Results: Regions vary widely in their tendency to exhibit gradients. Gradients are most
common and steepest in the western region of North America, and in Europe, where climate
changes most abruptly in space. When gradients are detected, population stability, variability,
density dependence, and long-term growth rates consistently decrease with population
temperature anomalies. In contrast, measures of variability and density dependence relative to
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population density and density independence, respectively, tend to increase with population
temperature anomalies.
Main conclusions: The presence of continental-scale gradients in population dynamics vary
widely between regions and are most pronounced and more likely to be detected where
climate types change abruptly in space. Our results caution against attempts to reach general
conclusions about gradients in the absence of replication. Further, populations in warm
climates tend to be less stable and are already experiencing the negative impact of global
climate change.
Short title: Continental gradients in population dynamics

Introduction
The study of spatial gradients in ecology is of fundamental importance to understand spatial
and temporal dynamics of biodiversity, and thus urgently needed to improve our
understanding of the impact of global environmental change (Mace et al., 2010). Latitudinal
gradients in species richness (Rohde, 1992; Pianka, 1966) and community dynamics
(Parmesan et al., 2005; Schemske et al., 2009) are some of the most widely studied
ecological phenomena. Time series analysis of population abundance offers a less explored
means of measuring a diverse set of important ecological properties (e.g. (Ives, 1995;
Dornelas, 2013)) over large spatial extents (Post et al., 2009; Fisher et al., 2010).
Time series are a resource for measuring the relative strengths of biotic and abiotic
interactions (Ives, 1995), temporal variability and stability of single species (Royama, 1992),
and multi-species assemblages (Hampton et al., 2013; Ives et al., 2003) as well as species’
responses to global environmental change (F Jiguet et al., 2010; Frédéric Jiguet et al., 2010).
These are all important properties that may be hard to obtain from other types of data. The
opportunity for comparing the relative strengths of intraspecific and interspecific interaction
(Ives et al., 2003), for example, is of high relevance for current efforts to predict climate
induced range shifts (Wisz et al., 2013).
Spatial gradients in population variability, stability and biotic interactions will influence
predictions of responses to environmental change. For example, populations that are already
exhibiting less stable temporal dynamics may be some of the first to suffer from reddened
environmental variation under climate change (Post, 2013). Similarly, populations
experiencing stronger competitive biotic interactions may be more at risk of succumbing
from abiotic environmental change, such as when negative effects of warmer winter and
springs are amplified by altered competitive interactions (Ahola et al., 2007).
Despite the smaller body of biogeographical analysis applied to time series, several spatial
gradients have been detected and predicted (Maurer, 1994). For example, strong gradients
have been reported in population variability (Cuervo & Møller, 2013), long-term population
growth rates (Frédéric Jiguet et al., 2010), density dependence and independence (Saether et
al., 2008; Post, 2005) and population cyclicity (Kendall et al., 1998) with respect to latitude,
range marginality and climate (e.g. (Saether et al., 2008; Cuervo & Møller, 2013; Jiguet &
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Devictor, 2010)). Lemmings and voles, for example, exhibit latitudinal gradients in cyclicity
and population stability (Tkadlec & Stenseth, 2001; Bjørnstad et al., 1995).
Progress in the study of large-scale biogeographical gradients in time series metrics has been
hampered by the scarcity of spatially replicated gradients. In addition, studies have mainly
focused on one or a few properties of population dynamics. For example, variability and
stability have rarely been compared directly with biotic interaction strengths or long-term
growth rates indicative of global change responses. Insights into the causes of spatial
gradients are likely to be improved by a more complete and comparative picture.
Standardized monitoring of common breeding birds offers a rare opportunity to study
replicated continental gradients in population dynamics. Due to the extensive coverage of
standardized breeding bird surveys that often span entire continents, gradients can be
replicated among and within continents.
Here, we use four continent-wide longitudinal regions (Figure 1) to test whether general
gradients exist with respect to population variability, stability, biotic interactions, and the
impact of global change across 314 species of common breeding birds (Table 1). We
investigate the strength, shape of gradients, and whether gradients are caused mainly by
intraspecific variation or due to spatial differences in species composition. We finally
compare our results to generally proposed hypotheses for how biotic interactions, population
regulation, and global change impact should vary with climate and latitude.

Methods and materials
Time series data
We analyzed 3194 quality-controlled, jurisdiction-level time-series comprising 102 European
and 222 North American breeding birds. The time series come from the continental breeding
bird surveys of North America ((Sauer & Link, 2011), www.pwrc.usgs.gov/bbs) and Europe
((Voříšek et al., 2010; Gregory et al., 2005), www.ebcc.info). Time series were aggregated
from a large number of local-scale annual counts to produce indices of larger-scale
population abundance (Gregory et al., 2005; Sauer & Link, 2011) while accounting for
missing observations and observer bias (Kendall et al., 1996; Sauer et al., 1994).
In order to compare functionally similar species, we limited our analysis to 15 foraging type
groups (hereafter guilds) found in both Europe and North America breeding bird surveys
(table S1-S2). We excluded time series from North America that were not assigned the
highest data quality score, and time-series from Europe with less than 20 years of data (table
S3). Time series are analyzed individually for the period 1980-2010 or the longest period
available within this interval. To facilitate gradient analysis in bands of similar size and
bioclimatic similarity, North American jurisdictions are divided into three regions
constituting a western, central and eastern longitudinal band (Figure 1). These regions also
reflect changes in predominant habitats and climates and resemble established regions of the
breeding bird survey (http://www.mbr-pwrc.usgs.gov/bbs/bbs_regions.png).
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Table 1 List of population variables, geographical and climatic covariates.
Variable
di

Explanation and interpretation
Variability and stability
Density independence

cv

Coefficient of variation in density

centrality

Distance to the center of the stability triangle

edginess

Distance to the edge of the stability triangle

dd
dd-di

Biotic interactions
Density dependence
Relative density dependence

interaction

Mean congeneric interaction strength

trend

Global change impact
Thirty year population growth rate

tmp

Geographical and climatic variables
mean annual temperature

tmp a

first order autocorrelation in temperature

tmp sa

scaled latitude anomaly (mean = 0, s.d. = 1)

lat

mean breeding population latitude

lat a

latitude anomaly (mean = 0)

lat sa

scaled latitude anomaly (mean = 0, s.d. = 1)

Table 2 Characterizing longitudinal regions. Indicated for each region is the number of
jurisdictions for which time series are included (Strata), the minimum and maximum latitude
(Lat) and mean annual temperature (Tmp). The number of species, guilds and time series
(TS) included in the analysis of regional gradients are also indicated. The Common species
dataset includes species with more than 10 time series per region, while all species in the
selected guilds are included in the All species dataset.
Region

Strata Min Max Min Max
All
All
All Common Common Common
Lat Lat Tmp Tmp Guilds Species TS
Guilds
Species
TS
12
33.3 57.0 -0.7 20.2
15
156
689
10
22
238
West
14
28.0 56.3 -3.2 21.7
15
148
714
8
22
264
Central
19
28.4 53.3 -3.0 21.6
15
120
1060
14
46
654
East
12
44.1 68.9 -1.7 11.0
15
102
791
13
45
479
Europe
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Figure 1 Four longitudinal regions in North America and Europe. Regions West (red),
Central (yellowbrown), East (green) and Europe (blue). USA, Canada and Europe are
shown in Eckerts conical equidistant projection.
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Time series analysis
We used a multivariate autoregressive state-space framework (MARSS) (Hampton et al.,
2013; Holmes, Ward, & Wills, 2012; Ives et al., 2003; Holmes, Ward, & Scheuerell, 2012;
Holmes, 2012) to quantify population stability, variability and biotic interaction strength.
Additionally, simple regression models were used to estimate long-term population growth
rates and the coefficient of variation in population density, another measure of variability. For
our purposes here, long-term growth rates are defined as the slope of a log-linear regression
of annual population density on time. This measure is used as one indication of the impact of
global environmental change over the past thirty years. We report results from pure process
models where observation error is set to null. This yields more reliable convergence in
analysis of short time-series, but also tends to overestimate the strength of density
dependence, in particular, and population regulation, in general (Ziebarth et al., 2010; Knape
& de Valpine, 2012). The assumption of zero or low observation error can be justified by
considering the many local counts that regional time series have been aggregated from and
the preprocessing of these counts by the survey coordinators taking into account observer
experience and quality.
Biotic interactions: We estimated the strength of both intraspecific and congeneric biotic
interactions. Intraspecific interaction strength was approximated as the strength of statistical
direct density dependence estimated in a univariate first order autoregressive model, a
Gompertz model [equation 1]. In this model log-density (x) in year t is regressed on logis a statistical measure of direct
density in year t-1 and the slope of the correlation
density dependence. We also included a variable “relative density dependence” to quantify
the relative strength of density dependence compared to density independence. The variable
is simply the difference between the slope of the Gompertz model and its residual error (e).
The latter is a measure of density independence in the time series. Congeneric interaction
strength was measured using a bivariate first order autoregressive model applying the
framework introduced by (Ives et al., 2003; Holmes, Ward, & Scheuerell, 2012) [equation 2].
Here, is a matrix estimating intraspecific and congeneric interactions for the multispecies
abundance vectors
. For species with multiple co-occurring congeners, we computed
average interaction strengths. We only measured interaction strength between congeners with
a high degree of range overlap within a jurisdiction. Thus, species pairs were omitted when
less than half of the total occupied area was shared between the two species (ranges from
(Holt et al., 2012)).
[1]
[2]
Stability: Using Royama’s framework (Royama, 1992), the stability of a population time
series can be assessed by the relationship between the strength of statistical direct and
delayed density dependence estimated from a second order autoregressive model. In a second
order autoregressive model, statistical direct- and delayed density dependence correspond
respectively, to the first
and second-order
autoregressive coefficients
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(Royama, 1992) [equation 3]. The stability properties of the model coefficients for a
particular time series can be inferred from their position in a two-dimensional parameter
plane also known as AR(2) parameter plane (Royama, 1992) (Figure 2). To characterize the
stability of time series with a single metric we measured the centrality and edginess of
autoregressive coordinates in relation to the stability triangle characteristic of the AR(2) plane
(Figure 2). Centrality is the distance to the center of the stability triangle multiplied by
negative one (less negative values closer to the center) and edginess measures the distance to
the nearest edge of the triangle. Edginess distances are multiplied by negative one when time
series fall within the stability triangle, with larger positive values indicating greater instability
(Figure 2).
[3]
Variability: We measured the variability of population time-series using two metrics. First,
we used the process error (e) from the first-order autoregressive model as a measure of
population density independence [equation 1]. Second, we measured the coefficient of
variation (cv) of time series, correcting for time series length (n) by letting cv =
cv*(1+1/(4n)) (Cuervo & Møller, 2013). Where cv* is the uncorrected coefficient of
variation. For analyses focusing on cv, we separately z-scored the European and North
American dataset to mean zero and standard deviation one. We scored time series from the
two surveys separately because time series from the North American dataset are reported as
mean number of individuals per route, whereas total counts are reported in the European
breeding bird survey.
Global change impact: We used the long-term growth rate of populations as an indicator of
net response to environmental change over the past three decades. Long-term growth rates
were estimated from linear regression on z-scored log10-abundances. Increasing populations
have been positively impact by global changes and declining populations negatively.

Latitudinal and climatic metrics
We calculated time series-specific latitudinal and climatic metrics calculating metrics based
on the overlap between species ranges and jurisdictions. Latitudinal and climatic metrics
were based on the mean latitude and mean annual temperature, respectively. For this
calculation we relied on published species' breeding ranges (Holt et al. 2013) and climate
layers (Hijmans et al., 2005). We investigated gradients along three types of geographical
and climatic metrics –means, anomalies, and scaled anomalies (anomalies divided by the
range between the 20 and 80 % species-based quantiles).
Each metric implies something different about the processes driving a biogeographical
gradient: (1) Gradients specific to “raw” metrics imply that gradients are driven mainly by a
geographical process (e.g. climate or climate exposure). (2) Gradients specific to anomalybased metrics imply that gradients are driven by a species-based process (e.g. climate
vulnerability, sensitivity or adaptation). (3) Gradients specific to scaled anomalies have a
similar interpretation to anomaly-based gradients and imply that the involved process impacts
wide- and narrow-ranging species equally (gradients in unscaled anomalies imply a larger
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impact on wide ranging species). Gradients may rarely be purely based on a geographical or
species-based process, and the three measures will often be highly correlated. In such cases,
gradients are detected across two or more of the metrics.

Gradient analysis
We used mixed effects models to investigate geographical and climatic gradients using
jurisdictions, or both jurisdictions and species, as random effects. Gradients were investigated
using the entire regional dataset and using a dataset of only wide-ranging species, i.e. species
with more than ten time series in a region. Model selection was performed using Akaike’s
Information Criteria (AIC) without correcting for sample size, since the ratio between sample
size and number of estimated parameters usually were 30 (Burnham & Andersen, 2002). We
investigated the generality of a gradient across regions as well as the presence of gradients in
individual regions. The shape of gradients was assessed by fitting linear and quadratic
regression models. In the analysis of gradient generality, regression coefficients were
additionally allowed to vary by region. The presence of a gradient was deduced when a linear
or quadratic regression had an AIC score at least two points lower compared to a null model
only including a common intercept. All statistical analyses were performed in R 2.15.3 (R
Core Team, 2013) using packages MARSS to fit multivariate autoregressive state-space
models (Holmes, Ward, & Scheuerell, 2012) and lme4 and lmerTest for mixed model
regression .

Results
The four regions span 23.6° to 28.3° in latitude and gradients in mean annual temperatures
12.7° to 24.9° C in width (Table 2). The European region is located approximately 15 degrees
further north and has the narrowest temperature range (Fig.1, Table 2). The great majority of
population time series are located within the stability region of the second-order
autoregressive parameter plane (Fig. 2, 96.7 %, n=3254).

Generality of gradients
Biogeographical gradients are evident in all investigated metrics in the combined analysis of
the four regions (Fig. 3, fig. 4). Looking at geographical gradients in common species,
relative density dependence is the only variable not showing a gradient, although the best
model still performed better than the null model based on model selection criteria (Fig. 3 f,
∆AIC = 1.5). Temperature anomalies were selected as explanatory variables for the in seven
out of eight cases (Fig. 3). All gradients, except relative density dependence, were fitted with
regionally varying terms (Fig. 3). Six out of eight models were fit by a quadratic regression
with the first order term varying by region, implying that opposing parabolic relationships
were not observed (Fig. 3). Comparing gradients for a common explanatory variable across
four model types (Fig. 4, scaled temperature anomalies), relative density dependence
exhibited a common gradient in models utilizing all times series. This trend was similar but
not strong enough to be considered a gradient when restricting the analysis to common
species (∆AIC < 1.5). cv and congeneric interactions were best modeled by common
parameters in three and two of the four combinations (Fig. 4).
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Figure 2 Royama’s second-order autoregressive plane. The stabiliy of population time
series can be illustrated on a second-order autoregressive plane with the first (AR1)
and second order (AR2) autoregressive coefficints as x- and y-axis, respectively. Time
series that fall within the triangle have properties that imply long-term stability. Time
series that fall outside are unstable in the long-term and have escalating population
fluctuations (upper left), escalating cycles (bottom) or undergoing increases or declines (upper right). The distance from a point to the border of the triangle (Edginess)
measures the instability of a time series and the distance to the center measures the
stability (Centrality). Grey points are time series from the present data set. The subset
of the triangle under the parabola indicates conditions under which time series exhibit
stable limit cycles.
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Figure 3 Continental-scale gradients in population dynamics of common breeding birds in
four regions. Gradients are shown for population variability (a - density independence, b coefficient of variaton), population stability (c - edginess, d - centrality), biotic interactions
(e – density dependence, f – relative density dependence, g – congeneric interaction
strength), and thirty year global change impact (h – long-term growth rate). Gradients are
shown using the explanatory variable and gradient shape that best explain variation among
the four regions (West – red, Central – yellowbrown, East – green, Europe – blue). Black
lines indicate a model with common regional parameters. ∆AIC values and percentage
deviance reduction are given. Explanatory variables are latitude (lat), unscaled (tmp a) and
scaled (tmp sa) mean annual temperature
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four regions can be explained by common model parameters.
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Linear regression models were generally inadequate to describe gradients, and were selected
in e.g. only five out of 32 cases for scaled temperature anomalies (Fig. 4). However, few
gradients were strongly hump-shaped, and gradients generally exhibited net directional
change with latitude or temperature (Fig. 3-4). Net change was negative with respect to
temperature anomalies for density independence, density dependence, and centrality and
positive for CV, edginess, and relative density dependence (Fig. 3-4). Less regionally
consistent directionality was observed with regard to congeneric interactions and long-term
growth rates (Fig 4).
Regions varied systematically such that Europe showed the highest mean level for density
independence, centrality, and density dependence, and the lowest mean edginess and weakest
congeneric interactions (Fig. 3-4). For these measures (except congeneric interactions), a
consistent ranking was Europe followed by the Western, Central, and Eastern regions (Fig. 34). This consistent difference in mean level was mirrored by a similar difference in steepness
of gradients within North America. Thus, gradients in density independence, density
dependence, centrality, and edginess were uniformly steepest for the Western region,
followed by the Central and Eastern regions (Fig. 4).

Regional gradients
Regions varied widely in their tendency to exhibit individual gradients. Gradients were
detected in six and five of the eight best models for the Western and European region,
respectively (table S3 and S4), while they were absent from the Central and Eastern region.
Out of 32 possibilities for observing a regional gradient with scaled temperature anomalies,
29 (90 %) and 14 (44 %) gradients were observed in the Western and European regions,
while five (16 %) and two (6 %) were observed in the Central and Eastern regions (Table 3),
respectively. Western and European regions exhibited gradients in 29 (90 %) and 14 (44 %)
of 32 model selection procedures on scaled temperature anomalies (Table 3). In contrast, five
(16 %) and two (6 %) gradients were detected in the Central and Eastern regions, respectively
(Table 3).
The most consistent gradients in the European region were a decrease in long-term growth
rates and an increase in congeneric interaction strength with temperature anomalies (Table 3).
In the Western region, density dependence and independence, as well as centrality,
consistently decreased with temperature anomalies, while edginess and relative density
dependence increased with temperature anomalies (Table 3). In both the European and
Western region gradients in cv shifted sign when including species as a random effect,
indicating a difference between geographical and intraspecific processes (Table 3).

Discussion
We find latitudinal or climatic gradients in all indicators of population variability, stability,
biotic interactions, and global change impact, but regions differ in their propensity for
gradients, with gradients being relatively common and steeper in western regions of the
European and North American continents. Gradients are almost absent and flatter in the
Central and Eastern regions of North America. Generally, population stability decreases with
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Table 3 Consistency of gradient to two different model structures and two data subsets.
Plusses (minuses) count the number of gradients increasing (decreasing) with scaled
temperature anomalies, underscores indicate non-significant gradients. The four modeldataset combinations combine a dataset only on common (all species) with a model structure
without (with) species as a random effect and are presented in the order (common/without,
all/without, common/with, all/with).
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increasing annual mean temperature in species’ jurisdictional ranges (Fig. 4) and so doe
absolute measures of variability and intraspecific interaction strength. In contrast, relative
measures of variability (cv) and intraspecific interactions (dd-di) increase with temperature.
Within species the negative impact of environmental change tends to increase with
temperature (Fig. 4, table 3). Gradients in congeneric interactions vary by region, but
consistently increase with temperature in Europe (Table 3).
Our results contribute to the important effort of understanding range-wide population
dynamics in light of ongoing global environmental change, in general, and climate change, in
particular. As mentioned by Berryman and Turchin (2001), “statistical time series analysis is
a tool for explanation and hypothesis building and should not be used as a basis for drawing
definitive biological conclusions” (Berryman and Turchin 2001). We here discuss some
possible explanations for our results, and propose hypotheses that can be tested across
replicated latitudinal gradients.

Why are gradients weaker and less common in the east?
Studies of gradients in population dynamics have historically often lacked spatial replication
and regional differences have had limited discussion. For example, Post (Post, 2005) provides
a rare analysis of intercontinental population dynamics of large herbivorous mammals in the
arctic region, but without the opportunity for replication. One of the most intriguing results in
the present study is that the two regions located on western continental edges exhibit the
steepest and statistically most robust gradients. This is despite the fact these two regions in
general vary in terms of climate types. For example, Western Europe generally has a more
humid climate than the more arid interior of the western North American region (figure S1).
In fact, Europe and eastern North America are more climatically similar, e.g. using the
Koeppen-Geiger classification (Kottek et al., 2006; Köppen, 1884). A number of factors may
contribute to gradients being more frequent in western regions of Northern hemisphere
continents: Western continental coasts may be subject to stronger latitudinal bioclimatic
gradients due to well-established paths and more frequent crossing of oceanic low pressure
systems. Thus, the northern parts of the European and Western regions both almost entirely
lack climate types with warm or hot summers that dominate the northern parts of the central
and eastern North American regions (Koeppen-Geiger zones Dfa and Dfb, figure S1) (Kottek
et al., 2006). Instead climates transition directly from an arid, humid, or warm temperate
summer climate in the south to a snowy humid cold summer climate in the north (Kottek et
al., 2006). This dichotomy in climate types and absence of climate related gradients could
lead to the suggestion that warm and fully humid summer climates provide better conditions
for pathogens to influence avian populations across the entire Central and Eastern regions
(Ricklefs, 2010, 2013), without the purging that populations in arid and colder climates
normally benefit from (e.g. (Mendes et al., 2005)).

Counter-gradients in absolute and relative measures
Schemske et al. (Schemske et al., 2009) provide a summary of latitudinal gradients in density
dependence in their general synthesis of latitudinal gradients in biotic interactions. The
authors predict that density dependence should be more apparent at lower latitudes as a
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consequence of strengthened of biotic interactions. This prediction build on the results from a
large series of studies in rodents and larger-bodied mammals, summarized in (Post, 2013). It
is therefore noteworthy that we find direct density dependence to decrease with latitude
(increase with temperature, figure 3-4). Interestingly however, we find counter gradients in
absolute and relative direct density dependence (Figure 4), such that density dependence
declines with temperature in widely distributed species and the Western region (Fig. 4),
whereas the predicted gradient by Schemske is found in the relative strength of density
dependence compared to density independent fluctuations (figure 4). It is important here to
note that our measure of density independence is an “all inclusive measure” which also
includes other forms of density dependence manifesting through time lags. However, in itself
the reverse gradient in direct density dependence is noteworthy and contradicts the general
pattern from studies of small mammals in Fennoscandia (Bjørnstad et al., 1999). These trends
highlight the importance of accounting for the overall seasonal variability of environmental
conditions, which are commonly assumed to increase with latitude (Post, 2005). To explain
the observed pattern we hypothesize that while environmental variation is more limited in
warmer regions, processes such as greater niche filling means that populations in warmer
regions are more sensitive to per unit change in resources (analogous to “elasticity” concept
from matrix population models) . This should lead to a small but consistent increase in
relative density dependence with warmer climates. The counter-gradient in density
independence and coefficient of variation supports this interpretation. For example, in a
scenario where northern population densities are higher and populations therefore appear
more variable, before accounting for population density (Kilpatrick & Ives, 2003).

Congeneric interactions
While the spatial scaling of interspecific biotic interactions is relatively poorly known
(Wootton & Emmerson, 2005), recent modeling suggests that antagonistic interactions will
tend to be dampened at increasing spatial scales (Araújo & Rozenfeld, 2013). It may
therefore seem surprising that we detect gradients in congeneric interactions at the scale of
nations (Europe), states, and provinces (North America) (Table 3). It is consequently
important to take caution in the interpretation of such gradients especially in the lack of
consistency in interaction gradients, which increase with temperature in Europe and decrease
in the Western region. However, previous studies relying on presence-absence surveys have
found possible signals of biotic interactions at comparable spatial scales (Gotelli et al.,
2010). The question remains whether the systematic association between two time-series at
such large spatial scales can be an indirect signal of other factors such as e.g. asynchronous
responses to environmental variation. Murdoch et al. (Murdoch et al., 2002) demonstrated
that time series of generalist consumers, such as most birds, generally behave as singlespecies systems. The fact that population cycles are less common in birds compared to
mammals and fish (Kendall et al., 1998) supports the notion that specialized interactions may
be less common than for plants, insects and mammals. Notwithstanding, two scenarios could
explain the opposing gradients in the Western and European regions. In addition to the
general expectation of increasing competitive interactions at southern latitudes (Schemske et
al., 2009), pairwise interactions could increase with latitude as a result of fewer congeners
and ease of detecting interactions in less complex systems.
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Climate change and gradients in long-term growth rates and stability
Gradients in long-term growth rates along climatic gradients have previously been interpreted
to reflect ongoing impact of global climate change (e.g. (Cuervo & Møller, 2013; F Jiguet et
al., 2010; Frédéric Jiguet et al., 2010), Chapter III). In birds, such studies have mainly
come from Europe. We find support for a climate-associated gradient driven by intraspecific
processes in three out of four regions (Table 3). Thus, five out of eight analyses show a
decrease in long-term growth rates with increasing temperature, when including species as a
random effect. In contrast, we find as many increasing and decreasing gradients in models
that do not account for species identity (Table 3). This pattern is expected if some species
have different climate vulnerabilities that need to be accounted for and exemplifies the
importance and enhanced inference that can be drawn from standardized multispecies
surveys.
Southern populations should be the least stable if they are already declining as a result of
climate change. The low degree of overlap between model types showing significant
gradients in both long-term growth rates and edginess suggests that these two properties are
not necessarily linked (Figure 4, table 3). For example, fitted gradients in edginess become
more parabolic when accounting for species identity in the model structure (Figure 4). This
suggest two processes affecting stability are in play. First, an adaptive intraspecific process
making marginal populations less stable (Bridle & Vines, 2007). Secondly, a climate
associated process that could be related to decreasing (absolute) density dependence with
temperature, sensu the "tension hypothesis" (Post 2013). The latter would tend to push
population in warmer climates closer to the edge of the stability region of the AR(2)
parameter plane (Figure 2). It therefore seems that the lower stability of populations in warm
climates is an extra liability that needs to be considered in the context of possible climate
change impacts.

Do general rules govern ranges of common breeding birds?
Here we show that latitudinal and climatic gradients in population dynamics are more
frequent in regions with pronounced shifts in climatic regimes. Such regional differences also
help explain differences in the steepness of gradients. These results underscore the
importance of replicating gradient studies in different climate types and caution extrapolation
from studies without replication. Populations in warmer climates tend to be less stable.
Moreover, populations in colder parts of species’ ranges exhibit stronger density dependence
and independence, but the relative degree of population variability and strength of population
regulation is greater in warmer parts of the range. Judging by the large-scale population
dynamics over the past 30 years, common breeding bird populations inhabiting warm regions
are already experiencing the negative impacts of climate change and combined with greater
instability may be considered more vulnerable to future climate change.
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4
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14
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3
9
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4
6

W
49
16
97
13
77
47
20
43
4
191
62
13
38
11
8

Time series
C
E
54
80
10
5
103
234
22
17
104
124
34
50
30
36
19
36
6
16
198
247
66
91
10
15
16
29
11
31
31
49
Eur
35
24
103
25
54
48
39
102
81
44
19
63
81
31
42

All
All
Guilds Species
6
46
West
5
38
Central
7
47
East
7
45
Europe

Region

All
TS
136
103
230
340

Common Common Common
Guilds
Species
TS
3
8
51
5
8
51
4
22
186
7
32
310

Table S2 Number of species, guilds and time series (TS) for which congeneric interactions could be measured. The Common species dataset
includes species with more than 10 time series per region, while all species in the selected guilds are included in the All species dataset.

Foraging type
diurnal aerial insectivores
diurnal raptors, mammal eating raptors
foliage gleaning insectivores
gallinaceous birds
medium ground-feeding mixed-feeder
omnivorous corvids
small-large ground and arboreal herbivores
small-medium woody herbivores
small ground-feeding insectivores
small ground-feeding mixed-feeder
strict flycatchers
terrestrial and low flycatching feeders
tit-like birds
trunk forager
woodpeckers

Species
C
E
8
7
5
2
28
33
5
2
13
11
7
4
5
3
5
6
2
2
37
26
15
9
2
1
4
4
4
4
8
6

Table S1 Number of species and time series per foraging type group in each region. W – West, C – Central, E – East, Eur – Europe.

chapter V

lat a
lat a

lat a
tmp a
-

tmp a

dd
dd-di
interaction

trend

tmp a

di
cv
centrality
edginess

V

206

-0.04 + -1e-04x + 5e-06x^2

0.37 + -2e-03x + -8e-04x^2
-0.10 + -2e-04x + 4e-06x^2
0.27

0.46 + -2e-04x + -1e-05x^2
-0.45
-0.79 + -7e-03x + -9e-04x^2
-0.22 + 3e-03x + 6e-04x^2

West
M

-5,3

-10,4
-4,9
0

-12
0
-12,8
-12,7

dAIC

-

-

-

V
0
0
0
0
0
0
0

-0.03

0

Global change impact

0.25
-0.09
0.32

Biotic interactions

0.35
-0.29
-0.85
-0.15

Variability and stability

Central
M
dAIC

-

-

-

V

-0.01

0.22
-0.08
0.29

0.3
-0.45
-0.89
-0.13

East
M

0

0
0
0

0
0
0
0

dAIC

tmp sa

lat sa
tmp sa

lat sa
lat
-

V

0.02 + -9e-02x + -1e-01x^2

0.40 + 1e-01x
-0.09
0.18 + 6e-02x

0.53 + 1e-01x + -3e-01x^2
-5.01 + 1e-01x
-0.75
-0.25

Europe
M

-26,5

-2,2
0
-3,7

-6,3
-8,8
0
0

dAIC

Table S3 Best regional gradient models (M) for common species without species as random effect. Explanatory variables (V) are latitude (lat),
mean annual temperature with a indicating unscaled and sa indicated scaled anomalies. Delta AIC values (dAIC) indicate performance
compared to a pure intercept (null) model.

continental gradients

207

tmp sa
tmp sa

dd
dd-di
interaction

trend

tmp sa
lat
lat a
tmp sa

di
cv
centrality
edginess

Var

-3
-

-0.02

-3,2

-5,1
-3,9
-5,8
-5,2

dAIC

0.36 + 0.021x + -2e-01x^2
-0.10 + -0.021x + 7e-02x^2
0.27

0.46 + 0.040x + -3e-01x^2
1.68 + -0.111x + 1e-03x^2
-0.80 + -0.007x + -7e-04x^2
-0.22 + -0.029x + 2e-01x^2

West
Model
Var
Variability and stability
0.35
-0.32
-0.85
-0.15
Biotic interactions
0.25
-0.09
0.32
Global change impact
-0.03
-

Central
Model
dAIC
Var

-0.01

0.22
-0.08
0.29

0.3
-0.5
-0.89
-0.13

East
Model
dAI
C

-

-

-

tmp sa

lat sa
lat

Var

-0.01

0.4
-0.09
0.18 + 0.065x

0.52 + 0.158x + -2e-01x^2
-4.44 + 0.135x
-0.75
-0.25

Europe
Model

-3,9

-2,6
-9,8

-

-

-

-

dAIC

Table S4 Best regional gradient models (M) for common species using stratum and species as random effects structure. Explanatory variables
(V) are latitude (lat), mean annual temperature with a indicating unscaled and sa indicated scaled anomalies. Delta AIC values (dAIC) indicate
performance compared to a pure intercept (null) model.
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continental gradients

Figure S1 Predominant Köppen-Geiger climate types in the four regoins of Europe and
North America. Selected climate types are labeled and legend provided from http://koeppengeiger.vu-wien.ac.at/pdf/kottek_et_al_2006_A4.pdf.
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25.5
34.5
24.5
26.5
36.5
24.5
25.5
34.5
34.5
43.5
26.5
34.5

diurnal raptors, mammal eating raptors

diurnal raptors, mammal eating raptors

diurnal raptors, mammal eating raptors

diurnal raptors, mammal eating raptors

diurnal raptors, mammal eating raptors

diurnal raptors, mammal eating raptors

diurnal raptors, mammal eating raptors

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

Buteo buteo

Buteo lineatus

Buteo swainsoni

Circus aeruginosus

Circus cyaneus

Falco sparverius

Falco tinnunculus

Dendroica caerulescens

Dendroica castanea

Dendroica dominica

Dendroica fusca

Riparia riparia

diurnal raptors, mammal eating raptors

diurnal aerial insectivores

Progne subis

Athene cunicularia

26.5

diurnal aerial insectivores

Petrochelidon pyrrhonota

Tachycineta thalassina

25.5

diurnal aerial insectivores

Hirundo rustica

30.5

25.5

diurnal aerial insectivores

Hirundo rustica

32.5

24.5

diurnal aerial insectivores

Delichon urbica

diurnal aerial insectivores

34.5

diurnal aerial insectivores

diurnal aerial insectivores

34.5

diurnal aerial insectivores

Chaetura vauxi

Tachycineta bicolor

35.5

diurnal aerial insectivores

Chaetura pelagica

26.5

25.5

diurnal aerial insectivores

Apus apus

diurnal aerial insectivores

34.5

diurnal aerial insectivores

Aeronautes saxatalis

Stelgidopteryx serripennis

Min
Lat
29.5

Foraging type

Species

209
55.5

42.5

62.5

51.5

70.5

68.5

71.5

66.5

66.5

49.5

66.5

52.5

71.5

71.5

59.5

71.5

55.5

71.5

69.5

71.5

70.5

55.5

53.5

69.5

Max
Lat
51.5

21

16

19

17

36

43

47

30

40

25

32

27

41

39

33

45

30

46

45

37

36

20

28

35

Range
Lat
22

-1

7

-9

0

-8

-12

-14

-4

-8

0

-7

0

-14

-14

-3

-14

-1

-14

-12

-8

-4

-2

-1

-8

Min
Tmp
-2

16

23

7

16

20

23

25

20

23

25

19

24

22

18

23

23

24

23

25

20

20

17

24

20

Max
Tmp
23

17

16

16

16

27

35

39

23

31

25

26

24

36

31

26

37

25

37

37

27

23

20

24

27

Range
Tmp
25

10

1

3

2

10

8

6

11

11

1

2

W

1

2

2

4

1

1

1

4

8

2

9

6

14

10

C

6

4

2

4

4

1

8

12

6

12

8

18

16

E

8

6

10

7

11

9

8

Eur

Appendix S1 List of species’ foraging type, continent-wide span in latitude (Lat) and annual mean temperature (Tmp). Number of time
series included in the study from each region is given (W – West, C – Central, E – East, Eur – Europe).
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32.5
26.5
36.5
36.5
39.5
41.5
25.5
29.5
27.5
29.5
25.5

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

Parula americana

Phylloscopus bonelli

Phylloscopus collybita

Phylloscopus sibilatrix

Phylloscopus trochilus

Polioptila caerulea

Polioptila melanura

Protonotaria citrea

Salpinctes obsoletus

Setophaga ruticilla

Hippolais polyglotta

foliage gleaning insectivores

foliage gleaning insectivores

Hippolais icterina

Oporornis tolmiei

36.5

foliage gleaning insectivores

Geothlypis trichas

37.5

41.5

foliage gleaning insectivores

Dendroica virens

foliage gleaning insectivores

25.5

foliage gleaning insectivores

Dendroica townsendi

Oporornis philadelphia

32.5

foliage gleaning insectivores

Dendroica tigrina

29.5

42.5

foliage gleaning insectivores

Dendroica pinus

45.5

43.5

foliage gleaning insectivores

Dendroica petechia

foliage gleaning insectivores

25.5

foliage gleaning insectivores

Dendroica pensylvanica

foliage gleaning insectivores

24.5

foliage gleaning insectivores

Dendroica occidentalis

Oporornis formosus

34.5

foliage gleaning insectivores

Dendroica nigrescens

Oporornis agilis

34.5

foliage gleaning insectivores

28.5

31.5

foliage gleaning insectivores

Dendroica magnolia

foliage gleaning insectivores

35.5

foliage gleaning insectivores

Dendroica graciae

Icteria virens

Min
Lat
30.5

Foraging type

Species

210
64.5

53.5

44.5

37.5

47.5

71.5

69.5

70.5

49.5

51.5

61.5

59.5

43.5

58.5

51.5

50.5

68.5

63.5

58.5

71.5

63.5

53.5

71.5

56.5

46.5

55.5

64.5

Max
Lat
38.5

39

24

17

8

22

30

30

34

13

25

29

22

14

13

23

14

27

38

26

29

20

28

47

22

12

24

29

Range
Lat
8

-9

-2

6

10

0

-9

-3

-9

0

-1

-6

-3

6

-4

-1

0

-4

-11

-4

-14

-8

-1

-14

-3

4

0

-7

Min
Tmp
1

24

23

22

23

24

15

16

18

18

23

18

11

20

6

23

18

14

24

18

11

7

24

25

16

17

22

11

Max
Tmp
21

33

25

16

13

24

24

19

27

18

24

24

14

14

11

24

18

18

34

22

25

15

24

39

19

13

23

18

Range
Tmp
20

1

10

1

6

1

1

4

4

10

1

4

2

W

2

1

1

5

3

3

3

2

6

13

1

3

6

2

1

C

8

5

11

11

5

6

10

19

8

1

7

11

9

6

E

11

11

11

1

1

9

Eur

continental gradients

30.5
26.5
34.5
27.5
29.5
24.5
31.5
26.5
41.5
30.5
33.5

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

foliage gleaning insectivores

Vireo bellii

Vireo cassinii

Vireo flavifrons

Vireo gilvus

Vireo griseus

Vireo huttoni

Vireo olivaceus

Vireo philadelphicus

Vireo plumbeus

Vireo solitarius

Vermivora chrysoptera

foliage gleaning insectivores

foliage gleaning insectivores

Vermivora celata

Vermivora virginiae

34.5

foliage gleaning insectivores

Troglodytes troglodytes

32.5

30.5

foliage gleaning insectivores

Troglodytes aedon

foliage gleaning insectivores

34.5

foliage gleaning insectivores

Thryothorus ludovicianus

Vermivora ruficapilla

26.5

foliage gleaning insectivores

Thryomanes bewickii

34.5

25.5

foliage gleaning insectivores

Sylvia nisoria

43.5

25.5

foliage gleaning insectivores

Sylvia hortensis

foliage gleaning insectivores

37.5

foliage gleaning insectivores

Sylvia curruca

foliage gleaning insectivores

36.5

foliage gleaning insectivores

Sylvia communis

Vermivora pinus

36.5

foliage gleaning insectivores

Sylvia cantillans

Vermivora peregrina

34.5

foliage gleaning insectivores

29.5

35.5

foliage gleaning insectivores

Sylvia borin

foliage gleaning insectivores

36.5

foliage gleaning insectivores

Sylvia atricapilla

Vermivora luciae

Min
Lat
36.5

Foraging type

Species

211
63.5

45.5

59.5

67.5

49.5

43.5

64.5

50.5

55.5

45.5

43.5

56.5

45.5

67.5

37.5

51.5

69.5

69.5

59.5

45.5

50.5

61.5

47.5

69.5

69.5

45.5

70.5

Max
Lat
70.5

30

15

18

41

18

19

35

23

21

19

13

24

11

24

8

17

39

35

33

20

25

24

11

33

35

10

34

Range
Lat
34

-7

0

-5

-10

4

6

-7

2

-2

6

0

-5

4

-11

6

1

-13

-4

-4

4

0

-1

0

-8

-3

7

-4

Min
Tmp
-7

17

21

10

23

22

25

22

23

18

23

21

18

15

7

23

15

17

19

22

24

23

16

18

19

19

19

18

Max
Tmp
18

24

21

15

33

17

19

30

21

20

17

20

23

11

18

17

14

30

24

27

19

23

16

18

26

22

12

22

Range
Tmp
25

4

2

1

10

4

1

2

2

1

1

6

9

5

W

1

6

4

10

2

3

2

1

10

6

3

C

6

1

19

11

9

10

7

3

2

1

9

11

E

11

3

1

11

10

1

11

11

Eur
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25.5
25.5
24.5
25.5
30.5
36.5
25.5
32.5
24.5
49.5
34.5

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

Quiscalus major

Quiscalus quiscula

Sturnella magna

Sturnella neglecta

Sturnus vulgaris

Toxostoma curvirostre

Toxostoma redivivum

Toxostoma rufum

Turdus iliacus

Turdus merula

Agelaius phoeniceus

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

Tympanuchus phasianellus

Molothrus aeneus

24.5

gallinaceous birds

Phasianus colchicus

39.5

40.5

gallinaceous birds

Perdix perdix

medium ground-feeding mixed-feeder

39.5

gallinaceous birds

Oreortyx pictus

Ixoreus naevius

37.5

gallinaceous birds

Colinus virginianus

28.5

33.5

gallinaceous birds

Callipepla squamata

32.5

25.5

gallinaceous birds

Callipepla gambelii

medium ground-feeding mixed-feeder

26.5

gallinaceous birds

Callipepla californica

medium ground-feeding mixed-feeder

31.5

gallinaceous birds

Bonasa bonasia

Hylocichla mustelina

33.5

gallinaceous birds

Wilsonia pusilla

Euphagus cyanocephalus

40.5

foliage gleaning insectivores

32.5

35.5

foliage gleaning insectivores

Wilsonia citrina

medium ground-feeding mixed-feeder

28.5

foliage gleaning insectivores

Wilsonia canadensis

Agelaius tricolor

Min
Lat
34.5

Foraging type

Species

212
71.5

71.5

54.5

40.5

38.5

71.5

56.5

48.5

62.5

40.5

35.5

71.5

49.5

60.5

41.5

66.5

68.5

47.5

64.5

48.5

47.5

39.5

40.5

51.5

68.5

71.5

44.5

Max
Lat
58.5

37

22

30

8

13

35

26

23

38

15

10

32

21

28

9

42

28

8

27

15

22

13

9

18

28

36

16

Range
Lat
24

-4

-9

-1

3

10

-4

-2

1

-6

10

10

-14

1

-4

5

-11

-12

3

-4

4

2

1

1

-2

-9

-14

4

Min
Tmp
-2

19

9

25

22

23

20

23

24

25

24

23

16

22

22

17

25

10

14

16

18

24

23

23

22

14

16

21

Max
Tmp
15

23

18

26

20

14

23

25

23

31

13

13

30

21

27

12

36

22

11

19

13

22

23

22

24

23

30

16

Range
Tmp
17

1

1

12

12

1

3

4

11

1

12

7

1

1

2

2

4

W

12

1

14

12

10

14

1

1

4

5

14

1

10

1

9

1

2

C

15

19

1

15

19

1

15

1

19

6

11

1

8

3

E

10

3

11

10

8

3

Eur

continental gradients

Min
Lat
27.5
36.5
38.5
36.5
32.5
29.5
24.5
46.5
29.5
34.5
25.5
36.5
34.5
26.5
24.5
29.5
34.5
31.5
33.5
53.5
34.5
34.5
35.5
36.5
41.5
45.5
36.5

Foraging type

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

medium ground-feeding mixed-feeder

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

omnivorous corvids

small ground-feeding insectivores

small ground-feeding insectivores

small ground-feeding insectivores

small ground-feeding insectivores

Species

Turdus migratorius

Turdus philomelos

Turdus pilaris

Turdus viscivorus

Xanthocephalus
xanthocephalus
Aphelocoma californica

Corvus brachyrhynchos

Corvus caurinus

Corvus corax

Corvus corax

Corvus cryptoleucus

Corvus frugilegus

Corvus monedula

Corvus ossifragus

Cyanocitta cristata

Cyanocitta stelleri
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Garrulus glandarius

Gymnorhinus
cyanocephalus
Perisoreus canadensis

Perisoreus infaustus

Pica nuttalli

Pica pica

Pica pica

Alauda arvensis

Anthus pratensis

Anthus spragueii

Anthus trivialis

70.5

55.5

71.5

71.5

68.5

71.5

41.5

70.5

71.5

48.5

69.5

62.5

58.5

43.5

67.5

65.5

39.5

71.5

80.5

61.5

59.5

47.5

58.5

69.5

71.5

70.5

Max
Lat
71.5

34

10

30

35

33

37

7

17

38

17

35

33

34

17

33

29

14

37

51

15

35

18

26

33

33

34

Range
Lat
44

-8

-2

-9

-8

-12

-8

6

-8

-14

0

-4

-11

-2

6

-3

-2

8

-9

-25

-11

-7

0

-2

-4

-9

-7

Min
Tmp
-15

18

7

14

18

18

20

17

6

12

22

20

21

25

23

20

18

23

20

23

11

25

22

23

20

16

18

Max
Tmp
23

26

9

23

26

30

27

11

14

26

22

23

31

27

17

23

20

15

28

48

21

32

22

25

23

25

25

Range
Tmp
37

1

11

11

1

2

3

6

1

12

12

1

7

3

7

12

W

2

2

2

1

11

2

1

3

3

14

4

12

C

18

7

6

6

19

1

18

E

11

11

11

11

11

1

11

11

8

6

6

11

8

11

Eur
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29.5
58.5
41.5
25.5
24.5
25.5
34.5
30.5
32.5
25.5

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

Calcarius lapponicus

Calcarius ornatus

Campylorhynchus
brunneicapillus
Cardinalis cardinalis

Cardinalis sinuatus

Catharus fuscescens

Catharus guttatus

Catharus ustulatus

Chondestes grammacus

Ammodramus leconteii

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

Ammodramus bairdii

Calamospiza melanocorys

43.5

small ground-feeding mixed-feeder

Aimophila ruficeps

25.5

44.5

small ground-feeding mixed-feeder

Aimophila cassinii

small ground-feeding mixed-feeder

26.5

small ground-feeding mixed-feeder

Aimophila aestivalis

Arremonops rufivirgatus

25.5

small ground-feeding mixed-feeder

Seiurus noveboracensis

27.5

26.5

small ground-feeding insectivores

Seiurus aurocapillus

32.5

26.5

small ground-feeding insectivores

Prunella modularis

small ground-feeding mixed-feeder

32.5

small ground-feeding insectivores

Motacilla flava

small ground-feeding mixed-feeder

36.5

small ground-feeding insectivores

Motacilla cinerea

Amphispiza bilineata

34.5

small ground-feeding insectivores

Motacilla alba

Amphispiza belli

35.5

small ground-feeding insectivores

26.5

35.5

small ground-feeding insectivores

Lullula arborea

small ground-feeding mixed-feeder

34.5

small ground-feeding insectivores

Galerida cristata

Ammodramus savannarum

Min
Lat
34.5

Foraging type

Species

214
53.5

71.5

71.5

55.5

34.5

47.5

37.5

53.5

73.5

53.5

29.5

43.5

48.5

52.5

62.5

53.5

40.5

41.5

36.5

71.5

61.5

70.5

70.5

70.5

73.5

62.5

Max
Lat
59.5

28

39

41

21

9

23

12

12

15

24

4

16

16

26

19

9

14

16

10

45

29

34

36

35

38

28

Range
Lat
25

-1

-14

-14

-2

10

2

8

0

-9

-1

20

3

-1

-1

-7

0

3

4

14

-14

-5

-8

-9

-8

-9

0

Min
Tmp
0

23

22

21

15

23

25

23

9

6

21

23

23

22

22

8

8

22

23

23

23

18

18

19

20

19

20

Max
Tmp
20

24

36

35

17

13

23

15

9

16

22

3

21

23

23

15

7

20

19

9

37

24

26

28

27

28

19

Range
Tmp
19

9

6

9

3

1

3

2

2

4

4

5

1

1

2

2

1

W

7

1

2

2

1

10

1

3

1

1

1

9

1

2

1

1

4

C

5

8

8

14

8

1

4

12

E

1

10

10

7

10

7

4

Eur

continental gradients

35.5
31.5
26.5
26.5
31.5
32.5
32.5
25.5
29.5
29.5
33.5

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

Passerina amoena

Passerina ciris

Passerina cyanea

Pipilo aberti

Pipilo chlorurus

Pipilo crissalis

Pipilo erythrophthalmus

Pipilo fuscus

Pipilo maculatus

Pooecetes gramineus

Molothrus ater

small ground-feeding mixed-feeder

small ground-feeding mixed-feeder

Mimus polyglottos

Passerella iliaca

26.5

small ground-feeding mixed-feeder

Miliaria calandra

33.5

24.5

small ground-feeding mixed-feeder

Melospiza melodia

small ground-feeding mixed-feeder

34.5

small ground-feeding mixed-feeder

Melospiza lincolnii

Passerculus sandwichensis

31.5

small ground-feeding mixed-feeder

Melospiza georgiana

35.5

33.5

small ground-feeding mixed-feeder

Guiraca caerulea

34.5

38.5

small ground-feeding mixed-feeder

Eremophila alpestris

small ground-feeding mixed-feeder

26.5

small ground-feeding mixed-feeder

Emberiza schoeniclus

small ground-feeding mixed-feeder

26.5

small ground-feeding mixed-feeder

Emberiza rustica

Passer montanus

36.5

small ground-feeding mixed-feeder

Emberiza cirlus

Passer domesticus

57.5

small ground-feeding mixed-feeder

34.5

34.5

small ground-feeding mixed-feeder

Dumetella carolinensis

small ground-feeding mixed-feeder

25.5

small ground-feeding mixed-feeder

Dolichonyx oryzivorus

Oreoscoptes montanus

Min
Lat
37.5

Foraging type

Species

215
61.5

52.5

38.5

53.5

42.5

48.5

36.5

52.5

39.5

52.5

69.5

71.5

70.5

71.5

49.5

60.5

52.5

58.5

63.5

71.5

62.5

44.5

79.5

71.5

68.5

51.5

53.5

Max
Lat
53.5

28

23

9

28

10

16

5

26

13

21

34

38

35

37

15

34

28

24

32

38

24

18

53

35

11

17

28

Range
Lat
16

-5

-1

1

0

3

-1

11

0

12

-2

-12

-16

-3

-8

-1

-5

-1

0

-11

-14

-8

0

-22

-8

-8

0

-2

Min
Tmp
-2

20

22

23

24

22

17

23

22

23

22

18

18

18

20

18

23

25

20

23

18

14

23

23

18

6

19

24

Max
Tmp
14

25

23

22

24

19

18

12

22

11

25

29

34

21

27

18

29

26

19

33

31

21

23

45

26

13

19

26

Range
Tmp
16

11

9

2

1

7

1

5

3

7

12

7

11

5

8

4

2

11

W

7

2

1

5

9

3

7

14

14

7

8

2

7

13

8

7

C

5

14

16

1

10

19

19

13

15

3

7

9

6

13

10

E

10

11

8

11

2

1

Eur
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25.5
24.5

32.5

34.5

small-medium woody herbivore

34.5

Carduelis lawrencei

65.5

24.5

44.5

58.5

25.5

small-medium woody herbivore

35.5

34.5

216

Carduelis cannabina

Zenaida macroura

Zenaida asiatica

Streptopelia turtur

Streptopelia decaocto

Columbina passerina

Columbina inca

Columba palumbus

Columba oenas

Columba livia

Carduelis flammea

64.5

36.5

Columba fasciata

34.5

69.5

34.5

Zonotrichia leucophrys

small-medium woody herbivore

34.5

29.5

small ground-feeding mixed-feeder

Zonotrichia albicollis

Carduelis chloris

37.5

30.5

small ground-feeding mixed-feeder

Spizella pusilla

34.5

69.5

38.5

small ground-feeding mixed-feeder

Spizella passerina

34.5

64.5

27.5

small ground-feeding mixed-feeder

Spizella pallida

small-medium woody herbivore

63.5

27.5

small ground-feeding mixed-feeder

Spizella breweri

Carduelis carduelis

50.5

41.5

small ground-feeding mixed-feeder

small-large ground and aboreal
herbivores
small-large ground and aboreal
herbivores
small-large ground and aboreal
herbivores
small-large ground and aboreal
herbivores
small-large ground and aboreal
herbivores
small-large ground and aboreal
herbivores
small-large ground and aboreal
herbivores
small-large ground and aboreal
herbivores
small-large ground and aboreal
herbivores
small-large ground and aboreal
herbivores
small-medium woody herbivore

34.5

small ground-feeding mixed-feeder

Spizella atrogularis

41.5

71.5

70.5

63.5

71.5

67.5

49.5

66.5

63.5

61.5

40.5

29.5

small ground-feeding mixed-feeder

Spiza americana

Max
Lat
49.5

Min
Lat
27.5

Foraging type

Species

9

27

36

29

31

34

10

30

35

10

12

35

28

29

21

41

29

22

39

22

27

11

Range
Lat
22

3

-9

-4

-2

-2

-2

8

-1

-3

13

13

-3

-3

0

1

-16

-11

2

-11

-7

-7

3

Min
Tmp
2

17

12

20

19

19

25

24

20

20

25

23

20

18

20

19

20

11

22

22

9

22

21

Max
Tmp
23

15

21

23

21

21

27

15

21

23

11

11

23

21

19

18

35

22

20

33

16

30

18

Range
Tmp
22

1

10

1

7

2

8

2

11

3

8

1

W

14

1

1

1

13

3

10

10

5

12

C

17

2

17

7

12

18

1

5

E

6

11

10

10

8

9

10

9

3

Eur

continental gradients

Min
Lat
31.5
26.5
36.5
31.5
32.5
37.5
26.5
32.5
36.5
31.5
38.5
34.5
34.5
55.5
34.5
31.5
34.5
29.5
39.5
34.5
32.5
29.5
25.5
38.5
33.5
34.5
31.5

Foraging type

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

small-medium woody herbivore

strict flycatchers

strict flycatchers

strict flycatchers

strict flycatchers

strict flycatchers

strict flycatchers

strict flycatchers

Species

Carduelis pinus

Carduelis psaltria

Carduelis spinus

Carduelis tristis

Carpodacus cassinii

Carpodacus erythrinus

Carpodacus mexicanus

Carpodacus purpureus

Coccothraustes
coccothraustes
Coccothraustes vespertinus

Emberiza citrinella

Emberiza hortulana

Fringilla coelebs

Fringilla montifringilla

Loxia curvirostra

Loxia curvirostra

217

Pheucticus ludovicianus

Pheucticus melanocephalus

Pyrrhula pyrrhula

Serinus serinus

Contopus cooperi

Contopus sordidulus

Contopus virens

Empidonax flaviventris

Empidonax hammondii

Empidonax minimus

Empidonax oberholseri

60.5

63.5

71.5

63.5

52.5

70.5

71.5

59.5

70.5

54.5

63.5

61.5

69.5

71.5

70.5

67.5

70.5

57.5

63.5

62.5

53.5

67.5

53.5

56.5

69.5

46.5

Max
Lat
66.5

29

29

38

25

27

41

39

25

31

25

29

30

35

16

36

33

32

26

27

30

27

30

21

25

33

20

Range
Lat
35

-5

-7

-14

-7

0

-12

-14

0

-9

-2

-7

-11

-8

-8

-7

-1

-8

-3

-1

-9

-2

-8

-2

-2

-8

0

Min
Tmp
-11

22

15

18

10

24

22

17

19

16

22

16

20

19

7

19

20

17

16

18

22

23

14

22

20

18

23

Max
Tmp
22

27

22

31

17

24

34

31

19

24

25

23

31

27

15

26

21

25

19

19

31

25

22

25

22

25

23

Range
Tmp
34

6

2

4

11

5

7

1

1

1

1

3

8

6

5

2

8

W

4

1

8

1

1

5

1

1

11

1

C

8

3

16

1

8

4

6

1

16

1

E

4

11

2

2

2

11

4

11

9

4

7

Eur
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40.5
34.5
38.5
35.5
36.5
36.5
37.5
34.5
31.5
30.5
25.5

terrestrial and low flycatching

terrestrial and low flycatching

terrestrial and low flycatching

terrestrial and low flycatching

terrestrial and low flycatching

terrestrial and low flycatching

terrestrial and low flycatching

terrestrial and low flycatching

terrestrial and low flycatching

terrestrial and low flycatching

Luscinia megarhynchos

Luscinia svecica

Oenanthe oenanthe

Phoenicurus ochruros

Phoenicurus phoenicurus

Saxicola rubetra

Saxicola torquata

Sialia currucoides

Sialia mexicana

Sialia sialis

Tyrannus forficatus

terrestrial and low flycatching

strict flycatchers

Sayornis saya

Luscinia luscinia

25.5

strict flycatchers

Sayornis phoebe

36.5

28.5

strict flycatchers

Sayornis nigricans

terrestrial and low flycatching

25.5

strict flycatchers

Myiarchus tyrannulus

Erithacus rubecula

29.5

strict flycatchers

Myiarchus crinitus

28.5

25.5

strict flycatchers

Myiarchus cinerascens

26.5

24.5

strict flycatchers

Muscicapa striata

strict flycatchers

26.5

strict flycatchers

Ficedula hypoleuca

strict flycatchers

34.5

strict flycatchers

Ficedula albicollis

Tyrannus vociferans

36.5

strict flycatchers

Empidonax wrightii

Tyrannus verticalis

39.5

strict flycatchers

24.5

30.5

strict flycatchers

Empidonax virescens

strict flycatchers

28.5

strict flycatchers

Empidonax traillii

Tyrannus tyrannus

Min
Lat
31.5

Foraging type

Species

218
53.5

53.5

67.5

63.5

70.5

70.5

61.5

73.5

71.5

54.5

64.5

70.5

46.5

54.5

67.5

40.5

71.5

63.5

43.5

37.5

54.5

46.5

70.5

70.5

57.5

49.5

44.5

Max
Lat
56.5

28

23

36

29

33

34

25

38

33

20

24

34

18

28

43

15

43

38

14

12

30

20

36

34

18

19

16

Range
Lat
25

-1

-2

-13

0

-8

-8

0

-9

-9

0

-4

-8

1

-2

-10

10

-14

-8

3

7

-1

0

-8

-8

0

1

6

Min
Tmp
-3

23

22

21

19

16

20

20

19

16

20

12

18

22

23

24

23

23

23

23

23

25

23

19

18

16

21

22

Max
Tmp
23

24

24

34

19

23

27

19

28

25

19

16

26

22

26

34

13

37

31

20

16

26

23

27

25

15

20

16

Range
Tmp
25

3

10

2

11

4

5

1

1

4

2

4

W

8

2

1

8

14

4

9

1

9

1

2

2

C

15

17

15

16

10

5

E

4

10

11

6

7

1

7

6

11

9

9

1

Eur

continental gradients

36.5
31.5
31.5
34.5
39.5
36.5
29.5
31.5
30.5
36.5
25.5

tit-like birds

trunk forager

trunk forager

trunk forager

trunk forager

trunk forager

trunk forager

trunk forager

trunk forager

trunk forager

Regulus satrapa

Certhia americana

Certhia brachydactyla

Certhia familiaris

Jynx torquilla

Mniotilta varia

Sitta canadensis

Sitta carolinensis

Sitta europaea

Sitta pusilla

Poecile carolinensis

tit-like birds

tit-like birds

Poecile atricapillus

Regulus regulus

27.5

tit-like birds

Parus palustris

29.5

35.5

tit-like birds

Parus montanus

tit-like birds

37.5

tit-like birds

Parus major

Regulus calendula

38.5

tit-like birds

Parus cristatus

29.5

34.5

tit-like birds

Parus caeruleus

35.5

36.5

tit-like birds

Parus ater

tit-like birds

34.5

tit-like birds

Chamaea fasciata

tit-like birds

34.5

tit-like birds

Baeolophus inornatus

Psaltriparus minimus

32.5

tit-like birds

Baeolophus griseus

Poecile rufescens

32.5

tit-like birds

31.5

31.5

tit-like birds

Auriparus flaviceps

tit-like birds

27.5

tit-like birds

Aegithalos caudatus

Poecile gambeli

Min
Lat
36.5

Foraging type

Species

219
38.5

66.5

56.5

62.5

64.5

70.5

70.5

56.5

56.5

62.5

69.5

71.5

50.5

61.5

61.5

40.5

71.5

65.5

70.5

71.5

67.5

67.5

67.5

45.5

43.5

43.5

36.5

Max
Lat
70.5

13

30

26

31

35

34

31

22

25

31

33

42

21

26

30

13

36

28

32

37

31

33

33

13

11

12

9

Range
Lat
34

10

-3

-2

-7

-7

-4

-7

0

-4

-11

-4

-14

0

-11

-6

9

-14

-3

-9

-4

-3

-3

-4

3

3

0

12

Min
Tmp
-4

23

20

22

21

20

18

17

19

18

20

19

21

22

17

22

22

16

17

16

20

18

20

19

22

22

20

23

Max
Tmp
19

13

22

24

28

27

22

24

19

21

31

22

35

22

28

28

13

30

20

24

23

21

23

23

19

20

19

11

Range
Tmp
22

2

6

1

5

7

2

3

10

5

1

1

2

2

W

1

4

2

4

1

6

8

1

C

5

10

7

9

4

5

11

9

E

10

7

9

5

11

10

10

11

8

11

10

10

Eur
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Min
Lat
31.5
36.5
36.5
36.5
38.5
25.5
25.5
24.5
25.5
29.5
31.5
32.5
25.5
26.5
25.5
36.5
36.5
32.5
35.5
34.5

Foraging type

trunk forager

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

woodpeckers

Species

Sitta pygmaea

Dendrocopos major

Dendrocopos medius

Dendrocopos minor

Dryocopus martius

Dryocopus pileatus

Melanerpes aurifrons

Melanerpes carolinus

Melanerpes
erythrocephalus
Melanerpes formicivorus

Melanerpes uropygialis

Picoides nuttallii

Picoides pubescens

Picoides scalaris

Picoides villosus

Picus canus

220

Picus viridis

Sphyrapicus nuchalis

Sphyrapicus ruber

Sphyrapicus varius

64.5

61.5

53.5

64.5

67.5

70.5

38.5

71.5

41.5

35.5

45.5

52.5

46.5

34.5

60.5

69.5
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Short title: Declining stability during global warming
One of the most immediate means by which anthropogenic climate change may
contribute to state-shifts in the earth system is through extinction of wildlife
populations, an important precursor to which is erosion of their stability. We document
a coherent signal of reduced community stability across 744 jurisdiction-level breeding
bird guilds in Europe and North America based on more than 3000 population time
series. This signal is detected using a range of metrics including declining resistance and
resilience, and increasing variability. The decline in stability has occurred during a
period when climate has warmed, become more autocorrelated and variable. These
trends are consistently observed in Europe and North America, with the largest and
most consistent changes observed in Europe. In North America, the magnitude of loss of
stability depends on how climate change has manifested regionally in jurisdictions, with
stability decreasing the most where climate has become more variable and temporally
autocorrelated. This observation supports the expectation of climate change acting as a
destabilizing factor through increasing frequency of extreme events and reddening of
environmental variation. Our results provide novel empirical support for the notion of
destabilization of wildlife communities by climate change at large spatial scales.
A state shift in the entire earth system (Barnosky et al. 2012) could be become the result of
the cumulative planetary impact of humans and the associated crossing of a set of planetary
boundaries (Rockström and Steffen 2009, Rockström et al. 2009). The potential for
anthropogenic climate change to contribute to such destabilization of the earth system
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(Lenton 2012, Scheffer et al. 2012), hereunder wildlife populations (Post 2013a), is a topic of
current debate. Realizing the importance of early information about system destabilization, a
separate field of research has focused on the detection of early-warning signals of system
tipping points based on stability metrics (Lenton 2012, 2013, Wassmann and Lenton 2012,
Scheffer et al. 2012). Few critical transitions have, however, been predicted ahead of time
and retrospective analysis of systems likely to undergo transitions run the risk of biasing
investigations toward systems with properties that might not reflect the majority of
geophysical or biological systems (the Prosecutor’s fallacy (Boettiger and Hastings 2012)).
Continued measurement and monitoring of stability is therefore of high priority as a
probabilistic assessment of the likelihood that communities undergo critical transitions
(Scheffer et al. 2012, Post 2013b).
There are several means by which climate change might destabilize communities of
biological populations, including through reddening of environmental variation (Wilmers et
al. 2007, Post 2013a), increasing frequency of extreme events (Julliard et al. 2004, Jiguet et
al. 2006) and directional changes in the climate being amplified by community interactions
(Kirby and Beaugrand 2009, Post 2013b). For example, destabilization of populations during
environmental reddening is expected because point stability is only possible in completely
deterministic environments, whereas adding environmental stochasticity to a system reduces
the probability of it achieving stability, especially if the magnitude of environmental
variability increases through time (May 1973) as is expected with climate change (Post
2013a).
Much attention has been devoted to the development of improved measures of community
stability (Ives 1999, Ives et al. 2003, Macarthur and Jul 2008, Fowler et al. 2012). Recently
developed methods view communities as stochastic systems and allow the estimation of
stability directly from observed data using as reference the stochastic analog of long-term
equilibrium, the stationary distribution of population abundances (Ives et al. 2003, Hampton
et al. 2013). The modelling framework for such estimation is multivariate autoregressive
(MAR) models. Measures of community stability in MAR-models include the rate of return
(resilience) and the reactivity or displacement of communities following environmental
perturbation (resistance) as well as the overall variability of systems around their stochastic
equilibrium (table 1, (Ives et al. 2003, Hampton et al. 2013)).
Birds have been shown to respond to climate change in a number of ways, including, most
notably, range shifts, decline of long-distance migrants due to drought and other factors
(Baillie and Peach 1992, Sanderson et al. 2006), increases in species with amore equatorial
distribution (Jiguet et al. 2007, 2010) and shifts in life history events with a risk of becoming
mismatched to food resources (Both and Visser 2001, Both et al. 2006). However, the
stability response of bird communities to global environmental change has rarely been
investigated and when so mainly in the context of habitat fragmentation (Boulinier 1998,
Boulinier et al. 2001, Sauer and Link 2002, Sibly et al. 2007). In fact, MAR models have so
far mainly been applied to marine and limnetic systems (Hampton et al. 2013).
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Table 1 List of measured stability properties as well as the climatic and demographic
covariates used in the mixed model.

Variable
name

Variable

Interpretation

Guild stability
mean reactivity
Pull towards stationary distribution between
reactivity m
time steps. Higher values are less stable - less
tendency towards mean.
worst-case reactivity
Maximum reactivity value. Interpretation as
reactivity w
mean reactivity.
asymptotic rate of return of the Return rate of the transition distribution to the
return m
mean
stationary distribution (time to return to mean).
Higher values are less stable - slower return
rate.
asymptotic rate of return of the Interpretation as asymptotic rate of return of
return v
variance
the mean.
variance of the stationary Time spent away from mean of the stationary
variability
distribution
distribution.
Guild demography
Mean density
d.mean
Coefficient of variation in
d.cv
density
Mean long-term rate of increase
lgr.mean
Variance in long-term rate of
lgr.var
increase
Change in d.mean
d.mean.c
Change in d.cv
d.cv.c
Climate – 15-year statistics on annual mean temperature
mean temperature
mean
first order autocorrelation in
acf
temperature
coefficient of variation in
cv
temperature
mean.change Change in mean
Change in acf
acf.change
Change in cv
cv.change
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Here we investigate the temporal development in stability metrics among groups of breeding
birds with similar foraging strategy and body size. We use the breeding bird surveys of
Europe and North America to analyze stability in 744 regional-scale multivariate time series
with a minimum length of 20 years. We test the hypotheses that destabilization among bird
foraging types should be associated with an increased reddening of climatic variation on
interannual time scales (Wilmers et al. 2007), increased variability as a surrogate for extreme
events (Julliard et al. 2004), particularly strong increases in regional temperature (Jiguet et al.
2010), or with mean annual temperature of the region (Schemske et al. 2009).

Change in stability metrics
Between the two periods the stability properties changed toward higher instability (Fig. 1). In
the dataset consisting of guilds common to the two continents (Fig. 1 – black) this change
was significant for both reactivity and return-rate measures as well as for increasing
variability (worst-case reactivity and return-rates P < 0.05, mean reactivity P < 0.01,
variability P < 0.001). Trends in the full European and North American datasets mirrored
changes in the combined dataset. In Europe, significant declines in stability were observed in
terms of increase in both types of reactivity and return-rate measures (Fig. 1, P < 0.01). In
North America, declining stability was reflected in significant increases in worst-case
reactivity and both types of return-rates (Fig. 1, P < 0.05).

Climate change and climate covariates of stability decline
The fifteen year mean annual temperature increased between the two periods in all European
and North American jurisdictions (Fig. 2, NAm median change = 0.35° C, Europe median
change = 0.62° C). The trajectory in the two other climate statistics to a larger extent varied
between jurisdictions (Fig. 2). In North America, the regional mean increased in both the
fifteen year first-order autocorrelation function (acf) and coefficient of variation (cv) (Fig. 2).
In Europe, only cv increased from 1995 to 2010, while acf declined (Fig. 2). However, the
mean net change for the entire 30 year period was positive in all metrics (Fig 2). Increases in
reactivity and return-rates were positively correlated with increases in 15-year annual
temperature cv and acf in the full North American dataset (Fig. 3, P<0.05). With the
exception of a positive correlation between increase in mean reactivity and mean
temperature, no significant correlations were observed in the combined dataset, and no
significant correlations were observed in the European dataset (Fig. 3).

Demographic correlates of stability decline
Two demographic covariates were associated decreasing stability (Fig. 4). In the combined
dataset, mean reactivity and return rates increased along with mean density (d.mean) and
increasing rates of change in density cv (d.cv.c) (Fig. 4, P<0.05). A similar pattern was
observed with regard to change in density cv (d.cv.c) in the full North American dataset (Fig.
4) and mean density and mean reactivity in the European (Fig. 4, P<0.05).
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Figure 1 Mean change in stability metrics in guilds of common breeding birds during a period of
climate warming. Change is shown from 1980-1998 to 1992-2010 for shared guilds in Europe and
North America (black) and the entire North American (red) and European dataset (blue).
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Discussion and perspectives
Our results are in order with the expectation of directional environmental change and more
specifically anthropogenic climate change to act as a destabilizing agent (Fig. 1). Such
destabilization may have occurred through a mix of processes including directional
community turnover, destabilizing effects of weakened density dependence under increased
environmental autocorrelation, increasing frequency of extreme events and amplification of
abiotic changes through biotic interactions.
While other changing conditions may be expected to contribute to a general destabilization,
recent changes in climate has likely had the most uniform impact at the scale of investigation,
with changes in mean, cv and acf which all would be expected to cause destabilization The
fact that destabilization is more pronounced in regions of North America where annual mean
temperature has become more autocorrelated and variable (Fig. 3), further supports the
general attribution of temporal change in stability to climatic variation. Two reasons may
explain why this correlation is not observed in Europe. First,the number of jurisdictions is
much smaller in Europe than in North America (Figs S1-S4) and the power to detect climatic
gradients in stability dynamics therefore reduced. In addition, the European jurisdications
cover an area much smaller in extent than North American jurisdictions and climate change
within this region has been more homogenous in comparison to the entire North American
continent (IPCC 2013). Besides the larger size of the less homogenous North American
dataset (table S1), smaller rates of change in North American continent could be due to use of
hierarchical models in calculating annual densities, where annual values are partially
smoothed toward the mean.
Results of the combined dataset analysis suggest that declining stability is particularly notable
among species that are detected in higher densities in breeding bird surveys. This may be
because data for such species are less noisy due to smaller observation errors (Bjørnstad and
Grenfell 2001) and environmental signals may therefore be more easily detected at higher
densities. It may also reflect the particularly strong role of density dependence and its
destabilizing consequences under climate change in species that are closer to their carrying
capacity (Grenfell et al. 1992).
The ecological implications of changes in statistical stability measures are still under debate,
and are undoubtedly complex and likely system dependent. Our interpretation of the results
presented here is inherently linked to the assumption that changes in mean annual
temperature capture changes in the conditions that populations experience locally.
Monitoring of local conditions for such diverse datasets is currently not feasible due to
variation in species niches and intraspecific variation in, for example, habitat use. In the
meantime, a general indicator of regional variation in atmospheric energy content, such as
mean annual temperature, may be the best available solution to monitor and generate
predictions of changes in population and community stability during ongoing climate change.
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Methods summary
Study approach
We estimate statistical stability properties of multivariate time series in two overlapping
periods of time and then investigate change in stability as a function of time, climatic, and
demographic covariates. We analyze more than 3000 jurisdiction-level time-series of 102
European and 222 North American breeding birds in sets of approximately 800 multivariate
foraging type time series (appendix S1). The time series derive from the continental breeding
bird surveys of North America ((Sauer and Link 2011), www.pwrc.usgs.gov/bbs) and Europe
(Gregory et al. 2005, Voříšek et al. 2010), www.ebcc.info). In order to compare stability
between continents amongst functionally similar species, we conduct an analysis limited to
members of nine foraging guilds found in both Europe and North America. We also conduct
separate analyses for all European and North American guilds (table S1).

Time series analysis
We applied a multivariate autoregressive state-space framework (MARSS) (Ives et al. 2003,
Hampton et al. 2013) to measure stability in regional species groups of similar foraging
strategy, herein referred to as guilds. We measured five stability properties of the multivariate
guild time series: variance of the stationary distribution, reactivity, and return-rate for guilds
(table 1) in two overlapping time 15-20 year periods following the method outlined in (Ives et
al. 2003, Hampton et al. 2013). We apply custom build functions available through R’s
MAR1 package ((Hampton et al. 2013) in combination with the MARSS R package (Holmes
pers. comm. (Holmes 2012, Holmes et al. 2012a, 2012b)) to measure five stability properties
of the multivariate guild time series: variance of the stationary distribution, reactivity, and
return-rate for guilds (table 1) in two overlapping time 15-20 year periods following the
method outlined in (Ives et al. 2003, Hampton et al. 2013). Stability properties are measured
in a multivariate Gompertz model incorporating an interaction matrix (B) measuring
intraspecific and interspecific interactions from vectors of multispecies counts (x) in year t-1
to explain density in year t.
[1]
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Linear mixed effects models with change in stability properties as response variable are
applied to investigate changes in stability properties over time as a function of time, climatic
variability and guild characteristics. Investigated demographic and climatic covariates are
listed in table 1. All analysis were carried out in R (R Core Team 2013) and using the
lmerTest R-package tests of linear-mixed effects models.
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Supplementary materials
Materials and methods
Study approach
We estimate statistical stability properties of multivariate time series in two overlapping
periods of time and then investigate change in stability as a function of time, climatic, and
demographic covariates.

Time series data
We analyze more than 3000 jurisdiction-level time-series of 102 European and 222 North
American breeding birds in sets of approximately 800 multivariate foraging type time series
(appendix S1). The time series derive from the continental breeding bird surveys of North
America ((Sauer and Link 2011), www.pwrc.usgs.gov/bbs) and Europe (Gregory et al. 2005,
Voříšek et al. 2010), www.ebcc.info). Time series are aggregated from a large number of
local scale annual counts to produce indices of population abundance at a larger spatial scale
(Gregory et al. 2005, Sauer and Link 2011) while accounting for missing observations and
observer bias (Sauer et al. 1994, Kendall et al. 1996). We only include “high credibility” time
series from the North American breeding bird survey, that is, time series designated with the
highest of three credibility levels by the USGS Patuxent Wildlife Research Center and further
confine our analysis to Europa time-series with at least 20 years of data. In order to compare
stability between continents amongst functionally similar species, we conduct an analysis
limited to members of nine foraging guilds found in both Europe and North America. We
also conduct separate analyses for all European and North American guilds (table S1).

Time series analysis
We applied a multivariate autoregressive state-space framework (MARSS) (Ives et al. 2003,
Hampton et al. 2013) to measure stability in regional species groups of similar foraging
strategy, herein referred to as guilds. We measured five stability properties of the multivariate
guild time series: variance of the stationary distribution, reactivity, and return-rate for guilds
in two overlapping time 15-20 year periods following the method outlined in (Ives et al.
2003, Hampton et al. 2013) (table 1). We apply custom build functions available through R’s
MAR1 package ((Hampton et al. 2013) in combination with the MARSS R package (Holmes
pers. comm. (Holmes 2012, Holmes et al. 2012a, 2012b)). Stability metrics were computed
from z-scored (mean = 0, sd = 1) log-density time series with the linear trend removed before
z-scoring. The following additional criteria were applied for time series to be included in the
analysis: mean density per route above one (North America) and no zero counts. The skeleton
model for each individual time series is a first order autoregressive Gompertz model. The
multivariate model incorporates an interaction matrix (B) measuring intraspecific and
interspecific interactions from vectors of multispecies counts (x) in year t-1 to explain density
in year t. We only estimate intraspecific interaction strength only to keep the number of
estimated parameters low and more robust, further weaker interactions are generally assumed
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to characterize many bird communities at the regional scale than for example mammals or
simple trophic communities in the marine realm (e.g. (Kendall et al. 1998)).
[1]

Stability change
Linear mixed effects models with change in stability properties as response variable are
applied to investigate changes in stability properties over time as a function of time, climatic
variability and guild characteristics. Investigated demographic and climatic covariates are
listed in table 1. We analyzed change in a common subset of guilds that are found in both
Europe and North America. We excluded guilds less well monitored by breeding bird
surveys, including non-passerine guilds associated with water, gallinaceaous birds, birds of
prey, and nocturnal and diurnal aerial insectivores (swallows and swifts). We also separately
analyzed the entire European and North American datasets. All analysis were carried out in R
(R Core Team 2013) and using the lmerTest R-package tests of linear-mixed effects models.
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Table S1 Foraging type guilds in North America and Europe; the number of jurisdictions as
well as the median size of guilds are indicated.
North America
Number Median
size
22
4.5
17
2
50
5
10
33
3
12
3
56
12
17
3
1
3
1
3
54
7
1
3
19
4
4
1.5

Guild
aquatic insectivore & follivores
aquatic pursuers
diurnal aerial insectivores
diurnal raptors, bird eating raptors
diurnal raptors, mammal eating raptors
diving ducks
foliage gleaning insectivores
gallinaceous birds
Gulls
hummingbirds
medium ground-feeding mixed-feeder
nocturnal aerial insectivores
omnivorous corvids
Rails
reed warbler-like
scolopacids
small ground-feeding insectivores
small ground-feeding mixed-feeder
small-large ground and arboreal herbivores
small-medium frugi- and insectivore
small-medium tree-feeding herbivores
strict flycatchers
Terns
terrestrial and low flycatching feeders
tit-like birds
trunk forager
wading birds
woodpeckers

18
56
3
6
27
55
5
10
1
31
49
558
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Europe
Number Median
size

4

5

25

9

17

5

13

5

9

5

22
8
7

7
5.5
5

24

9

22
24

6
8

11
186

5

4
15
4
4
5
5
4
4
2
3
3
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Figure S1 Jurisdiction-wise mean reactivity of the first and second survey period in North
America (red) and Europe (blue).
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Figure S2 Jurisdiction-wise worst-case reactivity of the first and second survey period in
North America (red) and Europe (blue).
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Figure S3 Jurisdiction-wise return rate of the mean of the first and second survey period in
North America (red) and Europe (blue).
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Figure S4 Jurisdiction-wise return rate of the variance of the first and second survey period
in North America (red) and Europe (blue).
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Figure S5 Jurisdiction-wise variability of the first and second survey period in North
America (red) and Europe (blue).
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Appendix S1
List of species included in the study and their foraging type guild. Taxonomy follows the
coordinating bodies of the European (Eur) and North American (NAm) breeding bird
surveys.
guild
aquatic insectivore & follivores
aquatic insectivore & follivores
aquatic insectivore & follivores
aquatic insectivore & follivores
aquatic insectivore & follivores
aquatic insectivore & follivores
aquatic insectivore & follivores
aquatic insectivore & follivores
aquatic insectivore & follivores
aquatic insectivore & follivores
aquatic insectivore & follivores
aquatic insectivore & follivores
aquatic pursuers
aquatic pursuers
aquatic pursuers
aquatic pursuers
aquatic pursuers
aquatic pursuers
aquatic pursuers
aquatic pursuers
aquatic pursuers
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal aerial insectivores
diurnal raptors, bird eating raptors
diurnal raptors, bird eating raptors
diurnal raptors, bird eating raptors
diurnal raptors, bird eating raptors
diurnal raptors, bird eating raptors
diurnal raptors, bird eating raptors
diurnal raptors, mammal eating raptors
diurnal raptors, mammal eating raptors
diurnal raptors, mammal eating raptors
diurnal raptors, mammal eating raptors
diurnal raptors, mammal eating raptors
diurnal raptors, mammal eating raptors
diurnal raptors, mammal eating raptors

species
Aix sponsa
Anas acuta
Anas clypeata
Anas crecca
Anas cyanoptera
Anas discors
Anas fulvigula
Anas rubripes
Anas strepera
Dendrocygna autumnalis
Dendrocygna bicolor
Podiceps nigricollis
Gavia immer
Lophodytes cucullatus
Mergus merganser
Mergus serrator
Phalacrocorax auritus
Phalacrocorax pelagicus
Podiceps auritus
Podiceps grisegena
Podilymbus podiceps
Apus apus
Delichon urbica
Hirundo daurica
Hirundo rupestris
Hirundo rustica
Riparia riparia
Aeronautes saxatalis
Chaetura pelagica
Chaetura vauxi
Cypseloides niger
Hirundo rustica
Petrochelidon fulva
Petrochelidon pyrrhonota
Progne subis
Riparia riparia
Stelgidopteryx serripennis
Tachycineta bicolor
Tachycineta thalassina
Accipiter cooperii
Accipiter gentilis
Accipiter striatus
Falco columbarius
Falco mexicanus
Falco peregrinus
Aquila chrysaetos
Athene cunicularia
Buteo lineatus
Buteo platypterus
Buteo regalis
Buteo swainsoni
Circus cyaneus
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continent
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
Eur
Eur
Eur
Eur
Eur
Eur
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
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guild
diurnal raptors, mammal eating raptors
diurnal raptors, mammal eating raptors
diurnal raptors, mammal eating raptors
diurnal raptors, mammal eating raptors
diurnal raptors, mammal eating raptors
diurnal raptors, mammal eating raptors
diving ducks
diving ducks
diving ducks
diving ducks
diving ducks
diving ducks
diving ducks
diving ducks
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores

species
Elanoides forficatus
Elanus leucurus
Falco sparverius
Glaucidium gnoma
Haliaeetus leucocephalus
Parabuteo unicinctus
Aythya affinis
Aythya americana
Aythya collaris
Aythya valisineria
Bucephala albeola
Bucephala clangula
Bucephala islandica
Oxyura jamaicensis
Hippolais icterina
Hippolais pallida
Hippolais polyglotta
Phylloscopus bonelli
Phylloscopus collybita
Phylloscopus sibilatrix
Phylloscopus trochilus
Sylvia atricapilla
Sylvia borin
Sylvia cantillans
Sylvia communis
Sylvia curruca
Sylvia hortensis
Sylvia melanocephala
Sylvia nisoria
Sylvia undata
Troglodytes troglodytes
Catherpes mexicanus
Dendroica caerulescens
Dendroica castanea
Dendroica cerulea
Dendroica dominica
Dendroica fusca
Dendroica graciae
Dendroica magnolia
Dendroica nigrescens
Dendroica occidentalis
Dendroica pensylvanica
Dendroica petechia
Dendroica pinus
Dendroica striata
Dendroica tigrina
Dendroica townsendi
Dendroica virens
Geothlypis trichas
Helmitheros vermivorus
Icteria virens
Oporornis agilis
Oporornis formosus
Oporornis philadelphia
Oporornis tolmiei
Parula americana
Polioptila caerulea
Polioptila melanura
Protonotaria citrea
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continent
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
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guild
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
foliage gleaning insectivores
gallinaceous birds
gallinaceous birds
gallinaceous birds
gallinaceous birds
gallinaceous birds
gallinaceous birds
gallinaceous birds
gallinaceous birds
gallinaceous birds
gallinaceous birds
gallinaceous birds
gallinaceous birds
gallinaceous birds
Gulls
Gulls
Gulls
Gulls
Gulls
hummingbirds
hummingbirds
hummingbirds
hummingbirds
hummingbirds
hummingbirds
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder

species
Salpinctes obsoletus
Setophaga ruticilla
Thryomanes bewickii
Thryothorus ludovicianus
Troglodytes aedon
Vermivora celata
Vermivora chrysoptera
Vermivora luciae
Vermivora peregrina
Vermivora pinus
Vermivora ruficapilla
Vermivora virginiae
Vireo bellii
Vireo cassinii
Vireo flavifrons
Vireo gilvus
Vireo griseus
Vireo huttoni
Vireo olivaceus
Vireo philadelphicus
Vireo plumbeus
Vireo solitarius
Vireo vicinior
Wilsonia canadensis
Wilsonia citrina
Wilsonia pusilla
Alectoris chukar
Bonasa umbellus
Callipepla californica
Callipepla gambelii
Callipepla squamata
Centrocercus urophasianus
Colinus virginianus
Meleagris gallopavo
Oreortyx pictus
Perdix perdix
Phasianus colchicus
Tympanuchus cupido
Tympanuchus phasianellus
Larus argentatus
Larus californicus
Larus delawarensis
Larus glaucescens
Larus occidentalis
Archilochus alexandri
Calypte anna
Calypte costae
Selasphorus rufus
Selasphorus sasin
Stellula calliope
Melanocorypha calandra
Sturnus unicolor
Sturnus vulgaris
Turdus iliacus
Turdus merula
Turdus philomelos
Turdus pilaris
Turdus torquatus
Turdus viscivorus
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continent
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
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guild
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
medium ground-feeding mixed-feeder
nocturnal aerial insectivores
nocturnal aerial insectivores
nocturnal aerial insectivores
nocturnal aerial insectivores
nocturnal aerial insectivores
Nocturnal pouncing raptors
Nocturnal pouncing raptors
Nocturnal pouncing raptors
Nocturnal pouncing raptors
Nocturnal pouncing raptors
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
omnivorous corvids
Rails
Rails
Rails
Rails
Rails

species
Agelaius phoeniceus
Agelaius tricolor
Euphagus carolinus
Euphagus cyanocephalus
Hylocichla mustelina
Ixoreus naevius
Molothrus aeneus
Quiscalus major
Quiscalus quiscula
Sturnella magna
Sturnella neglecta
Sturnus vulgaris
Toxostoma bendirei
Toxostoma crissale
Toxostoma curvirostre
Toxostoma lecontei
Toxostoma longirostre
Toxostoma redivivum
Toxostoma rufum
Turdus migratorius
Xanthocephalus
xanthocephalus
Caprimulgus carolinensis
Caprimulgus vociferus
Chordeiles acutipennis
Chordeiles minor
Phalaenoptilus nuttallii
Asio flammeus
Bubo virginianus
Otus kennicottii
Strix varia
Tyto alba
Corvus corax
Corvus frugilegus
Corvus monedula
Cyanopica cyanus
Garrulus glandarius
Perisoreus infaustus
Pica pica
Pyrrhocorax graculus
Pyrrhocorax pyrrhocorax
Aphelocoma californica
Corvus brachyrhynchos
Corvus caurinus
Corvus corax
Corvus cryptoleucus
Corvus ossifragus
Cyanocitta cristata
Cyanocitta stelleri
Cyanocorax yncas
Gymnorhinus cyanocephalus
Perisoreus canadensis
Pica nuttalli
Pica pica
Fulica americana
Gallinula chloropus
Porphyrula martinica
Rallus elegans
Rallus longirostris
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continent
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
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guild
reed warbler-like
reed warbler-like
reed warbler-like
reed warbler-like
reed warbler-like
reed warbler-like
reed warbler-like
reed warbler-like
scolopacids
scolopacids
scolopacids
scolopacids
scolopacids
scolopacids
scolopacids
scolopacids
scolopacids
scolopacids
scolopacids
scolopacids
small-large ground and aboreal herbivores
small-large ground and aboreal herbivores
small-large ground and aboreal herbivores
small-large ground and aboreal herbivores
small-large ground and aboreal herbivores
small-large ground and aboreal herbivores
small-large ground and aboreal herbivores
small-large ground and aboreal herbivores
small-large ground and aboreal herbivores
small-large ground and aboreal herbivores
small-large ground and aboreal herbivores
small-medium frugi- and insectivore
small-medium frugi- and insectivore
small-medium frugi- and insectivore
small-medium frugi- and insectivore
small-medium frugi- and insectivore
small-medium frugi- and insectivore
small-medium frugi- and insectivore
small-medium frugi- and insectivore
small-medium frugi- and insectivore
small-medium frugi- and insectivore
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores

species
Acrocephalus arundinaceus
Acrocephalus palustris
Acrocephalus schoenobaenus
Acrocephalus scirpaceus
Cettia cetti
Cisticola juncidis
Locustella fluviatilis
Locustella naevia
Actitis macularia
Bartramia longicauda
Catoptrophorus semipalmatus
Himantopus mexicanus
Limosa fedoa
Numenius americanus
Phalaropus tricolor
Recurvirostra americana
Scolopax minor
Tringa flavipes
Tringa melanoleuca
Tringa solitaria
Columba livia
Columba oenas
Columba palumbus
Streptopelia decaocto
Streptopelia turtur
Columba fasciata
Columba livia
Columbina inca
Columbina passerina
Zenaida asiatica
Zenaida macroura
Icterus bullockii
Icterus cucullatus
Icterus galbula
Icterus parisorum
Icterus spurius
Phainopepla nitens
Piranga flava
Piranga ludoviciana
Piranga olivacea
Piranga rubra
Carduelis cannabina
Carduelis carduelis
Carduelis chloris
Carduelis flammea
Carduelis spinus
Carpodacus erythrinus
Coccothraustes coccothraustes
Emberiza citrinella
Emberiza hortulana
Fringilla coelebs
Fringilla montifringilla
Loxia curvirostra
Pyrrhula pyrrhula
Serinus serinus
Carduelis lawrencei
Carduelis pinus
Carduelis psaltria
Carduelis tristis
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continent
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
Eur
Eur
Eur
Eur
Eur
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
NAm
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
Eur
NAm
NAm
NAm
NAm
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guild
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small-medium tree-feeding herbivores
small ground-feeding insectivores
small ground-feeding insectivores
small ground-feeding insectivores
small ground-feeding insectivores
small ground-feeding insectivores
small ground-feeding insectivores
small ground-feeding insectivores
small ground-feeding insectivores
small ground-feeding insectivores
small ground-feeding insectivores
small ground-feeding insectivores
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
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small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder

species
Carpodacus cassinii
Carpodacus mexicanus
Carpodacus purpureus
Coccothraustes vespertinus
Loxia curvirostra
Loxia leucoptera
Pheucticus ludovicianus
Pheucticus melanocephalus
Pinicola enucleator
Alauda arvensis
Anthus campestris
Anthus pratensis
Anthus spinoletta
Anthus trivialis
Galerida cristata
Lullula arborea
Motacilla alba
Motacilla cinerea
Motacilla flava
Prunella modularis
Calandrella brachydactyla
Calcarius lapponicus
Emberiza cia
Emberiza cirlus
Emberiza melanocephala
Emberiza rustica
Emberiza schoeniclus
Galerida theklae
Miliaria calandra
Montifringilla nivalis
Passer domesticus
Passer hispaniolensis
Passer montanus
Petronia petronia
Aimophila aestivalis
Aimophila cassinii
Aimophila ruficeps
Ammodramus bairdii
Ammodramus henslowii
Ammodramus leconteii
Ammodramus maritimus
Ammodramus nelsoni
Ammodramus savannarum
Amphispiza belli
Amphispiza bilineata
Arremonops rufivirgatus
Calamospiza melanocorys
Calcarius mccownii
Calcarius ornatus
Campylorhynchus
brunneicapillus
Cardinalis cardinalis
Cardinalis sinuatus
Catharus fuscescens
Catharus guttatus
Catharus ustulatus
Chondestes grammacus
Dolichonyx oryzivorus
Dumetella carolinensis
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guild
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
small ground-feeding mixed-feeder
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small ground-feeding mixed-feeder
strict flycatchers
strict flycatchers
strict flycatchers
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strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
strict flycatchers
Terns
Terns
Terns
Terns
Terns
Terns
Terns

species
Eremophila alpestris
Guiraca caerulea
Melospiza georgiana
Melospiza lincolnii
Melospiza melodia
Mimus polyglottos
Molothrus ater
Oreoscoptes montanus
Passer domesticus
Passer montanus
Passerculus sandwichensis
Passerella iliaca
Passerina amoena
Passerina ciris
Passerina cyanea
Pipilo aberti
Pipilo chlorurus
Pipilo crissalis
Pipilo erythrophthalmus
Pipilo fuscus
Pipilo maculatus
Pooecetes gramineus
Spiza americana
Spizella atrogularis
Spizella breweri
Spizella pallida
Spizella passerina
Spizella pusilla
Zonotrichia albicollis
Zonotrichia leucophrys
Contopus cooperi
Contopus sordidulus
Contopus virens
Empidonax flaviventris
Empidonax hammondii
Empidonax minimus
Empidonax oberholseri
Empidonax traillii
Empidonax virescens
Empidonax wrightii
Myiarchus cinerascens
Myiarchus crinitus
Myiarchus tyrannulus
Pyrocephalus rubinus
Sayornis nigricans
Sayornis phoebe
Sayornis saya
Tyrannus couchii
Tyrannus forficatus
Tyrannus tyrannus
Tyrannus verticalis
Tyrannus vociferans
Rynchops niger
Sterna antillarum
Sterna caspia
Sterna forsteri
Sterna hirundo
Sterna maxima
Sterna nilotica
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NAm
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guild
terrestrial and low flycatching feeders
terrestrial and low flycatching feeders
terrestrial and low flycatching feeders
terrestrial and low flycatching feeders
terrestrial and low flycatching feeders
terrestrial and low flycatching feeders
terrestrial and low flycatching feeders
terrestrial and low flycatching feeders
terrestrial and low flycatching feeders
terrestrial and low flycatching feeders
terrestrial and low flycatching feeders
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
tit-like birds
trunk forager
trunk forager
trunk forager
trunk forager
trunk forager
wading birds
wading birds
wading birds
wading birds
wading birds
wading birds
wading birds
wading birds
wading birds
wading birds
wading birds
wading birds
wading birds
wading birds
wading birds
wading birds
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers

species
Erithacus rubecula
Luscinia luscinia
Luscinia megarhynchos
Luscinia svecica
Monticola solitarius
Oenanthe hispanica
Oenanthe oenanthe
Phoenicurus ochruros
Phoenicurus phoenicurus
Saxicola rubetra
Saxicola torquata
Aegithalos caudatus
Parus ater
Parus caeruleus
Parus cristatus
Parus major
Parus montanus
Parus palustris
Regulus ignicapilla
Regulus regulus
Auriparus flaviceps
Baeolophus griseus
Baeolophus inornatus
Chamaea fasciata
Poecile atricapillus
Poecile gambeli
Poecile hudsonicus
Poecile rufescens
Psaltriparus minimus
Regulus calendula
Regulus satrapa
Certhia americana
Mniotilta varia
Sitta canadensis
Sitta carolinensis
Sitta pygmaea
Ajaia ajaja
Ardea alba
Botaurus lentiginosus
Bubulcus ibis
Butorides virescens
Egretta caerulea
Egretta thula
Egretta tricolor
Eudocimus albus
Grus canadensis
Ixobrychus exilis
Mycteria americana
Nyctanassa violacea
Nycticorax nycticorax
Plegadis chihi
Plegadis falcinellus
Dendrocopos major
Dendrocopos medius
Dendrocopos minor
Dryocopus martius
Picus canus
Picus viridis
Dryocopus pileatus
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guild
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers
woodpeckers

species
Melanerpes aurifrons
Melanerpes carolinus
Melanerpes erythrocephalus
Melanerpes formicivorus
Melanerpes lewis
Melanerpes uropygialis
Picoides albolarvatus
Picoides arcticus
Picoides borealis
Picoides nuttallii
Picoides pubescens
Picoides scalaris
Picoides tridactylus
Picoides villosus
Sphyrapicus nuchalis
Sphyrapicus ruber
Sphyrapicus thyroideus
Sphyrapicus varius
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Abstract
Ecological specialization is often thought to be associated with increased extinction
risk in response to environmental change. Here we show that diet specialists lead a
rapid climate-mediated insect community expansion, using 18 years of light-trapping
data of full-season quantitative recordings of moths and beetles. We further
demonstrate that this community expansion is likely aided by a divergent
phenological response of cold- and hot-dwelling species advancing and delaying their
relative abundance distribution, respectively. We propose that diet specialists are
more sensitive to the immediate impact of climate change whereas biotic interactions
play a larger role in limiting the phenological response and community dynamics of
resource generalists. Our study provides new insights to the role of specialization in
recent climate change responses and suggests a contributing mechanism facilitating
community expansion during global warming.
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Introduction
Ecological specialization is a central concept in ecology and generally describes the
trade-off between the capacity to exploit a range of environmental conditions and the
ability to use each one (Devictor et al., 2010; Futuyma and Moreno, 1988; Poisot et
al., 2011). The evolutionary success of this overall strategy has resulted in
approximately 70% of all herbivorous insects being specialists (Price et al., 2011).
Nevertheless, specialists are increasingly shown to be declining and experiencing
higher past (McKinney, 1997) and present (Devictor et al., 2008a; Kotiaho et al.,
2005; Warren et al., 2001) extinction risk during periods of global change leading to
loss of specialized species and thus functional homogenization of ecosystems (Clavel
et al., 2011; Colles et al., 2009; Devictor et al., 2008a). One general hypothesis
accounting for these observations is that stable environmental conditions have favored
the evolution of specialist species, whereas fluctuating conditions have favored
generalists, and that these divergent evolutionary roots cause generalist species to
better cope with global change (Futuyma and Moreno, 1988; Kassen, 2002).
While the literature supports the sensitivity of contemporary specialist species mainly
due to habitat loss (e.g. Warren et al., 2001) and disturbances (e.g. Devictor et al.,
2008a), there is less evidence as to what extend community turnover during recent
climate change differ among specialists and generalists. Obtaining such knowledge
requires long-term data, collected under a standard protocol and representing a fullseason record, in order to investigate shifts in the entire relative abundance
distributions. Moreover, studies of Lepidoptera (most often butterflies and rarely
including moths) seem to prevail in investigations of insect response to climate
change (Andrew et al., 2013).
The turnover response of resource specialists, like any other functional group, should
be considered alongside physiological traits that more directly define a species’
climatic niche (Chown, 2012). This is not trivial task, but as seen from a single
sampling point, some species quite clearly have a geographical distribution with more
northerly affinity, while other species have their core distribution to the south. These
geographical affinities may serve as approximations for the species’ climatic niche
(Devictor et al., 2012, 2008b).
To address the question of differential climate-driven turnover among resource
specialists and generalists, we here use extensive and standardized light-trapping data
from Copenhagen, Denmark spanning almost two decades (1992-2009) of fullseasonal quantitative recordings of moths and beetles. We investigate the effects of
recent temperature change on community turnover, specifically in relation to the
degree of feeding specialization and climatic affinity of species range. The high
resolution of the dataset allows us to investigate the abundance patterns underlying
potential community turnover.
Specifically, our aim is to test whether: i) a community turnover is detectable and if
such a turnover is due an overall expansion or reduction in the community ii)
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temperature-related community turnover is more pronounced for resource specialists,
and iii) temperature-mediated responses could be explained by underlying abundance
patterns.

Materials and methods
A standard insect light trap was installed 17.5 m above ground at the Zoological
Museum in Copenhagen, Denmark (N 55.702512°, E 12.558956°). The trap was
emptied on an average weekly basis and was active from April-November 1992-2009.
All species of Lepidoptera (including microlepidoptera) and Coleoptera was
collected, identified to species level and counted. This yielded qualitative and
quantitative data for all species. All handling and identification of material was
carried out consistently throughout the entire period by the same two persons for
Lepidoptera and Coleoptera (authors OK and JP, respectively). The final dataset was
subjected to a thorough quality check, and the few mistakes (< 20 individual records)
that could not be accounted for by comparison of collection periods were discarded.
We excluded the first (1992) and the last year (2009) of the dataset to minimize
startup effects and influence from alteration of the local habitat in 2009. Furthermore,
in 1992 and 2009 the trap was not active in the entire season. To account for variation
in sampling intervals we grouped the dataset into standardized ten-day periods the
first starting on 1st of January (Julian Day 1) and the last period ending on December
26 (Julian Day 360). The ten-day interval is slightly longer than the mean sampling
interval.

Catchment area of light trap
The majority of species caught are expected to be from the nearest surroundings, but
some have dispersed from several kilometers away, such as the ground beetles
Harpalus griseus, Harpalus calceatus and Dolichus halensis etc, whose natural
habitats are not present in the near surroundings.

Community turnover
In the analysis of temporal community turnover we apply the qualitative (occurrencebased) as well as the quantitative (abundance-based) Whittaker’s dissimilarity index
(Whittaker, 1972).

Defining dietary generalists and specialists
We used the extensive database available from www.lepidoptera.pl to identify moth
resource specialists and generalists. Specialists were defined as species feeding on
only on host plant species or, when species level data was not available, one host
plant genus (monophagous species). Generalists are defined as any species that feeds
one two or more host plant species or genera. This grouping method catches the
highest number of true monophagous species.
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Species climate traits
We obtained an index of species’ biogeographical temperature affinity by calculating
the mean annual temperature across all countries where a species occurs. Occurrence
data was obtained from Fauna Europaea (www.faunaeur.org). Based on this species
temperature index (STI) we calculated a Community presence temperature index
(CTI). This index averages STI across all species present in a given sample, without
attempting to account for species abundances. Based on STI we divided moths into
four temperature quartiles and beetles into two quantiles divided by the median. These
quantiles represent species that can be characterized as cold-and hot-dwelling, based
on the geography of their European distribution.

Environmental data
Mean daily temperature was retrieved from two Danish weather stations closest to the
study locality - Landbohøjskolen (N 55.679835°, E 12.540634°) and Sjælsmark (N
55.876506°, E 12.430277°). The data was made available by the Danish
Meteorological Institute. From the daily data we calculated growing degree days
(GDD) using a threshold of 10ºC. After initial analysis done on data from both
stations yielded consistent results, in the final analysis we report results from the
closest weather station, Landbohøjskolen. We further include a satellite-derived
measure of vegetation greenness, the Normalized Difference Vegetation Index
(NDVI) (Tucker et al., 2005).

Statistical analysis
We applied a number of regression methods in the statistical analysis of the data set.
We used growing degree days to investigate the general influence of seasonal
temperature in the dataset. For every ten day period we performed linear regression of
species’ first and last occurrence, richness, and abundance using GDD in the previous
30 days as explanatory variable. Predicted values of the response variable in thee 10%
and 90% hottest years were used to characterize the influence of temperature in a cold
and hot year, respectively. Linear regression methods were also used to detect
directional change in Whittaker dissimilarity and CTI, in both cases using year as
explanatory variable. In the analysis of community turnover we used the last year as
reference year for yearly. To investigate temporal community turnover we regressed
the dissimilarity index between 2008 and all other years on year. We used quantile
regression methods on all 250.00 records to investigate changes in the relative
abundance distribution as well as first and last occurrences. Using the R-package
quantreg we quantified temporal change in the 5, 10, 25, 50, 75, 90, 95 % quantiles.
Initial sorting of data was performed in Excel and SAS. All subsequent statistical
analyses were performed in R v. 2.15.3.
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Results
Summary statistics
Raw data represented a total of 1543 species in 104 different families and 254.080
individuals of moths, and beetles (Table 1). Species richness and abundance showed a
unimodal peak in the month of July and 90 % of a year’s species had occurred at least
once by August (Figure 1). The overall dataset showed a high degree of sensitivity to
temperature (monthly growing degree days, GDD) such that a clear advancement of
first occurrences (Figure 1 a, e) and increase in richness (Figure 1 b, f) and abundance
(Figure 1 c, g) could be observed between a cold and hot year for most ten day
periods (10% vs 90% GDD quantile, Figure 1). Thus GDD explained on average 34
%, 15%, 16% and 14% and at maximum 89% (day 151), 78% (day 151), 60% (day
151) and 70 % (day 131) of yearly variation in moth first occurrence, species
richness, abundance and last occurrence across all ten day periods, respectively
(Figure 1). For beetles, average explained variation was 26 %, 16%, 8% and 13 % and
maximums 68% (day 131), 54% (day 241), 56% (day 241) and 50% (day 161),
respectively. For both taxa last occurrences tended to advance with increasing
temperatures early in the year, whereas last beetle occurrences were delayed and moth
occurrences showed little temperature sensitivity later in the year (Figure 1 d,h).There
was an overall tendency for annual species richness (p=0.01, p = 0.001) and
abundance (p = 0.11, p = 0.03) to increase with summer temperature for both moths
and beetles, respectively.

Community turnover
We observed a steady decrease in community dissimilarity over the 16 years, using
the last year as reference (Whittaker presence-absence index, moths: p<0.01, b=0.004, t=-3.2, R2=0.44, df.res=13, beetles: p<0.01, b=-0.008, t=-3.3, R2=0.41,
df.res=13, (Figure 2). During the study period (1992-2009) the number of growing
degree days increased between the first (1992-2000) and the second half (2001-2009)
in all 36 ten day periods (mean change =0.36°C, p<0.001). Community temperature
index (CTI) steadily increased during the study period for moths (p<0.05, t=2.7,
b=0.03, r2=0.34, Figure 3a) but remained stable for beetles (p>0.05, t=-0.5, b=-0.01,
r2=0.02, Figure 3b). CTI did not change over time for generalist groups of
polyphagous moths (p>0.05, t=0.7, b=0.01, r2=0.03, Figure 3c) and carnivore beetles
(Cantharidae, Carabidae, Coccinellidae, Dytiscidae, Hydrophilidae, Melyridae,
Staphylinidae, Silphidae, Elateridae, Scirtidae) (p>0.05, t=0.9, b=0.03, r2=0.05,
Figure 3d), but increased markedly for specialized groups of monophagous moths
(p<0.001, t=5, b=0.09, r2=0.64, Figure 3e) and phytophagous beetles (Chrysomelidae,
Curculionidae, Attelabidae, Brenthidae) (p<0.01, t=3.9, b=0.34, r2=0.60, Figure 3f).
In order to assess the reductive or expansive nature of the climate driven community
turnover we measured change in species abundance (Figure 4 a-b) and the number of
species gained and lost from the first (1993-2000) to the second half (2001-2008) of
the study (Figure 4 c-h). Mean species abundance increased for beetles (p<0.05, 10%
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Table 1
Overview of moth and beetle species, families, superfamilies and individuals
recovered in the light trap through the 18-year period.
LEPIDOPTERA
COLEOPTERA
Total
Superfamily
LEPIDOPTERA
Eriocranioidea
Hepialoidea
Nepticuloidea
Adeloidea
Tischerioidea
Tineoidea
Gracillarioidea
Yponomeutoidea
Douglasioidea
Gelechioidea
Alucitoidea
Pterophoroidea
Epermenioidea
Choreutoidea
Tortricoidea
Cossoidea
Zygaenoidea
Papilionoidea
Pyraloidea
Drepanoidea
Lasiocampoidea
Bombycoidea
Geometroidea
Noctuoidea

Families
52
52

Species
1076
467

Individuals
220.341
33.739

104

1543

254.080

Species
2
2
30
5
1
18
59
60
1
187
1
6
2
2
183
1
1
3
105
12
3
9
137
246

Superfamily
COLEOPTERA
Caraboidea
Staphylinoidea
Scarabaeoidea
Hydrophiloidea
Histeroidea
Scirtoidae
Byrrhoidea
Elateroidea
Bostrichoidea
Cleroidea
Cucujoidea
Tenebrionidea
Chrysomeloidea
Curculionoidea
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Species
92
111
8
42
1
12
8
25
24
7
59
26
12
40
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Figure 1
Influence of temperature on the periodical community dynamics of moths (a-d) and beetles (e-h). The figure shows the influence of bimonthly growing degree day
(GDD) sum on first (a,e) and last species occurrences (d,h), species richness (b,f) and abundance (c,g) per ten day period. Blue (orange) lines indicate regression
predictions using the 10 % (90 %) periodical GDD quantile. During warm periods first occurrences are at an advanced stage and species richness and abundance
are at an elevated level. Last occurrences are less influenced by GDD, but are delayed in beetles in the second half of the year. Grey areas indicate +/- standard
error around the grand mean for the 16 year period.
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mean increase) and increased insignificantly for moths (p>0.05, 2.7% mean increase).
Abundance change was significantly different between moth species temperature
quartiles (p<0.05, F=2.8) such that the coldest quartiles had the lowest mean growth
rate (-4.8 %) and the mean of the remaining three quartiles increased (3rd quartile = 12
% increase, p<0.01). Mean abundance increased insignificantly for both beetle
temperature quantiles (p>0.05, mean cold = 12 %, mean hot =8% ). We were not able
to reliably assess abundance change separately for resource generalists and specialists.
For both moths and beetles, significantly more species were gained in the second
period of the study than were lost (P<0.05 & P<0.01, Figure 4 c-d). While change in
cold species quartiles and quantiles were insignificant, significantly more new hotdwelling species were observed in the second period than were lost (P<0.05, Figure 4
c-d). For generalist moths and beetles we either observed stable or small increases in
the number of cold-dwelling species as well as increases or insignificant increases
among hot-dwelling species (Figure 4 e-f). Among resource specialists we observed a
net gain of hot-dwelling species (P<0.05) and non-significant declines among colddwelling species (Figure 4 g-h).

Phenology of relative abundance
We performed quantile regression utilizing all ca. 250.000 records to compare
phenological change in relative abundance between species temperature quantiles.
Phenological responses varied markedly between temperature quantiles (Figure S1,
Figure 5). For moths, the first two temperature quartiles (coldest and cold-dwelling
species) all advanced their relative abundance (Figure 5 c-d, Figure S1-S4), while the
third and fourth quartiles (hot and hottest-dwelling species) delayed their relative
abundance (Figure 5 e-f, Figure S1, Figure S2). In addition, neighbouring quartiles
advanced or delayed different parts of the relative abundance distribution. While the
coldest-dwelling species advanced their 10%, 25 % and 50 % quantile with 16
(p<0.001, b=-1.0, se=0.09, t =-10.8), 22.8 (p<0.001, b=-1.4, se=0.23, t =-6.2), and
14.5 days (p < 0.001, b=-0.91, se=0.05, t =-17.9) during the 16 year period, colddwelling species advanced their 50% quantile with 16 days (p<0.001, b=-1.25,
se=0.07, t =-18.5) and 95 % quantile with 17.8 days (p<0.001, b=-1.11, se=0.10, t =11.2). In comparison, hot-dwelling species delayed their 5%, 10 %, 25 % and 75 %
quantile with 11.4 (p<0.001, b=0.71, se=NA, t =NA), 16 (p<0.001, b=1, se=0.08, t
=12.6), 22.9 (p < 0.001, b=1.43, se=0.02, t =75.8), and 14.5 days (p < 0.001, b=0.91,
se=0.05, t =19.8) during the 16 year period. The hottest-dwelling species delayed both
their 90% and 95% quantile with 12.3 days (p<0.001, b=0.77, 90%: se=0.14, t =5.63,
95 %: se=0.04, t =19.2). For beetles, the hot-dwelling quantile advanced their 5 % and
95 % quantile with 13.3 (p<0.001, b=-0.83, se=0.09, t =-9.2), and 11.4 days (p <
0.001, b=-0.71, se=0.22, t =-3.3). All other phenological changes were on the order of
less than a tenth of day.
Moths and beetles generally advanced their first occurrence over the study period
(p<0.05). Using quantile regression we found that this trend was driven by similar
trends in the first, second and third quartile of first occurring species (p<0.05). Over
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the period the total change corresponded to a two-week advance in arrival date. In
contrast, last occurrences of moths and beetles remained unchanged (p>0.05).

Discussion
Understanding the ecological effects of climate change is fundamental to ecology and
conservation. Biological responses to recent climate change have been established
across various taxonomic groups and geographical regions (Walther et al., 2002), and
insects are sentinels for some of the strongest reported responses (Forister and
Shapiro, 2003; Parmesan and Yohe, 2003; Roy and Sparks, 2000; Walther et al.,
2002).
In this study we present an analysis of differential community turnover in an 18-year
dataset of two super-diverse insect taxa. We detect an 1.6 and 6.1 degree increase in
Community Temperature Index for monophagous moths and phytophagous beetles
(Fig. 3), a rate of 0.09 (moths) and 0.3 ˚C/year, respectively. Cold and hot-dwelling
generalists both increased in species richness over time, while for specialists there
was only a net increase of hot-dwelling species (Figure 4). This suggests that the
temperature-mediated turnover is primarily driven by specialists. We further
demonstrate that this community expansion may well be aided by an opposite
phenological responses of hot and cold-dwelling species (Figure 5). Although our
findings are limited to a single study site, the analyses indicate the empirical strength
of standardized, full-season monitoring. While a regional community already
dominated by hot-dwelling species could facilitate that a turnover would primarily be
observed in this group, the division of our data into quartiles based on temperature
affinity within the data itself, will counteract this bias.

Differential turnover among specialists and generalists
Community turnover as a consequence of climate change has recently been studied
for e.g. butterflies (Dennis et al., 2010), dragonflies (Flenner and Sahlén, 2008), bugs
(Southwood et al., 2003), lake invertebrates (Angeler and Johnson, 2012), plants
(Cleland et al., 2013) and marine macroinvertebrates (Sagarin et al., 1999). The
pattern observed from our data of a gain of many southern species and a loss of a few
northern, also found by Sagarin et al., (1999), was especially strong when diet
specialists were considered separately (Fig. 4). This indicates that a change towards a
more hot-dwelling community, as an effect of temperature increase, was driven
particularly by specialists. In fact, the pattern was reversed among non-phytophagous
(generalist) beetles and there was a net loss among coldest-dwelling specialists of
both beetles and moths (Figure 4). A change towards more hot-dwelling communities
using CTI (Figure 3), has been studied previously to demonstrate northwards shifts in
birds and butterfly communities (Devictor et al., 2012). Interestingly, whereas the
qualitative species turnover from cold- to hot-dwelling species seems to be driven by
specialists, it is only the generalist polyphagous moths that show such a change in
abundance. Our observations seem to support the hypothesis that climate-mediated
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responses are higher among diet specialists (e.g. stronger phonological advancements
in Diamond et al., 2011).

Potential mechanism for differential turnover
Although community interactions are often complex and downstream effects from
temperature increases resulting from recent climate change are difficult to predict
(Zarnetske et al., 2012) or even measure (Wootton and Emmerson, 2005), basic
ecology confirms that population growth of insects are limited by: i) climate (e.g.
temperature) (Bale et al., 2002), ii) food availability (Strong et al., 1984), and iii)
antagonistic effects of competition (Kaplan and Denno, 2007), predation and
parasitism (Strong et al., 1984). In a changing climate, insect species’ response can be
the results of a) direct effects on physiology enabling faster population growth despite
a food resource remaining of relatively low quality, and/or b) indirect effect via
enhanced food quantity and/or quality or altered levels of antagonistic effects
(Parmesan, 2006).
From the classic study on the richness patterns of phytophagous insect on various host
plants (Brändle and Brandl, 2001; Kennedy and Southwood, 1984; Southwood,
1961), it is known that host plants with larger distribution ranges harbour more insect
species, but this species-area-like relationship is only strong for polyphagous insects
and weaker to absent for oligophagous and monophagous species (Tahvanainen and
Niemela, 1987). This implies that polyphagous species generally have a higher range
filling capacity, with range defined as host plant range, than do specialists. In contrast,
monophagous phytophages species on a single host plants often decrease or even
disappear towards the host range margin of the plant, suggesting some other limiting
factor than resource quantity, e.g. temperature or dispersal ability (Southwood, 1961).
Throughout the study period, the Danish flora has remained almost constant in species
composition, so altered resource quantity seems an unlikely course of the observed
trend.
Temperature represents the main abiotic factor directly affecting herbivorous insects,
and positively influence development, survival, range and abundance – in temperate
regions mainly by increasing winter survival (Bale et al., 2002; Forister and Shapiro,
2003). Hence, everything else being equal, a temperature increase will act positively
on fitness of both generalists and specialists. However, assuming that inference from
the range filling patterns transfers to the locale scale, where new plant species are not
entering the community at the time scale of this study, generalists will be more
limited by antagonistic biotic interactions (Barrett and Heil, 2012) and specialists will
be relatively more limited by temperature (Figure S5). Thus there will be fewer
available niches for generalist species entering the community, or changing their
phenology as a result of warmer temperatures (Figure S6). We therefore suggest that
resource specialists in particular will be released from climatic-constraints as a
consequence of the temperature increase seen throughout the study period. It has
previously been suggested that diet specificity of insect herbivores is also associated
with narrow (and specialized) environmental tolerances (Forister et al., 2012)
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Diverging phenology - a potential mechanism underlying community
expansion
Due to the fine-grained resolution and full-season extent, the dataset uniquely allows
comparison of community turnover patterns with changes in phenology of the relative
abundance among species with varying climatic affinity. We observed some of the
largest phenological shifts in ecosystems ever recorded (Figure S1, up to 1.4
days/year) (Forister and Shapiro, 2003; Roy and Sparks, 2000; Walther et al., 2002).
Intriguingly, these phenological changes varied systematically with climatic affinity
such that cold-dwelling species advanced their relative abundance, while hot-dwelling
species delayed their relative abundance (Figure 5, Figure S1).
Shifts from univoltinism towards bi- or multivoltinism may partially explain the
delayed phenology of hot-dwelling species. Such shifts are widely demonstrated for
butterflies and moths as a response to climate change (Altermatt, 2009; Pöyry et al.,
2011). Many plants have advanced their leaf flushing and flowering over the last
decades (Walther et al., 2002) and length of the growing season has increased
(Menzel and Fabian, 1999). Importantly, the pattern of advanced relative abundance
was particularly evident for the coldest-dwelling specialist moths (Figure S2). Given
that specialists show the strongest temperature-mediated turnover, it is likely that the
phenological responses of the coldest-dwelling specialists play an important role in
minimizing further loss of specialists under climate change (Figure S6).
Overall, the observed phenological response could indicate that the cold- and hotdwelling species exploit different resources that differ in phenology, and that they
track the phenological response of the resource to climate changes. An experimental
setup showed that warming advanced the phenology for plant species flowering
before the peak of summer heat but delayed the phenology for plant species flowering
after the peak temperature (Sherry et al., 2007). This warming-induced divergence
towards the two ends of the growing season will likely result in subsequent divergent
phonological responses of the herbivore communities. Our results to the previous
evidence that diet indeed influences phenological changes of butterflies in response to
climate change (e.g Altermatt, 2010). Our findings suggest differentiated
phenological responses as one of the mechanisms underlying community expansions
in response to global warming.
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Quantile regression of all individual moth records showing phenological change in abundance distributions
between species temperature quantiles. 1 – coldest, 2 – cold, 3 – hot, 4 – hottest quartile.
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Conceptual model of differential phenological response to climate warming (earlier abundance peaks) of diet
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black arrows). Resource generalists track the earlier resource (consisting of many plant or animal species),
but are squeezed at their trailing phonological limit (different phenological niches represented by shades of
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using the same host plant.
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Abstract
Escalating human impacts on the planet are creating challenges from rapidly evolving
cancers, pathogens and pests, and from declining populations of valued species that are
not adapting quickly enough. Applied evolutionary biology provides a suite of concepts
and approaches that can help address these global problems to improve human health,
food production, management of natural resources, and conservation of biodiversity.
These include altering the rate and direction of evolution by manipulating selection, and
reducing phenotype-environment mismatches with genetic, developmental and
environmental interventions.
One Sentence Summary: Applied evolutionary biology offers potential solutions for
global challenges in health, agriculture, natural resource management and conservation.
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Human influence on the biosphere (1,2) has profound consequences for both the rate and
direction of evolution (3). Billions of people suffer the effects of cancers, pests and
pathogens that adapt quickly to our interventions against them. At the same time, people
and other organisms that we value economically, ecologically or aesthetically are often
not able to adapt fast enough to human-altered environments. Both of these trends
increasingly threaten human health, food security and biological diversity
(4,5,6,7,8,9,10,11,12). For example, the World Health Organization (WHO) names
pathogen resistance to antimicrobial drugs as one of humanity’s top medical challenges
(13). Likewise, more than 11,000 documented cases of pesticide resistance in nearly
1,000 species of insects, weeds, and plant pathogens jeopardize agriculture and public
health (14). Further, the mismatch between modern nutritional and lifestyle behaviors
and our evolved biology (15) is generally considered the major cause of obesity and its
associated morbidities including type 2 diabetes mellitus and cardiovascular disease.
Meanwhile, the specter of the earth's sixth mass extinction is raised by the precipitous
loss of species that are not able to adapt quickly enough to environmental change (16).
These and related developments demonstrate the urgent need to apply principles of
evolutionary biology to solve global challenges (17,18,19).
Here we review current and prospective applications of evolutionary biology that may
provide solutions for environmental and societal challenges. We show the broad
relevance of methods that either improve or undermine adaptation to modern
environments. These methods often rely on traditional tools of artificial selection and
environmental management, but increasingly employ new technologies and manage
evolution in innovative ways. We introduce a guiding conceptual framework that
integrates across genetic, developmental and environmental approaches for management
of populations. We highlight how evolutionary strategies may be used to achieve
proposed or established targets in sustainable development for human health, food
production and biodiversity conservation, including how stakeholder conflicts may be
reduced to achieve desired outcomes. Throughout, we underscore the merits of building a
more unified and better-integrated field of applied evolutionary biology.

Core evolutionary concepts and their relevance to global
challenges
Evolution, the change in genetic makeup of a population over successive generations,
requires genetic variation, which arises from mutation and recombination (20). Most
important for adaptation is genetic variation that affects trait variation, such that alternate
genotypes produce alternate phenotypes. Selection increases the frequency of genes that
improve fitness, which is the ability to survive and reproduce. The specific genetic basis
for most traits is not known, but trait differences among individuals typically have a
significant heritable (genotypic) basis. This includes environmentally labile aspects of
development, which can also be subject to genetic control and evolve, giving rise to
adaptive phenotypic plasticity. A population with traits mismatched to the current
environment may suffer strong natural selection that favors the least mismatched
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genotypes. Strong selection may therefore speed adaptive evolution, but will not ‘rescue’
a population if too many individuals die or fail to reproduce for the population to persist
(21). Movement of genes between populations (gene flow) and random changes in gene
frequency in small populations (genetic drift) can also cause evolution, and are especially
important through their interaction with natural selection (20). These concepts apply not
only to organisms from bacteria to humans, but also to viruses and cancer cells (22).
The core concepts of evolutionary biology are best known for explaining natural history
(23), and evolutionary methods that establish the relatedness of organisms are also useful
for diverse purposes such as reconstructing invasion routes of harmful organisms and
combating crime (17). In this paper we focus instead on applying evolutionary concepts
to manage biological systems (Fig. 1). Although agriculture, medicine, and conservation
address different challenges, they share common strategies to manage evolutionary
mismatch and the associated risks to populations experiencing strong selection. Those
strategies can be classified as genotypic, phenotypic, or environmental manipulations
(Fig. 2). One can assess the potential sustainability of such tactics by comparing the
intensity of selection with the adaptive capacity of the target populations (24). For
example, antibiotic use exerting strong selection is typically not sustainable against highly
adaptable microbe populations because they rapidly evolve resistance (25). Gene flow
also can affect the capacity to respond to evolutionary mismatch, with potential
consequences for conservation of wild populations as well as efforts to enhance
domesticated species such as crops (22,23). In the next section, we review successes and
emerging methods in applied evolutionary biology, highlighting commonalities across
sectors (Fig. 3).

Challenges, successes and prospects in applied evolutionary
biology
Environmental alignment to secure biodiversity and human health
A common application of evolutionary principles is to align current environments more
closely with the historical environments in which selection shaped humans and other
organisms. Conventional habitat protection and restoration recognizes that depleted and
vulnerable species may have less capacity to adapt to changing environments in the wild
(26,27). Conversely, in rearing programs aimed to rebuild populations of rare species,
rapid adaptation to captive environments contributes to the 50 to 90 percent failure rate of
reintroductions (28). Reintroduction success has been improved with enclosures and
rearing methods that mimic wild conditions and by limiting the number of captive
generations to delay adaptation to the captive environment (29). After releases,
evolutionary potential has been augmented by managing populations in the wild to
increase their genetic diversity (28).
Some of the most serious non-communicable diseases in human populations may be
prevented by better aligning current environments with those in which our hunter-
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Fig. 1. The two central paradigms of applied evolution are managing contemporary evolution and
phenotype-environment mismatch. Managing contemporary evolution is critical for rapidly
reproducing organisms with large population sizes, such as the parasitic protozoan in the upper
left corner. Altering phenotype-environment mismatch is most relevant for organisms with
relatively long generation times and low population sizes, such the large mammals in the lower
right corner.
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Fig. 2. Evolutionary mismatch. a) Evolutionary mismatch occurs when a population's trait distribution differs from the optimum; greater mismatch increases selection for adaptation, but also
implies greater costs in survival and reproduction. b) Genotypic manipulations reduce mismatch
by managing existing genetic variation or introducing new genes. For example, conventional
corn is damaged by insect pests (left) that are killed by bacterial proteins produced by genetically
engineered Bt corn (right). Alternatively, evolutionary mismatch can also be managed by c)
Phenotypic manipulations, such as vaccination to enhance immunity against pathogens, or d)
Environmental manipulations, such as habitat restoration. These examples demonstrate methods
to reduce mismatch, but these same tactics can be reversed to impose greater mismatch where
beneficial to human interests (e.g., pest eradication).
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Fig. 3. The two categories of evolutionary management interventions: 1. Controlling adversaries and 2.
Protecting valued populations. Together they are enabled by four evolutionary strategies (boldface). A
core set of eight evolutionary principles guides the execution of these strategies and underlies tactics (left
hand columns) used to meet management objectives in the agricultural/wild harvest, health and environmental sectors (right hand columns). Colored squares show different treatments; curves show frequency
distributions of phenotypes; double helices are genomes; green arrows show change through space or
time; green wedges show point interventions using selection or GM. Semicolons separate multiple management examples. Hypothetical applications are given in two cases that lack empirical examples.
Expanded treatments for each cell and references are provided in the supplementary online text.
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gatherer ancestors evolved (30). Sedentary modern lifestyles and diets with high
glycemic processed foods are increasingly implicated in the rapidly rising rates of
obesity, diabetes and cardiovascular disorders (31). These mismatch disorders currently
contribute to about two-thirds of all deaths in Western societies (32) and to a growing
proportion of deaths in developing countries (33,34). In 2012, the economic burden of
type 2 diabetes alone was estimated at $500 billion globally, nearly 1% of world GDP
(35). To restore conditions to which people are better adapted physiologically, while
retaining the desired elements of a modern lifestyle , public health scientists recommend
greater physical activity (36) with reduced consumption of refined carbohydrates (33).
Tools such as the life course approach, which manages the influence of the developmental
environment on personal health risks (37), as well as systematic population scans for
phenotype and genotype associations with illness (38, 39), which are being made more
incisive by the growth of electronic medical registers (40), are important to applying the
benefits of evolutionarily-based preventive approaches to type 2 diabetes.

Altering genomes for food security and human health
Climate change and environmental degradation increase demands on agricultural systems
that must feed a rapidly growing human population (41). Genetic modification of crops is
basic to meeting this challenge, possibly through genetic engineering and certainly
through enhanced artificial selection methods. Genetically engineered (GE) crops were
first grown on a large scale in 1996, and during 2013, 18 million farmers in 27 countries
planted GE crops on approximately 10% of the world's cultivated land (175 million
hectares) (42), More than 99% of this area was planted with soybean, corn, cotton or
canola into which genes were inserted to confer tolerance to herbicides, protection against
insects, or both (43). These engineered varieties are extreme examples of apparently
effective genotypic manipulations to reduce mismatch to specific environments.
However, societal acceptance is an important factor, and GE crops remain controversial.
They have not been adopted widely in some regions including Europe, where alternative
manipulations of evolutionary mismatch, such as use of non-GE lines with some degree
of tolerance, pesticide applications and integrated pest management serve as alternative
genotypic and environmental manipulations.
An alternative to GE is enhanced artificial selection of superior cultivated varieties with
molecular genetic tools that identify individuals and gene regions conveying preferred
traits (44). Hybridization followed by artificial selection also remains a primary strategy
for creating novel varieties that cope with weather extremes and climate change. Flood
tolerant rice, which is grown by two million farmers in Bangladesh and India, was
developed with marker-assisted breeding, using molecular markers of quantitative traits
to identify targets for hybridization and selection (45). Candidate drought tolerance genes
for GE crops have recently been identified in rice as well as corn (46,47), with corn
hybrids tolerant to both drought and herbicides brought to market in 2013 (48,49).
Whether produced via artificial selection or genetic engineering, the potential for genetic
manipulations of mismatch to improve food security may best be met when growers can
select or customize crop varieties for performance in their local agroecosystems (50).
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In contrast with the advances in agriculture, genetic modification to treat human disease is
currently in a trial phase (51). Gene therapy is under development mainly for diseases
with high heritability and simple genetic control, in which replacing or complementing
parts of a patient’s genome can improve their health (51,52,53). Therapies in advanced
trial stages include the targeting of retinal cells to prevent expression of heritable
blindness (54,55), and orally administered p53 gene for tumor suppression (56).
However, even as targeted DNA analysis and whole-genome sequencing of patients
becomes increasingly routine (57), few efforts have met the promise of their pre-clinical
and clinical trials to reach final (phase IV) approval (52).

Using environmental heterogeneity to delay resistance evolution
One of the most costly and widespread outcomes of adaptation is rapid evolution of
resistance to control measures in insect pests (14), weeds (58), pathogens, and cancers
(59). Intensive use of the herbicide glyphosate by farmers, particularly those who grow
glyphosate-tolerant GE crops, has selected for resistance in 24 weed species in 18
countries since 1996 (60,61). Conversely, strategies that vary selection in space or time
have delayed evolution of resistance in some pests (Fig. 3). In contrast to the failure to
manage evolution of resistance to herbicides in weeds, scientists and farmers have
proactively developed and implemented strategies to slow pest adaptation to GE crops
that produce insecticidal proteins from Bacillus thuringiensis (Bt) (62,63). The primary
strategy employs ‘refuges’ of host plants that do not produce Bt toxins to promote
survival of a gene pool of susceptible pests (58). In principle, the rare resistant pests that
survive on Bt crops mate predominantly with the comparatively abundant, susceptible
pests from the refuges nearby. If resistance is inherited as a recessive trait, the
heterozygous offspring from such matings will be susceptible and will die on the
transgenic plants. The U.S. EPA and regulatory agencies in many other countries have
mandated refuges since Bt crops were first commercialized (64,65). Retrospective
analysis after more than a decade of monitoring indicates that refuges delay resistance,
particularly when resistance is a recessive trait (60,66).
The success of refuge tactics in agriculture is now drawing attention in other management
sectors. For example, portions of tumors with low vascularization and consequently low
delivery of chemotoxins may serve as refuges that sustain chemosensitive tumor
genotypes (67,68) to slow the evolution of resistance to chemotherapy in metastatic
cancer (69,70). Such resistance accounts for a large proportion of current treatment
failures (71). Compared with typical failures when oncologists try to eradicate a patient's
cancer with high drug doses, lower doses could be more successful if they favor survival
of chemosensitive cell lines that can outcompete chemoresistant lines (72). Increasingly
sophisticated models of tumor evolution may eventually support implementation of such
non-eradication therapies (73).

‘Stacking’ tactics to delay resistance
The success of combining or ‘stacking’ tactics to suppress resistance is based on the
evolutionary principle that if genes conferring resistance to each selective factor are rare
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and inherited independently, individuals with all of the genes required for resistance to
several factors will be extremely rare or even absent in target populations (4, 74). For
example, resistance evolved rapidly to antiretroviral drugs administered singly in patients
with AIDS, but combinations of three such drugs have provided long-term efficacy
(59,75,76). Tradeoffs associated with combining two or more drugs or pesticides to delay
resistance can include increases in cost and negative side effects (76,77,78,79,80,81,82).
In agriculture, stacking can be considered in an even broader fashion. Combining
selective challenges is fundamental to integrated pest management (IPM), which entails
combinations of not just pesticides, but also of a broader suite of tactics for pest
suppression (83). These include biological control of pests by predators, parasites, and
pathogens; optimizing spatial and temporal patterns of planting crops; and disruption of
insect mating and reproduction with mass releases of sterilized insects or by confusing
males with synthetic female sex pheromones (83,84,85). Again, the short generation time
and abundance of many pests makes it likely that they could evolve resistance to any one
of these measures in isolation, but the diversity of modes of action in combination is more
difficult to overcome.
Genetic variation: Choosing population sources to anticipate climate change
The mismatch of valued plants to new climates is an overarching challenge in forestry,
agriculture and conservation biology. A widespread debate concerns whether to use
locally versus externally sourced genetic material for replanting. The massive scale of
many replanting efforts – 400,000 ha of production forest is planted each year in Canada
alone (86) – plus the long intervals between plantings for many perennial species and
restoration projects, means that these choices may have broad economic and ecological
consequences. Traditionally, resident stocks have been favored to capture locally valuable
adaptations. In forestry this approach is exemplified by established bioclimatic ‘seedtransfer zones’ that steer local seed sourcing for planting of some of the world’s largest
production systems (87,88). Evidence from wild plant restoration programs, however,
indicates that local sources are not always best, particularly in altered environments
(89,90,91,92,93). This may arise when nearby sources share some of the vulnerabilities
responsible for the declines of the original populations (8989). When this occurs, climate
mismatches may instead be better relieved by translocating distant genotypes that are
somewhat pre-adapted to expected conditions (94,95), or less susceptible to heat, drought
or pest stresses (96). When such detailed knowledge of local systems is absent, or single
sources do not show the range of adaptations required at a given site, a reintroduction’s
viability may be improved with propagules pooled from a diversity of differentially
adapted sources to increase overall genetic variation, and the odds that some of the new
genetic combinations that result will be suited for changing conditions (89,90,97). A
recent meta-analysis in restoration ecology underscores shortcomings of the 'local-is-best'
dictum (98). Comparable analyses of sourcing successes and failures in forestry and
perennial agriculture are needed to find ways to sustain productivity.
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Levels of selection: Exploiting group versus individual performance in
crops and livestock
In many managed food and fiber production systems, productivity is measured at the level
of groups (e.g., field or herd) rather than in individual performance. More attention to
traits that improve group properties may offer a new suite of tactics to increase production
while demanding fewer resources and pesticides to meet basic human needs (99, Fig. 3).
In most natural systems, group selection is weak relative to selection among individuals
(100), and traits that benefit individuals can come at a cost to group productivity.
Consequently, past natural selection in the wild ancestors of our crops favoring particular
individual traits, such as drought tolerance, may have reduced the current opportunities
for making further improvements through artificial selection at the individual level (8).
Likewise, individual selection by agronomists for drought tolerance may favor
‘uncooperative’ plant traits, such as competitive root structures, when water might be
better conserved overall by selecting for ‘cooperative’ plants (101). As a case in point,
artificial selection for group yield in maize has produced individuals that bear morevertical leaves, which shade neighbors less, and with decreased male reproduction. Both
of these trait changes reduce individual plant fitness, but enhance group productivity
(102,103). However, in the absence of strategic breeding to favor these changes directly,
they have evolved slowly, requiring 60 years to appear as unplanned responses to
selection on yield alone (104). In contrast, Weiner and colleagues (105) propose a
proactive evolutionary design in wheat production, selecting for individual traits that
increase collective shading of weeds within particular planting configurations to increase
overall crop yield while reducing herbicide use. In animal husbandry, designed group
synergies may likewise improve herd social performance and resource-use efficiency
(106). By combining agronomy and environmental physiology with evolutionary
modeling and community ecology, group-based agricultural systems may offer new and
more sustainable paths to meet global production goals.

Gene flow: Addressing evolution across management sectors
The growing global scale of human activities not only intensifies challenges within
management sectors, but also contributes to creating greater interdependency and
evolutionary feedback among sectors (107,108). Many of these challenges relate humanfostered gene flow in space and across adaptive niches. For example, the exchange of
pathogens between agriculture and natural systems is increasing (109,110,111) and
familiar microbes have evolved new attributes that now threaten human health (112).
Swine are the principal host of ‘swine influenza’ (H1N1), but they also readily host other
influenza strains simultaneously, including those associated with avian and human hosts.
As a result, intensive and commonly joint culture of poultry and swine has provided
stepping-stones for influenza viruses to evolve expanded host ranges as well as for gene
introgression among strains, which together can foster the evolution of greater virulence
(113) (Fig. 4). The overarching concern is that swine hosting highly pathogenic avian
strains (H5N1) could select for direct mammal-to-mammal transmission, thereby
threatening human populations. Evolutionary interdependences would further
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2 Novel properties
1 Application
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Fig. 4. Examples of how major gene and material flow pathways (arrows between large boxes) alter
evolutionary processes and consequently generate interdependencies among the food, health and the
environment sectors. Two sustainability challenges are colored according to the sector in which
they originate (sectors with number 1). Zoonoses (orange): Vertebrates such as birds act as reservoirs for pathogens that can infect humans (1). Via transmission to and subsequent recombination in
domesticated animals (2) zoonoses can be passed to humans (3) and cause anything from regular
local to rare global epidemics (such as the flu outbreaks of H5N1-2004 and H1N1-2009). Antimicrobial resistance (green): Widespread use of antibiotics in agriculture selects for resistant bacterial
strains in livestock (1). Via food items, industry workers and disposal, these strains make their way
to other human contexts (2). In public health contexts recombinant strains from various sources
create an extra risk during treatment of illnesses, e.g., in hospitals (3). Antibiotics in human effluent
cause widespread resistance selection in natural and semi-natural environments, thus increasing
human risk from resistance evolution (4).
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complicated by the transport of newly evolved influenza strains by migratory birds,
shipments of livestock and traveling humans, potentially involving even more
management sectors, including wildlife management, international trade and national
security. The global consequences of such expanding effects (114) can be witnessed in
the 2004 H5N1 outbreak and 2009 H1N1 pandemic (115). These events underscore the
need for applied evolution approaches that cross traditional disciplinary boundaries of
agriculture, health and natural resources management, including coordinated surveillance
of viral evolution and monitoring of pathogen reservoir species in all three sectors.
The unresolved problem of rapidly evolving antimicrobial resistance is another pressing
example of interdependence among applied evolution sectors. The annual estimated cost
of combatting multidrug resistant microbes in the US alone total $35 billion (116,117).
The failure to produce new antimicrobials as quickly as their predecessors lose efficacy
(118,119) places a premium on stewardship of the few drugs that remain broadly effective
(120,121). Although overprescribing of antibiotics for human treatment is a very real
concern, the largest use of antimicrobial drugs in many parts of the world is to promote
the health and growth of livestock. This use represents a large target for evolution of
antimicrobial resistant microbes and subsequent infection of humans via agricultural
waste streams, contact with agriculture species and commercial food supply chains (122)
(Fig. 4); see also (123). Antibiotic-treated animals that are raised to feed people are now
implicated in the origins of most extensively resistant Escherichia coli encountered in
human sepsis (124). Particularly worrisome is that once free in the environment,
resistance genes do not behave like abiotic environmental pollutants, which degrade and
dissipate with distance from a point source. Resistance genes can replicate, and thus they
can transfer horizontally among bacterial taxa, travel intact great distances via hosts, and
rise to new abundance in the presence of antimicrobials with similar modes of action,
presenting a particular threat to their spread among regions and management sectors
(125).
Because coupled evolutionary dynamics operate over such large spatial scales and
multiple management sectors, their management requires political coordination,
exemplified by the Transatlantic Taskforce on Antimicrobial Resistance (126).
Regulatory bodies have also taken the first steps to restrict use of some antibiotics to
single management sectors (127,128). Broader and more rigorous implementation of such
restrictions will be needed to sustain the most critical public benefits of our modern
antibiotic era.

Next Steps
Applying evolutionary biology to international policy
Applied evolutionary biology provides avenues to address both the rapidly evolving and
the mismatched biological systems that underlie many global challenges (129). To meet
the objectives of sustainable development (130) (Millennium Development Goals and the
anticipated Sustainable Development Goals) and biodiversity conservation (the
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Convention for Biological Diversity’s 2020 ‘Aichi’ targets (131), integrating evolutionary
principles into policy and tactics will be essential (Box 1). For example, we must
implement resistance management strategies for pesticides and antibiotics to meet newly
proposed Sustainable Development Goals for human health, food and water security
(130). Choices of adaptable source populations will improve the resilience of restored
habitats (Aichi target 15: "restore 15 percent of degraded habitats before 2020") and
increase the reliability of crop supplies. Further, evolutionarily sustainable harvesting
strategies (132,133) and early warning signals of unsustainable harvesting from
evolutionary modeling (134) will help to achieve lasting use of fish and aquatic
invertebrates (Aichi target 6: all stocks should be harvested sustainably). A new
evolutionary method to map rare species for protection more quickly and economically
may help to prevent the extinction of threatened species (Aichi target 12). This method
uses areas with high levels of genetic and morphological variation in common, easily
sampled species, to predict the distributions of rare species (135). The identification and
protection of diverse genotypes is also critical to the future of crop improvement and
therapeutic discovery. In this realm, the proposed international Nagoya protocol on
Access and Benefit-Sharing of genetic resources (136) may assist in securing public
access to resources for adaptation to local conditions while coordinating with global
research and development efforts (137,138,139).
Synthesizing wholly or partially novel organisms offers tremendous potential in many
areas such as biofuels, medicine, and population restoration (140,141,142), but national
and international guidelines are needed to avert potentially harmful outcomes (143,144).
Segments of medicine and agriculture include social scientists and economists in
systematic risk assessment (64, 145), and similar practices would benefit conservation
biology and natural resource management as increasingly proactive and intensive
evolutionary manipulations, including resurrected species, loom on the horizon (27, 142).

Implementing applied evolutionary biology locally and globally
Reconciliation of individual and group stakeholder interests plays a central role in the
effort to achieve sustainability (146,147,148,149). Anthropogenic evolutionary change
often has consequences that extend beyond the immediate vicinity of the causal agents
and pose dilemmas about achieving cooperation from local to global scales (150). Thus,
in some applied evolutionary strategies, individuals must exchange their private shortterm gains for the long-term public good. In managing pest resistance to transgenic Bt
crops, farmers who plant refuges of conventional crops contribute to the long-term public
good of sustained pest susceptibility to Bt toxin, but may incur the short-term private cost
of pest damage to their refuges. However, farmers in five midwestern states of the U.S.
accrued nearly two-thirds of the estimated $6.8 billion in Bt corn benefits between 1996
and 2009 from land planted with non-Bt corn refuges (151). This benefit arose because
widespread adoption of Bt corn caused regional suppression of the major target pest and
non-Bt corn seed was less expensive than Bt corn. Nonetheless, farmer compliance with
the refuge strategy for Bt corn in the U.S. has steadily declined (152) and conflicts
between individual and public good may be common in other cases.
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Box 1: The contribution of applied evolutionary biology in proposed themes of new
sustainable development goals (130)
Goal 1: Thriving lives and livelihoods.
- Reduce chronic lifestyle disease through environmental alignment of human lifestyle.
- Reduce environmental levels of human toxicants through application of reduced selection
response techniques to pesticides/biocides.
- Apply reduced selection response techniques to antimicrobials to maintain long-term
efficacy and avert the antibiotics crisis.
- Reconcile individual and group incentives to reduce virulence and resistance of emerging
and re-emerging pathogens.
Goal 2: Sustainable food security.
- Increase crop yield through continued selection of varieties and improved access to these.
- Prolong efficacy of pesticides and artificially selected or GM crops through reduced
selection response techniques.
- Improve yields through integration of group selection in production of novel crop
varieties.
- Reduce climate change impact by choosing crop varieties resilient to drought, flooding
and other extremes.
Goal 3: Secure sustainable water.
- Increase water security through use of reduced selection response techniques to water
polluting pesticides/biocides
- Use genetic manipulation to produce crop varieties with improved water economy.
Goal 4: Universal clean energy.
- Improve biofuels through genetic manipulation with the aim to reduce CO2 emissions
and land area for energy production.
- Assess risks and benefits of synthetic organisms for biofuel production in a coupled
systems framework.
Goal 5: Healthy and productive ecosystems.
- Reduce biodiversity extinction rates through environmental alignment and genetic
manipulation of fitness.
- Retain naturalness of captive biodiversity through environmental alignment.
- Choose pre-adapted or high diversity sources for increased habitat restoration success.
- Avoid collapse and protect genetic diversity of aquatic resources through non-selective
harvesting strategies (132) informed by early warning signals.
Goal 6: Governance for sustainable societies.
- Incorporate externalities from rapid evolution as well as the loss of evolutionary history
and potential into green accounting for sustainable governance of the earth system.
- Coordinate strategies of SDG’s in a coupled systems framework to reduce conflicts from
inadvertent rapid evolution and phenotype-environment mismatch.
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Economic theories of public choice provide tools for reconciling individual and group
conflicts (153) (Box 1). Governments can tax undesirable actions, subsidize desirable
ones, regulate activities (127), and create tradable property rights. For example,
governments can provide subsidies and regulate access to public schools to increase
participation in vaccination programs that benefit public health but may increase risks to
individuals (154). Modeling results suggest that an unregulated vaccination market will
yield too little advance vaccination and too much vaccination at the time of infection,
which could select for increased virulence. With pathogen resistance, both the relative
fitness of resistant genotypes in untreated environments (155,156) and the prevalence of
resistance (157) may affect the cost of lost susceptibility to a drug. Better accounting of
such evolutionary externalities may spur government interventions that benefit the public
(145,158).

Toward a unified discipline
As demonstrated by many of the examples above, applied evolutionary biology uses
principles common to all areas of biology, and because of this, progress in one area may
often enable solutions in others. Promoting greater adoption and consistency in the use of
evolutionary terminology, which is inconsistent across disciplines (159), will be an
important first step toward a more unified field of applied evolutionary biology. New
approaches in this developing field may best be generated and assessed through
collaborations that span disciplinary boundaries (160) (Fig. 3).
The global scale of human impacts is now more widely appreciated than ever before.
Successful governance of living systems requires understanding evolutionary history as
well as contemporary and future evolutionary dynamics. Our current scientific capacity
for evolutionary-informed management does not match the need, but it can be increased
through new and more widespread training and collaboration, monitored experimentation,
and context-sensitive implementation. Like engineering, which is a multifaceted applied
science with common core principles, shared vocabulary and coordinated methods,
applied evolutionary biology has the potential to serve society as a predictive and
integrative framework for addressing practical concerns throughout the life sciences.
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Supplementary Online Material text S2– Background for Figure 1
We focused on organisms in the four general areas of the applied life-sciences which are the
focus of the manuscript, namely medicine, agricultural, natural resources and conservation
biology.
The aim here was to show that these areas of the applied life sciences share concerns for the two
evolutionary dilemmas and that these concerns can be mapped through the traits of the
organisms. Secondly we also wanted to illustrate characteristics that help to differentiate some
disciplines from others such as the management of small population sizes in some contexts of
conservation biology and medicine.
Since it can be argued that every organism is affected by human management actions to some
degree, it follows directly that a conceptual figure trying to span such a diversity of life
necessarily must make some very rough generalizations and omit many interesting exceptions to
the rule.
The data
We gathered representative estimates of minimum and maximum generation times and
population sizes for organisms that are direct or indirect targets of management actions in the
applied life-sciences). These estimates were used to draw the lower and upper boundaries of
ovals on the x- and y-axes. Estimates were gathered from the published literature, supplemented
with estimates of woody plant generation times from the COMPADRE III database (205).
Table 1 outlines the sources and assumptions for each estimate. For some minimum and
maximum values we could not find good published estimates and therefore chose artificial cutoff
values that reflect the general notion of how the organisms in each group (oval) relate to the
organisms in other groups. It was especially hard to find estimates for minimum and maximum
population size. In this case we chose several of the cutoff values to reflect the general notion
that conservation biology often operates to protect smaller global population sizes than do
agriculture and natural resource management.
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Macrocheles
muscaedomes
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Drosophila 14
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Viral
and
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maximum
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to
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Maximum

Central
Maximum
All applied life sciences
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leprae 30 d at 106 (211)
(210)

Generation time
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Human adipocytes
Human neurons
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of e.g., some
fast
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food sources
14 d (224)
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(216)
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Sabal palmetto
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with
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projected
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2050 (221)

7.0*1010 (217)
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Supplementary Online Material text S4 - Image credits for Figure 2:
Images have been chosen for their illustrative value and conveying of message. None of
the images relate specifically to works cited in the manuscript.
A. Mallards. Photo credit: Petri Pusa, License: Copyright: Petri Pusa, Web:
B. Flying birds, clip art: Photo credit: Naresh, Clker, License: Public Domain,
Web:
http://www.clker.com/cliparts/2/e/c/1/1338759819101833965birds-flyingsilhouette-clip-art%20(1)-hi.png
C. Chickens: Photo credit: US Department of Agriculture. License: Creative Commons
ShareAlike,
http://commons.wikimedia.org/wiki/File:20110420-RD-LSC-0893_-_Flickr_Web:
_USDAgov.jpg
D. Meat packages: Photo credit: Mattes, License: Creative Commons ShareAlike,
Web:
http://commons.wikimedia.org/wiki/File:Meat_packages_in_a_Roman_supermarket.jpg
E. Hospital beds: Photo credit: Канопус Киля, License: Public Domain, Web:
http://commons.wikimedia.org/wiki/File%3AHospital_beds.jpg
F. Discharge pipe. Photo credit: US Department of Agriculture, License: Public Domain
Web: http://commons.wikimedia.org/wiki/File:Discharge_pipe.jpg#file

Supplementary Online Material text S5 – Author contributions:
Author contributions: SPC, PSJ and MTK conceived and wrote the initial manuscript
with subsequent contributions from all coauthors. BET contributed to writing about
resistance management and to overall editing. CTB and RFD led the review of regulatory
mechanisms and evolutionary manipulation of crops, respectively. PSJ and SPC
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Short title: Global innovation platforms
We have entered an age of research where scientific excellence tends to be driven by
international collaboration [1]. In many ways, working across international and disciplinary
boundaries is key to address broader challenges in the scientific community. These include
questions of how to increase diversity and sharing among scientists, and how most
effectively to inform society about major societal challenges [2–6]. Some of these challenges
may be particularly felt at certain career stages. For example, the rapidly growing group of
early career researchers, in particular, is dealing with the difficulties of finding long-term
employment in a market where the output of young researchers far exceeds the supply of
academic research positions, and where graduate education of researchers is often narrowly
focused on academic careers [7–10]. To address all of these challenges, continued innovation
in the scientific enterprise is needed, from the individual to the community level. To this end,
a more interconnected community of scientists means that innovative ideas stand a higher
chance of coming to fruition. Online platforms help to increase connectivity among members
of broadly distributed scientific communities, and global community innovation platforms
(GCIPs) make use of such online platforms to aid innovation in the international scientific
community.
.
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Here we present a case for GCIPs by focusing on the activities of the International Network
of Next-Generation Ecologists (INNGE) [in-jee]. Initiated in 2010 with support from the
International Association for Ecology (INTECOL) and with 18 member societies and
institutions from six continents (list available here, http://www.innge.net/?q=node/339),
INNGE works as an online community to provide training, opportunities, and integration for
early career ecologists (Box 1). GCIPs such as INNGE complement an array of existing
options for early career scientists to improve skill sets, increase impact, and broaden career
opportunities. Amidst the emergence of new international institutions and organizations [11],
a growing number of meetings for young scientists, and a wealth of new information
communicated via social media [12], GCIPs fill a new role by providing an international and
long-term forum for developing ideas and motivation for coordinated initiatives that serve the
wider community.

Next-generation ecology - roles of an early career GCIP
Initiated by graduate students and post-docs active in international ecological societies,
INNGE aims to strengthen current and promote new initiatives in ecology and evolution that
young researchers will benefit from, regardless of geographic location [6]. In particular,
INNGE combines a focus on creating opportunities for early career researchers with
emerging topics at the core of current scientific concerns including aspects of open science,
higher education reform, global change and sustainability science, virtual conferences, and
other uses of new communication and analytical technology. We refer to this focus as “nextgeneration ecology”. In this context, we here discuss some of the activities a GCIP can
provide for the international scientific community. We end with an outline of a resilience
strategy that can help ensure the long-term persistence of early career GCIPs.
Hub of early career knowledge
An important and basic function of any GCIP is to work as a knowledge hub that groups can
tap into to seek advice. For many local early career groups, a central challenge to their
continued existence is to build critical mass and secure continued engagement and excitement
to withstand the regular turnover in organizational leadership. The amount of work involved
to overcome this challenge means that some groups never realize their original aspirations.
To reduce this constrain, INNGE’s website features a showcase section where early career
groups share and inspire each other with their highlights of past and ongoing activities. For
example, in response to the 2010 Gulf of Mexico oil spill, the Ecological Society of
America’s (ESA) Student Section worked closely with the ESA’s executive board to organize
a historical database of Gulf Coast data in order to build an ecological baseline for post-spill
comparisons [12]. Sharing such stories reinforces the role of GCIPs to aggregate and unify
information within the early career community.

.
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Box 1 – How has INNGE helped early-career ecologists and what collaborations has
INNGE engaged in to this end?
Examples of services that INNGE provides for early-career ecologists


INNGE organizes early-career events at meetings such as the quadrennial INTECOL
congress (www.intecol2013.org)



INNGE helped initiate a peer review mentoring scheme in the New Zealand Journal of
Ecology (http://www.newzealandecology.org/nzje/mentor)[24]



INNGE provides a forum for debate of emerging and influential topics in ecology
(http://www.innge.net/?q=blog, http://www.innge.net/?q=node/9)



INNGE provides advice and support to new local and regional early-career groups, such as
the effort to establish a regional network in Africa



INNGE provides surveys of early career opinion [18]



INNGE hosts EcoBloggers, an open aggregator of more than 60 ecology blogs
(http://www.innge.net/?q=ecobloggers)

What initiatives has INNGE worked with?

.



INNGE is in close collaboration with INTECOL (http://intecol.org) and represented on
INTECOL’s executive board and the local organizing committee of the INTECOL congress.



INNGE is supported through the membership of 18 member institutions
(http://www.innge.net/?q=node/339)



INNGE has collaborated with open science initiatives such as F1000 Research, Peerage of
Science and Scholastica through interviews communicating their work and mission
(http://www.innge.net/?q=blog)



INNGE is collaborating with the International Council for Science (ICSU,
http://www.icsu.org/) and the International Social Science Council (ISSC,
http://www.worldsocialscience.org/) to provide early career opportunities in Future Earth
(http://www.icsu.org/future-earth). This includes a Young Scientists Networking
Conference in Italy in May 2014.



INNGE is collaborating with the Global Young Academy
(http://www.globalyoungacademy.net/) and members of the Young Academy of Sweden and
Young Academy of Germany to raise awareness about early career issues in Future Earth



INNGE is collaborating with the Institute for New Economic Thinking’s Young Scholars
Initiative (INET YSI, http://ineteconomics.org/ysi) to organize events that focus on
interdisciplinary topics of ecology and economics.
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Distributor of online debates
Even in a globalized and teleconnected world, online debates often emerge as regionally
structured. This leads to inefficient transfer of ideas across larger geographical and cultural
extents. For example, although science blogs stimulate debate, their reach can be
compromised by the time it takes to monitor the jungle of individual blogs as they come and
go. Thus, there is value in stable points of aggregation that can serve as a permanent
reference. Such a service can readily be provided by GCIPs. A blog aggregator works by
collecting the posts from a set of contributing sites and turning them into a single feed. With
the opportunity for all interested bloggers to contribute, users benefit by being exposed to a
more diverse set of viewpoints within a single space. Bloggers, on the other hand, have the
opportunity to increase readership, especially when establishing a new blog within the
community. In 2013, INNGE launched EcoBloggers, an aggregator that gathers the online
discussion about ecology from more than 60 blogs and blogging communities. The blog
aggregator was heavily inspired by r-bloggers, an aggregator that gathers the online
discussion about the statistical and modelling software R [13]. The setup allows monitoring
of everything from the thoughts of undergraduate students to posts by editors of highly-cited
journals. Blog aggregators encourage the consideration of a broad set of ecological ideas,
connect the community, and are an example of how GCIPs can help enhance the online voice
of individuals. Beyond aggregation, INNGE devotes a part of its own blog to publishing
Next-Generation Point-of-View posts, which feature ideas identified by the community as
particularly novel or rarely discussed. Although some posts highlight papers written by early
career scientists, such as how to prepare for a career outside academia [14], others develop
from an initial post into peer-reviewed publications [15].
Surveying the community
Because of their regionally-distributed online presence, GCIPs are especially well-suited to
survey the international community of scientists, e.g. through coordinated action on regional
listservs. International surveys provide a broader perspective to inform the debate on often
national issues such as the composition of curricula in higher education [16,17]. Using the
listservs of professional ecological societies, INNGE surveyed ecologists’ experiences and
skills in mathematics, statistics and programming. The survey was relayed through the major
listservs in Europe and North America and within a week achieved close to 1,000
respondents. The results of the survey demonstrated a consistent dissatisfaction, in both
North America and Europe, with the level of mathematical skills and training that ecologists
acquire during their formal education [18]. This poses the question whether ecologists need
more rigorous exposure to quantitative methods and how that might be accomplished without
compromising other educational components.
Promoting early career interdisciplinarity
To an early career scientist, interdisciplinary work might not appear especially attractive and
tractable to engage in while establishing a career within a largely disciplinary setting. it is
however widely recognized that interdisciplinary fluency is one of the basic requirements to
advance the contribution of the biological sciences to the addressing of major societal
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challenges [19–21]. Through interaction with other networks in different disciplines, GCIPs
can play an important role in highlighting future paths into interdisciplinary work for early
career scientists. INNGE has been engaged in two concrete initiatives to promote
interdisciplinary exchange: (1) INNGE reached out to the Institute for New Economic
Thinking’s Young Scholars Initiative (INET YSI) to bring examples of interdisciplinary
dialog closer to the early career community. Inspired by a series of annual summits that bring
together senior ecologists and economists to ponder important societal issues [22], the first
project from the collaboration with INET YSI is a free online seminar series featuring senior
scientists that have worked across the boundaries of ecology and economics (Box 1). (2) A
more general opportunity to advance interdisciplinary thinking is offered by the ten-year
Future Earth program (http://www.icsu.org/future-earth). INNGE has developed some
concrete suggestions to realize Future Earth’s goal of engaging a new generation of young
scientists and collaborate with the global and national young academies of scientists to
establish an organized voice for early-career ecologists in Future Earth (Box 1).

Eliminate barriers and increase support
The life of an early career scientist is characterized by transitions in both career and social
status. Thus, the amount of time that individual early career scientists can commit to a GCIP
can change on short notice. The persistence of early career GCIPs relies on a strategy that
ensures their resilience as young scientists change their employment, geographical, and social
status. INNGE’s resilience strategy is based on a backbone of institutional memberships,
where groups of early career representatives succeed each other continuously as individual
scientists move on. A central purpose of this strategy is to reduce the barriers for participation
by the individual early career ecologist. While institutional memberships provide
organizational stability over the long term, individual ecologists can spend their time in
INNGE realizing innovative ideas generated by the community.
INNGE was established to better connect the global community of early career ecologists. In
doing so it aims to enhance international knowledge transfer, and thereby foster and
communicate initiatives. One hundred years after the establishment of the first ecological
society (the British Ecological Society, in 1913), the field of ecology is faced with a
particular challenge: elucidate the planetary boundaries for human activities [22] and inform
the global governance of the rapidly changing environments brought about by our species [6].
In the search for sustainable solutions that are grounded in the natural and social sciences
[23], geographical, institutional, and disciplinary barriers in the scientific landscape must be
less predominant. GCIPs provide one way by which scientists can get together to help break
down these barriers for the benefit of their disciplines and the generations that follow.
Beyond the purpose of a GCIP in ecology, we advocate that GCIPs are of general use to
speed innovation in distributed communities of scientists. We hope that the example of
INNGE will stimulate the development of new GCIPs in other scientific disciplines.

.
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Proficiency in mathematics and statistics is essential to modern ecological science, yet
few studies have assessed the level of quantitative training received by ecologists. To
do so, we conducted an online survey. The 937 respondents were mostly early-career
scientists who studied biology as undergraduates. We found a clear self-perceived
lack of quantitative training: 75% were not satisfied with their understanding of
mathematical models; 75% felt that the level of mathematics was “too low” in their
ecology classes; 90% wanted more mathematics classes for ecologists; and 95% more
statistics classes. Respondents thought that 30% of classes in ecology-related degrees
should be focused on quantitative disciplines, which is likely higher than for most
existing programs. The main suggestion to improve quantitative training was to
relate theoretical and statistical modeling to applied ecological problems. Improving
quantitative training will require dedicated, quantitative classes for ecology-related
degrees that contain good mathematical and statistical practice.
Subjects Conservation Biology, Ecology, Environmental Sciences, Science and Medical

Education, Statistics
Keywords Education, Statistics, Mathematics, Ecology student, Teaching, University curriculum,
Student

Introduction
Basic tasks in ecological research and management often involve fairly advanced statistics,
especially outside of experimental science. Typical examples include capture–recapture
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models to census populations (Williams, Nichols & Conroy, 2002), or elaborate multivariate
statistics to reduce complex datasets of environmental records to a few manageable
variables (Legendre & Legendre, 2012). Most papers in mainstream ecological journals
today use statistical and computational techniques beyond analysis of variance and simple
linear regression. These include, among others: generalized, mixed, or nonlinear regression
models; discrete probabilistic models fitted by maximum likelihood; Bayesian statistics
and Markov-Chain Monte Carlo [MCMC]; graph-theoretic algorithms for interaction
webs; and movement models derived from Brownian motion. We surveyed the July 2012
issues of Ecology, Journal of Animal Ecology, and Oikos, and found these more sophisticated
statistical techniques are used in 75%, 95% and 70% of articles, respectively.
Theoretical ecology has been using fairly advanced mathematics since the 1920s and
1930s (e.g., Lotka, 1925; Fisher, 1930; Volterra, 1931), but as a subdiscipline it has, for
some time, remained rather separated from the rest of ecological science (Kingsland,
1995). Therefore, the need of theoreticians for mathematics was much greater than
that of the average ecologist. In contrast, modern theoretical ecology is more and more
connected to ecological data (Hilborn & Mangel, 1997; Bolker, 2005; Codling & Dumbrell,
2012), and this fusion of theoretical and statistical models increases the need for many
ecologists to have a detailed understanding of the theoretical and statistical sides of their
discipline.
Examples of a tighter link between theory and data abound in population dynamics
(e.g., population projection models, Caswell, 2001), behavioral sciences (e.g., hidden
Markov models, Patterson et al., 2008), and community ecology (e.g., neutral models,
Hubbell, 2001; graph theory for food webs, Dunne, 2006). These fields have a long tradition
of the use of quantitative methods, but the rise of improved and often freely available
software has made complex mathematical and computational tools accessible to all.
The trend is clear from the recent proliferation of textbooks designed to teach students
modern ecological modeling and statistics (e.g., Gotelli & Ellison, 2004; Clark, 2007;
Otto & Day, 2007; Bolker, 2008; Stevens, 2009; Matthiopoulos, 2011), and the creation
of new methodological journals (e.g., Methods in Ecology and Evolution). Similarly, the
open-source statistical programming language R (R Core Team, 2013) has been embraced
by much of the ecological community. Fifty years ago, Pielou (1969) thought that ecology
was becoming a “mathematical” subject. While it is unclear whether ecology is truly
more mathematical in nature, the requirement for statistical and computational skills
in postgraduates has certainly increased, and so did the rate at which new quantitative
methods are developed and published (see references above). In the current landscape of
ecological research, a lack of mathematical literacy can prohibit access to a large part of
the ecological statistics and theoretical literatures, and run the risk of producing analyses
that are considered sub-standard by reviewers and editors. Outstanding research can,
needless to say, still be performed with limited mathematical background, but there is
undeniably an impression that quantitatively intensive ecological research is becoming
more dominant. This poses a problem for ecology as a whole: equations remain a barrier
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to effective communication between empiricists and theoreticians/statisticians (Fawcett &
Higginson, 2012), even if these problems are, perhaps, not as strong as when highlighted by
ecological pioneers such as Elton (Kingsland, 1995).
Given the trend for more quantitative research in ecology, one might expect current
ecology students to receive training rich in mathematics, statistics and programming.
By mathematics, we mean both “pure” topics such as calculus, algebra, and probability,
and more applied topics usual in theoretical ecology such as dynamical systems. By
statistics, we mean techniques used for the collection, organization, and interpretation
of data, covering therefore both exploratory (e.g., principal component analysis) and
inferential statistical techniques (e.g., the linear model). Programming refers both to
algorithms (e.g., the “for loop”) and their practical implementation (e.g., how to use
R or Python). With the increase in the availability of advanced methods, quantitative
training ought to focus on (i) understanding how these methods work and (ii) when to
use them. However, many ecology students at the undergraduate or graduate level do not
have the required background to formulate statistical or theoretical models, or even to
understand their properties (Ellison & Dennis, 2010). As such, undergraduate courses in
ecology can resemble storytelling without strong mathematical or statistical foundation,
which is far removed from current ecological science. Based on their experience,
Ellison & Dennis (2010) advocate, for students to reach “statistical fluency”, the teaching
of ecological statistics only after a two-semester calculus course at undergraduate level,
possibly supplemented by linear algebra and probability theory for graduate students.
However, data on the level of quantitative training that early career ecologists themselves
consider appropriate are rare. Are more undergraduate mathematics classes the answer?
How many ecologists are distressed by their lack of formal mathematical and statistical
training? Early-career scientists are well equipped to comment on these issues: they are lead
authors on many papers, and therefore deal first-hand with many of the technical issues
that arise. Many aspects of their formal education and training are fresh in the memories
of early career researchers, and these aspects are likely to reflect current trends. Here we
attempt to assess the size of the “quantitative gap” in young scientists through an online
survey (see Appendix S1) diffused through various list-serves (see below for details). We
wanted to know what early-career researchers (mainly PhD candidates and postdocs) think
about the mathematical and statistical training they have received, and what (if anything)
they think should be done to improve it.

Survey design, data, and methods
We designed this survey as a short online questionnaire (see Appendix S1). The
questionnaire was anonymous and voluntary. No identifying questions needing ethical
approval were asked. The guidelines of Norwegian research ethics (country of first
author’s institution) were followed. The survey was launched on the 13th of February,
2012, through the INNGE network (http://innge.net). The last answers were recorded
on the 10th of April, 2012, with a peak in participation after diffusion on the American
ECOLOG-L mailing list (16th of February, 2012). After ECOLOG-L, the survey was
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Figure 1 Survey composition. Partitioning of the respondents with respect to (A) background (i.e., discipline of undergraduate studies), (B) geographic origin, (C) gender, and (D) employment status/level.

forwarded to a number of networks including the Indian YETI mailing list and members
of the French Ecological Society as well as being diffused globally through social media
(Twitter) and a number of science-related blogs (including that of the ecological journal
Oikos). The total number of responses was 937, of whom 250 also left free text comments
that we categorized (see “Comments of Respondents”). The data have been deposited as
Supplemental Information 1.
Key proportions presented in the paper, and differences between those proportions,
are accompanied with their 95% asymptotically normal confidence intervals, using a
binomial model (more complex CIs, e.g., Agresti–Coull, are available but those used here
are sufficient given the large sample size, Agresti, 2007).

Control questions: survey composition
Demographics: education, geography and gender
Most respondents (84%) were trained as biologists (Fig. 1). Nearly half of the respondents
are PhD students (42%), with 20% postdocs and 20% lecturers or professors (Fig. 1). Based
on free text comments, the category “other” (18%) includes numerous MSc students. The
survey contains a relatively balanced provenance according to gender (44% females, CI
[40.8;47.2]%). Most respondents are from either Europe or North America (43%: Europe;
41%: North America). There was no general correlation between geography and gender
(the results for PhD students suggest only small differences among them in Europe and
North America, for example, Fig. S1).

Involvement in modeling and “mathematics-friendliness”
A survey such as this could be biased if the respondents predominantly liked or disliked
quantitative approaches to ecology. As it was not possible to control the composition
of participants with a voluntary survey, we attempted instead to assess the extent of
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Figure 2 Distribution of variables quantifying attitudes towards mathematics. (A) Distribution of
“Feeling” variable (from 1: “really dislike” mathematics to 5: “really like”) and (B) Distribution of
“Modeler” variable (1: “do not model” to 5: “specialist modeler”). See Fig. S2 for correlation between
these two variables.

this bias by asking respondents questions about their own feelings about mathematical
and statistical training. To do so, we asked the respondents “Rate your feeling towards
using equations” and “Rate your involvement in the process of ecological modeling in
your field” (Appendix S1 Questionnaire; note that this question also assess statistical
models, and not only dynamical ones). The two scores are moderately correlated (Fig. S2,
Spearman’s rho = 0.53). We found that most self-identified modelers (Modeler scores 4
and 5) have positive feelings associated with mathematics; conversely, quite a few (42%) of
the mathematics-friendly respondents (Feeling score 4 and 5) do not identify as modelers
(they have a Modeler score < 4, Fig. 2 and Fig. S2). In passing, we note that more males
are modelers or positive towards using equations. Considering only Modeler and Feeling
scores 4 and 5, the percentage of females drops to 33% for both variables (this percentage
was 44% in the full sample).

Use of mathematics/statistics and current training
What are the respondents using mathematics for?
The first question of the survey reveals that 96% of respondents use mathematics for statistics, 39% use mathematics for theoretical modeling and 24% for decision making overall
(see supplementary graphs at https://sites.google.com/site/mathematicsandecologysurvey/
summary). A small fraction (11%) use mathematics for decision making but not
theoretical modeling (correlations between these variables are shown in Fig. 3). Theoretical
work is mostly carried out in combination with other math-intensive practices; very few
pure theoreticians responded (2%) and 47% of respondents use mathematics only for
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Figure 3 Relative frequency of the uses of mathematics and association between categories. Most respondents use mathematics primarily for statistics (S), and some other for statistics+theory (S+T, 26%),
and the remaining 11% for statistics+decision making (S+D) and 10% for statistics+theory+decision
making (S+T+D). Pure theoreticians (T) are therefore negligible in the sample.

statistics (Fig. 3). It is therefore possible that the proportion of theoreticians in our sample
is slightly above that of the average population of ecologists, but not overly so.

Understanding models within one’s field
We asked respondents to assess whether they were satisfied with their understanding of
models in their own field; the goal was to assess quantitative understanding in directly
relevant areas for them rather than general theory. Based on the response to this question,
75% (CI [73.2;77.8]%) of respondents do not feel satisfied with their understanding of
models (and likely with the mathematical training they received). To interpret this number,
it is worthwhile to note that humans, including academics, are prone to over-rate their
own abilities (van Veelen & Nowak, 2011, and references therein) so, if anything, the
25% of satisfied respondents is an overestimate of true satisfaction with mathematical
understanding. Given our large sample size (>900 participants), these results most likely
reflect a true lack of understanding of models within the ecological community. Even
among self-diagnosed modeling “specialists” (score 5), only 60% consider themselves
satisfied with the mathematical training they received and this figure drops to under 50%
for all other “Modeling” groups (Fig. 4). To make sense of this result, consider that 75% of
respondents with a mathematics-based undergraduate degree (27 of 36) are, in contrast,
satisfied with their understanding of models—though not all of them identify currently
as modelers. We found no strong influence of gender (only a 5.6% with 95%CI [−0.045,
0.156] when restricting to Feeling scores 4, 5), and only a weak effect of geography (Fig. S3)
on these results. This suggests that such dissatisfaction is international and understanding
of mathematical models is strongly dependent on having mathematics classes at the
undergraduate level.

Is there enough mathematics in general ecology courses?
We asked: “In the general ecology courses you have followed, how would you describe
the level of mathematics (in retrospect)?” with three possible answers: “Too low”, “Just
right”, and “Too high”. We included “in retrospect” because it seems a common experience
for ecology students to initially appreciate verbal descriptions of ecological theories and
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Figure 4 Importance of involvement in modeling on the understanding of mathematical models. The
“Modeler” score goes from 1 (“do not use models”, on the left) to 5 (“only use models”, on the right). Red
color is associated to dissatisfaction with mathematical understanding and blue to satisfaction.

analytical tools, rather than a mathematical description of those same theories using
equations. Quite often, students discover later that these concepts and tools involve some
fairly advanced mathematics (Ellison & Dennis, 2010). For a number of ecologists, this late
discovery seems quite troublesome (see “Comments of Respondents”). Of those surveyed,
75% thought, in retrospect, that the amount of mathematics presented in their ecological
coursework was “too low” (22% said “just right” and 2% “too high”). These results do
not depend on geographic origin, but are weakly related to whether the participants
use mathematics for statistics only or for other purposes as well (7% percent difference,
95%CI: [1%; 13%], Fig. S4).

What should be done?
More mathematics and statistics classes
We asked whether there should be more mathematics and statistics in the ecological
curriculum. We asked for opinions (“Do you think ...”) instead of absolute answers
(“Should ...”) to allow for more personal inclinations in the responses. The overwhelming
majority of respondents want more mathematics courses (91%, CI [89.1;92.9]%) and
more statistics courses (95%, CI [93.6;96.4]%). Surprisingly, these percentages (90%
for more mathematics and 95% more statistics) do not vary much across categories,
and hold for the categories 1 and 2 of the “Feeling” variable (>200 respondents), who
therefore reported disliking the use of equations to construct mathematical models
(Feeling = 1: “really dislike”, Feeling = 5: “really like”). More than half of respondents
want more mathematics and statistics at both undergraduate and graduate levels (61% for
mathematics and 76% for statistics). Additionally, 14% want more mathematics only at
the undergraduate level, and another 16% desire more mathematics only at the graduate
level. For statistics, 7% want more statistics only at the undergraduate level, and 11%
only at the graduate level. In essence, respondents want more mathematical and statistical
training. The opinions do not depend much on what people use mathematics for; we
found only a 5% difference between respondents using mathematics for statistics-only or
other purposes as well (Fig. S4).
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Figure 5 Frequency distribution of the desired percentage of mathematics, statistics and programming (in the ecological curriculum). (A) with respect to involvement in modeling (“Modeler” score, 1:
no modeling to 5: specialist), (B) with respect to status/employment level.

Thirty percent of the ecological curriculum should be mathematics, statistics, or programming
To assess what fraction of the university curriculum respondents thought was appropriate
to devote to mathematics, statistics, or programming, we asked: “What percentage
mathematics, statistics, and programming should approximately cover of the university
curriculum of an ecologist, in your opinion?” Given the inherent interdisciplinary nature
of ecology, the responses should produce a wide probability distribution whose median
indicates the best approximation of a “consensus”. In our results, the median was 30%
and the mean 28.3% (two modes at 20% and 30%, Fig. 5). ANOVAs on this fraction, with
explanatory factors such “Feeling” or “Modeler”, yielded mostly statistically significant
results due to the large sample size, but the magnitude of these effects were very small,
nearly all below 4% (for a justification of using ANOVAs given the discrete number
of options, see e.g., Norman, 2010). Thus, most respondents, regardless of “Modeller”,
“Feeling”, “Status” or “Geographic origin”, agree that one-fourth to one-third of classes in
ecology programs should be devoted to quantitative training (Fig. 5).

Comments of respondents
After carefully evaluating the comments left by 250 out of the 937 respondents, we classified them into four categories (see https://sites.google.com/site/
mathematicsandecologysurvey/summary for a selection of emblematic representative
comments). Categories 1 and 2 below were pre-determined, as they correspond to
alternative teaching strategies (1: Teach mathematics within ecology/highlight ecological
relevance of mathematical principles, 2: Increase mathematics requirements/add
mathematics classes, as recommended by Ellison & Dennis, 2010). We added categories
3 and 4 to account for other frequently observed comments. Note these categories are not
mutually exclusive (below), and some comments (26%) could not be tied to any particular
category and were therefore excluded from the following classification.
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(1) Teach mathematics for ecologists/biologists (36% of comments). Many respondents
feel abstract mathematical/statistical classes, or teachers from pure or applied
mathematics, do not bridge the gap between mathematics and application. Some
respondents pointed out much of the theory/statistics taught is not particularly
applicable to the empirical datasets gathered by ecologists.
(2) Inform “mathematics avoiders” of the quantitative nature of ecology (33% of
comments). Many ecology students come to ecology programs hoping to avoid
mathematics. Many respondents feel we need to advertise early on to high school
and undergraduate students the quantitative nature of ecology-related disciplines.
Variant: make classes of mathematics/statistics compulsory.
(3) Teach students how to program (14% of comments). Variant: Use R (R Core Team,
2013), instead of point-and-click statistical packages.
(4) Personal experience in favor of mathematical training (11% of the comments). ‘I wish
I had learned more mathematics, I encounter difficulties now’ or ‘I’ve been lucky to
learn some mathematics, and that puts me at a huge advantage now.’
The last anonymous comment in the sample speaks for the general sentiment:
“Given the nature of the field, and despite the outsourcing of modeling to specialists, it is
good to at least understand what is going on within the model or behind the model, if not
directly programming it yourself. This deeper understanding allows for better theory. It
has taken me months of just focusing on statistics/mathematics and models to just get up
to speed with fundamentals that I wish had been given during undergrad.”

Discussion
Overall, our results indicate that quantitative training in ecology is often insufficient
and that arresting this insufficiency requires both extra classes and better integration
of quantitative methods within existing programs. Most of our ecological respondents
seem to agree with Ellison & Dennis (2010) and Hobbs & Ogle (2011) that calculus is
important (and 57% feel they miss notions of calculus). We had expected probability to
be the sub-discipline that respondents felt was currently most lacking (see Appendix S1
“Questionnaire”) because ecologists mainly use mathematics for statistics and because
probabilistic models are used in both theory and decision-making. Contrary to our
expectation, calculus, linear algebra, and even graph theory were also described as areas
in need of further training (Fig. S5). One possible explanation for this unexpected result is
that ecologists encounter difficulties directly tied to their knowledge in calculus and linear
algebra while trying to understand statistics and probability (e.g., partial derivatives and
matrices are used in many advanced statistical courses). What is clear, however, is that
a few classes sprinkled across disparate modules do not provide the holistic overview of
quantitative training as requested by the respondents. Our interpretation of the survey
results is in line with the proposed coursework of Ellison & Dennis (2010)—a two-semester
course of calculus (broadly defined, including some linear algebra as nearly half our
respondents feel a lack in that area) as well as introductory statistics for undergraduates.
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At graduate level, the proposed additional two-semester sequence of probability and
advanced statistics seems very appropriate; but according to our respondents, this course
would be better taught with numerous ecological examples. For quantitative training to
be successful, our results indicate that we should (1) advertise the quantitative nature of
ecology earlier and (2) better connect mathematics and statistics to particular ecological
problems and datasets (as suggested in Hobbs & Ogle, 2011). We elaborate on these points
below.
Conveying the quantitative nature of ecology to high-school students and undergraduates before they specialize is non-trivial. The comments of our respondents indicate that
many aspiring ecologists entered the discipline not only because they loved animal and
plant life, but also because they were less inspired by other, more quantitative, physical
sciences. We should strive to present more clearly the quantitative nature of the discipline
earlier, perhaps as early as high-school (which highlights, in turn, the importance of
incorporating more mathematics within ecological courses followed by future teachers).
For undergraduate and later graduate students, combining math-intensive activities with
fieldwork has also been suggested (Gimenez et al., 2012) as one way of better integrating
the quantitative and empirical approaches to ecology and introducing the necessity of
both to new students. Moreover, mathematics, statistics and programming are transferable
skills that boost employment prospects inside and outside of academia—this cannot be
overstressed.
On the practical side, our results indicate that ecologists want mathematics and statistics
to be taught by quantitative ecologists so that the curriculum is applied and relevant. This
suggests that departments who provide quantitative training via service teaching from
mathematicians may not provide the optimal training for their students. We also asked
whether programming classes should be taught separately or merged with mathematics
and statistics. The results did not show a strong preference (63% merged, 37% separated,
with no trend according to respondents’ profiles). Merging classes would allow a clearer
integration of programming with practical problems; separated programming classes
would promote higher levels of programming ability. One respondent commented:
“initially separate, then merged”. This appears to us as a sound proposition, because it
allows students not to be overwhelmed at first by simultaneous struggles with computing
and statistical/model thinking. As soon as some familiarity with computer programming is
established, however, ecology/biology-driven courses help to show students the usefulness
of programming (e.g., Valle & Berdanier, 2012) and how the approach can be used to test
ecological hypotheses.
Note that we do not imply that basic knowledge in ecology, evolutionary biology, or
any related discipline such as geography, physiology or molecular genetics should be
replaced in undergraduate curricula by mathematics and statistics. Indeed we do not
believe that adding more effective quantitative training precludes the teaching of these
fields, and that they would necessarily loose time in favor of quantitative disciplines.
Currently, many biological courses require rote learning in e.g., anatomy, morphology,
or taxonomy, especially at the undergraduate level. Though memory has to be trained
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and a background in these biological sub-disciplines is important, the amount of time
spent on memorization tasks could likely be reduced. Of course, this holds only true for
the majority of undergraduate biology students, some of which will choose ecology at
various points in their curriculum; we are certainly not suggesting that veterinarians learn
less anatomy. Likewise, taxonomy is very valuable to various fields of biology, and the
knowledge of biological diversity should be encouraged: we simply mean that a fraction of
the energy applied to remember precisely lists of organisms, organs, tissues, or chemical
reactions could be diverted towards learning mathematics, statistics and programming.
The fundamentals of these quantitative disciplines are highly transferable to the world
of employment in many fields. In some cases, integration with biological courses is
possible, see below. One-third of quantitative disciplines seems a good balance for the
university curriculum of an ecologist, but specialization can be as late as the master level.
Given that biology curriculums make compromises between different specialties, the
right fraction of quantitative classes at the undergraduate level, when specialization is
late, will likely be found on a case-by-case basis. How best to inferface with physics and
chemistry is another open debate (Bialek & Botstein, 2004). However, the needs of other
biological disciplines suggest that a more quantitative education in general undergraduate
biology is desirable, e.g., neuroscience (Bialek & Botstein, 2004; Hastings et al., 2005) or
bioinformatics (Pevzner & Shamir, 2009). It is additionally possible to learn biology while
learning math (e.g., biology-inspired calculus, Schreiber, 2009), thus minimizing the time
“lost”. Later, students used to a little applied mathematics from population genetics or
demography classes naturally become more quantitative, which exemplifies the mutual
benefits of combined mathematical and biological training.

Conclusion
Ecology is moving into an increasingly quantitative era (Hastings et al., 2005), which
demands a general review of mathematical, statistical and programming training (Brewer
& Smith, 2011). Collaborative research projects and data sets are both expanding in size
and complexity, for which we need ecologists trained in state-of-the-art modeling (Hobbs
& Ogle, 2011). This survey points to the widespread recognition of the need for better
quantitative training in ecology among early-career ecologists, and highlights two useful
means to do so: additional mathematics/statistics classes (especially calculus and algebra
for undergraduates, when these are absent), and making already existing ecology classes
more quantitative, combining mathematical, statistical, and programming concepts with
ecological knowledge (see also Anderson et al., 2003, for a more applied perspective). The
changing landscape of how data is collected and analyzed in ecology means that ecology
departments will need to invest more in the teaching of quantitative methods and concepts.
According to our survey, the community would welcome this investment.
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