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Abstract 
 

Human land-use change is considered the greatest threat to global biodiversity. Declines are increasingly 

being seen in common and widespread species, including many European landbirds. There is an urgent need 

to address these declines, and exploraƟon of spaƟotemporal variaƟon in demography can serve as a vital tool 

for idenƟfying and targeƟng appropriate conservaƟon acƟons. In this thesis, I examine limitaƟons of current 

approaches for studying demographic variaƟon in birds, and specifically explore potenƟal drivers of spaƟal 

variaƟon in the producƟvity of European landbirds. In a review of the spaƟotemporal structure of avian 

demographic research, I demonstrate that most studies have taken place over small spaƟal scales and annual 

Ɵmescales. While this captures local, short-term effects well, our ability to detect the impacts of changes 

operaƟng over larger scales and longer Ɵmescales is limited. To address this, I use a long-term, conƟnent-

wide bird ringing dataset to show that spaƟal variaƟon in the producƟvity of European landbirds is at least 

partly driven by landscape characterisƟcs surrounding breeding sites. Sites within landscapes locally 

dominated by wetlands, and at larger-scales, low-intensity land uses are more frequently associated with 

higher producƟvity in both residents and migrants. This idenƟfies landscape-scale conservaƟon acƟons with 

potenƟal benefits across the bird community. I then explore whether insect prey availability could be driving 

associaƟons between producƟvity and landscape structure with a Pan-European ciƟzen science study at bird 

ringing sites. This reveals a posiƟve associaƟon between cross-community producƟvity and insect abundance 

at sites, highlighƟng the importance of conserving and enhancing insect populaƟons for supporƟng landbird 

populaƟons in Europe. Landscape features do not appear to be associated with insect abundance, suggesƟng 

invesƟgaƟon of site-level characterisƟcs as an important avenue for future work. Overall, this thesis 

demonstrates the immense value of collaboraƟve research projects and ciƟzen science for exploring links 

between local-scale processes and large-scale paƩerns.  
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1.1. Biodiversity Loss in the Anthropocene 

Global biodiversity is in crisis, with over 1 million species of animals and plants currently threatened with 

exƟncƟon (Díaz et al., 2019; IPBES, 2019). In addiƟon to species exƟncƟons, of immediate concern are the 

pervasive declines of common and widespread species (Ceballos et al., 2017; Dirzo et al., 2014; Finn et al., 

2023). These declines can have negaƟve cascading impacts on ecosystem funcƟoning and services (Gaston 

and Fuller, 2007), puƫng human wellbeing at risk (Cardinale et al., 2012; Díaz et al., 2006). Understanding 

and tackling the drivers of these declines is one of the greatest challenges facing humanity but will be 

essenƟal for sustaining life on Earth as we know it.  

Land-use change is the most severe threat to terrestrial biodiversity (Davison et al., 2021; Jaureguiberry et 

al., 2022; Sala et al., 2000). Human acƟons have directly altered at least 70% of land surface (Díaz et al., 

2019), primarily for agriculture, forestry and urbanisaƟon (IPBES, 2019). As landscapes are transformed by 

human acƟviƟes, naƟve vegetaƟon is lost, land-use intensity in modified areas increases, and remnants of 

naƟve vegetaƟon are increasingly influenced by processes originaƟng in modified areas (Fischer and 

Lindenmayer, 2007). There is a large body of evidence demonstraƟng reducƟons in species richness (Gibson 

et al., 2011; Gonçalves-Souza et al., 2025; Murphy and Romanuk, 2014; Newbold et al., 2015; Zingg et al., 

2018) and changes in community composiƟon (Dornelas et al., 2014; Newbold et al., 2018) directly as a 

result of landscape modificaƟon, with subsequent management intensificaƟon driving addiƟonal declines in 

abundance and species richness (Gerstner et al., 2014), especially in cropland (Beckmann et al., 2019).  

Land-use change can drive populaƟon declines through the combined effects of habitat loss, fragmentaƟon 

and degradaƟon, which lower the capacity of the landscape to support individuals (Fischer and 

Lindenmayer, 2007; Heinrichs et al., 2016). Habitat loss is a reducƟon in habitat amount and has 

consistently been shown to have negaƟve effects on populaƟons of mulƟple taxa (Fahrig, 2003; Hallworth et 

al., 2021; Moreno and Teixido, 2025; Yan et al., 2025). Habitat fragmentaƟon is the sub-division of habitat 

(while controlling for habitat amount), with increasingly fragmented landscapes having more, smaller 

habitat patches and a greater total length of habitat edge (Fahrig, 2017). The effects of fragmentaƟon on 

biodiversity and species populaƟons are variable and intensely disputed, partly resulƟng from the wide 

range of metrics used and their measurement at different scales, between which comparisons cannot 

reliably be made (Fahrig, 2017; Riva et al., 2024; but see Fletcher et al., 2023). Many studies have idenƟfied 

negaƟve impacts at the smaller patch scale (Fletcher et al., 2018), for example reduced abundances of 

forest-core species close to habitat edges (Pfeifer et al., 2017). Meanwhile others find negligible or posiƟve 

effects of fragmentaƟon when measured at the landscape scale, such as increased species richness and 

abundance in response to greater landscape complementarity (Priyadarshana et al., 2024), whereby 

different required resources are more accessible to each other in more fragmented landscapes (Fahrig, 

2017; Fahrig et al., 2019). Taken together, this means that further habitat loss should be avoided to address 
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these negaƟve impacts, but fragmented landscapes where this has already occurred can sƟll be of 

conservaƟon value.  

UnƟl recently, habitat degradaƟon had received far less aƩenƟon compared to habitat loss and 

fragmentaƟon, but its effects on populaƟons can be equally as important (Heinrichs et al., 2016; MortelliƟ 

et al., 2010). Habitat degradaƟon involves the gradual deterioraƟon of the quality of a habitat, which can 

occur independently of, but oŌen alongside, changes in habitat extent or conƟnuity, for example due to 

grazing pressure (Barzan et al., 2021; Thompson et al., 2009) or selecƟve logging (Ross et al., 2018). Habitat 

is, by definiƟon, a species-specific concept, with quality determined by the provision of food, shelter, space 

and suitable climaƟc condiƟons (Fischer and Lindenmayer, 2007). DegradaƟon therefore involves the 

diminishing ability of habitat to provide these key resources, and applies not only to remaining natural 

habitat patches, but also the wider non-naƟve habitat surrounding these patches (the “matrix”) (Zhao et al., 

2025). Matrix habitat quality generally declines with increasing intensity of land-use, which involves the 

conversion of low-contrast matrix types, such as secondary forests or shade-grown low-intensive agriculture 

in forested regions, to high-contrast matrix types, such as intensive agriculture, built environments 

(Ramírez-Delgado et al., 2022), or surface mines (Deikumah et al., 2015). Species show varying trait-related 

responses to changing matrix quality, which can therefore mediate the effects of habitat loss and 

fragmentaƟon on biodiversity metrics (ChetcuƟ et al., 2021; de Souza Leite et al., 2022; Ramírez-Delgado et 

al., 2022).   

Habitat loss, fragmentaƟon and degradaƟon represent disƟnct phenomena in theory but, in real 

landscapes, they are difficult to separate because they are causally related and co-occur (Banks-Leite et al., 

2020). This means that acƟon to manage one of these components is likely to simultaneously address the 

other two (Banks-Leite et al., 2020). However, idenƟfying appropriate management acƟons is challenging 

because the effects of habitat transformaƟon are inherently species- and scale-dependent, as well as 

context-specific (Banks-Leite et al., 2020). Studies can obtain very different results if they are conducted at 

different spaƟal or temporal scales (Fletcher et al., 2023), in regions with different biogeographical history 

or at different parts of a species’ range (Banks-Leite et al., 2022). For example, a study on AtlanƟc Forest 

bird species demonstrated that populaƟons are more sensiƟve to deforestaƟon when near the species’ 

range edge (Orme et al., 2019). These complexiƟes highlight the importance of measuring impacts of land-

use change at scales relevant to the mechanisms which might be underlying observed paƩerns, while also 

considering macroecological context (Fletcher et al., 2023).  

Climate change is a recent but rapidly intensifying threat to biodiversity (Jaureguiberry et al., 2022; Pereira 

et al., 2024). Its effects on species populaƟons can interact with local changes in land-use, potenƟally 

leading to a greater overall impact on biodiversity change than either of these drivers operaƟng in isolaƟon 

(de Chazal and Rounsevell, 2009; Oliver and MorecroŌ, 2014; Williams et al., 2022; Zhao et al., 2019). For 

example, habitat loss and fragmentaƟon has been shown to reduce populaƟon resilience to extreme 
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climaƟc events like droughts (Ross et al., 2016), with smaller and more isolated habitat patches recording 

larger populaƟon declines under these condiƟons and slower rates of recovery (Oliver et al., 2013). In 

addiƟon, more homogenous landscapes such as intensive agricultural land have less variable microclimates 

(Oliver et al., 2010), which could otherwise act as refuges for species facing unsuitable condiƟons under 

future climate scenarios (SuggiƩ et al., 2015). The impacts of climate change on species populaƟons are 

oŌen felt through changes to habitat suitability and quality (e.g. Kleijn et al., 2010; Zhao et al., 2019), and 

altered species interacƟons, rather than direct abioƟc effects of temperature or precipitaƟon, especially at 

higher trophic levels (Ockendon et al., 2014). 

1.2. Demographic Processes 

Large-scale biodiversity loss is underpinned by local populaƟon declines and exƟncƟon (Collen et al., 2011; 

Newbold et al., 2015). UlƟmately this is driven by changes in demographic rates but studies examining the 

associaƟons between environmental pressures and changes in species richness, occurrence or abundance 

are oŌen limited to idenƟfying correlaƟons and not the mechanisms by which these pressures operate to 

drive populaƟon declines and exƟncƟons (Selwood et al., 2015). ComparaƟvely few studies have explored 

demographic responses to land-use change (Cosset et al., 2019; Davison et al., 2021; Gibson et al., 2011), 

but understanding the changes in reproducƟve output, survival and dispersal that underlie populaƟon 

declines is essenƟal for idenƟfying and addressing these threats (Anders and Marshall, 2005; Robinson et 

al., 2014; Selwood et al., 2015). For example, abundance or density paƩerns can mask underlying 

demographic processes associated with habitat quality (Cosset et al., 2019; Van Horne, 1983), such as 

‘ecological traps’ where individuals occupy degraded habitat in which they cannot breed or face higher 

mortality rates (Hale and Swearer, 2016). Habitat quality is therefore best quanƟfied by directly measuring 

demographic outcomes, rather than habitat aƩributes assumed to be a proxy of quality (MortelliƟ et al., 

2010). 

A synthesis by Selwood et al., (2015) demonstrated that anthropogenic changes in landscape condiƟon are 

oŌen associated with reduced reproducƟve output and immigraƟon rates, and increased mortality and 

emigraƟon rates. For example, lower food availability and accessibility in fragmented landscapes and 

degraded habitat have been shown to reduce reproducƟve output and survival rates across mulƟple taxa, 

including birds (Hinam and Clair, 2008; Luck, 2003; Ruiz-GuƟérrez et al., 2008), mammals (Butler et al., 

2021; Mbora et al., 2009) and insects (Maurer et al., 2020). In addiƟon, edge effects in fragmented 

landscapes can increase predaƟon risk, which has been well-documented in the form of increased nest 

predaƟon and brood parasiƟsm rates, and therefore reduced nest success, closer to habitat edges in forest 

bird species (Akresh et al., 2024; Lampila et al., 2005). MutualisƟc species interacƟons can also be disrupted 

by landscape modificaƟon, including plant-pollinator systems, leading to reduced fruit producƟon in wild 

plants (Cunningham, 2000; Eeraerts et al., 2017). Regarding dispersal, reduced pairing success has 

frequently been reported in fragmented landscapes due to lower immigraƟon rates of females to more 
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isolated or poorer quality patches (Burke and Nol, 1998; Lampila et al., 2005; Morrison et al., 2016b; 

Winiarski et al., 2017). Dispersal may also be disrupted in modified landscapes where mortality risk is 

increased for individuals crossing matrix habitats, for example due to increased predaƟon rates (Rodríguez 

et al., 2001).  

Despite these general paƩerns, there is considerable between-species variaƟon and context-dependence in 

demographic responses to land-use change (Cosset et al., 2019). Changes to vital rates might not occur 

where matrix habitat can sƟll provide adequate resources, for example in generalist species (Walkup et al., 

2017) or in low-intensity land uses (Siriwardena et al., 2000). In addiƟon, where predator populaƟons are 

negaƟvely affected, this reduces top-down control and may balance out any direct negaƟve impacts on vital 

rates (Cosset et al., 2019). Due to this variability in demographic responses, general conservaƟon guidance 

across species, or even different populaƟons of the same species, is not recommended (Burgess et al., 2020; 

Zhao et al., 2023). This highlights the importance of examining how vital rates vary spaƟally and temporally 

in order to understand the environmental drivers of populaƟon change (Green, 1999; Frederiksen et al., 

2014; Piironen et al., 2025) and effecƟvely target conservaƟon acƟons (Burgess et al., 2020).  

1.3. Landbirds in Europe 

Demographic data need to be collected over sufficiently large spaƟal and temporal scales to fully capture 

the range of condiƟons influencing populaƟon trends, but this is challenging due to the resource-heavy 

nature of demographic research. Birds have frequently been the subject of demographic studies (Robinson 

et al., 2014), including over long Ɵme-periods and large scales through the contribuƟon of ciƟzen science 

and collaboraƟve research (Robinson et al., 2009). They also serve as important indicators for ecological 

communiƟes due to their sensiƟvity to changes at lower trophic levels (Fraixedas et al., 2020). Avian 

populaƟon dynamics therefore provide an excellent context to explore the role of demographic processes in 

driving populaƟon-scale responses to land-use change, and form the main focus of this thesis going 

forwards. I make parƟcular reference to landbirds in Europe, but species from other realms and regions are 

also considered.  

European breeding bird numbers have declined by nearly 20% since 1980, with more common species 

declining faster than less abundant species (Burns et al., 2021; Inger et al., 2015). Especially strong declines 

have occurred in landbird species associated with agricultural or grassland systems (Bowler et al., 2019; 

Burns et al., 2021), which are largely driven by the increasing intensificaƟon of farming pracƟces (Donald et 

al., 2006; Rigal et al., 2023). Various demographic mechanisms have been aƩributed to these declines, 

including reduced overwinter survival due to loss of seed resources (Peach et al., 1999), reduced 

reproducƟve output due to nesƟng habitat loss (Newton, 2004a), mechanisƟc destrucƟon or livestock 

trampling of nests (Donald et al., 2002), reduced insect food for nestlings aŌer insecƟcide applicaƟons 

(Britschgi et al., 2006) and increased nest predaƟon (Brickle et al., 2000) in agro-intensive landscapes. 
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Severe declines have also been recorded in species associated with long-distance migraƟon between 

breeding areas in the PalaearcƟc region and non-breeding grounds in sub-Saharan Africa (Burns et al., 2021; 

Vickery et al., 2023). A considerable body of research has demonstrated that these species are declining 

significantly faster than short-distance migrants and residents which remain within Europe (Howard et al., 

2020; Sanderson et al., 2006; Thaxter et al., 2010; Vickery et al., 2023, 2014). Long-distance migrants are 

exposed to a wide range of environmental condiƟons and anthropogenic threats due to their use of 

mulƟple areas throughout the annual cycle, making it challenging to idenƟfy the causes of populaƟon 

declines and appropriate conservaƟon acƟons (Newton, 2004b; Runge et al., 2014). Since the 1980s, 

species over-wintering in the humid tropics of sub-Saharan Africa have exhibited consistent declines, whilst 

those wintering within the more northerly arid-zone have shown parƟal recovery in numbers (Morrison et 

al., 2021; Vickery et al., 2014, 2023). These divergent trends have focused aƩenƟon on anthropogenic 

pressures acƟng on non-breeding grounds, with many studies examining the associaƟon between drivers 

such as drought (Norman and Peach, 2013; Ockendon et al., 2014), hunƟng (Lormée et al., 2020) or land-

use change (Adams et al., 2014), and populaƟon trends and demographic rates recorded on European 

breeding grounds. However, there is considerable uncertainty around the non-breeding season distribuƟon 

of migrant populaƟons (Beresford et al., 2019), and weak migratory connecƟvity is typical of many species 

(Finch et al., 2017), and so studies haven’t been able to detect any consistent paƩerns (Vickery et al., 2023). 

This makes it very challenging to idenƟfy direct conservaƟon acƟons in non-breeding grounds and stopover 

sites.  

In comparison, there are several lines of evidence demonstraƟng the importance of changing condiƟons at 

European breeding grounds for migrant populaƟons and demography (Burgess et al., 2025; Vickery et al., 

2023). Regional within-species variaƟon in populaƟon trends has been idenƟfied in both long-distance 

migrants and residents breeding in the UK, and this variaƟon in the quality of breeding condiƟons is likely 

interacƟng with non-breeding condiƟons to exacerbate or buffer populaƟon changes (Morrison et al., 

2013). Similar regional variaƟon was detected in producƟvity but not survival rates of several long-distance 

migrants, which further demonstrates the importance of breeding condiƟons (Morrison et al., 2016a). This 

also highlights the possibility of measuring demographic variaƟon to idenƟfy situaƟons where low rates 

could be improved through conservaƟon acƟon (Morrison et al., 2022).   

Europe-wide analysis of long-term breeding abundance data from the Pan-European Common Bird 

Monitoring Scheme (PECBMS) revealed posiƟve covariaƟon in site-level populaƟon trends of residents and 

migrants (Figure 1.1a-b; Morrison et al., 2021). Demographic data from the European Constant Effort Sites 

(Euro-CES) scheme showed that this strong posiƟve covariaƟon is mirrored for site-level producƟvity but not 

survival rates (Figure 1.1c-f; Morrison et al., 2021). In addiƟon, spaƟotemporal analysis found that 

producƟvity varies more between sites than between years, such that sites tend to have consistently high or 

low producƟvity, while survival tends to show more annual variaƟon across sites (Figure 1.2; Morrison et al., 
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2022). This indicates that local breeding condiƟons are likely to be key drivers of local populaƟon trends, 

through impacts on producƟvity, and targeƟng conservaƟon acƟons on breeding grounds could be a 

feasible means of delivering populaƟon recovery in both migrants and residents (Morrison et al., 2021, 

2022). However, the condiƟons associated with high and low producƟvity sites and potenƟal conservaƟon 

acƟons are yet to be idenƟfied.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. CovariaƟon between resident bird species and their co-occurring arid-zone (a,c,e) and humid-zone 

(b,d,f) migrant species in mean site-level (a,b) populaƟon trends (a: 12 103 sites; b 13 267 sites), (c,d) 

standardised mean site-level producƟvity (c: 156 sites; d: 247 sites), and (e,f) standardised mean site-level annual 

survival rates (e: 156 sites; f: 247 sites). Lines of best fit are shown for significant associaƟons and numbers 

indicate the number of sites. Horizontal bars indicate medians, boxes indicate interquarƟle range, whiskers 

indicate minimum and maximum values and circles indicate values 1.5 Ɵmes higher or lower than 1st and 3rd 

interquarƟle, respecƟvely. Reproduced from Morrison et al., 2021 (Figure 2). 
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As described above, land-use is likely to be a key determinant of producƟvity because it affects the 

availability of resources required by landbirds to successfully raise young. This includes nesƟng habitat with 

shelter from predators and adverse weather, and food for nestlings, fledglings and breeding adults. The type 

of land cover, the management intensity and the configuraƟon of landscape features all have the potenƟal 

to impact the availability of these resources. For example, nest success can vary with small-scale habitat 

characterisƟcs, such as sward height (e.g. Pärt, 2001a, 2001b) or tree composiƟon and maturity within 

territories (e.g. Arriero et al., 2006; Glądalski et al., 2019), which in turn can be determined by the intensity 

of grassland or forest management. These factors can also drive variaƟon in insect prey availability between 

sites, which is likely to be important for producƟvity because the vast majority of landbirds (excluding birds 

of prey) feed on insects during the breeding season (Cramp, 2006), and insecƟvory is strongly associated 

with long-distance migraƟon (Jiguet et al., 2007). Insect abundance and biomass have been shown to vary 

with landscape composiƟon, being greater in semi-natural landscapes compared to urban environments 

(Seress et al., 2018) and agricultural landscapes (GarreƩ et al., 2022). In addiƟon, the availability of high-

quality aquaƟc insect prey is posiƟvely associated with producƟvity (Twining et al., 2018) and is driven by 

the prevalence of water features in the landscape (Berzins et al., 2022). The potenƟal role of these factors in 

driving producƟvity rates warrants further exploraƟon. 

 

Figure 1.2. Differences between producƟvity (juveniles per adult) and survival (annual adult rates) in their spaƟo-

temporal structure (0 = wholly annual, 1 = wholly spaƟal). Dashed lines join each species’ esƟmates. Point size 

varies relaƟve to the standard deviaƟon of each esƟmate (smallest = 0.03, largest = 0.36). Adapted from Morrison 

et al., 2022 (Figure 2). 
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1.4. Thesis Aims and Structure 

The overarching aim of this thesis is to beƩer understand spaƟal variaƟon in the producƟvity of breeding 

landbirds in Europe, and consider implicaƟons for their conservaƟon. In Chapter 2, I present a review of the 

spaƟotemporal structure of demographic research in a representaƟve sample of the ornithological 

literature. The objecƟve was to examine the limitaƟons of current approaches for exploring spaƟotemporal 

variaƟon in demography and consider their implicaƟons for our understanding of its potenƟal drivers. This 

review highlights that most studies of variaƟon in producƟvity have been limited in spaƟal scale and have 

focused on single species or habitats.  

To address these limitaƟons, in Chapters 3 and 4 I report analyses of producƟvity data collected by the 

EuroCES scheme, which is a large network of constant-effort bird ringing sites across 13 countries in Europe, 

where standardised mist-neƫng is carried out every breeding season. This dataset presents a rare 

opportunity to examine the effects of large-scale drivers on local demographic processes across mulƟple 

species and at a conƟnental scale. Specifically, in Chapter 3, I use EuroCES data to examine whether features 

of the landscape surrounding sites drive spaƟal variaƟon in producƟvity. I consider whether producƟvity is 

associated with landscape composiƟon and configuraƟon, measured at three spaƟal scales around sites, 

and also examine whether responses differ between species with different migratory strategies.  

In Chapter 4, I explore whether insect prey availability could be a mechanism driving associaƟons between 

landscape structure and bird producƟvity. My methodology for this chapter was based on a pilot study I 

conducted at 12 sites in central England in 2023 (see below), which found that sites with high bird 

producƟvity had greater flying insect abundance than sites with low producƟvity. In 2024, I expanded this 

sampling to a Pan-European scale, recruiƟng ciƟzen scienƟsts at 176 Constant Effort Sites across 10 

countries to measure flying insect abundance across the breeding season. I subsequently examined 

whether insect abundance maps onto spaƟal variaƟon in site-level producƟvity, and whether these paƩerns 

vary with the landscape variables idenƟfied as important in Chapter 3.  

Finally, in Chapter 5, the General Conclusions, I synthesise the results presented in each chapter of this 

thesis and consider the broader implicaƟons of this research and potenƟal future direcƟons.  

All chapters are wriƩen as standalone pieces of work with separate figures, reference lists and supporƟng 

materials presented at the end of each chapter. 
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1.5. Pilot Study 

In 2023, I carried out a pilot study in the UK to invesƟgate differences in local condiƟons between breeding 

sites idenƟfied as consistently “good” or “poor”, across years and species. Field data was collected on 

invertebrate abundance and vegetaƟon structure at 12 sites from the BTO’s Constant Effort Sites (CES) 

ringing scheme. To idenƟfy CESs with consistently high or low bird producƟvity, acƟve sites were ranked 

from best to worst for 22 passerine species individually (Table S1.1.), using average producƟvity values 

calculated across sampling years falling between 1998 and 2019 at each site. A mean rank across species 

was then calculated for each site, and six top-ranking (‘good’) sites from the upper quanƟle and six low-

ranking (‘poor’) sites from the lower quanƟle were selected within central England for fieldwork (Fig. 1.3a.).  

This was restricted to sites classified as scrub-dominated, with woodland and reedbed sites excluded to 

maximise comparability between sites.  

Each site was visited on two separate occasions in 2023: once during the nesƟng period in June (“early”), 

and once during the post-fledging period in July/August (“late”). Visits to the different sites were made as 

close together as possible on days with warm, dry weather. To measure the relaƟve abundance of flying or 

foliage-dwelling invertebrates, 6 yellow sƟcky traps were deployed throughout the mist net rides for 

approximately 8 hours (~08:00 – 16:00), placed in the same locaƟons on both visits (Figure 1.3b.). 

Invertebrates >1mm caught on the traps were subsequently idenƟfied to Order and counted in three size 

classes (1 - 2 mm, 3 – 5 mm, > 5 mm).  The total invertebrate count in all size classes for each trap was 

modelled as the response variable in a generalised linear mixed model with a negaƟve binomial error 

structure to account for overdispersion (‘lme4’ package (Bates et al., 2015), R 4.4.1. (R Core Team, 2024)). 

Fixed effects consisted of the site quality, as defined by producƟvity (factor, levels: good or poor), and the 

visit period (factor, levels: early, late), as well as their interacƟon, and site ID was fiƩed as a random 

intercept. 

The total invertebrate count per sƟcky trap was significantly greater on the good-quality sites than the poor-

quality sites (Figure 1.4.), with the average count per trap twice as high on good-quality sites (mean and 

95% CIs (n): good sites = 41.7, 29.5 – 58.8 (72); poor sites = 20.1, 14.1 – 28.8 (60)).  In addiƟon, the 

invertebrate counts recorded in the early visit period were significantly greater than those recorded in the 

late visit period (mean and 95% CIs (n): early visit = 33.8, 25.6 – 44.6 (60); late visit = 24.8, 19.0 – 32.3 (72); 

Figure 1.3.). The majority of invertebrates caught were within the 1 – 2 mm and 3 – 5 mm size classes, and 

these two size-classes demonstrated very similar paƩerns. (Invertebrates > 5 mm were too few to compare 

between sites and visits).  
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Figure 1.3: a) Map of the selected pilot study sites, consisƟng of six “good” quality sites with relaƟvely high average 

producƟvity, and six “poor” quality sites with relaƟvely low average producƟvity. b) Image of one of the yellow sƟcky 

traps deployed at study sites. 

a) b) 

Figure 1.4: Total invertebrate count on each sƟcky trap deployed at six good- and six poor-quality breeding sites 

during early (June) and late (July/August) visit periods in 2023 (n traps = 132).  
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Table 1.1: Model outputs from a generalised linear mixed model tesƟng the effects of breeding site quality (“Good”, 

“Poor”) visit period (“Early”, “Late”), and their interacƟon on the total invertebrate count recorded on sƟcky traps 

during a pilot study in 2023.  Outputs are given on the log scale. Total n = 132. Site (n = 12) was fiƩed as a random 

effect.  

Fixed effects EsƟmate Standard Error Z value p value 

Intercept (Good, Early) 3.96 0.19 20.62 <0.001 

Poor -0.96 0.29 -3.33 <0.001 

Late -0.46 0.14 -3.39 <0.001 

Poor : Late 0.39 0.22 1.80 0.07 

 

This study revealed that sƟcky trap sampling is a suitable method for measuring spaƟal and temporal 

variaƟon in invertebrate abundance and that this variaƟon maps onto spaƟal variaƟon in bird producƟvity. 

This warranted further exploraƟon and so in 2024, I expanded this sampling to a European scale with the 

help of volunteer bird ringers at European Constant Effort Sites. Some modificaƟons were made to the 

methodology to increase the temporal resoluƟon of the sampling and simplify the procedures for 

volunteers (see Chapter 4 methods for more details). AddiƟonal data on ground-invertebrate abundance 

using piƞall traps and vegetaƟon structure was collected during the pilot study, but did not show any 

paƩerns with bird producƟvity and so was not taken forward. 

 

This study was conducted with approval from the University of East Anglia Research Ethics CommiƩee 

(ETH2223-2236). 
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Chapter 1 Supplementary Material 

Table S1.1: List of bird species for which average producƟvity across years was calculated at Constant Effort Sites for 

the UK pilot study. 

English name ScienƟfic name 

Eurasian Blackbird Turdus merula 

Eurasian Blackcap Sylvia atricapilla  

Blue Tit Cyanistes caeruleus 

Eurasian Bullfinch Pyrrhula pyrrhula 

Ceƫ's Warbler Ceƫa ceƫ 

Chaffinch Fringilla coelebs 

Common Chiffchaff Phylloscopus collybita 

Dunnock Prunella modularis 

Garden Warbler Sylvia borin 

European Goldfinch Cardeulis carduelis 

Great Tit Parus major 

European Greenfinch Chloris chloris 

Lesser Whitethroat Curruca curruca 

Long-tailed Tit Aegithalos caudatus 

Reed BunƟng Emberiza schoeniclus 

Eurasian Reed Warbler Acrocephalus scirpaceus 

European Robin Erithacus rubecula 

Sedge Warbler Acrocephalus schoenobaenus 

Song Thrush Turdus philomelos 

Greater Whitethroat Curruca communis 

Willow Warbler Phylloscopus trochilus 

Wren Troglodytes troglodytes 
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Chapter 2: SpaƟal and Temporal Scales of Demographic 

Analyses in Birds: A Review 
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Abstract 

Demographic variaƟon in bird populaƟons can be measured over different spaƟal and temporal scales, which 

may influence the environmental processes captured. ProducƟvity and survival rates may vary in the scales 

at which they are typically measured, potenƟally resulƟng in an incomplete understanding of their drivers. To 

explore this issue, we collated and reviewed published studies of spaƟotemporal variaƟon in producƟvity and 

survival rates of birds, and compared the spaƟal (from <1 km2 to >10,000 km2) and temporal (from sub-annual 

to decadal) scales at which each rate has been characterised. We found that similar percentages of studies 

measuring producƟvity have explored spaƟal (53%) and temporal (47%) variaƟon, while the majority of 

studies measuring survival have explored temporal variaƟon (62%). Smaller spaƟal scales were more 

frequently examined than larger scales, and producƟvity studies were significantly less likely to examine larger 

spaƟal scales compared to survival studies. Among temporal analyses, annual variaƟon was the most well-

studied scale for both producƟvity and survival, and survival studies were significantly less likely to measure 

variaƟon at sub-annual Ɵmescales compared to producƟvity studies. Most studies measuring spaƟotemporal 

variaƟon in producƟvity and survival of bird populaƟons have taken place over relaƟvely small (≤ 10 km2) 

spaƟal scales, and over annual Ɵmescales. The local-scale focus of these studies may limit opportuniƟes to 

idenƟfy environmental drivers operaƟng over larger spaƟal scales and longer Ɵmescales. Given this 

spaƟotemporal structure of demographic research, it will be important to understand the extent to which 

local-scale studies can capture large-scale changes.  
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2.1. IntroducƟon 

Almost half of the world’s bird species are undergoing populaƟon declines, with one in eight threatened 

with exƟncƟon (Lees et al., 2022). To idenƟfy and address the causes of these declines, it is essenƟal to 

understand the demographic processes (i.e. producƟvity, survival and dispersal) that underlie them (Anders 

and Marshall, 2005; Robinson et al., 2014; Selwood et al., 2015). Examining spaƟotemporal variaƟon in 

these vital rates can help characterise the environmental drivers of populaƟon change (Green, 1999; 

Frederiksen et al., 2014), and even idenƟfy situaƟons where low rates could potenƟally be improved 

through conservaƟon acƟons (Burgess et al., 2020; Morrison et al., 2016, 2022).  

The spaƟal and temporal scales over which demographic rates are measured may influence understanding 

of their drivers. For example, studies measuring small-scale spaƟal variaƟon might capture effects of local 

condiƟons, such as habitat structure (e.g. Ruth and Skagen, 2018), but may be less able to detect the 

contribuƟons of condiƟons varying over larger spaƟal scales, such as landscape composiƟon (Arrondo et al., 

2020) or climate (Eglington et al., 2015). In addiƟon, small-scale focal studies can provide detailed insights 

into the mechanisms behind change (e.g. Paquet et al., 2019), but oŌen take place in areas where 

populaƟons are abundant to ensure sufficient sample sizes, and therefore may not fully capture the range 

of condiƟons influencing populaƟon trends (Gunnarsson et al., 2005). Meanwhile, larger-scale studies tend 

to be correlaƟve, but can capture a broader range of condiƟons, for instance allowing range-wide processes 

to be explored (DeMay and Walters, 2019). Similarly, studies explore temporal variaƟon in demography over 

varying Ɵmescales, including seasonal, annual or decadal Ɵme periods, and these are likely to capture 

different processes and drivers (e.g. Folk et al., 2007). Studies measuring short-term variaƟon may be beƩer 

able to examine mechanisms, while longer-term studies may cover a more complete range of condiƟons.  

The scales at which temporal and spaƟal variaƟon in demography are typically captured may vary with the 

rate being measured, as well as the metrics used to describe these rates. For example, producƟvity can be 

measured at the nest-level (e.g. clutch size, hatching success), individual-level (e.g. numbers of fledged 

offspring), and/or populaƟon-level (e.g. proporƟons of juveniles) (EƩerson et al., 2011), while survival can 

be measured over differing life stages (e.g. juveniles, immatures, adults). If different rates and metrics tend 

to be measured at different spaƟal and/or temporal scales, the resulƟng biases may limit our understanding 

of the drivers of populaƟon change.  

No single scale can characterise all demographic processes (Gurevitch et al., 2016) and so data covering a 

broad range of spaƟal and temporal scales are needed for all key demographic metrics. There is a large body 

of research measuring demographic variaƟon across a wide range of scales in bird species, including small 

focal studies (e.g. Delgado et al., 2021) and large ciƟzen science projects (e.g. Robinson, 2023). Here, we 

assess the spaƟal and temporal scales at which variaƟon in demographic rates of birds has been studied in a 

representaƟve sample of the ornithological literature, in order to explore (1) the frequency with which 
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producƟvity and survival are measured spaƟally and/or temporally, and the (2) spaƟal and (3) temporal 

scales over which different metrics of producƟvity and survival are most commonly measured. 

2.2. Methods 

Literature Search 

We searched for studies measuring at least one producƟvity, survival or recruitment metric (Table 2.1) in at 

least one (wild) bird species, with replicaƟon over space (spaƟal variaƟon) and/or over Ɵme (temporal 

variaƟon). We did not consider studies measuring only dispersal rates due to the already broad scope of the 

review. We performed a systemaƟc search for published studies using the Web of Science (Core CollecƟon: 

SCI-EXPANDED, CPCI-S and ESCI ediƟons) and Scopus online databases on 5th April 2022. The search string 

consisted of terminology relaƟng to three concept groups: Taxa (i.e. birds), Demography and VariaƟon, as 

well as a series of exclusion terms (Table S2.1). The search string was developed iteraƟvely by conducƟng 

trial searches and checking for a series of key references within search results, as well as looking for large 

numbers of non-relevant papers belonging to a parƟcular topic to inform exclusion terms. The final searches 

returned 2790 results from Web of Science and 2992 results from Scopus.  

Inclusion and Exclusion Criteria 

For studies to be included, they had to meet three main criteria. First, studies had to focus on a wild bird 

species; studies on capƟve birds were excluded. Second, they had to measure at least one producƟvity or 

survival metric of interest (Table 2.1). Third, studies had to measure spaƟal and/or temporal variaƟon in 

these metrics. No restricƟons were applied to the year of publicaƟon or the language of the paper. 

However, it should be noted that because our search terms were in English, our search was confined to 

studies with an English Ɵtle and/or abstract, which therefore excludes some literature in other languages 

and may induce some geographical bias. We excluded meta-analyses and simulaƟon studies using data from 

elsewhere to avoid duplicaƟon of data already included from primary research papers.    

Screening Process  

We followed the de-duplicaƟon process described by Bramer et al., (2016) to achieve a final list of 3339 

references for screening (2785 from Web of Science, 554 addiƟonal records from Scopus). Due to Ɵme 

constraints, half of these studies were randomly selected for subsequent screening. Titles and abstracts 

were screened by one person (SEB) using a decision tree (Figure S2.1), and either excluded if the inclusion 

criteria were not met or taken forward for full-text review. This process is detailed in a PRISMA (Preferred 

ReporƟng Items for SystemaƟc Reviews and Meta-Analyses) flowchart (O’Dea et al., 2021) provided in the 

Supplementary Material (Figure S2.2). Of the 1670 papers screened, 859 were included for data extracƟon 

(51%) and 811 were excluded (49%).
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Table 2.1:  Names, definiƟons and units of the metrics of bird producƟvity and survival that were considered within this review. 

Demographic Rate Metric Type DefiniƟons Units 

ProducƟvity Nest Clutch or Brood size Number of eggs or chicks in breeding aƩempt 

Hatching success % eggs hatching; % nests hatching at least 1 chick 

Fledging success Number of fledglings in breeding aƩempt; % eggs or chicks 

fledging; chick survival rate 

Nest success % nests producing at least 1 fledgling (or hatchling in precocial 

species) 

Daily nest survival rate Egg stage, nestling stage, or overall 

Individual Number of successful clutches or broods per breeding season  

Annual reproducƟve success Probability of individual, pair or territory producing at least 1 

fledgling in breeding season; total number of fledglings across 

breeding aƩempts in single season 

LifeƟme reproducƟve success Total number of fledglings across all breeding aƩempts recorded 

for an individual or pair 

PopulaƟon RaƟo of juveniles to adults (on breeding sites)  

Total count of juveniles (on breeding sites)  

Survival Adult Known individuals defined as of breeding age in the paper 

Juvenile Known individuals defined as juvenile or immature in the paper 

Post-fledging Known individuals during period immediately following fledging when likely to be at least parƟally dependent on parents 

Recruitment Known individuals from fledging unƟl recruitment into breeding populaƟons  

Per capita rate of new individuals recruiƟng into breeding populaƟons 
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Data ExtracƟon 

All data were collated by one author (SEB). We first recorded the demographic rate (producƟvity or 

survival), and the type of metric measured. ProducƟvity metrics of interest were grouped into three main 

types: nest-level, individual-level or populaƟon-level (Table 2.1). Studies measuring survival rates had to use 

known individuals and we excluded those esƟmaƟng survival using territory occupancy or counts of 

individuals. For survival rates, we recorded whether these related to the adult, juvenile or post-fledging 

periods, or to rates of recruitment into breeding populaƟons (Table 2.1). Individual studies could measure 

mulƟple types of demographic data, and we recorded each one separately. 

We then recorded whether the study measured spaƟal and/or temporal variaƟon in each demographic 

metric, and all spaƟal or temporal scales at which this variaƟon was measured (i.e. the scales at which the 

demographic data were pooled for analysis) (Table 2.2, Figure S2.3). SpaƟal scales were measured in orders 

of magnitude, ranging from <1 km2 to >10,000 km2. We differenƟate spaƟal “scale” from the spaƟal 

“extent” of the demographic data, which we define as the total geographic area over which the data was 

collected. This was recorded for each study in one of four categories: “local” (single, small study site <1 

km2), “regional” (mulƟple study sites up to country level), “conƟnental” (mulƟple states or countries) and 

“global” (mulƟple conƟnents).  

This informaƟon was extracted from the data analysis secƟon of the methods (e.g. which predictors were 

fiƩed in models) and/or reported in the results (e.g. comparing averages between study sites, or years). If 

this informaƟon was not provided, we traced back through references or ciƟng papers on the same study 

system to determine the appropriate scales wherever possible. For 7% of studies measuring spaƟal 

variaƟon, we were not able to determine the scale at which this was measured (either from the paper itself 

or referenced papers). These studies were included within analyses of studies measuring spaƟal versus 

temporal variaƟon but excluded from subsequent analyses of specific scales (see below). Amongst studies 

where we could determine the spaƟal scale(s), 71% specifically described this informaƟon, 21% provided 

enough informaƟon in the paper for this to be approximated, and for the remaining 8% the informaƟon was 

extracted from referenced or ciƟng papers. We were able to determine the appropriate temporal scale(s) 

for all studies measuring temporal variaƟon.  
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Table 2.2: The categories of spaƟal and temporal scales over which variaƟon in demographic rates were measured in 

the reviewed studies, with associated descripƟve terminology.  

SpaƟal Scales < 1 km2 nesƟng site, territory, patch 

1 – 10 km2 study site 

11 – 100 km2 study area 

101 – 1000 km2 landscape  

1001 – 10,000 km2 region 

> 10,000 km2 country 

Temporal Scales Sub-annual within-season (weeks) or seasonal (months) 

Annual one year to the next 

Decadal mulƟple years 

 

StaƟsƟcal Analysis 

1. SpaƟal vs Temporal VariaƟon 

We modelled the probability that a study measured spaƟal (0) or temporal (1) variaƟon as a funcƟon of the 

demographic rate or metric type, study year and the interacƟon between these terms to determine if this 

probability has changed over Ɵme. We used a binomial generalised linear model (GLM) with the R package 

‘lme4’ (Bates et al., 2025). Each data point consisted of a spaƟal or temporal analysis of a type of 

demographic data by a reviewed study. Studies could contribute mulƟple data points (e.g. analysis of both 

spaƟal and temporal variaƟon, or mulƟple demographic data types), so study ID was fiƩed as a random 

effect, but this was esƟmated as zero (“a singular fit”) and was subsequently removed. We ran three 

models:  

1.1. spaƟal (0) or temporal (1) ~ demographic rate (producƟvity, survival) * year 

1.2. spaƟal (0) or temporal (1) ~ producƟvity metric type (nest, individual, populaƟon)   
* year (if staƟsƟcally significant effect in 1.1.) 

1.3. spaƟal (0) or temporal (1) ~ survival metric type (adult, juvenile, post-fledging, recruitment)  
* year (if staƟsƟcally significant effect in 1.1.) 

 

 

 

 

 

 



34 

2. SpaƟal Scales of Demographic Metrics 

We then analysed the probability that different demographic rates or metric types were explored over 

increasing spaƟal scales. The response variable was the spaƟal scale(s) over which data reported in each 

study were analysed (Table 2.2), with demographic rate, study year and the interacƟon between these 

terms as predictors to determine if the scales at which each rate has been studied have changed over Ɵme. 

Scale was modelled as an ordinal factor (from <1 km2 to >10,000 km2) using a cumulaƟve link mixed model 

(CLMM) with the ‘ordinal’ R package (Christensen, 2023). Each data point consisted of an analysis 

conducted at a parƟcular spaƟal scale on one of the demographic data types (Table 2.1). As above, studies 

could contribute mulƟple data points (e.g. analysis at mulƟple spaƟal scales, or of mulƟple demographic 

data types), and so a random effect of study ID was fiƩed. This model structure was then replicated for 

studies measuring producƟvity and for studies measuring survival, with either producƟvity metric type or 

survival metric type replacing demographic rate. Study year was only fiƩed as a predictor in these models if 

it had a significant effect in the iniƟal demographic rate model.    

3. Temporal Scales of Demographic Metrics 

We similarly modelled the probability that different demographic rates or metric types were examined over 

increasing temporal scales. The response variable was the temporal scale(s) over which data reported in 

each study were analysed (Table 2.2), with demographic rate, study year and the interacƟon between these 

terms as predictors. Each data point consisted of an analysis conducted at a parƟcular temporal scale on a 

demographic data type. As before, scale was modelled as an ordinal response variable (from sub-annual to 

decadal) in a cumulaƟve link model. The model with a random effect of study ID did not converge and so 

this random effect was subsequently removed. This model structure was again repeated with producƟvity 

metric or survival metric replacing demographic rate as predictors, and if significant in the iniƟal model, 

study year and its interacƟon with metric.   

Likelihood raƟo tests (LRTs) were conducted on all models to examine the staƟsƟcal significance of fixed 

effects. Marginal means were calculated using the ‘emmeans’ package (Lenth et al., 2024). All analyses were 

conducted in R version 4.4.1. (R Core Team 2024).   
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2.3. Results 

Of the 859 studies included in the review, 721 measured variaƟon in producƟvity metrics and 243 measured 

variaƟon in survival metrics. Most producƟvity studies measured nest-level metrics, followed by individual-

level metrics and populaƟon-level metrics (Table 2.3). Meanwhile, the most studied survival metric was 

adult survival, followed by juvenile survival and recruitment rates, with post-fledging survival measured in 

the fewest studies (Table 2.3). 

Table 2.3: The number and percentage of reviewed studies measuring spaƟal and/or temporal variaƟon in producƟvity 

and survival rates, and in differing metrics of each rate. Studies measuring more than one metric appear in more than 

one column and/or row.  

Metric Total Metric Total 

ProducƟvity 721  Survival 243 

Nest 618 (86%) Adult 190 (78%) 

Individual 144 (20%) Juvenile 83 (34%) 

PopulaƟon 54 (7%) Post-fledging 28 (12%) 

 

The spaƟal extent of demographic data collected by studies was most oŌen regional, followed by local, with 

a small number of studies measuring data at the conƟnental or global scales (Figure 2.1). These paƩerns 

were similar for studies measuring producƟvity and survival metrics.  

The majority of studies from which data were collated were conducted in North America (44% studies) and 

Europe (37% studies), with the remaining regions combined being the focus of only 19% of studies (Table 

2.4). 89% of the sampled studies collected data at temperate laƟtudes compared to just 7% each in polar 

and tropical biomes. Overall, 379 species from 32 bird orders were represented within our sample of 

studies (Tables S2.2 & S2.3). Of these, spaƟotemporal variaƟon in producƟvity rates were studied in 332 

species and survival rates in 158 species (top 10 in Table S2.4).  

Table 2.4: The number and percentage of reviewed studies located within each region and biome. Some studies span 

more than one region or biome so appear in more than one row.  

Region 
Number of 
studies 

Percentage of 
studies 

Biome 
Number of 
studies 

Percentage of 
studies 

Africa 43 5.0 Polar 60 7.0 

Asia 29 3.0 Temperate 764 89.0 

Europe 321 37.0 Tropical 58 7.0 

North America 380 44.0    

Oceania 31 4.0    

South America 28 3.0    

Southern Ocean 34 4.0    
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 Figure 2.1: The four spaƟal extent categories used to group reviewed studies, represenƟng the total geographic 

area over which demographic data was collected by each study. Maps exemplify the spread of sites at which a 

study within each category might collect data. Bar charts represent the percentage of studies exploring variaƟon 

in producƟvity and in survival for each of the spaƟal extent categories. 
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SpaƟal vs Temporal VariaƟon 

Studies measuring variaƟon in survival rates were significantly more likely to examine temporal variaƟon 

than those measuring variaƟon in producƟvity, which were in turn more likely to examine spaƟal variaƟon 

than survival rate studies (LRT deviance = -8.99, p < 0.01; Table S2.5). 53% of the recorded analyses of 

producƟvity rates explored temporal variaƟon, while 47% measured spaƟal variaƟon (Table 2.5). In contrast, 

62% of survival rate analyses examined temporal variaƟon and 38% examined spaƟal variaƟon.  

Table 2.5: The total number of analyses within reviewed studies reporƟng variaƟon in producƟvity and survival and the 

probability, standard error and 95% Confidence Intervals that this variaƟon was a) temporal and b) spaƟal, esƟmated 

from a binomial generalised linear model using the emmeans package. Number datapoints = 1453. 

a) Temporal Number of Analyses Probability Standard Error 95% Confidence Intervals 

ProducƟvity 590 0.53 0.02 0.50 – 0.56 

Survival 213 0.62 0.03 0.57 – 0.67 

b) SpaƟal Number of Analyses Probability Standard Error 95% Confidence Intervals 

ProducƟvity 521 0.47 0.02 0.44 – 0.50 

Survival 129 0.38 0.03 0.33 – 0.43 

 

We also found significant differences in the probability that spaƟal or temporal variaƟon was measured 

across different producƟvity metrics (LRT deviance = -8.57, p = 0.02). Studies of populaƟon-level 

producƟvity were more likely to measure temporal variaƟon than nest-level studies, for which spaƟal 

variaƟon was more commonly measured than in populaƟon-level studies (Table S2.6). Approximately 50% 

of the recorded analyses of nest- and individual-level metrics explored temporal variaƟon and 50% reported 

spaƟal variaƟon, whereas temporal variaƟon was measured in 70% of populaƟon-level analyses (Table 2.6). 

Table 2.6: The total number of analyses within reviewed studies reporƟng variaƟon in nest-level, individual-level and 

populaƟon-level producƟvity metrics and the probability, standard error and 95% Confidence Intervals that this 

variaƟon was a) temporal and b) spaƟal, esƟmated from a binomial generalised linear model, using the emmeans 

package. Number of datapoints = 1240. 

a) Temporal Number of Analyses Probability Standard Error 95% Confidence Intervals 

Nest 502 0.52 0.02 0.49 – 0.55 

Individual 112 0.56 0.04 0.49 – 0.63 

PopulaƟon 50 0.69 0.05 0.57 – 0.78 

b) SpaƟal Number of Analyses Probability Standard Error 95% Confidence Intervals 

Nest 466 0.48 0.02 0.45 – 0.51 

Individual 87 0.44 0.04 0.37 – 0.51 

PopulaƟon 23 0.32 0.05 0.22 – 0.43 
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Similarly, the probability that spaƟal or temporal variaƟon was measured differed between survival rate 

metrics (LRT deviance = -9.50, p = 0.02).  Analyses of variaƟon in adult survival, juvenile survival and 

recruitment rates were more likely to examine temporal than spaƟal variaƟon, whereas analyses of post-

fledging survival showed an approximately equal split between spaƟal and temporal variaƟon (Table 2.7). 

Therefore, studies measuring variaƟon in post-fledging survival were significantly less likely to examine 

temporal variaƟon and more likely to examine spaƟal variaƟon compared to the other metrics (Table S2.7). 

Table 2.7:  The total number of analyses within reviewed studies reporƟng variaƟon in adult, juvenile and post-fledging 

survival and recruitment rates and the probability, standard error and 95% Confidence Intervals that this variaƟon was 

a) temporal and b) spaƟal, esƟmated from a binomial generalised linear model, using the emmeans package. Number 

datapoints = 463. 

a) Temporal Number of Analyses Probability Standard Error 95% Confidence Intervals 

Adult 170 0.63 0.03 0.58 - 0.69 

Juvenile 74 0.69 0.04 0.59 - 0.77 

Post-fledging 21 0.47 0.07 0.33 - 0.61 

Recruitment 32 0.76 0.07 0.61 - 0.87 

b) SpaƟal Number of Analyses Probability Standard Error 95% Confidence Intervals 

Adult 98 0.37 0.03 0.31 - 0.43 

Juvenile 34 0.32 0.04 0.23 - 0.43 

Post-fledging 24 0.53 0.07 0.39 - 0.67 

Recruitment 10 0.24 0.07 0.13 - 0.39 

 

Scales of SpaƟal VariaƟon 

Studies measuring spaƟal variaƟon in producƟvity or survival more frequently examined smaller spaƟal 

scales than larger scales (Figure 2.2), but survival studies were significantly more likely to measure variaƟon 

at larger spaƟal scales compared to producƟvity studies (LR staƟsƟc = 9.27, p < 0.01; Table 2.8a, Table S2.8). 

There was no significant effect of study year on the scales studied (LR staƟsƟc = 0.64, p = 0.43).  

The spaƟal scales examined by studies differed between the producƟvity metrics measured (LR staƟsƟc = 

11.25, p < 0.01). Analyses of nest-level metrics were significantly less likely to examine variaƟon across 

larger spaƟal scales compared to analyses of populaƟon-level metrics (Table 2.8b, Table S2.9). Meanwhile, 

analyses of individual-level metrics did not differ from nest-level metrics in the scales over which variaƟon 

was examined and were marginally less likely to examine larger scales compared to populaƟon-level metrics 

(Table 2.8b, Table S2.9). Therefore, studies measuring nest-level producƟvity metrics most frequently 

examined smaller spaƟal scales, followed by those measuring individual-level metrics, while populaƟon-

level studies had greater representaƟon of intermediate and larger scales compared to these other metrics 

(Figure 2.3).   
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In contrast, the spaƟal scales examined did not significantly differ between the survival metrics (LR staƟsƟc 

= 4.34, p = 0.23). The only difference found was that analyses of juvenile survival were marginally more 

likely to examine larger spaƟal scales than analyses of post-fledging survival (Table 2.8c, Table S2.10, Figure 

2.4).  There were no studies in our sample measuring variaƟon in recruitment at the largest spaƟal scales (> 

11-100 km2; Figure 2.4).  Similarly, there was very low representaƟon of the large spaƟal scales beyond 11-

100km2 in studies measuring post-fledging survival (Figure 2.4). 

Table 2.8: Mean log-odds that reviewed studies measured demographic variaƟon at increasing spaƟal scales, 

esƟmated from cumulaƟve link mixed models with spaƟal scale as the ordinal response variable (from <1 km2 to 

>10,000 km2), and a) demographic rate, b) producƟvity metric and c) survival metric as fixed effects, using the 

emmeans package. “LCL” = Lower Confidence Level, “UCL” = Upper Confidence Level.  

a) Demographic Rate Mean Log-odds Standard Error 95% LCL 95% UCL 

ProducƟvity -1.87 0.12 -2.10 -1.64 

Survival -1.39 0.16 -1.69 -1.08 

b) ProducƟvity Metric     

Nest -2.00 0.13 -2.26 -1.75 

Individual -1.68 0.21 -2.10 -1.27 

PopulaƟon -0.94 0.34 -1.60 -0.28 

c) Survival Metric     

Adult -1.93 0.36 -2.63 -1.23 

Juvenile -1.55 0.46 -2.45 -0.66 

Post-fledging -2.70 0.58 -3.84 -1.56 

Recruitment -2.47 0.78 -3.99 -0.94 
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Figure 2.2: The percentage of reviewed studies measuring spaƟal variaƟon in producƟvity (blue) or survival (red) 

at differing spaƟal scales. The number of studies is given at the base of each bar. As studies can measure variaƟon 

at mulƟple scales, the summed percentages are greater than 100.  
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Figure 2.3: The percentage of reviewed studies measuring spaƟal variaƟon in nest, individual or populaƟon-level 

producƟvity metrics at different spaƟal scales. The number of studies is given at the base of each bar. Many 

studies measure variaƟon at mulƟple scales and so the summed percentages are greater than 1.  
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Figure 2.4: The percentage of reviewed studies measuring spaƟal variaƟon in four survival metrics (adult survival, 

juvenile survival, post-fledging survival and recruitment) at different spaƟal scales. The number of studies is given 

at the base of each bar. Many studies measure variaƟon at mulƟple scales and so the summed percentages are 

greater than 1.  
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Scales of Temporal VariaƟon 

For both survival and producƟvity, most studies explored annual variaƟon (Figure 2.5). The temporal scales 

over which variaƟon in producƟvity and survival have been examined differed significantly: survival analyses 

were more likely to examine annual/decadal variaƟon than producƟvity analyses, which were more likely to 

examine sub-annual variaƟon compared to survival analyses (LR staƟsƟc = 8.22, p < 0.01; see threshold 

coefficients in Table S2.11). There was no evidence of trends in any of the temporal scales of study (study 

year effect, LR staƟsƟc = 1.11, p = 0.29).  Decadal variaƟon was measured infrequently in both producƟvity 

and survival metrics.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: The percentage of reviewed studies measuring variaƟon in producƟvity (blue) or survival (red) at 

different temporal scales. The number of studies is given at the base of each bar. Many studies measure 

variaƟon at mulƟple scales and so the summed percentages are greater than 1. 
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Different metrics of producƟvity have also been explored at significantly different temporal scales (LR 

staƟsƟc = 59.12, p < 0.0001). Studies of variaƟon in nest-level producƟvity were more likely to examine sub-

annual variaƟon compared to those measuring individual-level or populaƟon-level metrics (Figure 2.6; see 

threshold coefficients in Table S2.12). For populaƟon-level metrics, nearly all temporal analyses measured 

annual variaƟon, with very few studies considering the other temporal scales.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: The percentage of reviewed studies measuring variaƟon in nest, individual and populaƟon-level 

producƟvity metrics at different temporal scales. The number of studies is given at the base of each bar. Many 

studies measure variaƟon at mulƟple scales and so the summed percentages are greater than 1. 
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Similarly, different survival metrics have been explored at significantly different temporal scales (LR staƟsƟc 

= 8.67, p = 0.03). Analyses of variaƟon in post-fledging survival rates were significantly less likely to examine 

longer temporal scales compared to analyses of the other three metrics, which did not differ from one 

another (Table S2.13). Instead, a much greater percentage of post-fledging survival studies explored sub-

annual variaƟon (i.e. variaƟon with fledging date) compared to the other metrics, whilst there were no 

studies exploring decadal variaƟon (Figure 2.7).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: The percentage of reviewed studies measuring temporal variaƟon in different survival metrics 

(adult, juvenile and post-fledging survival, recruitment) at different temporal scales. The number of studies 

is given at the base of each bar. Many studies measure variaƟon at mulƟple scales and so the summed 

percentages are greater than 1. 
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2.4. Discussion 

The demographic variaƟon underlying populaƟon change can operate over different spaƟal and temporal 

scales. In this review, we show that most studies of variaƟon in producƟvity and survival of bird populaƟons 

have taken place over relaƟvely small (≤ 10 km2) spaƟal scales, and over annual Ɵmescales. We also found 

differences between producƟvity, survival and their component metrics in the extent to which spaƟal and 

temporal variaƟon have been studied, and the scales at which this variaƟon has been measured. Here, we 

discuss how this might impact our current understanding of demographic variaƟon in birds and potenƟal 

implicaƟons for their conservaƟon. 

ProducƟvity vs Survival 

Considerably more research effort has been dedicated to measuring spaƟotemporal variaƟon in 

producƟvity than in survival rates. This disparity may reflect the substanƟal effort required for mark- 

recapture programmes (Chandler et al., 2018), although nest monitoring or following the reproducƟve 

success of marked individuals can also be demanding (EƩerson et al., 2011). InformaƟon on spaƟotemporal 

variaƟon in both survival and producƟvity provides important insights into populaƟon-level processes 

(Robinson et al., 2014). For example, work on willow warblers (Phylloscopus trochilus) in the U.K. 

demonstrated that while periods of low adult survival may have iniƟated populaƟon declines, years with 

high producƟvity rates were likely to have driven recovery in some regions (Morrison et al., 2016). Studies 

like this one which combine data on mulƟple demographic rates in Integrated PopulaƟon Models (IPMs) can 

help to idenƟfy key vital rates driving populaƟon changes and associated effecƟve targets for conservaƟon 

acƟon (e.g. Besbeas et al., 2002; Coates et al., 2018; Koons et al., 2017; Zhao et al., 2021; see Zipkin and 

Saunders 2018 for review). This is parƟcularly valuable in scarce and difficult-to-study species, such as the 

Bearded Vulture (Gypaetus barbatus), for which IPMs have been used to improve esƟmates of 

spaƟotemporal variaƟon in demographic parameters and evaluate the impact of supplementary feeding 

efforts (Margalida et al., 2020). 

SpaƟotemporal VariaƟon 

Whilst spaƟal and temporal variaƟon in producƟvity rates have been equally well-studied, we found spaƟal 

variaƟon was less frequently examined in studies measuring survival rates. This could result from the 

prioriƟsaƟon of accuracy in survival analyses, with intensive re-capture or re-sighƟng effort focused on 

single sites over long Ɵme periods, instead of replicaƟon over mulƟple sites. This is parƟcularly likely in 

studies of survival rates in seabird species, for which it is logisƟcally challenging to study mulƟple colonies 

congruently. Accordingly, within our sample of studies, those measuring variaƟon in survival rates of 

seabirds showed an 81% probability of measuring temporal variaƟon and a 19% probability of measuring 

spaƟal variaƟon, and therefore showed a greater tendency towards studying temporal variaƟon compared 

to the overall probabiliƟes recorded across all species (62% temporal and 38% spaƟal). These studies oŌen 

employ a “Ɵme-for-space” subsƟtuƟon, whereby the effects of environmental drivers on survival rates are 
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studied by correlaƟng temporal variaƟon in demography and environmental variables, rather than 

measuring how these vary over space (e.g. Agnew et al., 2015; Barbraud et al., 2008; Jenouvrier et al., 

2015; Quéroué et al., 2021). The validity of “Ɵme-for-space” or “space-for-Ɵme” subsƟtuƟons have been 

quesƟoned because they assume that spaƟal and temporal variaƟon are equivalent, which is not necessarily 

the case (Bonthoux et al., 2013; Gaüzère and Devictor, 2021; although see Şen et al., 2025). 

However, it could be argued that temporal variaƟon is more relevant than spaƟal variaƟon for survival rates. 

Findings from recent studies exploring spaƟotemporal variaƟon in large-scale monitoring datasets of 

Passeriformes (Morrison et al., 2022) and Galliformes (Nater et al., 2024) in Europe suggest that survival 

rates vary more over Ɵme than over space. This tendency towards the measurement of temporal variaƟon 

could therefore reflect the main axis of variaƟon in survival rates, but more studies examining spaƟal and 

temporal variaƟon are needed to determine whether this is also the case in other bird Orders and regions.  

SpaƟal Scales 

We detected a strong tendency for studies of producƟvity and survival to take place over smaller spaƟal 

scales (≤ 10 km2). This suggests that research has focused on understanding drivers of small-scale variaƟon 

in demographic rates, such as patch- or site-level habitat characterisƟcs (e.g. Belder et al., 2020), rather 

than drivers of large-scale variaƟon, such as regional landscape composiƟon (e.g. Rodgers et al., 2012). 

Grosbois et al., (2008) argue that mechanisms behind demographic variaƟon are most easily studied and 

understood at local scales because drivers ulƟmately act on local demographic rates. Consistent with this, 

several studies collecƟng data over larger regional extents only analysed demographic variaƟon at scales   

<1 km2 (Anthony et al., 2021; Evans et al., 2015; Raybuck et al., 2020). In addiƟon, the lower frequency of 

large-scale studies likely stems from pracƟcal constraints; due to the resource-intensive nature of 

demographic studies, most are geographically restricted in extent and so it is simply not possible to look at 

large-scale processes.  

Analyses at larger spaƟal scales were at parƟcularly low frequency for nest-level producƟvity metrics and 

post-fledging survival rates, which are typically viewed as being impacted by local condiƟons due to the 

staƟc nature of nests and limited dispersal distances of fledglings. In comparison, analyses of variaƟon in 

adult and juvenile survival rates, and populaƟon-level producƟvity, were less constrained to smaller spaƟal 

scales, possibly because processes affecƟng these rates occur over larger areas due to the movement of 

individuals. Choosing the appropriate spaƟal scale for analysis is challenging, and failure to do so can lead to 

inaccurate esƟmaƟon of or failure to detect key processes (Wheatley and Johnson, 2009). For example, 

reviews on the effects of habitat fragmentaƟon on avian nesƟng success (Stephens et al., 2004) and nest 

predator responses (Chalfoun et al., 2002) have shown that studies measuring fragmentaƟon at the 

landscape scale were more likely to find effects than those examining the smaller edge and patch scales. 

Therefore, management strategies informed exclusively by studies at small spaƟal scales could be 

ineffecƟve at reducing nest predaƟon rates for species of conservaƟon concern (Chiavacci et al., 2018).  
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Where a priori knowledge of the appropriate scale is lacking, the best approach might be to quanƟfy 

demographic variaƟon at mulƟple scales and compare results (Brickhill et al., 2015), although scales must 

be relevant to research quesƟons and focal species’ ecology to avoid indiscriminately searching for paƩerns 

in the data. For example, recent research into associaƟons between landscape composiƟon and nest 

predaƟon rates of Snowy Plovers (Charadrius nivosus; Ellis et al., 2020), and shrub-nesƟng birds (Chiavacci 

et al., 2018) have demonstrated the importance of assessing mulƟple spaƟal scales to incorporate scale-

dependence of different predator species’ responses.  A recently developed approach is to explicitly 

esƟmate the spaƟal scales at which species respond to their environment as parameters in analyses, which 

increases the likelihood of idenƟfying the appropriate scale(s) for management intervenƟons (Monroe et 

al., 2022).  

Temporal Scales 

Amongst temporal analyses, annual variaƟon was the most well-studied scale for both survival and 

producƟvity. The measurement of annual survival rates is common because it accounts for condiƟons 

experienced by individuals across the complete seasonal cycle (Grosbois et al., 2008). In addiƟon, annual 

Ɵme-scales are oŌen the most pracƟcal, especially for migratory species and seabirds where studies tend to 

be restricted to breeding grounds due to uncertainty about the locaƟon of wintering grounds, the very low 

migratory connecƟvity in many species and difficulty in re-sighƟng individuals across vast areas (Clark et al., 

2018; Finch et al., 2017; Wood et al., 2021). This is also the case for studies on juvenile survival in species 

with large natal dispersal distances (Anders and Marshall, 2005). However, the most criƟcal Ɵme periods for 

mortality can be difficult to infer from annual survival esƟmates (Grosbois et al., 2008). A more precise 

understanding of the environmental condiƟons driving survival rates can be obtained by measuring within-

season or inter-seasonal variaƟon (Lavoie et al., 2017). For example, esƟmaƟon of monthly survival rates in 

migratory Kirtland’s warblers (Setophaga kirtlandii) revealed that most mortality occurs during migraƟon 

rather than on breeding or wintering grounds (Rockwell et al., 2017).  However, studies examining variaƟon 

at these sub-annual Ɵmescales were relaƟvely scarce. The deployment of tracking technologies, such as 

telemetry and geolocators, enables studies to esƟmate fine-scale temporal (and spaƟal) variaƟon in survival 

rates and more accurately determine associaƟons with environmental condiƟons, which is especially 

valuable for studies of wide-ranging (e.g. Greater Sage-Grouse, Centrocercus urophasianus; Coates et al., 

2018) or migratory species (e.g. Afro-PalaearcƟc migratory raptors; Klaassen et al., 2014).  

Several studies measuring the impact of climaƟc variaƟon on producƟvity related annual producƟvity 

averages to mean weather condiƟons recorded in relevant Ɵme-windows, such as the pre-laying, incubaƟon 

and nestling periods (e.g. Acquarone et al., 2003; DeSante and Saracco, 2021; Fantle-Lepczyk et al., 2016; 

Lehikoinen et al., 2013). Studies which examine how producƟvity varies within the breeding season allow 

variaƟon to be more closely linked to the weather condiƟons directly experienced by breeding birds and 

their young. For example, many studies relate weather condiƟons measured during nest-specific Ɵme 
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periods to the success of those individual nesƟng aƩempts (e.g. Shewring et al., 2020; Shiao et al., 2015; 

Weiser et al., 2018; Wright et al., 2009). Fullerton et al., (2021) examined temporal variaƟon in producƟvity 

and weather at both of these temporal scales in order to assess the likelihood of different mechanisms 

driving these relaƟonships. By measuring inter-annual variaƟon in average nest success and early spring 

temperatures, they were able to explore the effect of phenological changes in average weather condiƟons 

on woodpeckers’ ability to raise young, for example via impacts on food availability. Meanwhile, they 

related the success of individual nesƟng aƩempts to weather condiƟons during nest-specific Ɵme windows 

to examine whether discrete weather events directly affected nestling mortality. Thus, measurement of 

demographic variaƟon at mulƟple temporal scales can help reveal a deeper understanding of processes 

driving populaƟon changes.   

Decadal scale analyses are infrequent, even in long-term projects, where annual variaƟon is oŌen the focus. 

Averaging demographic rates across years can result in the loss of informaƟon, but can be valuable for 

comparing rates before and aŌer a parƟcular point-in-Ɵme, for example to monitor the impact of 

management acƟons, or adverse environmental events. Such comparisons combined with data across 

mulƟple sites have idenƟfied negaƟve impacts of foraging habitat loss due to Ɵdal management on winter 

survival in wading bird species (Burton et al., 2006; Duriez et al., 2009). 

Conclusions and RecommendaƟons 

Most studies of variaƟon in avian demographic rates have taken place over relaƟvely small spaƟal scales 

and annual Ɵmescales. While this captures local, short-term effects well, we may be less able to detect the 

effects of changes operaƟng over much larger spaƟal scales and longer Ɵmescales, such as land-use 

changes. Given that the majority of threatened seabirds and a fiŌh of threatened terrestrial birds require 

conservaƟon acƟon at the seascape or landscape scales (Boyd et al., 2008), it will be important to enable 

demographic research at larger spaƟal and temporal scales. Some of the pracƟcal barriers to large-scale 

studies can be overcome through collaboraƟve research projects across insƟtutes and regions. For example, 

the EuroCES (Europe; Robinson 2023) and MAPS (North America; DeSante and Saracco 2009) constant-

effort bird ringing schemes each employ a vast network of volunteers to systemaƟcally collect demographic 

data in parallel at conƟnent-wide scale. This has enabled numerous studies of large-scale processes, such as 

laƟtudinal variaƟon in demographic responses to temperature (Eglington et al., 2015) and synchrony in vital 

rates across populaƟons (Morrison et al., 2022). There have also been recent efforts to increase the sharing 

of data via FAIR repositories, such as the Studies of PopulaƟons of Individual Birds (SPI-Birds) network 

(Culina et al., 2021) and the COMADRE database for animal demography (Salguero-Gómez et al., 2016). 

Through such iniƟaƟves, disparate datasets can be integrated due to consistent data architecture and the 

development of integraƟve modelling approaches, allowing long-term, mulƟ-populaƟon and even range-

wide demographic studies (e.g. Nater et al., 2023; Woodman et al., 2025). We recommend that future work 
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makes use of these data-sharing programmes to examine the extent to which local-scale studies can capture 

large-scale processes.  
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Figure S2.1: Decision tree used to evaluate studies idenƟfied by literature searches for inclusion and exclusion within a 

review of the spaƟal and temporal scales at which demographic rates of birds have been studied, at the stage of Ɵtle 

and abstract screening. 
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Figure S2.2: PRISMA flow chart summarising literature search and screening methods, plus reasons for study exclusion, 

for a review of the spaƟal and temporal scales at which demographic rates of birds have been studied, with the 

number of studies included and excluded at each stage.  
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Figure S2.3: An example representaƟon of the categories used to record the spaƟal scales at which demographic rates of birds have been studied, consisƟng of spaƟal 

ranges increasing in orders of magnitude. The white boxes represent the size of the previous scale in relaƟon to the focal scale. Examples of terms used to describe 

these scales in the reviewed papers are given below each scale. 
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Table S2.1. Terminology used in the literature search string, grouped into 3 concept groups as well as exclusion terms. 

Topic AND Title or Author Keywords 

Taxa  Demography AND VariaƟon NOT Exclusion Terms 

*bird$ OR 

"avian" OR 

"chick" OR 

passerine$ 

demograph* OR  

"vital rate" OR  

"vital rates" OR  

survival OR  

producƟvity OR  

reproduct* OR  

((breeding OR nest*) 

AND (success OR 

performance OR 

phenology OR 

parameters)) OR  

recruitment OR  

"pairing success" OR  

“populaƟon dynamics” 

OR  

"brood size" OR  

"clutch size" OR  

"clutch iniƟaƟon" OR  

((fledg* OR "post-

fledg*" OR hatch*) AND 

(rate OR success OR 

survival)) OR  

"lay* date" OR  

offspring 

driv* OR  

climat* OR   

land* OR  

habitat OR  

weather OR  

(environmental AND 

(factor$ OR condiƟons 

OR variab* OR influences 

OR change OR 

correlates)) OR  

variaƟon OR  

variability 

genom* OR  

seedling OR  

embryo OR  

poultry OR  

capƟv* 
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Search Strings 

Web of Science Core CollecƟon: Science CitaƟon Index Expanded (SCI-EXPANDED), Conference Proceedings 

CitaƟon Index – Science (CPCI-S), Emerging Sources CitaƟon Index (ESCI): 

TS=(*bird$ OR "avian" OR "chick" OR passerine$) AND (( TI=((demograph* OR "vital rate" OR "vital rates" 

OR survival OR producƟvity OR reproduct* OR ((breeding OR nest*) AND (success OR performance OR 

phenology OR parameters)) OR recruitment OR "pairing success" OR “populaƟon dynamics” OR "brood size" 

OR "clutch size" OR "clutch iniƟaƟon" OR ((fledg* OR "post-fledg*" OR hatch*) AND (rate OR success OR 

survival)) OR "lay* date" OR offspring) AND (driv* OR climat* OR  land* OR habitat OR weather OR 

(environmental AND (factor$ OR condiƟons OR variab* OR influences OR change OR correlates)) OR 

variaƟon OR variability)) NOT TI=(genom* OR seedling OR embryo OR poultry OR capƟv*)) OR 

(AK=((demograph* OR "vital rate" OR "vital rates" OR survival OR producƟvity OR reproduct* OR ((breeding 

OR nest*) AND (success OR performance OR phenology OR parameters)) OR recruitment OR "pairing 

success" OR “populaƟon dynamics” OR "brood size" OR "clutch size" OR "clutch iniƟaƟon" OR ((fledg* OR 

"post-fledg*" OR hatch*) AND (rate OR success OR survival)) OR "lay* date" OR offspring) AND (driv* OR 

climat* OR land* OR habitat OR weather OR (environmental AND (factor$ OR condiƟons OR variab* OR 

influences OR  change OR correlates)) OR variaƟon OR variability)) NOT AK=(genom* OR seedling OR 

embryo OR poultry OR capƟv*))) 

Scopus: 

TITLE-ABS-KEY (*bird  OR  avian  OR  chick OR passerine) AND ( (TITLE ( (demograph* OR "vital rate" OR 

survival OR producƟvity OR reproduct* OR ( (breeding  OR nest*) AND (success OR performance OR 

phenology OR parameters) ) OR recruitment OR "pairing success" OR "populaƟon dynamics" OR "brood 

size" OR "clutch size" OR "clutch iniƟaƟon" OR ( (fledg* OR "post-fledg*" OR hatch*) AND (rate OR success 

OR survival) ) OR "lay* date" OR offspring) AND (driv* OR climat* OR  land* OR habitat OR weather OR 

(environmental AND (factor OR condiƟons OR variab* OR influences OR change OR correlates)) OR variaƟon 

OR variability) ) AND NOT TITLE ( genom* OR seedling OR embryo OR poultry OR capƟv* ) ) OR ( AUTHKEY ( 

(demograph* OR "vital rate" OR survival OR producƟvity OR reproduct* OR ( (breeding  OR nest*) AND 

(success  OR  performance  OR  phenology OR parameters) ) OR recruitment OR "pairing success" OR 

"populaƟon dynamics" OR "brood size" OR "clutch size" OR "clutch iniƟaƟon" OR ( (fledg* OR "post-fledg*" 

OR hatch*) AND (rate OR success OR survival) ) OR "lay* date" OR offspring) AND (driv* OR climat* OR  

land* OR habitat OR weather OR (environmental AND (factor OR condiƟons OR variab* OR influences OR 

change OR correlates)) OR variaƟon OR variability) ) AND NOT AUTHKEY (genom* OR seedling OR embryo 

OR poultry OR capƟv*) ) ) 
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Table S2.2: Each Order of birds studied by the reviewed papers which measure producƟvity, in descending order from 

the highest to the lowest number and percentage of studies (n = 721).  

Order Number of Studies % of Studies 

Passeriformes 336 46.6 

Charadriiformes 100 13.9 

Galliformes 56 7.8 

Accipitriformes 41 5.7 

Anseriformes 24 3.3 

Procellariiformes 24 3.3 

Sphenisciformes 21 2.9 

Strigiformes 18 2.5 

Pelecaniformes 18 2.5 

Piciformes 18 2.5 

Falconiformes 16 2.2 

Ciconiiformes 15 2.1 

Gruiformes 6 0.8 

Suliformes 6 0.8 

Caprimulgiformes 4 0.6 

Gaviiformes 4 0.6 

Podicipediformes 4 0.6 

BuceroƟformes 3 0.4 

Columbiformes 2 0.3 

Coraciiformes 2 0.3 

OƟdiformes 2 0.3 

Eurypygiformes 1 0.1 

Phoenicopteriformes 1 0.1 

PsiƩaciformes 1 0.1 

Struthioniformes 1 0.1 

Tinamiformes 1 0.1 
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Table S2.3: Each Order of birds studied by the reviewed papers which measure survival rates, in descending order from 

the highest to the lowest number and percentage of studies (n = 243).  

Order Number of Studies % of Studies 

Passeriformes 111 45.7 

Charadriiformes 32 13.2 

Galliformes 27 11.1 

Anseriformes 20 8.2 

Procellariiformes 18 7.4 

Sphenisciformes 6 2.5 

Falconiformes 5 2.1 

Accipitriformes 4 1.6 

Strigiformes 4 1.6 

Suliformes 4 1.6 

Ciconiiformes 3 1.2 

Piciformes 4 1.6 

Pelecaniformes 2 0.8 

BuceroƟformes 1 0.4 

Caprimulgiformes 1 0.4 

Columbiformes 1 0.4 

Cuculiformes 1 0.4 

Gruiformes 1 0.4 

PhaethonƟformes 1 0.4 

 

 

 

 

 

 

 

 

 

 

 



62 

Table S2.4: The ten most-studied species amongst reviewed papers which measure producƟvity and survival rates.  

ProducƟvity Number of Studies 

White Stork, Ciconia ciconia 12 

Blue Tit, Cyanistes caeruleus 12 

Black-legged Kiƫwake, Rissa tridactyla 12 

Pied Flycatcher, Ficedula hypoleuca 11 

Greater Sage-Grouse, Centrocercus urophasianus 10 

Great Tit, Parus major 8 

Barn Swallow, Hirundo rusƟca 7 

European Goshawk, Accipiter genƟlis 6 

Florida Scrub-Jay, Aphelocoma coerulescens 6 

Northern Bobwhite, Colinus virginianus 6 

Survival  

Northern Bobwhite, Colinus virginianus 7 

Greater Sage-Grouse, Centrocercus urophasianus 6 

Ovenbird, Seiurus aurocapilla 6 

Mallard, Anas platyrhynchos 4 

Pied Flycatcher, Ficedula hypoleuca 4 

Canada Goose, Branta canadensis 3 

Cory's Shearwater, Calonectris diomedea 3 

SƟtchbird, NoƟomysƟs cincta 3 

Northern Wheatear, Oenanthe oenanthe 3 

Cassin's Auklet, Ptychoramphus aleuƟcus 3 
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Table S2.5: Output from a generalised linear model with binomial error structure tesƟng the effect of demographic 

rate type on the probability that a study measured spaƟal (0) or temporal (1) variaƟon  (n = 1453).  

Prob Temporal EsƟmate Standard Error Z value p value 

(Intercept) 

ProducƟvity 0.12 0.06 2.07 0.04 

Survival 0.38 0.13 2.98 <0.01 

 

 

Table S2.6: Output from a generalised linear model with binomial error structure tesƟng the effect of producƟvity 

metric type on the probability that a study measured spaƟal (0) or temporal (1) variaƟon (n = 1240).  

Prob Temporal EsƟmate Standard Error Z value p value 

(Intercept)  

Individual 0.25 0.14 1.77 0.08 

Nest -0.18 0.16 -1.14 0.26 

PopulaƟon 0.52 0.29 1.81 0.07 

RELEVELED     

(Intercept) 

PopulaƟon 0.78 0.25 2.08 <0.01 

Individual -0.52 0.29 -1.81 0.07 

Nest -0.70 0.26 -2.70 <0.01 
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Table S2.7: Output from a generalised linear model with binomial error structure tesƟng the effect of survival metric 

type on the probability that a study measured spaƟal (0) or temporal (1) variaƟon (n = 463).  

Prob Temporal EsƟmate Standard Error Z value p value 

(Intercept)  

Adult 0.55 0.13 4.34 <0.001 

Juvenile 0.23 0.24 0.93 0.35 

Post-fledging -0.68 0.33 -2.11 0.04 

Recruitment 0.61 0.38 1.60 0.11 

RELEVELED     

(Intercept) 

Post-fledging -0.13 0.30 -0.45 0.66 

Adult 0.68 0.33 2.11 0.04 

Juvenile 0.91 0.36 2.51 0.01 

Recruitment 1.30 0.47 2.76 <0.01 

RELEVELED     

(Intercept) 

Recruitment 1.16 0.36 3.21 <0.01 

Post-fledging -1.30 0.47 -2.76 <0.01 

Adult -0.61 0.38 -1.60 0.11 

Juvenile -0.39 0.42 -0.92 0.36 
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Table S2.8: Output from a cumulaƟve link mixed model tesƟng the effect of demographic rate (ProducƟvity or 

Survival), study year and their interacƟon on the probability a study measured demographic variaƟon at increasing 

spaƟal scales (n = 881). Threshold coefficients represent the log-odds required to go from one spaƟal scale to the next. 

Coefficients RelaƟve to ProducƟvity:  EsƟmate Standard Error Z value p value 

Survival 0.48 0.16 2.98 <0.01 

Year 0.05 0.07 0.64 0.52 

Survival:Year 0.03 0.17 0.18 0.86 

Threshold Coefficients: (ProducƟvity)     

<1km2 | 1-10km2 0.10 0.08 1.28  

1-10km2 | 11-100km2 1.16 0.10 11.41  

11-100km2 | 101-1000km2 1.97 0.13 15.03  

101-1000km2 | 1001-10,000km2 2.59 0.16 16.27  

1001-10,000km2 | >10,000km2 3.52 0.22 16.14  

Threshold Coefficients: (Survival)     

<1km2 | 1-10km2 -0.38 0.14 -2.61  

1-10km2 | 11-100km2 0.69 0.15 4.63  

11-100km2 | 101-1000km2 1.50 0.16 9.07  

101-1000km2 | 1001-10,000km2 2.12 0.19 11.42  

1001-10,000km2 | >10,000km2 3.04 0.24 12.89  

Random Effect  Variance Standard DeviaƟon   

Study ID (n = 560) 0.04 0.20   
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Table S2.9:  Output from a cumulaƟve link mixed model tesƟng the effect of producƟvity metric type, study year and 

their interacƟon on the probability a study measured increasing spaƟal scales (n = 780). Threshold coefficients 

represent the log-odds required to go from one spaƟal scale to the next. 

Coefficients RelaƟve to Individual EsƟmate Standard Error Z value p value 

Nest -0.32 0.20 -1.62 0.11 

PopulaƟon 0.74 0.38 1.96 0.05 

Coefficients RelaƟve to PopulaƟon     

Individual -0.74 0.38 -1.96 0.05 

Nest -1.06 0.34 -3.12 <0.01 

Threshold Coefficients: (Individual)     

<1km2 | 1-10km2 0.16 0.19 -0.85  

1-10km2 | 11-100km2 0.91 0.20 4.54  

11-100km2 | 101-1000km2 1.78 0.22 8.03  

101-1000km2 | 1001-10,000km2 2.39 0.24 9.87  

1001-10,000km2 | >10,000km2 3.50 0.31 11.49  

Random Effect  Variance Standard DeviaƟon   

Study ID (n = 485) 0.16 0.40   
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Table S2.10: Output from a cumulaƟve link mixed model tesƟng the effect of survival metric type, study year and their 

interacƟon on the probability a study measured increasing spaƟal scales (n = 225). Threshold coefficients represent the 

log-odds required to go from one spaƟal scale to the next. 

Coefficients RelaƟve to Adult EsƟmate Standard Error Z value p value 

Juvenile 0.38 0.37 1.02 0.31 

Post-fledging -0.77 0.56 -1.37 0.17 

Recruitment -0.54 0.76 -0.71 0.48 

Coefficients RelaƟve to Post-fledging     

Adult 0.77 0.56 1.37 0.17 

Juvenile 1.14 0.58 1.99 0.05 

Recruitment 0.23 0.90 0.26 0.80 

Coefficients RelaƟve to Recruitment     

Adult 0.23 0.90 -0.26 0.80 

Juvenile 0.54 0.76 0.71 0.48 

Post-fledging 0.91 0.82 1.11 0.27 

Threshold Coefficients: (Adult)     

<1km2 | 1-10km2 -0.87 0.29 -3.00  

1-10km2 | 11-100km2 1.08 0.32 3.43  

11-100km2 | 101-1000km2 2.24 0.39 5.71  

101-1000km2 | 1001-10,000km2 3.08 0.48 6.41  

1001-10,000km2 | >10,000km2 4.12 0.61 6.73  

Random Effect Variance Standard DeviaƟon   

Study ID (n = 118) 3.40 1.84   

 

Table S2.11: Output from a cumulaƟve link model tesƟng the effect of demographic rate (ProducƟvity vs Survival), 

study year and their interacƟon on the probability a study measured increasing temporal scales (n = 1066). Threshold 

coefficients represent the log-odds required to go from one temporal scale to the next. 

Coefficients RelaƟve to ProducƟvity:  EsƟmate Standard Error Z value p value 

Survival 0.44 0.15 2.89 <0.01 

Year -0.06 0.07 -0.80 0.42 

Survival:Year -0.06 0.17 -0.34 0.73 

Threshold Coefficients: (ProducƟvity)     

Sub-annual | Annual -0.72 0.07 -9.56  

Annual | Decadal 3.49 0.18 19.72  

Threshold Coefficients: (Survival)     

Sub-annual | Annual -1.16 0.14 -8.45  

Annual | Decadal 3.04 0.20 15.28  
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Table S2.12: Output from a cumulaƟve link model tesƟng the effect of producƟvity metric type on the probability a 

study measured increasing temporal scales (n = 872). Threshold coefficients represent the log-odds required to go 

from one temporal scale to the next. 

Coefficients RelaƟve to Individual EsƟmate Standard Error Z value p value 

Nest -1.36 0.25 -5.44 <0.0001 

PopulaƟon 0.54 0.41 1.32 0.19 

Coefficients RelaƟve to PopulaƟon     

Individual -0.54 0.41 -1.32 0.19 

Nest -1.89 0.36 -5.23 <0.0001 

Threshold Coefficients: (Nest)     

Sub-annual | Annual -0.57 0.08 -7.28  

Annual | Decadal 3.95 0.22 17.75  

Threshold Coefficients: (Individual)     

Sub-annual | Annual -1.93 0.24 -8.03  

Annual | Decadal 2.60 0.27 9.69  

Threshold Coefficients: (PopulaƟon)     

Sub-annual | Annual -2.47 0.36 -6.89  

Annual | Decadal 2.06 0.35 5.97  
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Table S2.13: Output from a cumulaƟve link model tesƟng the effect of survival metric type on the probability a study 

measured increasing temporal scales (n = 363). Threshold coefficients represent the log-odds required to go from one 

temporal scale to the next. 

Coefficients RelaƟve to Adult EsƟmate Standard Error Z value p value 

Juvenile 0.05 0.30 -0.17 0.87 

Post-fledging -1.24 0.43 -2.91 <0.01 

Recruitment -0.23 0.40 -0.57 0.57 

Coefficients RelaƟve to Post-fledging     

Adult 1.24 0.43 2.91 <0.01 

Juvenile 1.29 0.47 2.76 <0.01 

Recruitment 1.01 0.53 1.90 0.06 

Coefficients RelaƟve to Recruitment     

Post-fledging -1.01 0.53 1.90 0.06 

Adult 0.23 0.40 -0.57 0.57 

Juvenile 0.28 0.44 0.63 0.53 

Threshold Coefficients: (Adult)     

Sub-annual | Annual -1.51 0.17 -8.66  

Annual | Decadal 2.95 0.27 10.97  

Threshold Coefficients: (Post-Fledging)     

Sub-annual | Annual -0.27 0.39 -0.71  

Annual | Decadal 4.18 0.47 8.92  

Threshold Coefficients: (Recruitment)     

Sub-annual | Annual -1.28 0.36 -3.53  

Annual | Decadal 3.18 0.43 7.42  
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Chapter 3: Is SpaƟal VariaƟon in the ProducƟvity of 

European Passerines Associated with Landscape Structure? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A selecƟon of birds in hand caught and ringed at Constant Effort Sites in Europe. All birds handled 
under licence. © Chas Holt and MaƩ Prior. 
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Abstract 

Human land-use change is considered a key driver of biodiversity declines globally. There is an urgent need 

to address these large-scale threats, but idenƟfying and targeƟng appropriate conservaƟon acƟons is 

challenging because data with sufficient spaƟal and temporal coverage are rare. European landbirds have 

shown considerable populaƟon declines and have been well-studied compared to other taxonomic groups, 

providing an opportunity to examine these issues. Previous Pan-European research idenƟfied substanƟal 

site-level spaƟal variaƟon in populaƟon trends and producƟvity of landbirds, consistent across species and 

years (Morrison et al., 2021, 2022). This suggests that local environmental condiƟons at breeding sites are 

key drivers of variaƟon in populaƟon trends, through impacts on producƟvity, and are a realisƟc target for 

conservaƟon acƟons. We aimed to idenƟfy features of the landscape surrounding sites which could be 

driving this spaƟal variaƟon in producƟvity. For 843 Constant Effort bird ringing sites across 12 European 

countries, we measured mean producƟvity across 21 years for 90 species, and related this to characterisƟcs 

of the surrounding 1, 5 and 10 km landscapes. At each scale, we measured the dominant land cover and 

management intensity, the prevalence of watercourses and inland water bodies, and two metrics of 

landscape configuraƟon. We found that sites within landscapes locally dominated by wetlands and, at larger 

scales, low-intensity land-uses, are more frequently associated with higher mean producƟvity. ProducƟvity 

was not always high in these condiƟons, with a large proporƟon of the variaƟon leŌ unexplained, likely 

driven by site-level characterisƟcs. Whilst we did find some differences in the responses of residents, arid-

zone migrants and humid-zone migrants, overall, the producƟvity of species in these migratory groups 

showed very similar associaƟons with landscape structure. Our findings idenƟfy landscape-level 

conservaƟon acƟons which could benefit both resident and migratory breeding bird populaƟons across 

Europe. Future work should explore the role of site-level characterisƟcs, especially those associated with 

high producƟvity sites, and the mechanisms driving these paƩerns, to inform management acƟons which 

could increase the number of sites achieving high producƟvity.  
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3.1. IntroducƟon 

Human land-use change is considered the greatest threat to global biodiversity (Davison et al., 2021; Sala et 

al., 2000), through the impacts of habitat loss, fragmentaƟon and degradaƟon (Heinrichs et al., 2016).   

There is an urgent need to address these large-scale threats, but idenƟfying and targeƟng appropriate 

conservaƟon acƟons is challenging because data with sufficient spaƟal and temporal coverage are rare. 

Compared to other taxa, birds have been well-studied over large scales and long Ɵme periods due to their 

visibility and developed census methods (Fraixedas et al. 2020). Bird species also serve as important 

indicators for ecological communiƟes and wider ecosystem health (Gregory and van Strien, 2010), and so 

provide a key focus for understanding the impacts of land-use change and potenƟal soluƟons.  

Nearly half of all bird species are undergoing populaƟon declines, and over 80% of species threatened with 

exƟncƟon are impacted by land-use change (Lees et al., 2022). In Europe, breeding bird numbers have 

declined by nearly 20% since 1980, with especially strong declines in species associated with agricultural or 

grassland systems and long-distance migraƟon (Burns et al., 2021; Vickery et al., 2023). Recent Pan-

European research using long-term data on landbirds idenƟfied substanƟal site-level spaƟal variaƟon in 

populaƟon trends and producƟvity, which covaries between residents and sub-Saharan migrants (Morrison 

et al., 2021), and is consistent across years (Morrison et al., 2022). This suggests that local environmental 

condiƟons at breeding sites are key drivers of variaƟon in populaƟon trends, through impacts on 

producƟvity, and are a realisƟc target for conservaƟon acƟons which could benefit the whole bird 

community. However, this depends on our ability to idenƟfy the condiƟons driving this spaƟal variaƟon in 

producƟvity, which are not yet known (Morrison et al., 2022).  

ProducƟvity in bird populaƟons oŌen varies with landscape structure (Bionda and Brambilla, 2012; Cornell 

and Donovan, 2010; Lampila et al., 2005; Lande et al., 2014), which has two main qualiƟes, composiƟon and 

configuraƟon (Adler and Jedicke, 2022; Hadley and BeƩs, 2016; LusƟg et al., 2015). Landscape composiƟon 

refers to the type and relaƟve coverage of habitats, and includes both the classes of land cover and their 

level of human modificaƟon (i.e. land-use intensity) (Pellissier et al., 2017). Numerous studies have shown 

that producƟvity is higher in landscapes with greater coverage of preferred breeding habitat (Šálek et al., 

2025; Tozer et al., 2010) and/or lower coverage of poor-quality matrix habitats, such as urban 

environments (Reidy et al., 2023) and intensive agriculture (GarreƩ et al., 2022; Ghilain and Bélisle, 2008).  

Bird producƟvity is not only affected by the composiƟon of terrestrial habitats, but also their interacƟon 

with aquaƟc habitats in the landscape. For example, the abundance of insecƟvorous birds has been shown 

to increase with stream length in study areas due to the foraging opportuniƟes provided, including 

increased abundance of emergent aquaƟc insects (Iwata et al., 2010, 2003). In addiƟon, water bodies have 

been shown to be important for nestling condiƟon, reproducƟve success and annual recruitment rates in 

insecƟvorous birds in agricultural landscapes, due to increased aquaƟc insect food abundance (Berzins et 

al., 2021, 2022; Lewis-Phillips et al., 2020). Watercourses and water bodies can therefore act as resource 
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subsidies, which may be parƟcularly important in landscapes with reduced terrestrial insect abundance 

such as intensive agricultural land (Bradbury and Kirby, 2006; McKellar et al., 2025). VegetaƟon associated 

with water features may also provide nesƟng habitat (Bradbury and Kirby, 2006).  

Landscape configuraƟon refers to the spaƟal arrangement of landscape features, their shape and how they 

are connected. For specialist species reliant on a single habitat, producƟvity in landscapes with complex 

configuraƟons may be lower because greater fragmentaƟon of focal habitat leads to smaller patch sizes and 

greater edge effects (Akresh et al., 2024; Burke and Nol, 2000; Flaspohler et al., 2001; Harrod and Green, 

2018). In contrast, complex landscape configuraƟons can be beneficial for species which nest within habitat 

edges (Woodward et al., 2001), or for species which obtain different resources from contrasƟng habitats 

within heterogeneous landscapes (Dolman, 2012; Fahrig et al., 2019). Complexity is parƟcularly important 

in agricultural landscapes, where many species benefit from the availability of diverse nesƟng and foraging 

habitats in close proximity (Siriwardena et al., 2000; Vickery and ArleƩaz, 2012).  

Several studies have highlighted the importance of spaƟal scale when exploring associaƟons between 

landscape structure and bird producƟvity rates (Cornell and Donovan, 2010; Cox et al., 2012; Stephens et 

al., 2004). Results can vary with the landscape scale examined because the mechanisms involved oŌen 

operate at different spaƟal scales (Siriwardena et al., 2000; Smith et al., 2011). For example, if resource 

availability is a key factor driving producƟvity rates and influenced by landscape structure, effects might be 

more apparent at scales equivalent to the foraging distances of the species examined (Ghilain and Bélisle, 

2008). Meanwhile, where nest predaƟon is important, effects are more likely to be detected at larger scales 

relevant to predators (Chalfoun et al., 2002). 

To date, most studies of the relaƟonship between landscape structure and producƟvity have focused on one 

or two species (e.g. Ghilain and Bélisle, 2008), or where a community-wide approach has been taken, only 

consider single ecosystems (e.g. Burke and Nol, 2000; Rodewald and Yahner, 2001), and so findings are 

relaƟvely limited in generality. In this study, we used a large-scale, long-term ciƟzen science dataset to 

examine whether spaƟal variaƟon in cross-community producƟvity across Europe is related to landscape 

structure. We invesƟgated whether site-level producƟvity is associated with the composiƟon and 

configuraƟon of the surrounding landscape, in parƟcular, dominant land cover and its management 

intensity, prevalence of watercourses and inland water bodies, and two metrics of landscape configuraƟon 

(patch density and mean patch perimeter-area raƟo). We measured these components of landscape 

structure at 1, 5 and 10 km scales, in order to capture potenƟally scale-dependent processes that could be 

driving the local, site-level variaƟon in producƟvity previously idenƟfied with this dataset (Morrison et al., 

2021; 2022).  
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We were also interested in whether responses to landscape structure differed between species with 

different migratory strategies, because long-distance migrants are declining significantly faster than short-

distance migrants and residents which remain within Europe (Burns et al., 2021; Vickery et al., 2023). 

Breeding sites in Europe tend to show consistently high or low producƟvity rates for both the resident and 

migrant species that occur in those sites (Morrison et al., 2021), and so we may expect to see similar 

landscape features associated with producƟvity for these species. However, residents and migrants might 

not respond to all landscape features in the same way. For instance, long-distance migrants in Europe favour 

open breeding habitats to a greater extent than residents and short-distance migrants and so may be more 

sensiƟve to changes in agricultural or grassland systems (Vickery et al., 2014). In addiƟon, there might be 

addiƟonal variaƟon amongst long-distance migrants overwintering in different parts of sub-Saharan Africa, 

because recent populaƟon declines have been greater in species travelling to the humid tropics than those 

wintering in the arid Sahel zone (Vickery et al., 2023). It is therefore important to idenƟfy which landscape 

features are associated with producƟvity across migratory groups in order to inform conservaƟon acƟons 

which could benefit the whole bird community.  

3.2. Methods 

QuanƟfying Site-level ProducƟvity 

We use data from the European Constant Effort Sites (EuroCES) programme, which is a large network of 

constant-effort bird ringing sites across Europe. Site locaƟons are determined by ciƟzen scienƟst volunteers 

as those that are suitable for catching sufficient numbers of birds to measure demographic metrics, and 

where successional changes in habitat can be managed, and they occur in a variety of landscapes. Data 

were collated from 16 CES schemes spanning 12 countries, for the years of 1998 through to 2019 (Table 

S3.1). All EuroCES schemes follow a common protocol (Robinson et al., 2009; Robinson, 2023), in which 

licenced ringers deploy a series of mist nets in the same configuraƟons, for the same length of Ɵme, during 

morning and/or evening visits evenly spaced throughout the breeding period, with individuals caught aged 

using plumage characterisƟcs (Svensson, 1992). Net-length and operaƟng Ɵmes vary between sites but are 

kept constant within each site across sessions and years. Schemes operate between 7 and 12 visits a year, 

roughly every 10 days between April-May and July-August (with higher laƟtudes starƟng and ending later). 

Here, we quanƟfy producƟvity at EuroCE sites as the number of juveniles caught per adult each breeding 

season (Robinson, 2023); this index of producƟvity integrates breeding success across the whole season, 

including the outcomes of mulƟple broods and early post-fledging mortality. To ensure captures were fully 

representaƟve of the numbers of adults and juveniles on a site, we set a threshold for the minimum 

number of visits in the first and second halves of the season for a year’s data at a site (“site-year”) to be 

included. This was half of the maximum number of visits for each scheme minus two (e.g. a site in a twelve-

visit scheme would require at least four “early” visits and four “late” visits, while a site in a seven-visit 

scheme would require at least two “early” and two “late” visits). 



104 

For each species, we only included site-years in which a minimum of three adults were caught, and only 

sites with a minimum of three such years were included. In addiƟon, sites at which no juveniles had been 

caught across years were excluded from analyses for that species. Some species are known to occasionally 

form flocks aŌer fledging, which could bias the age raƟo, so we removed any site-years with producƟvity 

raƟos above a maximum threshold expected for each species in Europe. This was calculated by mulƟplying 

the maximum clutch size reported in Storchová and Hořák (2018) by the maximum number of broods 

reported in Cramp (2006), and dividing by two to get a value per adult.  

We restricted the species list to passerines because producƟvity rates for these species are most reliably 

measured with CES methodology, and excluded invasive non-naƟve species, resulƟng in a final list of 90 

species (Table S3.2). We classified each species into one of three migratory groups: (1) resident within 

Europe or short-distance migrant (“resident”), (2) long-distance migrant overwintering in the arid-zone of 

sub-Saharan Africa (“arid”), or (3) long-distance migrant overwintering in the more southerly humid-zone of 

sub-Saharan Africa (“humid”). We used the classificaƟons from Morrison et al., (2021), resulƟng in 56 

residents, 14 arid migrants and 20 humid migrants.  

To esƟmate the mean juvenile-adult raƟo across years for each species at each site, the number of juveniles 

was modelled in binomial generalised linear mixed models (GLMM), with the total number of birds 

(juveniles plus adults) as the binomial denominator and site as a fixed effect. Year nested within site was 

fiƩed as a random effect to account for the non-independence of birds sampled within the same year, while 

allowing this year effect to vary between sites. These models were constructed using the package 

‘glmmTMB’ (Brooks et al., 2017). Before proceeding with the esƟmated site means, we checked each model 

for overdispersion. Subsequently, a standardisaƟon procedure was employed to produce site-level 

producƟvity esƟmates that were relaƟve within each species and scheme. Site esƟmates for each species 

were standardised by subtracƟng the overall species mean of the site-level esƟmates and dividing by the 

standard deviaƟon within each scheme separately. This accounted for differences in species composiƟon 

between sites, and prevented any methodological differences between schemes biasing the producƟvity 

values. This resulted in a total of 10,636 species site-level producƟvity esƟmates at 857 sites.  

Landscape CharacterisƟcs 

Landscape composiƟon and configuraƟon metrics were measured within 1, 5 and 10 km around each CES 

locaƟon (Table 3.1). The 1 km scale captures characterisƟcs of the habitat in which the mist-nests are 

erected, as well as the immediate landscape surrounding the site, while the 5 and 10 km scales encompass 

processes occurring in the wider area around sites, but small enough to capture processes varying between 

nearby sites. Eleven coastal sites with >50% of the 1 km buffer area consisƟng of sea and ocean were 

excluded from the analyses because we did not consider these comparable to sites with fully terrestrial 

landscapes.  
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Table 3.1: DescripƟon of landscape composiƟon and configuraƟon variables measured at 1, 5 and 10 km scales around 

European Constant Effort Sites, plus the range of values recorded for each variable, before standardisaƟon.  

Predictor DescripƟon Range of Values (unscaled) 

Landscape ComposiƟon   

Land System Type 

(System) 

Land system category of 1 km square that site 

falls in, or dominant category of 1 km squares 

falling within and overlapping the 5 or 10 km 

buffers around sites 

Arable Cropland, Forest, 

Grassland, SeƩlements, 

Wetland, Mosaics (1 km only) 

 

Land System Intensity 

(Intensity) 

Land management intensity of 1 km square 

that site falls in, or dominant category of 1 km 

squares falling within and overlapping the 5 or 

10 km buffers around sites 

 

Low, Medium, High 

Water Course Length 

(WCL) 

Total length of water courses within 1, 5 or 10 

km buffers around sites 

1 km: 0 – 8414 m 

5 km: 0 – 83, 836 m 

10 km: 5823 – 301,607 m 

 

Inland Water Body 

Perimeter (IWP) 

Total length of perimeters of inland water 

bodies within 1, 5 or 10 km buffers around 

sites 

 

1 km: 0 – 15,883 m 

5 km: 0 – 128,359 m 

10 km: 0 – 465,538 m 

Landscape ConfiguraƟon   

Patch Density (PD) Number of patches, scaled to area of 

landscape buffer; higher value = more patches 

 

1 km: 0.317 – 5.161 

5 km: 0.0891 – 2.130 

10 km: 0.068 – 1.60 

 

Mean Patch Perimeter - 

Area RaƟo (MPPAR) 

Perimeter to area raƟo averaged across all 

patches within landscape buffer; higher value = 

more complex/more exposed to edge 

1 km: 0.00252 – 0.0299 

5 km: 0.00599 – 0.0264 

10 km: 0.00811 – 0.0238 

 

Landscape composiƟon 

Landscape composiƟon was categorised using the Land System typology of Dou et al., (2021), under which 

each 1 km grid square in the EU is classified as belonging to a land system and sub-system based on finer 

resoluƟon data on land cover and land use intensiƟes (see Table 3.1 and Dou et al., (2021) for details). First, 

we categorised the system of each CE site as the land system assigned to the 1 km square in which it occurs 

(Table 3.2a); for the 5 and 10 km landscape scales, each CE site was categorised according to the dominant 

land system across all 1 km squares overlapped by the 5 and 10 km radii buffers. Only sites within system 

categories assigned to at least 30 sites were included at each scale to ensure sufficient sample sizes for 
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analysis (Table 3.2a). There were approximately equal numbers of sites across the six system types at the 1 

km scale, while at the larger scales most sites were within landscapes dominated by arable cropland, with 

relaƟvely few within landscapes dominated by wetlands. There were too few sites within 5 and 10 km 

landscapes dominated by mosaics and so these sites were excluded at these scales. Secondly, management 

intensity was categorised according to the sub-system classificaƟon assigned to the 1 km square in which it 

occurs (Table 3.2b; see Table S3.3 for sub-system groupings used to define the intensity variable). Again, for 

the 5 and 10 km landscape scales, management intensity was categorised according to the dominant sub-

system across all 1 km squares overlapped by the 5 and 10 km radii buffers. Most sites were within 

landscapes dominated by either low- or high-intensity land-uses at the 1 km scale, whilst at the larger 

scales, most sites were in medium- or high-intensity landscapes (Table 3.2b). Note that two sites in Andorra 

and one site on the Isle of Man were not covered by the Dou et al., (2021) dataset and so do not appear in 

subsequent analyses. Finally, we used the EU-Hydro dataset (European Environment Agency, 2020a) to 

measure the total length of watercourses and the total length of inland water body perimeters within each 

of the three buffers around each site. The R package ‘sf’ (Pebesma, 2018) was used to generate these 

datasets.  

Table 3.2: The number (#) and percentage (%) of European Constant Effort Sites within landscapes dominated by each 

(a) land system type, and (b) land management intensity, at the 1, 5 and 10 km scales. Categories with fewer than 30 

sites were excluded from the analyses at each scale, and are shown in brackets.  

 

a) 
System 

1 km 5 km 10 km 

# sites % sites # sites % sites # sites % sites 

Arable Cropland 149 18 300 37 335 42 

Forest 115 14 171 21 184 23 

Grassland 88 11 102 13 107 13 

SeƩlement 164 20 158 20 124 16 

Wetland 164 20 71 9 50 6 

Mosaic 129 16 (16) (0)  (13) (0) 

(Permanent Crops) (15) (0) (17) (0) (23) (0) 

(Shrub) (19) (0) (8) (0) (7) (0) 

 

 

b) 
Intensity 

1 km 5 km 10 km 

# sites % sites # sites % sites # sites % sites 

Low 221 34 77 11 74 10 

Medium 166 26 340 47 367 49 

High 258 40 314 43 309 41 
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Landscape configuraƟon 

We focused on two key metrics of landscape configuraƟon: patch density and mean patch perimeter-area 

raƟo (Table 3.1). Patch density directly measures habitat fragmentaƟon (PüƩker et al., 2020) but, when 

calculated across all habitat patch types in a landscape, serves as a general index of spaƟal heterogeneity 

(McGarigal et al., 2023). The mean patch perimeter-area raƟo quanƟfies the extent of the edge effect in the 

landscape as well as providing a measure of overall shape complexity of patches (Harrod and Green, 2018). 

These two metrics were measured within the 1, 5 and 10 km buffers around each CES in the 

landscapemetrics package in R (Hesselbarth et al., 2019), from the CORINE Land Cover (CLC) 2012 raster 

dataset at 100 m resoluƟon, using the level 3 classificaƟon (European Environment Agency, 2020b). We 

selected the 2012 version because it is the closest available to the midpoint of our CES dataset (2010). The 

“sea and ocean” class was excluded from the CLC dataset before calculaƟng landscape configuraƟon metrics 

because this does not form part of the terrestrial landscape. 

StaƟsƟcal Analysis 

We used a linear mixed modelling (LMM) approach to examine the effects of landscape composiƟon and 

configuraƟon on bird producƟvity, and how these differ between migratory groups. All analyses were 

conducted in R 4.4.1 (R Core Team, 2024).  

Data PreparaƟon 

Our response variable was the mean standardised producƟvity raƟo for each species at each site. The final 

sample sizes were 10,111 species-site esƟmates for the 1 km analysis, 10,073 esƟmates for the 5 km 

analysis and 10,062 esƟmates for the 10 km analysis. In all models, the inverse of the standard error from 

the individual species-site producƟvity GLMMs was used as a weighƟng variable to account for uncertainty 

in the species-site esƟmates. We standardised all conƟnuous predictors by subtracƟng the mean and 

dividing by the standard deviaƟon to enable effect size comparison and improve model fit (Harrison et al., 

2018). We checked for collinearity between conƟnuous predictors by examining the Spearman’s rank 

correlaƟon coefficients (Table S3.4), and consider a rho value of 0.6 or more to indicate a strong correlaƟon. 

Watercourse length and inland water body perimeter were weakly correlated (rho <0.2 for all scales) and 

were included in the same models. Patch density and mean patch perimeter-area raƟo were more strongly 

correlated (rho = 0.531 – 0.637, p <0.001) and so were modelled separately in parallel models, with either 

one or the other as a predictor variable (see below), in order to examine their effects independently. In 

addiƟon, because all wetland sites were classified as “low intensity”, including system and intensity 

predictors in the same model would have confounded their effects, and so these were also modelled 

separately in parallel models.  
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Modelling 

For each of the 1, 5 and 10 km scales, we ran eight LMMs (Table 3.2) using the lmer funcƟon in the 

‘lmerTest’ package (Kuznetsova et al., 2017). All conƟnuous predictors were fiƩed as orthogonal 

polynomials using the ‘poly(x, 2)’ notaƟon to test for quadraƟc effects. The first two models examined the 

effect of system, with either patch density or mean patch perimeter-area raƟo as an addiƟonal predictor, 

and were run on all sites. We then examined the effect of intensity for sites within managed land systems 

(arable cropland, forest, grassland, seƩlements, mosaics), excluding wetland sites. The first four models 

examined the effects of the explanatory variables on the bird community as a whole, whilst models five to 

eight included interacƟon terms for migratory status (MigStatus) to assess whether landscape effects 

differed between residents, arid-zone migrants and humid-zone migrants. All models contained fixed effects 

of watercourse length, inland water body perimeter and elevaƟon, in addiƟon to random effects of site and 

species to account for non-independence. 

We subsequently ran separate models for each of the land system categories to explore whether the effect 

of intensity on site-level producƟvity differed depending on the system type. We did not fit this as an 

interacƟon term within the main models because we did not have a balanced design for all categorical 

combinaƟons, and to avoid over-parameterisaƟon. These models followed the same structure as above, 

except where the species random effect was esƟmated as zero (“singular fit”) and was therefore excluded. 

For mosaic systems, we combined medium and high intensity sites into a single category due to limited 

sample size. 

Table 3.2: Linear mixed model structure used to examine the effect of landscape composiƟon and configuraƟon 

variables on the mean producƟvity raƟo for each bird species at each Constant Effort Site. All conƟnuous variables 

were fiƩed as orthogonal polynomial quadraƟc terms.  PD = patch density, MPPAR = mean patch perimeter-area raƟo, 

WCL = watercourse length, IWP = inland water body perimeter length, MigStatus = migratory group. 

Model Structure 

1 System + PD + WCL + IWP + elevaƟon + (1|site) + (1|species) 

2 System + MPPAR + WCL + IWP + elevaƟon + (1|site) + (1|species) 

3 Intensity + PD + WCL + IWP + elevaƟon + (1|site) + (1|species)  

4 Intensity + MPPAR + WCL + IWP + elevaƟon + (1|site) + (1|species) 

5 System*MigStatus + PD + WCL*MigStatus + IWP*MigStatus + elevaƟon + (1|site) + (1|species) 

6 System*MigStatus + MPPAR + WCL*MigStatus + IWP*MigStatus + elevaƟon + (1|site) + (1|species) 

7 Intensity*MigStatus + PD + WCL*MigStatus + IWP*MigStatus + elevaƟon + (1|site) + (1|species) 

8 Intensity*MigStatus + MPPAR  + WCL*MigStatus + IWP*MigStatus + elevaƟon + (1|site) + (1|species) 
 

We inspected the distribuƟon of residuals and checked for influenƟal points using the ‘performance’ 

package (Lüdecke et al., 2021). In addiƟon, we calculated marginal and condiƟonal R2 using the Nakagawa 

and Schielzeth (2013) method. The landscape buffers of different sites inevitably overlapped, especially at 
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the larger scales, but this has been shown not to violate staƟsƟcal independence (Zuckerberg et al., 2020). 

SpaƟal autocorrelaƟon of modelled residuals was examined by calculaƟng Moran’s I using the package ‘ape’ 

(Paradis and Schliep, 2019). The sizes of the esƟmates were negligible (<0.001) and tests non-significant (p > 

0.1) for all models and so no further acƟon was taken.   

We used a full model approach without simplificaƟon because we asked hypothesis-driven quesƟons 

(following ShuƩ et al., 2018 and Zielonka et al., 2024). We examined conƟnuous predictor significance from 

‘lmerTest’ model summaries with p-values calculated using SaƩerthwaite’s method for esƟmaƟon of 

degrees of freedom. We assessed categorical predictor significance using term deleƟon and likelihood raƟo 

tests to obtain p-values. If categorical predictors were significant, we undertook post-hoc pairwise contrasts 

to determine which levels were significant from one-another using the ‘emmeans’ package (Lenth et al., 

2024). In many cases we were making large numbers of comparisons, and so we undertook Tukey-Kramer p-

value adjustment. Here, we discuss the non-adjusted results but also present the adjusted results.  

We acknowledge that this does not account for the mulƟple tesƟng of predictor variables across models, 

and employ a cauƟonary approach to interpreƟng predictor significance, as follows. The results from the 

models with patch density or mean patch perimeter-area raƟo were almost idenƟcal, and so only the 

models with patch density as a predictor variable are used for interpretaƟon of the other predictor effects 

going forwards (mean patch perimeter-area raƟo model results are presented in the supplementary 

material). In addiƟon, while the results of all tests conducted are reported, isolated predictor significance in 

a single or small number of models should be interpreted as of limited importance and are not carried 

through to our conclusions and recommendaƟons.  

3.3. Results 

Neither patch density nor mean patch-perimeter area raƟo showed a significant associaƟon with mean 

standardised producƟvity at any scale (Tables S3.20 – S3.43).  

Dominant Land System 

At the 1 km scale, mean standardised producƟvity across all species varied significantly with the dominant 

land system (LRT: Χ2 = 17.83, df = 5, p < 0.01), with species in sites within wetland landscapes having 

significantly greater mean producƟvity than those in all other system types (Table S3.5). Mean producƟvity 

was lowest at sites within forest- and seƩlement-dominated landscapes (Figure 3.1a). These differences in 

producƟvity across landscapes varied between resident species, arid-zone migrants and humid-zone 

migrants (LRT for interacƟon between system and migratory status: Χ2
 = 37.89, df = 10, p<0.001; Table S3.6). 

For residents, mean producƟvity was greatest at sites within wetland landscapes and lowest at sites within 

forest landscapes (Figure 3.1b). Arid-zone and humid-zone migrants showed similar paƩerns to one another 

(Figures 3.1c-d), but sites within seƩlement landscapes were parƟcularly poor for arid-zone migrants and 

sites within wetland landscapes parƟcularly good for humid-zone migrants, relaƟve to the other systems. 
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Figure 3.1: Mean standardised site-level producƟvity esƟmates and 95% Confidence Intervals at European 

Constant Effort Sites within landscapes dominated by different land system types at the 1 km scale. ProducƟvity 

esƟmates are for a) all bird species, b) species that are residents within Europe or short-distance migrants, c) arid-

zone sub-Saharan migrants or d) humid-zone sub-Saharan migrants. These are marginal means esƟmated from 

linear mixed models with system as a main effect (a), or with a system*migratory status interacƟon term (b, c & 

d). Horizontal dashed lines represent the overall mean producƟvity across all sites for each species group. The 

number of sites in each system type is given at the base of the plots.  “Ara.” = Arable Cropland, “For.” = Forest. 

“Gras.” = Grassland, “Mos.” = Mosaic, “SeƩ.” = SeƩlement, “Wet.” = Wetland. 
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Figure 3.2: Mean standardised site-level producƟvity esƟmates and 95% Confidence Intervals at European 

Constant Effort Sites within landscapes dominated by different land system types at the 10 km scale. 

ProducƟvity esƟmates are for a) all bird species, b) species that are residents within Europe or short-distance 

migrants, c) arid-zone sub-Saharan migrants or d) humid-zone sub-Saharan migrants. These are marginal means 

esƟmated from linear mixed models with system as a main effect (a), or with a system*migratory status 

interacƟon term (b, c & d). Horizontal dashed lines represent the overall mean producƟvity across all sites for 

each species group. The number of sites in each system type is given at the base of the plots.  “Ara.” = Arable 

Cropland, “For.” = Forest. “Gras.” = Grassland, “SeƩ.” = SeƩlement, “Wet.” = Wetland. 
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Across all species, producƟvity did not vary significantly with the dominant land system in the surrounding 5 

km (LRT: Χ2 = 6.92, df = 4, p = 0.14), with only one weakly significant pairwise difference between sites in 

wetland (+) and forest (-) landscapes (Table S3.5).  In addiƟon, there was no significant interacƟon between 

the effect of system and migratory status (LRT: Χ2 = 10.17, df = 8, p = 0.25), although there were some 

weakly significant differences between systems for humid-zone migrants (Table S3.7). 

At the 10 km scale, mean standardised producƟvity across all species varied significantly with the dominant 

land system (LRT: Χ2 = 13.37, df = 4, p = 0.01). Sites within wetland landscapes showed significantly greater 

producƟvity than those within arable, forest and grassland landscapes (Table S3.5, Figure 3.2a). Sites within 

seƩlement landscapes also showed greater producƟvity than those within arable landscapes (although with 

weak significance). Again, the differences in producƟvity across landscapes varied between the migratory 

groups (LRT: Χ2 = 18.16, df = 8, p = 0.02). Arid-zone migrants and (especially) humid-zone migrants showed 

just as high producƟvity at sites within seƩlement-dominated landscapes as sites within wetland-dominated 

landscapes, a paƩern not shown by residents (Figures 3.2b-d; Table S3.8 for pairwise comparisons). To 

further explore these paƩerns, we also compared producƟvity across sites of different 1 km systems within 

these 10 km seƩlement landscapes. Sites classified as wetland at 1 km and seƩlement at 10 km had 

significantly higher mean producƟvity across all species than sites classified as seƩlement at both 1 km and 

10 km scales (Tables S3.9a and S3.9b), suggesƟng that these wetland 1 km sites were driving the high mean 

producƟvity within 10 km seƩlement landscapes. AddiƟonal exploraƟon showed that mean producƟvity at 

sites classified as wetland at 1 km and seƩlement at 10 km was just as high as at sites classified as wetland 

at both 1 km and 10 km, and significantly greater than sites within 10 km landscapes classified as other 

system types (Tables S3.10a and S3.10b).  

Intensity 

At the 1 km scale, there was no significant overall effect of landscape intensity on the site-level producƟvity 

across all species (LRT: Χ2 = 1.96, df = 2, p = 0.37, Table S3.11). There was, however, a significant interacƟon 

with migratory status (LRT: Χ2 = 10.51, df = 4, p = 0.03); humid-zone migrants had significantly higher 

producƟvity at sites within low-intensity landscapes compared to sites within medium- and high-intensity 

landscapes (Table S3.12).  

At the 5 km scale, producƟvity at sites in low-intensity landscapes was significantly higher than at sites in 

medium- and high-intensity landscapes (LRT: Χ2 = 12.48, df = 2, p < 0.01, Table S3.11, Figure 3.3a). This 

general paƩern was replicated for both residents and humid-zone migrants but there was no difference in 

producƟvity between low- and high-intensity landscapes for arid-zone migrants (Figures 3.3b-d, Table 

S3.13). Similar results were seen for the effect of intensity within a 10 km radius. Across species, 

producƟvity was again significantly higher at sites within low-intensity landscapes compared to high-

intensity landscapes (LRT: Χ2 = 7.40, df = 2, p = 0.02; Table S3.11, Figure 3.4a). This was also observed across 

all three migratory status groups (Table S3.14, Figures 3.4b-d). 
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When exploring these paƩerns at the individual land system level, the intensity effect was parƟcularly 

pronounced in grassland-dominated landscapes. At the 5 km scale, for all species and for each migratory 

group, sites within low-intensity grassland landscapes had significantly greater producƟvity than sites within 

medium- and high-intensity grassland landscapes (Table S3.16, Figure S3.1). Meanwhile, at the 1 km and 10 

km scales, producƟvity in sites within low-intensity grassland landscapes was significantly greater than at 

sites within high-intensity grassland for humid-zone migrants, but not for arid-zone migrants or residents 

(Tables S3.15 and S3.17). ProducƟvity also varied significantly with management intensity for arable 

cropland and seƩlement landscapes, but this differed with migratory status and spaƟal scale. At the 5 km 

scale, resident species producƟvity was significantly greater at sites within low-intensity arable cropland 

landscapes compared to medium- and high-intensity arable landscapes (Table S3.18), but not at the other 

scales. Meanwhile, at the 1 km scale, arid-zone migrant producƟvity was greater at sites within high-

intensity seƩlement landscapes compared to low-intensity landscapes (Table S3.19).  

The frequency distribuƟons of species-site producƟvity esƟmates within these different 1 km systems and 5 

km intensiƟes reveal that despite these differences between system and intensity categories, there was sƟll 

a considerable amount of variaƟon in producƟvity between sites within these categories (Figure 3.5, also 

see small model R2 values).  

Watercourse Length and Inland Water Body Perimeter 

There were significant but small effects of watercourse length and inland water perimeter on the site-level 

producƟvity of migrants at the larger scales. ProducƟvity of arid-zone and humid-zone migrants was lower 

at sites with longer watercourse lengths in the surrounding 5 km (Table S3.28, Figure S3.2) and 10 km 

landscapes (Table S3.30, Figure S3.3), with these effects stronger for sites within non-wetland landscapes 

(Tables S3.40 and S3.42). In contrast, resident species producƟvity was not significantly associated with 

watercourse length at any of the landscape scales. In addiƟon, producƟvity did not significantly vary with 

watercourse length at the 1km landscape scale (Tables S3.20 and S3.32).  

Across species, producƟvity did not significantly vary with inland water body perimeter within a 1 km radius 

(Tables S3.20 and S3.32) or 5km radius (Tables S23 and S3.34). However, at the 10 km scale, producƟvity 

showed a negaƟve, non-linear relaƟonship with increasing inland water perimeter, (Table S3.24; Figure 

S3.4), which was replicated in arid-zone and humid-zone migrants, but not residents (Table S3.30; Figure 

S3.5). This was small in size and was only detected in the system models, not the intensity models (Tables 

S3.36 and S3.42).  

We found limited evidence that producƟvity varied with site elevaƟon. ProducƟvity was slightly but 

significantly lower at higher-elevaƟon sites, when analysed at the 5 km scale amongst non-wetland sites 

(intensity LMM: β = -4.58, S.E. = 2.12, t = -2.16, p = 0.03). No effect of site elevaƟon was detected in the 

models at the other scales. 
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Figure 3.3: Mean standardised site-level producƟvity esƟmates and 95% Confidence Intervals at European 

Constant Effort Sites within landscapes dominated by different land-use intensiƟes at the 5 km scale. 

ProducƟvity esƟmates are for a) all bird species, b) species that are residents within Europe or short-distance 

migrants, c) arid-zone sub-Saharan migrants or d) humid-zone sub-Saharan migrants. These are marginal 

means esƟmated from linear mixed models with intensity as a main effect (a), or with an intensity*migratory 

status interacƟon term (b, c & d). Horizontal dashed lines represent the overall mean producƟvity across all 

sites for each species group. The number of sites in each intensity type is given at the base of the plots.   
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Figure 3.4: Mean standardised site-level producƟvity esƟmates and 95% Confidence Intervals at European 

Constant Effort Sites within landscapes dominated by different land-use intensiƟes at the 10 km scale. ProducƟvity 

esƟmates are for a) all bird species, b) species that are residents within Europe or short-distance migrants, c) arid-

zone sub-Saharan migrants or d) humid-zone sub-Saharan migrants. These are marginal means esƟmated from 

linear mixed models with intensity as a main effect (a), or with an intensity*migratory status interacƟon term (b, 

c & d). Horizontal dashed lines represent the overall mean producƟvity across all sites for each species group. The 

number of sites in each intensity type is given at the base of the plots.   
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 Figure 3.5: Frequency distribuƟons of mean standardised producƟvity esƟmates for 90 species across 843 European 

Constant Effort Sites, split into sites within landscapes dominated by different land system types at the 1 km scale, 

and different land-use intensiƟes at the 5 km scale (black = low intensity; coloured = medium/high intensity). Points 

and error bars represent means and 95% Confidence Intervals across species and sites (unfilled = low-intensity 5 km, 

filled = medium/high-intensity 5 km).   

Land System
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3.4. Discussion 

The producƟvity of landbirds at European breeding sites varies with the land system and management 

intensity within the surrounding landscape. Across species, sites within landscapes dominated by wetlands 

nearly always showed the highest relaƟve producƟvity, whilst those within landscapes dominated by other 

system types varied in their respecƟve producƟvity levels across scales and between migratory groups. 

These land system effects were strongest at the local, 1 km landscape scale. Land-use intensity was more 

influenƟal at larger scales, with sites within landscapes dominated by low-intensity land-uses demonstraƟng 

greater producƟvity compared to medium- and high-intensity landscapes, parƟcularly in grasslands. In 

contrast to these aspects of landscape composiƟon, we did not find evidence for effects of landscape 

configuraƟon on site-level producƟvity. 

Whilst we did find some differences in the responses of residents, arid-zone migrants and humid-zone 

migrants, the producƟvity of species in these migratory groups showed broadly similar associaƟons with 

landscape structure. This is consistent with previous findings that producƟvity at CESs in Europe covaries 

between resident and migratory species (Morrison et al., 2021), and further demonstrates that common 

factors influence populaƟon trends and producƟvity across landbird communiƟes. Importantly, these 

findings allow us to idenƟfy conservaƟon policies and acƟons that would be beneficial for both residents 

and migrants at breeding sites. 

Landscape ComposiƟon and ConfiguraƟon 

Our finding that producƟvity was highest at sites within wetland-dominated landscapes builds on the 

results of mulƟple previous studies demonstraƟng increased nestling condiƟon, reproducƟve success and 

juvenile recruitment of landbird species in wetland habitats (Berzins et al., 2021, 2022; Tozer et al., 2010). 

This has been shown to be related to higher abundance of emergent aquaƟc insects (Berzins et al., 2022), 

which are of higher nutriƟonal value compared to terrestrial insects due to their faƩy-acid content (Twining 

et al., 2018). In addiƟon, in wetland habitats, insect emergence occurs over a longer period compared to 

terrestrial habitats, providing extended feeding opportuniƟes for provisioning parents (Both et al., 2010; 

Lewis-Phillips et al., 2020; although see Shipley et al., 2022). Most landbird species (excluding birds of prey) 

feed their chicks insects, and so our results may indicate increased fledging success and/or survival of 

fledglings due to increased availability of high-quality food in wetland-dominated landscapes. Contrary to 

this, we did not find a posiƟve effect of inland water body perimeter or watercourse length in the landscape 

surrounding sites. This may be because the Europe-wide dataset we used is relaƟvely coarse scale and did 

not include small water bodies like ponds, which are considerably undermapped (Biggs et al., 2017).  Small 

water bodies have been suggested to be more producƟve than larger water bodies in their insect biomass 

(Berzins et al., 2022), and more research is needed into their role in supporƟng high producƟvity rates of 

bird species.   
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There are well-documented negaƟve effects of increased land-use intensity on bird communiƟes (Pellissier 

et al., 2017) and populaƟons (Eglington and Pearce-Higgins, 2012; Zingg et al., 2018), especially in 

agricultural systems (Donald et al., 2001). Evidence for impacts on producƟvity itself is more mixed, with 

some studies demonstraƟng negaƟve effects of agricultural intensity (Brickle et al., 2000; Britschgi et al., 

2006; GarreƩ et al., 2022; Ghilain and Bélisle, 2008), whilst others have found limited evidence for an effect 

(Kusack et al., 2020; van Vliet et al., 2020; Zhao et al., 2022). We found an overall negaƟve effect of 

increasing management intensity on producƟvity across species at the larger landscape scales, but not at 

the local 1 km scale. This indicates that, regardless of the local intensity, sites situated within intensive 

landscapes show reduced producƟvity. The evidence for negaƟve impacts of increased management 

intensity was parƟcularly strong within grassland-dominated landscapes. Studies which have explored the 

impact of grassland management intensity on bird producƟvity have tended to focus on farmland species 

which nest and forage directly in grassland, and are negaƟvely impacted by reduced food availability for 

provisioning nestlings and higher nest predaƟon rates in the structurally-uniform swards (Britschgi et al., 

2006; Evans et al., 1997; van Vliet et al., 2020; Vickery et al., 2001). Here, we find negaƟve effects on 

producƟvity across the bird community, especially in humid-zone migrants. While some of these species 

may forage for insects in the grassland itself, it is not likely that these impacts are enƟrely driven by these 

management pracƟces. Instead, we suggest that this results from the lower heterogeneity of intensive 

grassland landscapes (Shipley et al., 2024), which have fewer semi-natural features such as scrub patches 

and grassy margins for nesƟng and foraging (Perkins et al., 2000; Rime et al., 2025; Vickery and ArleƩaz, 

2012). These impacts may be parƟcularly strong in humid-zone migrants because their long migratory 

journeys mean they are more Ɵme-limited for breeding compared to other species, and so may be less able 

to lay replacement clutches following nest failure (Hoffmann et al., 2015; Morrison et al., 2019).   

In contrast to landscape composiƟon, we did not find an effect of patch density or mean patch perimeter-

area raƟo on producƟvity. MulƟple studies have shown that landscape configuraƟon is less important than 

composiƟon for birds (Adler and Jedicke, 2022), and the evidence for configuraƟon effects on bird 

producƟvity is mixed, differing between species and types of land cover (Harrod and Green, 2018; Harsh et 

al., 2022; Tewksbury et al., 1998). Therefore, the fact that we do not detect any effects may result from 

different species responses cancelling each other out so no overall paƩern is seen across species (BeƩs et 

al., 2014). Overall paƩerns may also be obscured by the effects of increasing landscape complexity being 

posiƟve or negaƟve in different habitats (Fahrig, 2017). For example, increasing patch density in forest 

landscapes might indicate increased fragmentaƟon, which can negaƟvely impact bird producƟvity (Burke 

and Nol, 2000; Flaspohler et al., 2001). Meanwhile, increasing patch density in arable landscapes might 

indicate greater habitat heterogeneity and presence of semi-natural habitat, which can be beneficial for 

providing birds with mulƟple foraging and nesƟng resources (Vickery and ArleƩaz, 2012). However, we did 

not find any effects within the individual system models, so this does not seem to be the case within our 

dataset. AlternaƟvely, our ability to detect landscape configuraƟon effects could have been reduced by 
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mismatches in the year in which these metrics were measured (2012) and the years in which producƟvity 

was measured at each site (anywhere between 1998 and 2019). Temporal changes have been shown to be 

greater in CORINE land cover configuraƟon compared to composiƟon in western Europe (Mimet et al., 

2016), and so it is more likely that temporal mismatch in the datasets affected the landscape configuraƟon 

data than the composiƟon data. 

Whilst we have idenƟfied habitats and landscapes in which condiƟons associated with higher producƟvity 

occur more frequently, a large proporƟon of the variaƟon in producƟvity amongst sites remains 

unexplained (Figure 3.5). This indicates that there are drivers of producƟvity we have not been able to 

account for. One such factor could be site-level characterisƟcs, which may not be adequately represented 

within our broad-scale classificaƟons of land system and intensity or by the 1 km resoluƟon. For example, 

fine-scale habitat characterisƟcs have frequently been shown to influence producƟvity rates (Conover et al., 

2011; Darolová et al., 2014; Ruth and Skagen, 2018), and some studies have found that they explain more 

variaƟon in nest success than landscape factors (Shew et al., 2019; Twedt et al., 2010). In addiƟon, not only 

is the presence of small water bodies within sites a potenƟally important factor, but also their condiƟon, 

because this determines their quality as foraging and nesƟng habitat for birds (Davies et al., 2016; Lewis-

Phillips et al., 2020, 2019). Further work is therefore needed to idenƟfy site-level characterisƟcs associated 

with producƟvity rates, using a similar approach to what we present here with landscape characterisƟcs.  

ImplicaƟons of Analysis Approach 

It is important to recognise that our mulƟ-species models effecƟvely average across species responses. As a 

consequence, a large proporƟon of the sites are determined as intermediate in quality, supporƟng high 

producƟvity for some species and low producƟvity for others. This combined with the standardisaƟon 

process could partly explain why the effect sizes we detect are quite small. In addiƟon, CE sites are not a 

random sample of the European landscape and are instead selected based on their suitability for catching 

sufficient numbers of birds to measure demographic metrics. These sites therefore represent relaƟvely 

‘good’ sites compared to the wider matrix, which might dilute the effect of the surrounding landscape on 

site-level producƟvity, as measured in this study. Taken together, this means that our results could be seen 

as relaƟvely conservaƟve, and the wider impacts of landscape composiƟon on producƟvity may be much 

stronger than we present here. Another consequence of this modelling approach is that landscape 

characterisƟcs associated with sites at the extremes, which are either consistently ‘good’ or ‘poor’ across 

species, are likely to be parƟcularly informaƟve for designing conservaƟon acƟons.  

An addiƟonal consideraƟon is that the metric of producƟvity we use can be influenced by local movement 

paƩerns of dispersing juveniles, and may therefore be more indicaƟve of producƟvity within a broader area 

around the CE sites rather than site-level producƟvity itself (Robinson, 2023). Inferences about the influence 

of landscape structure on producƟvity can sƟll be made, but cauƟon should be exercised because these 

paƩerns may also incorporate its influence on immigraƟon rates into or emigraƟon rates from sites. For 
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example, there is some evidence that juveniles of migratory species perform pre-migraƟon movements 

from their natal sites towards areas with higher-quality habitat with more abundant foraging resources for 

pre-migratory fuel-loading or greater shelter from predators (Mitchell et al., 2010; although see Hayes et al., 

2024). The relaƟvely high producƟvity of migrants in sites within urban wetland landscapes reported here 

may therefore be influenced, in part at least, by the congregaƟon of juveniles from the wider urban 

landscape at higher-quality wetland habitat at the end of the season, before they begin their migratory 

journeys. The extent to which producƟvity esƟmates are affected by juvenile dispersal warrants further 

exploraƟon because this influences the conclusions we can make about the scales over which 

environmental condiƟons influence producƟvity. This will be parƟcularly important for studies on the effect 

of site-level characterisƟcs on CES producƟvity, which could increase the likelihood of measuring true site-

level producƟvity by removing captures from the end of the breeding season to avoid the inclusion of 

dispersing juveniles from elsewhere.  

Conclusions 

We show that examinaƟon of spaƟal variaƟon in producƟvity rates can be used to idenƟfy target areas for 

the spaƟal prioriƟsaƟon of limited conservaƟon resources to benefit both resident and migratory breeding 

bird populaƟons across Europe. Our findings demonstrate that there is an urgent need to protect and 

restore wetland habitats, and support low-intensity land uses, especially in grassland-dominated 

landscapes. This could partly be achieved through the expansion of protected sites networks to wetlands 

under threat from development and other anthropogenic impacts, but populaƟon-level benefits are likely 

to be limited for the common and widespread species studied here. More significant populaƟon recovery 

could be achieved through acƟons applied at large-scales to restore degraded and lost wetlands, and reduce 

the intensity of grassland management, through naƟonal and potenƟally conƟnent-wide land management 

policies such as agri-environment schemes, and landscape recovery projects. Further work is needed to 

idenƟfy local-scale characterisƟcs associated with high producƟvity, and the mechanisƟc processes driving 

these paƩerns, such as insect food availability, in order to inform specific management acƟons. It will be 

parƟcularly important to focus on sites achieving consistently high producƟvity to idenƟfy acƟons which 

could be targeted at sites with consistently low producƟvity to replicate these condiƟons over large scales.   
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Chapter 3 Supplementary Material 

 

Figure S3.1: Mean standardised site-level producƟvity esƟmates and 95% Confidence Intervals at European 

Constant Effort Sites within landscapes dominated by low-, medium- and high-intensity grassland at the 5 km scale. 

ProducƟvity esƟmates are for species that are resident within Europe or short-distance migrants (leŌ), arid-zone 

sub-Saharan migrants (middle) or humid-zone sub-Saharan migrants (right). These are marginal means esƟmated 

from linear mixed models with an intensity*migratory status interacƟon term (b, c & d). The number of sites in 

each intensity type is given at the base of the plots.   
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Figure S3.2: Predicted standardised site-level mean producƟvity of arid-zone migrant, humid-zone migrant and resident bird species, as a funcƟon of the standardised watercourse 
length within a 5 km radius around 802 Constant Effort Sites in Europe.  
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Figure S3.3: Predicted standardised site-level mean producƟvity of arid-zone migrant, humid-zone migrant and resident bird species, as a funcƟon of the standardised watercourse 
length within a 10 km radius around 800 Constant Effort Sites in Europe.  
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Figure S3.4: Predicted standardised site-level mean producƟvity across bird species, as a funcƟon of the standardised 
inland water body perimeter within a 10 km radius around 800 Constant Effort Sites in Europe. 
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Figure S3.5: Predicted standardised site-level mean producƟvity of arid-zone migrant, humid-zone migrant and resident bird species, as a funcƟon of the standardised inland water 
body perimeter within a 10 km radius around 800 Constant Effort Sites in Europe.  
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Table S3.1: The number of sites, seasonal visits, species, adults and juveniles captured in each of the European 

Constant Effort Site Schemes from 1998 - 2019 that contributed to producƟvity models.  

Scheme Number of 
sites 

Number of 
visits 

Number of 
species 

Number of 
adults 

Number of 
juveniles 

Range of 
years 

Britain & 
Ireland 

253 12 47 299792 464667 1998 - 2019 

Czech 
Republic 

39 9 51 55713 48526 2004 – 2019 

Denmark 9 12 35 12053 12558 2004 – 2019 

Finland 52 12 42 49423 63449 1998 - 2019 

France 95 7  61 49554 34900 1998 – 2019 

Germany 
(DEH) 

50 12 55 69985 70506 1999 - 2019 

Germany 
(DER) 

10 12 30 7632 8044 2000 - 2019 

Germany 
(DEW) 

19 12 43 24023 29864 2001 - 2019 

Hungary 40 9 48 61005 47914 2004 - 2019 

Italy 21 12 33 8904 11201 2015 - 2019 

Netherlands 72 12 50 152085 166243 1998 - 2019 

Portugal 8 12 27 3743 2531 2007 - 2019 

Spain (Basque 
Country) 

17 7 38 11634 9252 2010 - 2019 

Spain 
(Madrid) 

80 12 59 81412 45755 1999 - 2019 

Spain 
(Catalonia)  

50 10 55 44792 37725 1998 - 2019 

Sweden 42 12 43 30397 32808 2004 - 2019 
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Table S3.2: Species, their migratory status (extracted from Morrison et al., 2021) and number of Constant Effort Sites 
at which species were recorded in sufficient numbers to measure producƟvity. 

English name LaƟn name Migratory status Number of sites 

Eurasian Blackbird Turdus merula Resident 681 

Eurasian Blackcap Sylvia atricapilla Resident 664 

Great Tit Parus major Resident 621 

Eurasian Blue Tit Cyanistes caeruleus Resident 561 

European Robin Erithacus rubecula Resident 509 

Common Chiffchaff Phylloscopus collybita Resident 453 

Eurasian Reed Warbler Acrocephalus scirpaceus Humid 430 

Willow Warbler Phylloscopus trochilus Humid 412 

Common Chaffinch Fringilla coelebs Resident 408 

Dunnock Prunella modularis Resident 406 

Garden Warbler Sylvia borin Humid 396 

Eurasian Wren Troglodytes troglodytes Resident 378 

Song Thrush Turdus philomelos Resident 357 

Long-tailed Tit Aegithalos caudatus Resident 313 

Reed BunƟng Emberiza schoeniclus Resident 309 

Greater Whitethroat Curruca communis Arid 307 

Sedge Warbler Acrocephalus schoenobaenus Arid 294 

European Greenfinch Chloris chloris Resident 276 

Eurasian Bullfinch Pyrrhula pyrrhula Resident 236 

Common NighƟngale Luscinia megarhynchos Humid 212 

European Goldfinch Carduelis carduelis Resident 196 

Marsh Warbler Acrocephalus palustris Humid 185 

Lesser Whitethroat Curruca curruca Arid 166 

Ceƫ's Warbler Ceƫa ceƫ Resident 127 

House Sparrow Passer domesƟcus Resident 119 

Yellowhammer Emberiza citrinella Resident 118 

Melodious Warbler Hippolais polygloƩa Humid 108 

European Serin Serinus serinus Resident 97 

Eurasian Tree Sparrow Passer montanus Resident 93 

Great Reed Warbler Acrocephalus arundinaceus Humid 89 

European Pied Flycatcher Ficedula hypoleuca Humid 77 

Red-backed Shrike Lanius collurio Humid 74 

Barn Swallow Hirundo rusƟca Humid 68 

Bluethroat Luscinia svecica Arid 67 

Common Grasshopper-Warbler Locustella naevia Arid 62 
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Eurasian Linnet Linaria cannabina Resident 61 

Sardinian Warbler Curruca melanocephala Resident 61 

SpoƩed Flycatcher Muscicapa striata Humid 58 

Icterine Warbler Hippolais icterina Humid 57 

Marsh Tit Poecile palustris Resident 50 

Short-toed Treecreeper Certhia brachydactyla Resident 48 

Eurasian Siskin Spinus spinus Resident 44 

Bearded Reedling Panurus biarmicus Resident 43 

Savi's Warbler Locustella luscinioides Arid 43 

Common Redstart Phoenicurus phoenicurus Arid 42 

European Starling Sturnus vulgaris Resident 42 

Redpoll Acanthis flammea/cabaret Resident 42 

Redwing Turdus iliacus Resident 42 

Fieldfare Turdus pilaris Resident 40 

Hawfinch Coccothraustes coccothraustes Resident 40 

Thrush NighƟngale Luscinia luscinia Humid 34 

Willow Tit Poecile montanus Resident 31 

Coal Tit Periparus ater Resident 29 

Eurasian Treecreeper Certhia familiaris Resident 29 

Bonelli's Warbler Phylloscopus bonelli/orientalis Arid 28 

Subalpine Warbler Curruca canƟllans/iberiae/subalpina Arid 26 

Cirl BunƟng Emberiza cirlus Resident 25 

Eurasian Nuthatch SiƩa europaea Resident 25 

Goldcrest Regulus regulus Resident 24 

Tree Pipit Anthus trivialis Humid 22 

Eurasian Penduline-Tit Remiz pendulinus Resident 19 

White Wagtail Motacilla alba Resident 19 

Barred Warbler Curruca nisoria Arid 18 

Crested Tit Lophophanes cristatus Resident 15 

Moustached Warbler Acrocephalus melanopogon Resident 15 

Spotless Starling Sturnus unicolor Resident 15 

Western Yellow Wagtail Motacilla flava Arid 14 

Common Firecrest Regulus ignicapilla Resident 13 

Woodchat Shrike Lanius senator Arid 13 

Western Orphean Warbler Curruca hortensis Arid 12 

Bank Swallow Riparia riparia Arid 11 

Spanish Sparrow Passer hispaniolensis Resident 10 

Whinchat Saxicola rubetra Humid 9 
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Common House-MarƟn Delichon urbicum Humid 8 

European Stonechat Saxicola rubicola Resident 8 

Eastern Olivaceous Warbler Iduna pallida Humid 7 

Grey Wagtail Motacilla cinerea Resident 6 

Meadow Pipit Anthus pratensis Resident 6 

Rock Sparrow Petronia petronia Resident 6 

Black Redstart Phoenicurus ochruros Resident 5 

Collared Flycatcher Ficedula albicollis Humid 5 

Corn BunƟng Emberiza calandra Resident 5 

Eurasian Golden Oriole Oriolus oriolus Humid 5 

Mistle Thrush Turdus viscivorus Resident 5 

Rock BunƟng Emberiza cia Resident 5 

Ziƫng CisƟcola CisƟcola juncidis Resident 5 

Citril Finch Carduelis citrinella Resident 4 

River Warbler Locustella fluviaƟlis Humid 4 

Darƞord Warbler Curruca undata Resident 3 

Red Crossbill Loxia curvirostra Resident 3 
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Table S3.3: The number of Constant Effort Sites in landscapes dominated by different land sub-systems from Dou et al., 

(2021) classificaƟon, and the higher level system and intensity groupings used in this study.  

System 
 

Sub-system 
 

Intensity 
 

# sites 

1km  

# sites 

5km  

# sites 

10km 

arable cropland low-intensity cropland low 11 11 8 

arable cropland medium-intensity cropland medium 64 137 151 

arable cropland high-intensity cropland high 74 152 176 

forest low-intensity forest low 38 45 49 

forest medium-intensity forest medium 51 57 57 

forest high-intensity forest high 26 69 78 

grassland low-intensity grassland low 32 19 17 

grassland medium-intensity grassland medium 31 38 41 

grassland high-intensity grassland high 25 45 49 

mosaic forest/shrubs and cropland mosaics low 50 (4) (4) 

mosaic forest/shrubs and grassland mosaics low 25 (4) (3) 

mosaic forest/shrubs and mixed agriculture mosaics low 9 (0) (0) 

mosaic low-intensity agricultural mosaics low 21 (0) (0) 

mosaic medium-intensity agricultural mosaics medium 19 (7) (5) 

mosaic high-intensity agricultural mosaics high 5 (1) (1) 

settlement low-intensity settlement low 35 2 0 

settlement medium-intensity settlement medium 93 82 60 

settlement high-intensity settlement high 36 74 64 

wetland water body low 60 35 26 

wetland wetland low 104 36 24 

(permanent 

crops) extensive perm-crops NA (11) (13) (18) 

(permanent 

crops) intensive perm-crops NA (4) (4) (5) 

(shrub) shrub NA (19) (8) (7) 
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Table S3.4: Spearman’s rank correlaƟon coefficients for conƟnuous explanatory variables at the 1 km, 5 km and 10 km 

scales. Calculated using the cor.test funcƟon in R. PD = patch density, MPPAR = mean patch perimeter-area raƟo, WCL = 

watercourse length, IWP = inland water body perimeter length.  

CorrelaƟon Spearman’s rho p value n 

1km  WCL, IWP 0.11 <0.01 809 

5km  WCL, IWP 0.10 <0.01 802 

10km  WCL, IWP 0.06 0.07 800 

1km  PD, MPPAR 0.64 <0.001 809 

5km  PD, MPPAR 0.53 <0.001 802 

10km  PD, MPPAR 0.58 <0.001 800 
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Table S3.5: Pairwise contrasts between different levels of system in the PD system LMM (Table 2, Model 1) for the 1, 5 
and 10 km scales, with and without Tukey-Kramer p value adjustment. Significant contrasts (p<0.05) are highlighted in 
bold.  

Contrast EsƟmate Std.Error df t raƟo Non- 
adjusted p 

Tukey-Kramer  
adjusted p 

1km 

Arable - Forest 0.12 0.07 757.74 1.70 0.09 0.53 
Arable - Grassland -0.005 0.07 717.95 -0.07 0.95 1.00 
Arable - Mosaic 0.02 0.07 704.52 0.30 0.76 1.00 
Arable - SeƩlement 0.05 0.06 726.41 0.80 0.42 0.97 
Arable - Wetland -0.16 0.07 742.22 -2.47 0.01 0.13 
Forest - Grassland -0.13 0.08 746.44 -1.54 0.12 0.64 
Forest - Mosaic -0.10 0.07 741.66 -1.41 0.16 0.72 
Forest - SeƩlement -0.07 0.07 763.15 -0.99 0.32 0.92 
Forest - Wetland -0.28 0.07 780.61 -3.85 <0.001 <0.01 
Grassland - Mosaic 0.02 0.08 703.63 0.32 0.75 1.00 
Grassland - SeƩlement 0.06 0.07 718.64 0.77 0.44 0.97 
Grassland - Wetland -0.16 0.08 723.02 -2.10 0.04 0.29 
Mosaic - SeƩlement 0.03 0.06 709.14 0.49 0.63 1.00 
Mosaic - Wetland -0.18 0.07 728.64 -2.69 <0.01 0.08 
SeƩlement - Wetland -0.22 0.06 746.65 -3.36 <0.001 0.01 
5km 

Arable - Forest 0.06 0.06 770.34 1.06 0.29 0.83 
Arable - Grassland -0.002 0.06 685.78 -0.03 0.98 1.00 
Arable - Settlement -0.05 0.06 721.66 -0.93 0.35 0.89 
Arable - Wetland -0.14 0.08 745.25 -1.84 0.07 0.35 
Forest - Grassland -0.06 0.08 724.60 -0.82 0.41 0.92 
Forest - Settlement -0.12 0.06 758.50 -1.77 0.08 0.39 
Forest - Wetland -0.20 0.09 771.00 -2.33 0.02 0.14 
Grassland - Settlement -0.05 0.07 694.37 -0.69 0.49 0.96 
Grassland - Wetland -0.14 0.09 704.81 -1.62 0.11 0.49 
Settlement - Wetland -0.09 0.09 741.18 -1.03 0.30 0.84 
10km 

Arable - Forest -0.01 0.06 795.89 -0.10 0.92 1.00 
Arable - Grassland -0.01 0.06 672.00 -0.19 0.85 1.00 
Arable - Settlement -0.13 0.06 739.16 -2.07 0.04 0.23 
Arable - Wetland -0.27 0.09 740.46 -3.01 <0.01 0.02 
Forest - Grassland -0.01 0.08 727.39 -0.08 0.94 1.00 
Forest - Settlement -0.12 0.07 766.92 -1.81 0.07 0.37 
Forest - Wetland -0.26 0.10 765.09 -2.71 <0.01 0.05 
Grassland - Settlement -0.11 0.08 698.93 -1.47 0.14 0.58 
Grassland - Wetland -0.26 0.10 711.33 -2.63 <0.01 0.07 
Settlement - Wetland -0.14 0.10 742.72 -1.42 0.16 0.62 
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Table S3.6: Pairwise contrasts between different levels of system within each migratory group in the 1 km PD system 
LMM (Table 2, model 5), with and without Tukey-Kramer p value adjustment. Significant contrasts (p<0.05) are 
highlighted in bold. 

1 km Contrast EsƟmate Std.Error df t raƟo 
Non- 
adjusted p 

Tukey-Kramer  
adjusted p 

Re
si

de
nt

s 

Arable Cropland - Forest 0.19 0.07 892.09 2.58 0.01 0.10 
Arable Cropland - Grassland 0.09 0.08 849.34 1.20 0.23 0.84 
Arable Cropland - Mosaic 0.09 0.07 807.71 1.27 0.21 0.80 
Arable Cropland - SeƩlement 0.10 0.07 841.96 1.47 0.14 0.69 
Arable Cropland - Wetland -0.06 0.07 918.48 -0.87 0.39 0.95 
Forest - Grassland -0.10 0.09 873.73 -1.16 0.25 0.86 
Forest - Mosaic -0.10 0.07 851.05 -1.40 0.16 0.73 
Forest - SeƩlement -0.09 0.07 883.47 -1.28 0.20 0.80 
Forest - Wetland -0.25 0.08 948.73 -3.23 <0.01 0.02 
Grassland - Mosaic -0.01 0.08 810.27 -0.06 0.95 1.00 
Grassland - SeƩlement 0.01 0.08 838.10 0.07 0.95 1.00 
Grassland - Wetland -0.15 0.08 882.65 -1.92 0.06 0.39 
Mosaic - SeƩlement 0.01 0.07 801.00 0.15 0.88 1.00 
Mosaic - Wetland -0.15 0.07 869.13 -2.07 0.04 0.30 
SeƩlement - Wetland -0.16 0.07 910.23 -2.34 0.02 0.18 

Ar
id

-z
on

e 
M

ig
ra

nt
s 

Arable Cropland - Forest -0.06 0.13 5312.00 -0.49 0.62 1.00 
Arable Cropland - Grassland -0.23 0.12 3963.02 -1.93 0.05 0.38 
Arable Cropland - Mosaic -0.14 0.12 4756.15 -1.22 0.22 0.83 
Arable Cropland - SeƩlement 0.07 0.11 4648.23 0.67 0.50 0.98 
Arable Cropland - Wetland -0.24 0.11 3864.32 -2.27 0.02 0.21 
Forest - Grassland -0.17 0.14 4363.50 -1.24 0.22 0.82 
Forest - Mosaic -0.08 0.13 5376.97 -0.60 0.55 0.99 
Forest - SeƩlement 0.14 0.13 5131.72 1.09 0.28 0.89 
Forest - Wetland -0.18 0.13 4670.23 -1.40 0.16 0.72 
Grassland - Mosaic 0.09 0.12 3842.13 0.73 0.46 0.98 
Grassland - SeƩlement 0.31 0.12 3779.49 2.60 0.01 0.10 
Grassland - Wetland -0.01 0.12 3266.39 -0.07 0.94 1.00 
Mosaic - SeƩlement 0.22 0.11 4771.56 1.92 0.06 0.39 
Mosaic - Wetland -0.10 0.11 4019.04 -0.90 0.37 0.95 
SeƩlement - Wetland -0.32 0.10 3989.92 -3.04 <0.01 0.03 

H
um

id
-z

on
e 

M
ig

ra
nt

s 

Arable Cropland - Forest -0.03 0.10 2333.50 -0.36 0.72 1.00 
Arable Cropland - Grassland -0.20 0.10 2147.05 -2.08 0.04 0.30 
Arable Cropland - Mosaic -0.13 0.09 2190.49 -1.41 0.16 0.72 
Arable Cropland - SeƩlement -0.09 0.09 2207.30 -0.99 0.32 0.92 
Arable Cropland - Wetland -0.42 0.09 1996.30 -4.91 <0.001 <0.001 
Forest - Grassland -0.17 0.11 2216.14 -1.56 0.12 0.62 
Forest - Mosaic -0.09 0.10 2437.26 -0.93 0.35 0.94 
Forest - SeƩlement -0.05 0.10 2412.05 -0.53 0.60 0.99 
Forest - Wetland -0.39 0.10 2209.94 -3.96 <0.001 0.001 
Grassland - Mosaic 0.08 0.10 2131.60 0.76 0.45 0.97 
Grassland - SeƩlement 0.12 0.10 2184.71 1.20 0.23 0.83 
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Grassland - Wetland -0.22 0.10 1997.52 -2.19 0.03 0.24 
Mosaic - SeƩlement 0.04 0.09 2341.64 0.46 0.64 1.00 
Mosaic - Wetland -0.29 0.09 2088.90 -3.27 <0.01 0.01 
SeƩlement - Wetland -0.34 0.08 2146.57 -3.96 <0.001 <0.01 

 

Table S3.7: Pairwise contrasts between different levels of system within each migratory group in the 5 km PD system 
LMM (Table 2, model 5), with and without Tukey-Kramer p value adjustment.  

5 km Contrast EsƟmate Std.Error df t raƟo 
Non- 
adjusted p 

Tukey-Kramer  
adjusted p 

Re
si

de
nt

s 

Arable Cropland - Forest 0.06 0.06 897.99 1.02 0.31 0.85 

Arable Cropland - Grassland 0.03 0.07 779.86 0.46 0.65 0.99 

Arable Cropland - SeƩlement -0.02 0.06 823.02 -0.27 0.79 1.00 

Arable Cropland - Wetland -0.10 0.08 923.32 -1.25 0.21 0.72 

Forest - Grassland -0.03 0.08 813.47 -0.40 0.69 0.99 

Forest - SeƩlement -0.08 0.07 880.73 -1.15 0.25 0.78 

Forest - Wetland -0.16 0.09 932.58 -1.78 0.08 0.38 

Grassland - SeƩlement -0.05 0.08 772.73 -0.60 0.55 0.98 

Grassland - Wetland -0.13 0.09 856.43 -1.44 0.15 0.60 

SeƩlement - Wetland -0.09 0.09 891.03 -0.95 0.34 0.88 

Ar
id

-z
on

e 
M

ig
ra

nt
s 

Arable Cropland - Forest 0.01 0.10 4970.72 0.08 0.94 1.00 

Arable Cropland - Grassland -0.12 0.10 3330.27 -1.18 0.24 0.76 

Arable Cropland - SeƩlement -0.09 0.09 3809.05 -0.94 0.35 0.88 

Arable Cropland - Wetland -0.15 0.12 3189.60 -1.29 0.20 0.70 

Forest - Grassland -0.12 0.12 3711.12 -1.00 0.32 0.85 

Forest - SeƩlement -0.09 0.11 4793.25 -0.83 0.41 0.92 

Forest - Wetland -0.16 0.14 3674.79 -1.14 0.25 0.78 

Grassland - SeƩlement 0.03 0.11 3062.34 0.26 0.80 1.00 

Grassland - Wetland -0.03 0.13 2990.00 -0.25 0.80 1.00 

SeƩlement - Wetland -0.06 0.13 3056.87 -0.49 0.63 0.99 

H
um

id
-z

on
e 

M
ig

ra
nt

s 

Arable Cropland - Forest 0.10 0.08 2173.82 1.25 0.21 0.72 

Arable Cropland - Grassland -0.02 0.08 1948.91 -0.29 0.77 1.00 

Arable Cropland - SeƩlement -0.14 0.08 2000.57 -1.91 0.06 0.31 

Arable Cropland - Wetland -0.22 0.10 1989.92 -2.26 0.02 0.16 

Forest - Grassland -0.12 0.10 1886.01 -1.22 0.22 0.74 

Forest - SeƩlement -0.24 0.09 2223.42 -2.78 <0.01 0.04 

Forest - Wetland -0.32 0.11 1957.90 -2.89 <0.01 0.03 

Grassland - SeƩlement -0.12 0.10 1842.32 -1.23 0.22 0.73 

Grassland - Wetland -0.20 0.11 1911.74 -1.78 0.08 0.39 

SeƩlement - Wetland -0.08 0.11 1911.84 -0.74 0.46 0.95 
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Table S3.8: Pairwise contrasts between different levels of system within each migratory group in the 10 km PD system 
LMM (Table 2, model 5), with and without Tukey-Kramer p value adjustment.  

10km Contrast EsƟmate Std.Error df t raƟo 
Non- 
adjusted p 

Tukey-Kramer  
adjusted p 

Re
si

de
nt

s 

Arable Cropland - Forest -0.01 0.06 925.01 -0.24 0.81 1.00 

Arable Cropland - Grassland 0.003 0.06 760.38 0.05 0.96 1.00 

Arable Cropland - SeƩlement -0.07 0.06 850.60 -1.06 0.29 0.83 

Arable Cropland - Wetland -0.24 0.10 944.69 -2.54 0.01 0.08 

Forest - Grassland 0.02 0.08 811.70 0.22 0.83 1.00 

Forest - SeƩlement -0.05 0.07 900.22 -0.76 0.45 0.94 

Forest - Wetland -0.23 0.10 952.92 -2.22 0.03 0.17 

Grassland - SeƩlement -0.07 0.08 780.89 -0.88 0.38 0.91 

Grassland - Wetland -0.25 0.10 889.59 -2.37 0.02 0.12 

SeƩlement - Wetland -0.18 0.11 916.58 -1.65 0.10 0.46 

Ar
id

-z
on

e 
M

ig
ra

nt
s 

Arable Cropland - Forest -0.01 0.10 5065.93 -0.10 0.92 1.00 

Arable Cropland - Grassland -0.10 0.09 3327.08 -1.04 0.30 0.83 

Arable Cropland - SeƩlement -0.21 0.10 3958.52 -2.14 0.03 0.20 

Arable Cropland - Wetland -0.18 0.13 3115.42 -1.35 0.18 0.66 

Forest - Grassland -0.09 0.12 3707.30 -0.72 0.47 0.95 

Forest - SeƩlement -0.20 0.12 5120.24 -1.69 0.09 0.44 

Forest - Wetland -0.17 0.15 3431.48 -1.14 0.25 0.78 

Grassland - SeƩlement -0.11 0.12 3184.37 -0.95 0.34 0.88 

Grassland - Wetland -0.08 0.14 2981.73 -0.56 0.58 0.98 

SeƩlement - Wetland 0.03 0.15 3023.32 0.21 0.83 1.00 

H
um

id
-z

on
e 

M
ig

ra
nt

s 

Arable Cropland - Forest 0.04 0.08 2181.23 0.51 0.61 0.99 

Arable Cropland - Grassland 0.01 0.08 2018.24 0.15 0.88 1.00 

Arable Cropland - SeƩlement -0.27 0.08 2037.07 -3.38 <0.001 <0.01 

Arable Cropland - Wetland -0.35 0.11 1926.49 -3.08 <0.01 0.02 

Forest - Grassland -0.03 0.10 1881.64 -0.27 0.79 1.00 

Forest - SeƩlement -0.31 0.09 2300.83 -3.44 <0.001 <0.01 

Forest - Wetland -0.39 0.12 1873.43 -3.19 <0.01 0.01 

Grassland - SeƩlement -0.28 0.10 1875.49 -2.79 <0.01 0.04 

Grassland - Wetland -0.36 0.13 1908.53 -2.89 <0.01 0.03 

SeƩlement - Wetland -0.08 0.13 1848.68 -0.65 0.51 0.97 
 

 

 

 

 

 

 

 



142 

Table S3.9: a) Mean standardised producƟvity across all bird species at European Constant Effort Sites within 10 km 

landscapes dominated by seƩlement systems, with differing system categories at the 1 km scale. These are marginal 

means (emmean) esƟmated using the emmeans package, plus the standard error (Std.Error), degrees of freedom (df) 

and lower and upper 95% Confidence Intervals (CI). b) Model output from a LMM examining the effect of 1 km system 

type on mean standardised producƟvity at sites within 10 km seƩlement landscapes. SeƩlement 1 km sites are the 

intercept. 

 

b) 1 km System EsƟmate Std.Error df t value p value 

 (Intercept: SeƩlement) 0.05 0.08 111.00 0.62 0.54 

 Arable 0.06 0.19 97.00 0.34 0.74 

 Forest -0.13 0.19 90.10 -0.70 0.49 

 Grassland 0.26 0.27 125.00 0.97 0.33 

 Mosaic 0.33 0.18 89.80 1.83 0.07 

 Wetland 0.49 0.14 99.60 3.51 <0.001 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 1km System 10km System N sites emmean Std.Error df lower CI upper CI 

 Settlement Settlement 52 0.05 0.08 111.24 -0.11 0.22 

 Arable Settlement 11 0.12 0.17 98.48 -0.23 0.46 

 Forest Settlement 10 -0.08 0.18 90.44 -0.43 0.27 

 Grassland Settlement 6 0.31 0.26 129.81 -0.20 0.83 

 Mosaic Settlement 12 0.38 0.16 89.78 0.06 0.70 

 Wetland Settlement 25 0.54 0.12 103.69 0.31 0.78 
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Table S3.10: a) Mean standardised producƟvity across all bird species European Constant Effort sites within 1 km 

landscapes dominated by wetlands and 10 km landscapes dominated by different system categories. These are 

marginal means (emmean) esƟmated using the emmeans package, plus the standard error (Std.Error), degrees of 

freedom (df) and lower and upper 95% Confidence Intervals (CI). b) Model output from a LMM examining the effect of 

10 km system type on mean standardised producƟvity at sites within 1 km wetland landscapes. SeƩlement 10 km sites 

are the intercept. 

 

b) 10 km System EsƟmate Std.Error df t value p value 

 (Intercept: SeƩlement) 0.54 0.12 140 4.60 <0.001 

 Wetland -0.07 0.17 136 -0.40 0.69 

 Arable -0.46 0.14 138 -3.31 <0.01 

 Forest -0.48 0.18 152 -2.68 <0.01 

 Grassland -0.36 0.18 133 -2.03 0.04 

 

Table S3.11 – Pairwise contrasts between different levels of intensity in the PD intensity LMM (Table 2, model 3) for 

the 1, 5 and 10 km scales, with and without Tukey-Kramer p value adjustment. 

Contrast EsƟmate Std.Error df t raƟo Non-

adjusted p 

Tukey-Kramer  

adjusted p 

1 km 

low - medium 0.07 0.05 583.28 1.39 0.17 0.35 

low - high 0.03 0.06 586.49 0.60 0.55 0.82 

high - medium 0.04 0.05 586.38 0.66 0.51 0.78 

5 km 

low - medium 0.28 0.08 571.33 3.74 <0.001 <0.001 

low - high 0.27 0.08 570.34 3.50 <0.001 <0.01 

high - medium 0.01 0.04 671.51 0.33 0.74 0.94 

10 km 

low - medium 0.15 0.08 569.5.0 1.94 0.05 0.13 

low - high 0.22 0.08 572.03 2.72 0.01 0.02 

high - medium -0.07 0.04 684.88 -1.62 0.12 0.24 

 

a) 1km System 10km System N sites emmean Std.Error df lower CI upper CI 

 Wetland SeƩlement 25 0.54 0.12 139.88 0.31 0.77 

 Wetland Wetland 25 0.48 0.12 135.68 0.25 0.71 

 Wetland Arable 63 0.08 0.07 137.69 -0.06 0.23 

 Wetland Forest 21 0.06 0.14 165.63 -0.20 0.33 

 Wetland Grassland 19 0.18 0.13 130.96 -0.08 0.44 
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Table S3.12 – Pairwise contrasts between different levels of intensity within each migratory group in the 1 km PD 

intensity LMM (Table 2, model 7), with and without Tukey-Kramer p value adjustment. 

1 km Contrast EsƟmate Std.Error df t raƟo Non-

adjusted p 

Tukey-Kramer  

adjusted p 

 Residents 

 low - medium 0.05 0.05 675.04 0.92 0.36 0.63 

 low – high -0.001 0.06 679.50 -0.01 0.99 1.00 

 high - medium 0.05 0.06 684.89 0.89 0.38 0.65 

 Arid-zone Migrants 

 low - medium 0.05 0.09 3929.20 0.62 0.54 0.81 

 low - high -0.04 0.10 3758.37 -0.38 0.70 0.92 

 high - medium 0.09 0.09 3791.14 1.00 0.32 0.58 

 Humid-zone Migrants 

 low - medium 0.16 0.07 1892.80 2.25 0.02 0.06 

 low - high 0.20 0.08 1869.74 2.59 0.01 0.03 

 high - medium -0.05 0.07 1885.19 -0.65 0.52 0.79 

 

 

 

Table S3.13: Pairwise contrasts between different levels of intensity within each migratory group in the 5 km PD 

intensity LMM (Table 2, model 7), with and without Tukey-Kramer p value adjustment. 

5 km Contrast EsƟmate Std.Error df t raƟo Non-

adjusted p 

Tukey-Kramer  

adjusted p 

 Residents 

 low - medium 0.25 0.08 652.73 3.15 <0.01 <0.01 

 low – high 0.23 0.08 652.86 2.83 <0.01 0.01 

 high - medium 0.02 0.04 789.11 0.48 0.63 0.88 

 Arid-zone Migrants 

 low - medium 0.31 0.13 3449.49 2.39 0.02 0.04 

 low - high 0.22 0.13 3141.94 1.70 0.09 0.21 

 high - medium 0.09 0.07 4242.73 1.24 0.21 0.43 

 Humid-zone Migrants 

 low - medium 0.38 0.10 1771.20 3.68 <0.001 <0.001 

 low - high 0.43 0.10 1686.13 4.11 <0.0001 <0.001 

 high - medium -0.05 0.06 2077.97 -0.82 0.413 0.69 
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Table S3.14: Pairwise contrasts between different levels of intensity within each migratory group in the 10 km PD 

intensity LMM (Table 2, model 7), with and without Tukey-Kramer p value adjustment. 

10km Contrast EsƟmate Std.Error df t raƟo Non-

adjusted p 

Tukey-Kramer  

adjusted p 

 Residents 

 low - medium 0.13 0.08 634.57 1.62 0.10 0.24 

 low – high 0.19 0.08 634.34 2.28 0.02 0.06 

 high - medium -0.06 0.04 806.73 -1.33 0.19 0.38 

 Arid-zone Migrants 

 low - medium 0.24 0.14 4253.68 1.70 0.09 0.20 

 low - high 0.32 0.14 3836.76 2.21 0.03 0.07 

 high - medium -0.07 0.07 4238.88 -1.03 0.31 0.56 

 Humid-zone Migrants 

 low - medium 0.18 0.11 2052.40 1.64 0.10 0.23 

 low - high 0.28 0.11 1992.44 2.47 0.01 0.04 

 high - medium -0.10 0.06 2099.95 -1.73 0.08 0.20 

 

 

 

Table S3.15: Pairwise contrasts between different levels of intensity within each migratory group in the 1 km PD 

grassland sites LMM, with and without Tukey-Kramer p value adjustment. 

1 km 

Gras. 

Contrast EsƟmate Std.Error df t raƟo Non-

adjusted p 

Tukey-Kramer  

adjusted p 

 Residents 

 low - medium 0.13 0.17 72.61 0.76 0.45 0.73 

 low – high 0.11 0.20 75.05 0.56 0.58 0.84 

 high - medium 0.02 0.18 71.49 0.12 0.91 0.99 

 Arid-zone Migrants 

 low - medium 0.19 0.24 238.93 0.80 0.43 0.71 

 low - high 0.35 0.25 189.33 1.40 0.16 0.34 

 high - medium -0.16 0.23 206.52 -0.70 0.49 0.77 

 Humid-zone Migrants 

 low - medium 0.20 0.21 148.91 0.98 0.33 0.59 

 low - high 0.53 0.23 135.15 2.33 0.02 0.06 

 high - medium -0.33 0.21 138.31 -1.56 0.12 0.27 
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Table S3.16: Pairwise contrasts between different levels of intensity within each migratory group in the 5 km PD 

grassland sites LMM, with and without Tukey-Kramer p value adjustment. 

5 km 

Gras. 

Contrast EsƟmate Std.Error df t raƟo Non-

adjusted p 

Tukey-Kramer  

adjusted p 

 Residents 

 low - medium 0.44 0.16 92.19 2.79 <0.01 0.02 

 low – high 0.42 0.16 91.65 2.57 0.01 0.03 

 high - medium 0.02 0.13 87.49 0.16 0.87 0.99 

 Arid-zone Migrants 

 low - medium 0.64 0.23 379.45 2.78 <0.01 0.02 

 low - high 0.64 0.22 304.46 2.86 <0.01 0.01 

 high - medium -0.003 0.19 419.03 -0.02 0.99 1.00 

 Humid-zone Migrants 

 low - medium 0.76 0.20 258.34 3.71 <0.001 <0.001 

 low - high 1.02 0.20 225.51 5.00 <0.0001 <0.0001 

 high - medium -0.27 0.16 240.78 -1.62 0.11 0.24 

 

 

 

Table S3.17: Pairwise contrasts between different levels of intensity within each migratory group in the 10 km PD 

grassland sites LMM, with and without Tukey-Kramer p value adjustment. 

10km 

Gras. 

Contrast EsƟmate Std.Error df t raƟo Non-

adjusted p 

Tukey-Kramer  

adjusted p 

 Residents 

 low - medium 0.21 0.16 99.32 1.36 0.18 0.37 

 low – high 0.18 0.17 98.64 1.08 0.28 0.53 

 high - medium 0.03 0.12 101.13 0.25 0.80 0.97 

 Arid-zone Migrants 

 low - medium 0.38 0.24 474.98 1.57 0.12 0.26 

 low - high 0.41 0.24 376.54 1.70 0.09 0.21 

 high - medium -0.03 0.19 444.83 -0.17 0.86 0.98 

 Humid-zone Migrants 

 low - medium 0.27 0.22 380.66 1.21 0.23 0.45 

 low - high 0.54 0.23 313.04 2.39 0.02 0.05 

 high - medium -0.27 0.16 273.47 -1.70 0.09 0.21 
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Table S3.18: Pairwise contrasts between different levels of intensity within each migratory group in the 5 km PD arable 

cropland sites LMM, with and without Tukey-Kramer p value adjustment. 

5 km 

Ara. 

Contrast EsƟmate Std.Error df t raƟo Non-

adjusted p 

Tukey-Kramer  

adjusted p 

 Residents 

 low - medium 0.46 0.19 380.26 2.42 0.02 0.04 

 low – high 0.45 0.19 372.77 2.38 0.02 0.05 

 high - medium 0.01 0.07 336.69 0.09 0.92 1.00 

 Arid-zone Migrants 

 low - medium 0.04 0.31 1936.72 0.12 0.91 0.99 

 low - high -0.11 0.31 1865.56 -0.37 0.71 0.93 

 high - medium 0.15 0.11 1746.94 1.37 0.17 0.36 

 Humid-zone Migrants 

 low - medium 0.24 0.23 824.88 1.06 0.29 0.54 

 low - high 0.17 0.23 802.36 0.77 0.44 0.72 

 high - medium 0.06 0.09 833.02 0.75 0.45 0.73 

 

 

 

Table S3.19: Pairwise contrasts between different levels of intensity within each migratory group in the 1 km PD 

seƩlement sites LMM, with and without Tukey-Kramer p value adjustment. 

1 km 

SeƩ. 

Contrast EsƟmate Std.Error df t raƟo Non-

adjusted p 

Tukey-Kramer  

adjusted p 

 Residents 

 low - medium 0.19 0.11 163.57 1.76 0.08 0.19 

 low – high 0.22 0.13 168.82 1.71 0.09 0.20 

 high - medium -0.03 0.10 162.03 -0.28 0.78 0.96 

 Arid-zone Migrants 

 low - medium -0.18 0.19 976.50 -1.00 0.32 0.58 

 low - high -0.55 0.23 1140.08 -2.36 0.02 0.05 

 high - medium 0.37 0.19 1180.88 1.89 0.06 0.14 

 Humid-zone Migrants 

 low - medium 0.14 0.14 475.98 0.96 0.34 0.61 

 low - high 0.20 0.18 601.73 1.11 0.27 0.51 

 high - medium -0.07 0.15 637.90 -0.43 0.67 0.90 
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Table S3.20: Model output for fixed effects in a LMM (Table 2, Model 1) examining the effect of 1 km scale patch 

density and system predictors on the mean standardised producƟvity for each bird species at each site, with p-values 

calculated by SaƩerthwaite’s approximaƟon (significant terms where p<0.05 indicated in bold). AddiƟonal 1 km 

conƟnuous predictors watercourse length, inland water perimeter and elevaƟon were fiƩed as orthogonal polynomial 

quadraƟc terms. Random effects of species (n = 88) and site (n = 809). Total n = 10111. CondiƟonal R2 = 0.081; 

Marginal R2 = 0.004.  

 1 km EsƟmate Std.Error df t value p value 

Intercept (system = arable cropland) 0.08 0.05 676.00 1.65 0.10 

poly(patch density, 2)1 0.17 2.02 739.00 0.08 0.93 

poly(patch density, 2)2 -2.53 1.96 751.00 -1.29 0.20 

system: forest -0.12 0.07 758.00 -1.70 0.09 

system: grassland 0.005 0.07 718.00 0.07 0.95 

system: mosaic -0.02 0.07 705.00 -0.30 0.76 

system: seƩlement -0.05 0.06 726.00 -0.81 0.42 

system: wetland 0.16 0.07 742.00 2.47 0.01 

poly(watercourse length 1km, 2)1 0.46 1.98 723.00 0.23 0.82 

poly(watercourse length 1km, 2)2 -1.51 2.02 688.00 -0.75 0.46 

poly(inland water perimeter 1km, 2)1 1.34 2.22 698.00 0.60 0.55 

poly(inland water perimeter 1km, 2)2 -1.04 2.11 634.00 -0.50 0.62 

poly(elevaƟon, 2)1 -2.47 2.01 839.00 -1.23 0.22 

poly(elevaƟon, 2)2 0.23 1.88 795.00 0.12 0.90 
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Table S3.21: As Table S3.20, but with fixed effects of mean patch perimeter-area raƟo (MPPAR), system and conƟnuous 

predictors measured at the 1 km scale (Table 2, Model 2). N sites = 809, N species = 88, Total N = 10111. CondiƟonal R2 

= 0.081; Marginal R2 = 0.004. 

 1 km EsƟmate Std.Error df t value p value 

Intercept (system = arable cropland) 0.07 0.05 675.00 1.60 0.11 

poly(MPPAR, 2)1 0.80 2.05 724.00 0.39 0.70 

poly(MPPAR, 2)2 0.20 1.99 727.00 0.10 0.92 

system: forest -0.12 0.07 762.00 -1.73 0.08 

system: grassland 0.01 0.07 719.00 0.08 0.94 

system: mosaic -0.01 0.07 707.00 -0.16 0.87 

system: seƩlement -0.05 0.06 729.00 -0.73 0.47 

system: wetland 0.16 0.07 746.00 2.50 0.01 

poly(watercourse length 1km, 2)1 0.31 1.98 726.00 0.16 0.87 

poly(watercourse length 1km, 2)2 -1.48 2.03 688.00 -0.73 0.47 

poly(inland water perimeter 1km, 2)1 1.75 2.23 699.00 0.78 0.44 

poly(inland water perimeter 1km, 2)2 -1.03 2.11 635.00 -0.49 0.63 

poly(elevaƟon, 2)1 -2.53 2.03 846.00 -1.25 0.21 

poly(elevaƟon, 2)2 0.08 1.88 794.00 0.04 0.97 

 

Table S3.22: As Table S3.20, but with fixed effects of patch density, system, and conƟnuous predictors measured at the 

5 km scale (Table 2, Model 1). N sites = 802, N species = 88, Total N = 10073. CondiƟonal R2 = 0.081; Marginal R2 = 

0.003. 

 5 km EsƟmate Std.Error df t value p value 

Intercept (system = arable cropland) 0.07 0.03 545.00 2.05 0.04 

poly(patch density, 2)1 2.67 2.34 765.00 1.14 0.26 

poly(patch density, 2)2 2.19 1.95 833.00 1.13 0.26 

system: forest -0.06 0.06 770.00 -1.06 0.29 

system: grassland 0.002 0.06 686.00 0.03 0.98 

system: seƩlement 0.05 0.06 722.00 0.93 0.36 

system: wetland 0.14 0.08 745.00 1.84 0.07 

poly(watercourse length 5km, 2)1 -3.12 2.01 731.00 -1.55 0.12 

poly(watercourse length 5km, 2)2 -2.52 1.99 765.00 -1.27 0.21 

poly(inland water perimeter 5km, 2)1 2.61 2.14 722.00 1.22 0.22 

poly(inland water perimeter 5km, 2)2 -2.45 1.98 834.00 -1.24 0.22 

poly(elevaƟon, 2)1 -1.77 2.17 824.00 -0.81 0.42 

poly(elevaƟon, 2)2 0.37 1.93 803.00 0.19 0.85 
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Table S3.23: As Table S3.20, but with fixed effects of mean patch perimeter-area raƟo (MPPAR), system and conƟnuous 

predictors measured at the 5 km scale (Table 2, Model 2). N sites = 802, N species = 88, Total N = 10073. CondiƟonal R2 

= 0.081; Marginal R2 = 0.003. 

 5 km EsƟmate Std.Error df t value p value 

(Intercept) 0.07 0.03 535.00 1.97 0.05 

poly(MPPAR, 2)1 4.13 2.33 771.00 1.77 0.08 

poly(MPPAR, 2)2 2.61 2.04 693.00 1.28 0.20 

system: forest -0.06 0.06 777.00 -1.13 0.26 

system: grassland 0.01 0.06 680.00 0.12 0.91 

system: seƩlement 0.07 0.05 723.00 1.38 0.17 

system: wetland 0.14 0.08 744.00 1.75 0.08 

poly(watercourse length 5km, 2)1 -3.81 2.04 732.00 -1.87 0.06 

poly(watercourse length 5km, 2)2 -2.47 1.98 760.00 -1.25 0.21 

poly(inland water perimeter 5km, 2)1 3.28 2.15 721.00 1.53 0.13 

poly(inland water perimeter 5km, 2)2 -2.79 1.99 833.00 -1.40 0.16 

poly(elevaƟon, 2)1 -2.81 2.26 845.00 -1.25 0.21 

poly(elevaƟon, 2)2 0.53 1.93 797.00 0.28 0.78 

 

Table S3.24: As Table S3.20, but with fixed effects of patch density, system, and conƟnuous predictors measured at the 

10 km scale (Table 2, Model 1). N sites = 800, N species = 88, Total N = 10062. CondiƟonal R2 = 0.08; Marginal R2 = 

0.004. 

 10 km EsƟmate Std.Error df t value p value 

(Intercept) 0.03 0.03 514.00 1.09 0.27 

poly(patch density, 2)1 2.85 2.49 777.00 1.14 0.25 

poly(patch density, 2)2 0.19 1.99 775.00 0.09 0.93 

system: forest 0.01 0.06 796.00 0.10 0.92 

system: grassland 0.01 0.06 672.00 0.19 0.85 

system: seƩlement 0.13 0.06 739.00 2.07 0.04 

system: wetland 0.27 0.09 740.00 3.01 0.003 

poly(watercourse length 10km, 2)1 -4.09 2.05 758.00 -1.99 0.05 

poly(watercourse length 10km, 2)2 -2.05 1.98 803.00 -1.03 0.30 

poly(inland water perimeter 10km, 2)1 -0.55 2.11 764.00 -0.26 0.80 

poly(inland water perimeter 10km, 2)2 -4.70 1.90 1000.00 -2.47 0.01 

poly(elevaƟon, 2)1 -2.13 2.22 826.00 -0.96 0.34 

poly(elevaƟon, 2)2 1.16 1.94 817.00 0.60 0.55 
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Table S3.25: As Table S3.20, but with fixed effects of mean patch perimeter-area raƟo (MPPAR), system and conƟnuous 

predictors measured at the 10 km scale (Table 2, Model 2). N sites = 800, N species = 88, Total N = 10062. CondiƟonal 

R2 = 0.08; Marginal R2 = 0.004. 

 10 km EsƟmate Std.Error df t value p value 

(Intercept) 0.03 0.03 497.00 1.03 0.30 

poly(MPPAR, 2)1 3.27 2.43 798.00 1.34 0.18 

poly(MPPAR, 2)2 1.71 2.06 728.00 0.83 0.41 

system: forest 0.01 0.06 797.00 0.19 0.85 

system: grassland 0.01 0.06 670.00 0.14 0.89 

system: seƩlement 0.15 0.06 737.00 2.59 0.01 

system: wetland 0.26 0.09 740.00 2.87 <0.01 

poly(watercourse length 10km, 2)1 -4.92 2.11 767.00 -2.33 0.02 

poly(watercourse length 10km, 2)2 -2.26 2.00 807.00 -1.13 0.26 

poly(inland water perimeter 10km, 2)1 0.22 2.14 762.00 0.10 0.92 

poly(inland water perimeter 10km, 2)2 -4.89 1.91 999.00 -2.56 0.01 

poly(elevaƟon, 2)1 -2.58 2.28 849.00 -1.13 0.26 

poly(elevaƟon, 2)2 0.97 1.93 811.00 0.50 0.62 
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Table S3.26: Model output for fixed effects in a LMM (Table 2, Model 5) examining the effect of 1 km scale patch 

density, system and migratory status predictors on the mean standardised producƟvity for each bird species at each 

site, with p values calculated by SaƩerthwaite’s approximaƟon (significant terms where p<0.05 indicated in bold). 

AddiƟonal 1 km conƟnuous predictors watercourse length, inland water perimeter and elevaƟon were fiƩed as 

orthogonal polynomial quadraƟc terms. InteracƟons (*) between migratory status and system, watercourse length and 

inland water perimeter. Random effects of species (n = 88) and site (n = 809). Total N = 10111. CondiƟonal R2 = 0.084; 

Marginal R2 = 0.006. 

 1 km Estimate Std.Error df t value p value 

Intercept (system = arable cropland; mig. status = humid) -0.12 0.06 1040.00 -1.92 0.05 

poly(patch density, 2)1 0.26 2.03 739.00 0.13 0.90 
poly(patch density, 2)2 -2.41 1.97 752.00 -1.23 0.22 

system: forest 0.03 0.10 2330.00 0.37 0.72 
system: grassland 0.21 0.10 2150.00 2.08 0.04 
system: mosaic 0.13 0.09 2190.00 1.41 0.16 
system: seƩlement 0.09 0.09 2210.00 0.99 0.32 
system: wetland 0.42 0.09 2000.00 4.91 <0.0001 

mig. status: arid 0.03 0.08 819.00 0.35 0.73 
mig. status: resident 0.29 0.05 573.00 5.26 <0.0001 

poly(watercourse length 1km, 2)1 0.51 2.65 2170.00 0.19 0.85 
poly(watercourse length 1km, 2)2 -3.44 2.71 2090.00 -1.27 0.21 

poly(inland water perimeter 1km, 2)1 2.95 2.82 1760.00 1.05 0.30 
poly(inland water perimeter 1km, 2)2 0.71 2.62 1480.00 0.27 0.79 

poly(elevaƟon, 2)1 -2.62 2.01 838.00 -1.30 0.19 
poly(elevaƟon, 2)2 0.25 1.88 794.00 0.13 0.90 

system: forest*mig. status: arid 0.03 0.13 9300.00 0.22 0.83 
system: grassland*mig. status: arid 0.03 0.12 9410.00 0.23 0.82 
system: mosaic*mig. status: arid 0.02 0.12 9540.00 0.13 0.90 
system: seƩlement*mig. status: arid -0.16 0.11 9540.00 -1.42 0.16 
system: wetland*mig. status: arid -0.18 0.11 9430.00 -1.66 0.10 
system: forest*mig. status: resident -0.23 0.08 9720.00 -2.74 0.01 
system: grassland*mig. status: resident -0.30 0.08 9580.00 -3.54 <0.001 
system: mosaic*mig. status: resident -0.22 0.08 9650.00 -2.83 <0.01 
system: seƩlement*mig. status: resident -0.18 0.07 9680.00 -2.52 0.01 
system: wetland*mig. status: resident -0.36 0.07 9670.00 -4.90 <0.0001 

mig. status: arid*poly(watercourse length 1km, 2)1 -6.11 3.31 9530.00 -1.84 0.07 
mig. status: arid*poly(watercourse length 1km, 2)2 3.81 3.17 9450.00 1.20 0.23 
mig. status: resident*poly(watercourse length 1km, 2)1 0.84 2.26 9640.00 0.37 0.71 
mig. status: resident*poly(watercourse length 1km, 2)2 2.38 2.26 9550.00 1.05 0.29 

mig. status: arid*poly(inland water perimeter 1km, 2)1 1.26 3.35 9370.00 0.38 0.71 
mig. status: arid*poly(inland water perimeter 1km, 2)2 -2.10 2.80 9270.00 -0.75 0.45 
mig. status: resident*poly(inland water perimeter 1km, 2)1 -2.46 2.33 9300.00 -1.06 0.29 
mig. status: resident*poly(inland water perimeter 1km, 2)2 -2.58 2.04 9420.00 -1.26 0.21 
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Table S3.27: As Table S3.26, but with fixed effects of mean patch perimeter-area raƟo (MPPAR), system and conƟnuous 

predictors measured at the 1 km scale (Table 2, Model 6). N sites = 809, N species = 88, Total N = 10111. CondiƟonal R2 

= 0.084; Marginal R2 = 0.006. 

 1 km Estimate Std.Error df t value p value 
Intercept (system = arable cropland; mig. status = humid) -0.12 0.06 1030.00 -2.00 0.05 

poly(MPPAR, 2)1 0.82 2.06 724.00 0.40 0.69 
poly(MPPAR, 2)2 0.34 1.99 727.00 0.17 0.86 

system: forest 0.03 0.10 2370.00 0.36 0.72 
system: grassland 0.21 0.10 2150.00 2.09 0.04 
system: mosaic 0.14 0.09 2230.00 1.53 0.13 
system: seƩlement 0.09 0.09 2270.00 1.08 0.28 
system: wetland 0.42 0.09 2030.00 4.94 <0.0001 

mig. status: arid 0.03 0.08 819.00 0.36 0.72 
mig. status: resident 0.29 0.05 572.00 5.27 <0.0001 

poly(watercourse length 1km, 2)1 0.38 2.65 2180.00 0.15 0.89 
poly(watercourse length 1km, 2)2 -3.41 2.72 2080.00 -1.25 0.21 

poly(inland water perimeter 1km, 2)1 3.37 2.83 1750.00 1.19 0.23 
poly(inland water perimeter 1km, 2)2 0.72 2.62 1480.00 0.27 0.78 

poly(elevaƟon, 2)1 -2.68 2.03 845.00 -1.32 0.19 
poly(elevaƟon, 2)2 0.11 1.89 794.00 0.06 0.96 

system: forest*mig. status: arid 0.03 0.13 9300.00 0.22 0.83 
system: grassland*mig. status: arid 0.03 0.12 9410.00 0.23 0.82 
system: mosaic*mig. status: arid 0.02 0.12 9540.00 0.13 0.90 
system: seƩlement*mig. status: arid -0.16 0.11 9540.00 -1.42 0.16 
system: wetland*mig. status: arid -0.18 0.11 9430.00 -1.67 0.10 
system: forest*mig. status: resident -0.23 0.08 9720.00 -2.74 0.01 
system: grassland*mig. status: resident -0.30 0.08 9580.00 -3.56 <0.001 
system: mosaic*mig. status: resident -0.22 0.08 9650.00 -2.85 <0.01 
system: seƩlement*mig. status: resident -0.18 0.07 9680.00 -2.53 0.01 
system: wetland*mig. status: resident -0.36 0.07 9670.00 -4.91 <0.0001 

mig. status: arid*poly(watercourse length 1km, 2)1 -6.14 3.31 9530.00 -1.85 0.06 
mig. status: arid*poly(watercourse length 1km, 2)2 3.84 3.17 9450.00 1.21 0.23 
mig. status: resident*poly(watercourse length 1km, 2)1 0.82 2.26 9640.00 0.37 0.72 
mig. status: resident*poly(watercourse length 1km, 2)2 2.37 2.26 9550.00 1.05 0.29 

mig. status: arid*poly(inland water perimeter 1km, 2)1 1.25 3.35 9370.00 0.37 0.71 
mig. status: arid*poly(inland water perimeter 1km, 2)2 -2.10 2.80 9270.00 -0.75 0.45 
mig. status: resident*poly(inland water perimeter 1km, 2)1 -2.46 2.33 9300.00 -1.06 0.29 
mig. status: resident*poly(inland water perimeter 1km, 2)2 -2.57 2.04 9420.00 -1.26 0.21 
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Table S3.28: As Table S3.26, but with fixed effects of patch density, system and conƟnuous predictors measured at the 

5 km scale (Table 2, Model 5). N sites = 802, N species = 88, Total N = 10073. CondiƟonal R2 = 0.083; Marginal R2 = 

0.004. 

 5 km EsƟmate Std.Error df t value p value 

Intercept (system = arable cropland; mig. status = humid) 0.01 0.05 357.00 0.13 0.90 

poly(patch density, 2)1 2.44 2.35 767.00 1.04 0.30 
poly(patch density, 2)2 2.17 1.95 834.00 1.11 0.27 

system: forest -0.10 0.08 2170.00 -1.25 0.21 
system: grassland 0.02 0.08 1950.00 0.29 0.77 
system: settlement 0.14 0.08 2000.00 1.91 0.06 
system: wetland 0.23 0.10 1990.00 2.26 0.02 

mig. status: arid -0.06 0.06 210.00 -0.98 0.33 
mig. status: resident 0.11 0.04 138.00 2.67 0.01 

poly(watercourse length 5km, 2)1 -7.96 2.64 2030.00 -3.01 <0.01 
poly(watercourse length 5km, 2)2 -0.24 2.60 2110.00 -0.09 0.93 

poly(inland water perimeter 5km, 2)1 4.60 2.75 1880.00 1.67 0.10 
poly(inland water perimeter 5km, 2)2 -1.58 2.50 2200.00 -0.63 0.53 

poly(elevation, 2)1 -1.99 2.18 826.00 -0.91 0.36 
poly(elevation, 2)2 0.19 1.94 804.00 0.10 0.92 

system: forest*mig. status: arid 0.09 0.11 8710.00 0.85 0.40 
system: grassland*mig. status: arid 0.09 0.10 9340.00 0.94 0.35 
system: settlement*mig. status: arid -0.06 0.09 9410.00 -0.62 0.54 
system: wetland*mig. status: arid -0.08 0.12 9490.00 -0.65 0.52 
system: forest*mig. status: resident 0.03 0.07 8890.00 0.53 0.60 
system: grassland*mig. status: resident -0.05 0.07 9090.00 -0.81 0.42 
system: settlement*mig. status: resident -0.13 0.06 9520.00 -2.09 0.04 
system: wetland*mig. status: resident -0.12 0.08 9590.00 -1.45 0.15 

mig. status: arid*poly(watercourse length 5km, 2)1 1.01 3.39 9380.00 0.30 0.77 
mig. status: arid*poly(watercourse length 5km, 2)2 0.68 3.25 9500.00 0.21 0.83 
mig. status: resident*poly(watercourse length 5km, 2)1 7.23 2.23 9130.00 3.24 <0.01 
mig. status: resident*poly(watercourse length 5km, 2)2 -3.52 2.20 9640.00 -1.60 0.11 

mig. status: arid*poly(inland water perimeter 5km, 2)1 -1.00 3.30 9190.00 -0.30 0.76 
mig. status: arid*poly(inland water perimeter 5km, 2)2 -2.59 3.21 9450.00 -0.81 0.42 
mig. status: resident*poly(inland water perimeter 5km, 2)1 -2.50 2.30 8880.00 -1.09 0.28 
mig. status: resident*poly(inland water perimeter 5km, 2)2 -1.29 2.17 9440.00 -0.60 0.55 
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Table S3.29: As Table S3.26, but with fixed effects of mean patch perimeter-area raƟo (MPPAR), system and conƟnuous 

predictors measured at the 5 km scale (Table 2, Model 6). N sites = 802, N species = 88, Total N = 10073. CondiƟonal R2 

= 0.083; Marginal R2 = 0.004. 

 5 km EsƟmate Std.Error df t value p value 

Intercept (system = arable cropland; mig. status = humid) <0.01 0.04 354.00 0.06 0.95 

poly(MPPAR, 2)1 3.89 2.34 772.00 1.66 0.10 
poly(MPPAR, 2)2 2.52 2.05 694.00 1.23 0.22 

system: forest -0.10 0.08 2260.00 -1.29 0.20 
system: grassland 0.03 0.08 1950.00 0.37 0.71 
system: seƩlement 0.16 0.07 2170.00 2.27 0.02 
system: wetland 0.22 0.10 1980.00 2.19 0.03 

mig. status: resident 0.11 0.04 139.00 2.69 0.01 
mig. status: arid -0.06 0.06 212.00 -0.96 0.34 

poly(watercourse length 5km, 2)1 -8.64 2.66 2000.00 -3.25 <0.01 
poly(watercourse length 5km, 2)2 -0.22 2.60 2120.00 -0.09 0.93 

poly(inland water perimeter 5km, 2)1 5.25 2.76 1870.00 1.90 0.06 
poly(inland water perimeter 5km, 2)2 -1.89 2.51 2190.00 -0.75 0.45 

poly(elevaƟon, 2)1 -2.99 2.27 846.00 -1.32 0.19 
poly(elevaƟon, 2)2 0.36 1.94 798.00 0.18 0.85 

system: forest*mig. status: resident 0.03 0.07 8880.00 0.49 0.62 
system: grassland*mig. status: resident -0.05 0.07 9090.00 -0.80 0.42 
system: seƩlement*mig. status: resident -0.13 0.06 9530.00 -2.11 0.03 
system: wetland*mig. status: resident -0.12 0.08 9590.00 -1.44 0.15 
system: forest*mig. status: arid 0.09 0.11 8720.00 0.86 0.39 
system: grassland*mig. status: arid 0.09 0.10 9350.00 0.92 0.36 
system: seƩlement*mig. status: arid -0.06 0.09 9420.00 -0.64 0.52 
system: wetland*mig. status: arid -0.07 0.12 9490.00 -0.64 0.52 

mig. status: resident*poly(watercourse length 5km, 2)1 7.27 2.23 9140.00 3.26 <0.01 
mig. status: arid*poly(watercourse length 5km, 2)1 1.01 3.39 9390.00 0.30 0.77 
mig. status: arid*poly(watercourse length 5km, 2)2 0.68 3.25 9500.00 0.21 0.84 
mig. status: resident*poly(watercourse length 5km, 2)2 -3.45 2.20 9640.00 -1.57 0.12 

mig. status: resident*poly(inland water perimeter 5km, 2)1 -2.55 2.30 8890.00 -1.11 0.27 
mig. status: arid*poly(inland water perimeter 5km, 2)1 -1.02 3.30 9200.00 -0.31 0.76 
mig. status: arid*poly(inland water perimeter 5km, 2)2 -2.59 3.21 9450.00 -0.81 0.42 
mig. status: resident*poly(inland water perimeter 5km, 2)2 -1.30 2.17 9440.00 -0.60 0.55 

 

 

 

 

 



156 

Table S3.30: As Table S3.26, but with fixed effects of patch density, system and conƟnuous predictors measured at the 

10 km scale (Table 2, Model 5). N sites = 800, N species = 88, Total N = 10062. CondiƟonal R2 = 0.082; Marginal R2 = 

0.006. 

 10 km EsƟmate Std.Error df t value p value 

Intercept (system = arable cropland; mig. status = humid) -0.02 0.04 297.00 -0.48 0.63 

poly(patch density, 2)1 2.53 2.50 779.00 1.01 0.31 
poly(patch density, 2)2 0.38 2.00 777.00 0.19 0.85 

system: forest -0.04 0.08 2180.00 -0.51 0.61 
system: grassland -0.01 0.08 2020.00 -0.15 0.88 
system: seƩlement 0.27 0.08 2040.00 3.38 <0.001 
system: wetland 0.35 0.11 1930.00 3.08 <0.01 

mig. status: arid -0.06 0.06 174.00 -1.07 0.29 
mig. status: resident 0.09 0.04 117.00 2.43 0.02 

poly(watercourse length 10km, 2)1 -9.84 2.72 2180.00 -3.61 <0.001 
poly(watercourse length 10km, 2)2 2.11 2.70 2530.00 0.78 0.44 

poly(inland water perimeter 10km, 2)1 -0.93 2.76 2110.00 -0.34 0.74 
poly(inland water perimeter 10km, 2)2 -5.16 2.47 2970.00 -2.09 0.04 

poly(elevaƟon, 2)1 -2.21 2.23 829.00 -0.99 0.32 
poly(elevaƟon, 2)2 1.08 1.95 824.00 0.55 0.58 

system: forest*mig. status: arid 0.05 0.10 9090.00 0.47 0.64 
system: grassland*mig. status: arid 0.11 0.09 9310.00 1.16 0.24 
system: seƩlement*mig. status: arid -0.06 0.10 9450.00 -0.60 0.55 
system: wetland*mig. status: arid -0.17 0.13 9480.00 -1.30 0.19 
system: forest*mig. status: resident 0.05 0.06 9120.00 0.84 0.40 
system: grassland*mig. status: resident 0.01 0.07 8880.00 0.14 0.89 
system: seƩlement*mig. status: resident -0.20 0.07 9620.00 -3.10 0.002 
system: wetland*mig. status: resident -0.11 0.10 9640.00 -1.11 0.27 

mig. status: arid*poly(watercourse length 10km, 2)1 1.20 3.50 8920.00 0.34 0.73 
mig. status: arid*poly(watercourse length 10km, 2)2 -0.83 3.51 9530.00 -0.24 0.81 
mig. status: resident*poly(watercourse length 10km, 2)1 8.23 2.32 8740.00 3.55 <0.001 
mig. status: resident*poly(watercourse length 10km, 2)2 -5.89 2.35 9700.00 -2.51 0.01 

mig. status: arid*poly(inland water perimeter 10km, 2)1 0.88 3.60 9240.00 0.25 0.81 
mig. status: arid*poly(inland water perimeter 10km, 2)2 -5.66 3.64 9470.00 -1.56 0.12 
mig. status: resident*poly(inland water perimeter 10km, 2)1 0.99 2.38 8980.00 0.42 0.68 
mig. status: resident*poly(inland water perimeter 10km, 2)2 1.30 2.29 9370.00 0.57 0.57 
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Table S3.31: As Table S3.26, but with fixed effects of mean patch perimeter-area raƟo (MPPAR), system and conƟnuous 

predictors measured at the 10 km scale (Table 2, Model 6). N sites = 800, N species = 88, Total N = 10062. CondiƟonal 

R2 = 0.082; Marginal R2 = 0.006. 

 10 km EsƟmate Std.Error df t value p value 

Intercept (system = arable cropland; mig. status = humid) -0.02 0.04 291.00 -0.54 0.59 

poly(MPPAR, 2)1 2.90 2.44 800.00 1.19 0.24 
poly(MPPAR, 2)2 1.55 2.07 730.00 0.75 0.45 

system: forest -0.03 0.07 2310.00 -0.45 0.66 
system: grassland -0.01 0.08 1990.00 -0.18 0.86 
system: seƩlement 0.29 0.08 2230.00 3.78 <0.001 
system: wetland 0.34 0.11 1930.00 2.99 <0.01 

mig. status: arid -0.06 0.06 174.00 -1.06 0.29 
mig. status: resident 0.09 0.04 117.00 2.44 0.02 

poly(watercourse length 10km, 2)1 -10.60 2.77 2110.00 -3.83 <0.001 
poly(watercourse length 10km, 2)2 1.95 2.71 2490.00 0.72 0.47 

poly(inland water perimeter 10km, 2)1 -0.27 2.78 2070.00 -0.10 0.92 
poly(inland water perimeter 10km, 2)2 -5.35 2.48 2950.00 -2.16 0.03 

poly(elevaƟon, 2)1 -2.63 2.29 852.00 -1.15 0.25 
poly(elevaƟon, 2)2 0.91 1.94 817.00 0.47 0.64 

system: forest*mig. status: arid 0.05 0.10 9090.00 0.49 0.63 
system: grassland*mig. status: arid 0.11 0.09 9310.00 1.15 0.25 
system: seƩlement*mig. status: arid -0.06 0.10 9450.00 -0.61 0.54 
system: wetland*mig. status: arid -0.17 0.13 9480.00 -1.30 0.19 
system: forest*mig. status: resident 0.05 0.06 9110.00 0.80 0.42 
system: grassland*mig. status: resident 0.01 0.07 8870.00 0.14 0.89 
system: seƩlement*mig. status: resident -0.20 0.07 9620.00 -3.11 <0.01 
system: wetland*mig. status: resident -0.11 0.10 9640.00 -1.11 0.27 

mig. status: arid*poly(watercourse length 10km, 2)1 1.24 3.50 8920.00 0.35 0.72 
mig. status: arid*poly(watercourse length 10km, 2)2 -0.85 3.51 9530.00 -0.24 0.81 
mig. status: resident*poly(watercourse length 10km, 2)1 8.22 2.32 8740.00 3.55 <0.001 
mig. status: resident*poly(watercourse length 10km, 2)2 -5.90 2.35 9700.00 -2.51 0.01 

mig. status: arid*poly(inland water perimeter 10km, 2)1 0.86 3.60 9240.00 0.24 0.81 
mig. status: arid*poly(inland water perimeter 10km, 2)2 -5.65 3.63 9470.00 -1.56 0.12 
mig. status: resident*poly(inland water perimeter 10km, 2)1 0.98 2.38 8980.00 0.41 0.68 
mig. status: resident*poly(inland water perimeter 10km, 2)2 1.31 2.29 9370.00 0.57 0.57 
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Table S3.32: Model output for fixed effects in a LMM (Table 2, Model 3) examining the effect of 1 km scale patch 

density and intensity predictors on the mean standardised producƟvity for each bird species at each site, with p values 

calculated by SaƩerthwaite’s approximaƟon (significant terms where p<0.05 indicated in bold). AddiƟonal 1 km 

conƟnuous predictors watercourse length, inland water perimeter and elevaƟon were fiƩed as orthogonal polynomial 

quadraƟc terms. All species. Excludes wetland sites. Random effects of species (n = 88) and site (n = 645). Total N = 

8018. CondiƟonal R2 = 0.077; Marginal R2 = 0.001. 

 1 km EsƟmate Std.Error df t value p value 

Intercept (intensity = low) 0.08 0.04 482.00 2.00 0.05 

poly(patch density, 2)1 -0.42 1.95 601.00 -0.22 0.83 

poly(patch density, 2)2 -1.07 1.89 608.00 -0.56 0.57 

intensity: high -0.03 0.06 586.00 -0.60 0.55 

intensity: medium -0.07 0.05 583.00 -1.38 0.17 

poly(watercourse length 1km, 2)1 0.85 1.90 588.00 0.45 0.65 

poly(watercourse length 1km, 2)2 -3.18 1.90 602.00 -1.68 0.09 

poly(inland water perimeter 1km, 2)1 2.00 1.97 578.00 1.01 0.31 

poly(inland water perimeter 1km, 2)2 -0.32 1.91 582.00 -0.17 0.87 

poly(elevaƟon, 2)1 -3.08 1.95 664.00 -1.57 0.12 

poly(elevaƟon, 2)2 -0.34 1.82 637.00 -0.19 0.85 

 

Table S3.33: As Table S3.32, but with fixed effects of mean patch perimeter-area raƟo (MPPAR), intensity and 

conƟnuous predictors measured at the 1 km scale (Table 2, Model 4). N species = 88, N sites = 645, Total N = 8018. 

CondiƟonal R2 = 0.077; Marginal R2 = 0.001. 

 1 km EsƟmate Std.Error df t value p value 

Intercept (intensity = low) 0.08 0.04 483.00 2.02 0.04 

poly(MPPAR, 2)1 -0.42 1.99 583.00 -0.21 0.83 

poly(MPPAR, 2)2 1.31 1.89 598.00 0.70 0.49 

intensity: high -0.04 0.06 587.00 -0.66 0.51 

intensity: medium -0.07 0.05 587.00 -1.39 0.17 

poly(watercourse length 1km, 2)1 0.72 1.90 589.00 0.38 0.70 

poly(watercourse length 1km, 2)2 -3.27 1.90 602.00 -1.72 0.09 

poly(inland water perimeter 1km, 2)1 2.22 1.97 576.00 1.13 0.26 

poly(inland water perimeter 1km, 2)2 -0.35 1.91 583.00 -0.18 0.86 

poly(elevaƟon, 2)1 -3.11 1.98 669.00 -1.57 0.12 

poly(elevaƟon, 2)2 -0.42 1.82 635.00 -0.23 0.82 
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Table S3.34: As Table S3.32, but with fixed effects of patch density, intensity and conƟnuous predictors measured at 

the 5 km scale (Table 2, Model 3). N species = 88, N sites = 731, Total N = 9186. CondiƟonal R2 = 0.077; Marginal R2 = 

0.003. 

 5 km EsƟmate Std.Error df t value p value 

Intercept (intensity = low) 0.31 0.08 43.50 4.09 <0.001 

poly(patch density, 2)1 1.84 2.20 201.00 0.84 0.40 

poly(patch density, 2)2 1.64 1.87 759.00 0.88 0.38 

intensity: high -0.27 0.08 570.00 -3.49 <0.001 

intensity: medium -0.28 0.08 571.00 -3.74 <0.001 

poly(watercourse length 5km, 2)1 -3.62 1.96 673.00 -1.85 0.07 

poly(watercourse length 5km, 2)2 -2.41 1.92 705.00 -1.25 0.21 

poly(inland water perimeter 5km, 2)1 2.95 1.99 666.00 1.48 0.14 

poly(inland water perimeter 5km, 2)2 -0.21 1.92 775.00 -0.11 0.91 

poly(elevaƟon, 2)1 -4.58 2.12 627.00 -2.16 0.03 

poly(elevaƟon, 2)2 0.22 1.87 741.00 0.12 0.91 

 

Table S3.35: As Table S3.32, but with fixed effects of mean patch perimeter-area raƟo (MPPAR), intensity and 

conƟnuous predictors measured at the 5 km scale (Table 2, Model 4). N species = 88, N sites = 731, Total N = 9186. 

CondiƟonal R2 = 0.077; Marginal R2 = 0.003. 

 5 km EsƟmate Std.Error df t value p value 

Intercept (intensity = low) 0.28 0.07 673.00 3.96 <0.001 

poly(MPPAR, 2)1 1.89 2.29 696.00 0.82 0.41 

poly(MPPAR, 2)2 0.50 2.04 638.00 0.25 0.81 

intensity: high -0.24 0.08 667.00 -3.05 <0.01 

intensity: medium -0.25 0.08 679.00 -3.18 <0.01 

poly(watercourse length 5km, 2)1 -3.82 1.98 677.00 -1.92 0.05 

poly(watercourse length 5km, 2)2 -2.20 1.93 701.00 -1.14 0.25 

poly(inland water perimeter 5km, 2)1 2.77 1.99 672.00 1.39 0.16 

poly(inland water perimeter 5km, 2)2 -0.30 1.93 776.00 -0.16 0.88 

poly(elevaƟon, 2)1 -5.64 2.16 783.00 -2.61 0.01 

poly(elevaƟon, 2)2 0.44 1.88 737.00 0.23 0.82 
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Table S3.36: As Table S3.32, but with fixed effects of patch density, intensity and conƟnuous predictors measured at 

the 10 km scale (Table 2, Model 3). N species = 88, N sites = 750, Total N = 9422. CondiƟonal R2 = 0.077; Marginal R2 = 

0.003. 

 10 km EsƟmate Std.Error df t value p value 

Intercept (intensity = low) 0.24 0.08 38.70 2.99 0.005 

poly(patch density, 2)1 1.47 2.32 129.00 0.63 0.53 

poly(patch density, 2)2 0.49 1.92 719.00 0.25 0.80 

intensity: high -0.22 0.08 572.00 -2.72 0.01 

intensity: medium -0.15 0.08 569.00 -1.94 0.05 

poly(watercourse length 10km, 2)1 -5.99 2.03 706.00 -2.94 <0.01 

poly(watercourse length 10km, 2)2 -0.48 1.94 742.00 -0.25 0.80 

poly(inland water perimeter 10km, 2)1 0.77 1.97 702.00 0.39 0.70 

poly(inland water perimeter 10km, 2)2 -2.86 1.83 1050.00 -1.56 0.12 

poly(elevaƟon, 2)1 -3.71 2.21 723.00 -1.68 0.09 

poly(elevaƟon, 2)2 0.59 1.92 767.00 0.31 0.76 

 

Table S3.37: As Table S3.32, but with fixed effects of mean patch perimeter-area raƟo (MPPAR), intensity and 

conƟnuous predictors measured at the 10 km scale (Table 2, Model 4). N species = 88, N sites = 750, Total N = 9422. 

CondiƟonal R2 = 0.077; Marginal R2 = 0.003. 

 10 km EsƟmate Std.Error df t value p value 

Intercept (intensity = low) 0.24 0.09 47.80 2.81 0.01 

poly(MPPAR, 2)1 1.58 2.42 561.00 0.65 0.51 

poly(MPPAR, 2)2 -0.22 2.15 677.00 -0.10 0.92 

intensity: high -0.22 0.09 635.00 -2.56 0.01 

intensity: medium -0.15 0.09 625.00 -1.79 0.07 

poly(watercourse length 10km, 2)1 -6.27 2.08 718.00 -3.02 <0.01 

poly(watercourse length 10km, 2)2 -0.31 1.95 744.00 -0.16 0.88 

poly(inland water perimeter 10km, 2)1 0.87 1.99 691.00 0.44 0.66 

poly(inland water perimeter 10km, 2)2 -2.88 1.84 1050.00 -1.57 0.12 

poly(elevaƟon, 2)1 -3.97 2.27 777.00 -1.75 0.08 

poly(elevaƟon, 2)2 0.58 1.91 757.00 0.31 0.76 
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Table S3.38: Model output for fixed effects in a LMM (Table 2, Model 7) examining the effect of 1 km scale patch 

density, intensity and migratory status predictors on the mean standardised producƟvity for each species at each site, 

with p values calculated by SaƩerthwaite’s approximaƟon (significant terms where p<0.05 indicated in bold). 

AddiƟonal 1 km conƟnuous predictors watercourse length, inland water perimeter and elevaƟon were fiƩed as 

orthogonal polynomial quadraƟc terms. InteracƟons (*) between migratory status and intensity, watercourse length 

and inland water perimeter. Wetland sites excluded. Random effects of species (n = 88) and site (n = 645). Total N = 

8108. CondiƟonal R2 = 0.077; Marginal R2 = 0.003. 

 1 km EsƟmate Std.Error df t value p value 

Intercept (intensity = low; mig. status = humid) 0.08 0.06 390.00 1.47 0.14 

poly(patch density, 2)1 -0.52 1.95 602.00 -0.27 0.79 

poly(patch density, 2)2 -0.99 1.89 608.00 -0.53 0.60 

intensity: high -0.20 0.08 1870.00 -2.59 0.01 

intensity: medium -0.16 0.07 1890.00 -2.25 0.02 

mig. status: arid -0.09 0.08 286.00 -1.18 0.24 

mig. status: resident 0.01 0.05 177.00 0.25 0.81 

poly(watercourse length 1km, 2)1 0.03 2.64 1990.00 0.01 0.99 

poly(watercourse length 1km, 2)2 -4.78 2.71 2250.00 -1.76 0.08 

poly(inland water perimeter 1km, 2)1 2.42 2.58 1640.00 0.94 0.35 

poly(inland water perimeter 1km, 2)2 0.06 2.51 1710.00 0.02 0.98 

poly(elevaƟon, 2)1 -3.07 1.96 663.00 -1.57 0.12 

poly(elevaƟon, 2)2 -0.28 1.82 637.00 -0.15 0.88 

intensity: high*mig. status: arid 0.24 0.10 7650.00 2.35 0.02 

intensity: medium*mig. status: arid 0.10 0.09 7660.00 1.10 0.27 

intensity: high*mig. status: resident 0.21 0.07 7770.00 3.05 <0.01 

intensity: medium*mig. status: resident 0.11 0.06 7770.00 1.81 0.07 

mig. status: arid*poly(watercourse length 1km, 2)1 -3.88 3.47 7680.00 -1.12 0.26 

mig. status: arid*poly(watercourse length 1km, 2)2 2.78 3.60 7690.00 0.77 0.44 

mig. status: resident*poly(watercourse length 1km, 2)1 1.57 2.30 7780.00 0.69 0.49 

mig. status: resident*poly(watercourse length 1km, 2)2 1.86 2.40 7730.00 0.78 0.44 

mig. status: arid*poly(inland water perimeter 1km, 2)1 2.45 3.27 7430.00 0.75 0.45 

mig. status: arid*poly(inland water perimeter 1km, 2)2 -0.27 3.29 7570.00 -0.08 0.94 

mig. status: resident*poly(inland water perimeter 1km, 2)1 -0.97 2.20 7360.00 -0.44 0.66 

mig. status: resident*poly(inland water perimeter 1km, 2)2 -0.60 2.18 7690.00 -0.28 0.78 
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Table S3.39: As Table S3.38, but with fixed effects of mean patch perimeter-area raƟo (MPPAR), intensity and 

conƟnuous predictors measured at the 1 km scale (Table 2, Model 8). N sites = 731, N species = 88, Total N = 9186. 

CondiƟonal R2 = 0.079; Marginal R2 = 0.005. 

 1 km EsƟmate Std.Error df t value p value 

Intercept (intensity = low; mig. Status = humid) 0.08 0.06 389.00 1.48 0.14 

poly(MPPAR, 2)1 -0.47 1.99 583.00 -0.24 0.81 

poly(MPPAR, 2)2 1.39 1.89 599.00 0.73 0.46 

intensity: high -0.21 0.08 1900.00 -2.64 0.01 

intensity: medium -0.16 0.07 1910.00 -2.26 0.02 

mig. status: arid -0.09 0.08 286.00 -1.17 0.24 

mig. status: resident 0.01 0.05 177.00 0.24 0.81 

poly(watercourse length 1km, 2)1 -0.08 2.63 1990.00 -0.03 0.98 

poly(watercourse length 1km, 2)2 -4.87 2.71 2240.00 -1.80 0.07 

poly(inland water perimeter 1km, 2)1 2.65 2.58 1640.00 1.03 0.31 

poly(inland water perimeter 1km, 2)2 0.03 2.51 1710.00 0.01 0.99 

poly(elevaƟon, 2)1 -3.11 1.98 668.00 -1.57 0.12 

poly(elevaƟon, 2)2 -0.35 1.83 635.00 -0.19 0.85 

intensity: high*mig. status: arid 0.24 0.10 7650.00 2.35 0.02 

intensity: medium*mig. status: arid 0.10 0.09 7660.00 1.11 0.27 

intensity: high*mig. status: resident 0.21 0.07 7770.00 3.06 <0.01 

intensity: medium*mig. status: resident 0.11 0.06 7770.00 1.82 0.07 

mig. status: arid*poly(watercourse length 1km, 2)1 -3.89 3.47 7680.00 -1.12 0.26 

mig. status: arid*poly(watercourse length 1km, 2)2 2.80 3.60 7690.00 0.78 0.44 

mig. status: resident*poly(watercourse length 1km, 2)1 1.55 2.30 7780.00 0.68 0.50 

mig. status: resident*poly(watercourse length 1km, 2)2 1.86 2.40 7740.00 0.78 0.44 

mig. status: arid*poly(inland water perimeter 1km, 2)1 2.44 3.27 7430.00 0.75 0.46 

mig. status: arid*poly(inland water perimeter 1km, 2)2 -0.27 3.29 7570.00 -0.08 0.94 

mig. status: resident*poly(inland water perimeter 1km, 2)1 -0.98 2.20 7360.00 -0.45 0.66 

mig. status: resident*poly(inland water perimeter 1km, 2)2 -0.60 2.18 7690.00 -0.28 0.78 
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Table S3.40: As Table S3.38, but with fixed effects of patch density, intensity and conƟnuous predictors measured at 

the 5 km scale (Table 2, Model 7). N sites = 731, N species = 88, Total N = 9186. CondiƟonal R2 = 0.079; Marginal R2 = 

0.005. 

 5 km EsƟmate Std.Error df t value p value 

Intercept (intensity = low; mig. Status = humid) 0.37 0.10 133.00 3.77 <0.001 

poly(patch density, 2)1 1.74 2.20 190.00 0.79 0.43 

poly(patch density, 2)2 1.69 1.88 757.00 0.90 0.37 

intensity: high -0.43 0.10 1690.00 -4.11 <0.0001 

intensity: medium -0.38 0.10 1770.00 -3.68 <0.001 

mig. status: arid -0.16 0.12 2270.00 -1.31 0.19 

mig. status: resident -0.07 0.08 1240.00 -0.86 0.39 

poly(watercourse length 5km, 2)1 -8.39 2.62 2000.00 -3.20 <0.01 

poly(watercourse length 5km, 2)2 0.14 2.56 2070.00 0.06 0.96 

poly(inland water perimeter 5km, 2)1 4.42 2.60 1840.00 1.70 0.09 

poly(inland water perimeter 5km, 2)2 -0.63 2.45 2240.00 -0.26 0.80 

poly(elevation, 2)1 -4.71 2.12 617.00 -2.22 0.03 

poly(elevation, 2)2 0.22 1.87 742.00 0.12 0.91 

intensity: high*mig. status: arid 0.21 0.13 7610.00 1.58 0.11 

intensity: medium*mig. status: arid 0.07 0.13 8110.00 0.53 0.60 

intensity: high*mig. status: resident 0.20 0.09 7670.00 2.26 0.02 

intensity: medium*mig. status: resident 0.13 0.09 8540.00 1.47 0.14 

mig. status: arid*poly(watercourse length 5km, 2)1 -1.86 3.50 8620.00 -0.53 0.59 

mig. status: resident*poly(watercourse length 5km, 2)1 7.39 2.27 8470.00 3.26 <0.01 

mig. status: arid*poly(watercourse length 5km, 2)2 -0.61 3.29 8680.00 -0.19 0.85 

mig. status: resident*poly(watercourse length 5km, 2)2 -3.96 2.21 8830.00 -1.79 0.07 

mig. status: arid*poly(inland water perimeter 5km, 2)1 2.29 3.30 8390.00 0.70 0.49 

mig. status: resident*poly(inland water perimeter 5km, 2)1 -2.38 2.22 8400.00 -1.07 0.29 

mig. status: arid*poly(inland water perimeter 5km, 2)2 3.23 3.23 8690.00 1.00 0.32 

mig. status: resident*poly(inland water perimeter 5km, 2)2 -0.04 2.20 8820.00 -0.02 0.99 
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Table S3.41: As Table S3.38, but with fixed effects of mean patch perimeter-area raƟo (MPPAR), intensity and 

conƟnuous predictors measured at the 5 km scale (Table 2, Model 8). N sites = 731, N species = 88, Total N = 9186. 

CondiƟonal R2 = 0.079; Marginal R2 = 0.005. 

 5 km EsƟmate Std.Error df t value p value 

Intercept (intensity = low; mig. Status = humid) 0.37 0.10 137.00 3.69 0.0003 

poly(MPPAR, 2)1 2.17 2.33 629.00 0.93 0.35 

poly(MPPAR, 2)2 0.50 2.03 636.00 0.24 0.81 

intensity: high -0.43 0.11 1720.00 -4.01 <0.001 

intensity: medium -0.38 0.11 1750.00 -3.57 <0.001 

mig. status: arid -0.16 0.12 2290.00 -1.32 0.19 

mig. status: resident -0.07 0.08 1250.00 -0.86 0.39 

poly(watercourse length 5km, 2)1 -8.72 2.64 1980.00 -3.31 0.001 

poly(watercourse length 5km, 2)2 0.30 2.56 2060.00 0.12 0.91 

poly(inland water perimeter 5km, 2)1 4.68 2.60 1850.00 1.80 0.07 

poly(inland water perimeter 5km, 2)2 -0.70 2.46 2230.00 -0.29 0.78 

poly(elevaƟon, 2)1 -5.14 2.20 717.00 -2.34 0.02 

poly(elevaƟon, 2)2 0.34 1.88 737.00 0.18 0.86 

intensity: high*mig. status: arid 0.21 0.13 7610.00 1.59 0.11 

intensity: medium*mig. status: arid 0.07 0.13 8120.00 0.53 0.59 

intensity: high*mig. status: resident 0.20 0.09 7670.00 2.26 0.02 

intensity: medium*mig. status: resident 0.13 0.09 8540.00 1.47 0.14 

mig. status: arid*poly(watercourse length 5km, 2)1 -1.89 3.50 8620.00 -0.54 0.59 

mig. status: arid*poly(watercourse length 5km, 2)2 -0.62 3.29 8680.00 -0.19 0.85 

mig. status: resident*poly(watercourse length 5km, 2)1 7.42 2.27 8480.00 3.27 0.001 

mig. status: resident*poly(watercourse length 5km, 2)2 -3.91 2.21 8830.00 -1.77 0.08 

mig. status: arid*poly(inland water perimeter 5km, 2)1 2.31 3.30 8390.00 0.70 0.48 

mig. status: arid*poly(inland water perimeter 5km, 2)2 3.24 3.23 8690.00 1.00 0.32 

mig. status: resident*poly(inland water perimeter 5km, 2)1 -2.40 2.22 8410.00 -1.08 0.28 

mig. status: resident*poly(inland water perimeter 5km, 2)2 -0.04 2.20 8820.00 -0.02 0.98 
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Table S3.42: As Table S3.38, but with fixed effects of patch density, intensity and conƟnuous predictors measured at 

the 10 km scale (Table 2, Model 7). N sites = 750, N species = 88, Total N = 9422. CondiƟonal R2 = 0.078; Marginal R2 = 

0.004. 

 10 km EsƟmate Std.Error df t value p value 

Intercept (intensity = low; mig. Status = humid) 0.23 0.11 139.00 2.12 0.04 

poly(patch density, 2)1 1.16 2.32 121.00 0.50 0.62 

poly(patch density, 2)2 0.72 1.92 719.00 0.38 0.71 

intensity: high -0.28 0.11 1990.00 -2.47 0.01 

intensity: medium -0.18 0.11 2050.00 -1.64 0.10 

mig. status: arid 0.01 0.14 3250.00 0.04 0.97 

mig. status: resident 0.01 0.09 1810.00 0.10 0.92 

poly(watercourse length 10km, 2)1 -11.40 2.74 2170.00 -4.16 <0.0001 

poly(watercourse length 10km, 2)2 3.74 2.65 2380.00 1.41 0.16 

poly(inland water perimeter 10km, 2)1 0.08 2.60 2030.00 0.03 0.98 

poly(inland water perimeter 10km, 2)2 -4.32 2.34 3200.00 -1.85 0.06 

poly(elevaƟon, 2)1 -3.73 2.22 720.00 -1.68 0.09 

poly(elevaƟon, 2)2 0.74 1.92 774.00 0.38 0.70 

intensity: high*mig. status: arid -0.03 0.15 7880.00 -0.23 0.82 

intensity: medium*mig. status: arid -0.06 0.15 8420.00 -0.41 0.68 

intensity: high*mig. status: resident 0.09 0.10 7540.00 0.93 0.35 

intensity: medium*mig. status: resident 0.05 0.10 8580.00 0.51 0.61 

mig. status: arid*poly(watercourse length 10km, 2)1 -1.67 3.63 8630.00 -0.46 0.65 

mig. status: arid*poly(watercourse length 10km, 2)2 1.54 3.53 8920.00 0.44 0.66 

mig. status: resident*poly(watercourse length 10km, 2)1 8.32 2.37 8760.00 3.51 <0.001 

mig. status: resident*poly(watercourse length 10km, 2)2 -6.45 2.31 9110.00 -2.79 0.01 

mig. status: arid*poly(inland water perimeter 10km, 2)1 4.01 3.43 8740.00 1.17 0.24 

mig. status: arid*poly(inland water perimeter 10km, 2)2 -3.60 3.62 9060.00 -1.00 0.32 

mig. status: resident*poly(inland water perimeter 10km, 2)1 1.01 2.28 8840.00 0.44 0.66 

mig. status: resident*poly(inland water perimeter 10km, 2)2 3.01 2.27 9100.00 1.32 0.19 
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Table S3.43: As Table S3.38, but with fixed effects of mean patch perimeter-area raƟo (MPPAR), intensity and 

conƟnuous predictors measured at the 10 km scale (Table 2, Model 8). N sites = 750, N species = 88, Total N = 9422. 

CondiƟonal R2 = 0.078; Marginal R2 = 0.004. 

 10 km EsƟmate Std.Error df t value p value 

Intercept (intensity = low; mig. Status = humid) 0.23 0.11 158.00 2.06 0.04 

poly(MPPAR, 2)1 1.37 2.42 542.00 0.57 0.57 

poly(MPPAR, 2)2 -0.17 2.16 680.00 -0.08 0.94 

intensity: high -0.28 0.12 1960.00 -2.39 0.02 

intensity: medium -0.18 0.12 1970.00 -1.58 0.12 

mig. status: arid 0.01 0.14 3270.00 0.04 0.97 

mig. status: resident 0.01 0.09 1810.00 0.10 0.92 

poly(watercourse length 10km, 2)1 -11.70 2.76 2120.00 -4.22 <0.0001 

poly(watercourse length 10km, 2)2 3.87 2.66 2340.00 1.46 0.15 

poly(inland water perimeter 10km, 2)1 0.12 2.62 1950.00 0.05 0.96 

poly(inland water perimeter 10km, 2)2 -4.32 2.34 3170.00 -1.84 0.07 

poly(elevaƟon, 2)1 -4.01 2.28 777.00 -1.76 0.08 

poly(elevaƟon, 2)2 0.76 1.92 763.00 0.40 0.69 

intensity: high*mig. status: arid -0.04 0.15 7870.00 -0.25 0.81 

intensity: medium*mig. status: arid -0.06 0.15 8410.00 -0.40 0.69 

intensity: high*mig. status: resident 0.09 0.10 7520.00 0.92 0.36 

intensity: medium*mig. status: resident 0.05 0.10 8560.00 0.53 0.60 

mig. status: arid*poly(watercourse length 10km, 2)1 -1.64 3.64 8670.00 -0.45 0.65 

mig. status: arid*poly(watercourse length 10km, 2)2 1.65 3.53 8920.00 0.47 0.64 

mig. status: resident*poly(watercourse length 10km, 2)1 8.35 2.37 8770.00 3.53 <0.001 

mig. status: resident*poly(watercourse length 10km, 2)2 -6.39 2.31 9110.00 -2.77 0.01 

mig. status: arid*poly(inland water perimeter 10km, 2)1 4.10 3.44 8750.00 1.19 0.23 

mig. status: arid*poly(inland water perimeter 10km, 2)2 -3.71 3.62 9060.00 -1.03 0.31 

mig. status: resident*poly(inland water perimeter 10km, 2)1 1.00 2.28 8840.00 0.44 0.66 

mig. status: resident*poly(inland water perimeter 10km, 2)2 2.99 2.27 9100.00 1.32 0.19 
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Chapter 4: ProducƟvity of European Landbirds is PosiƟvely 

Associated with Flying Insect Abundance at Breeding Sites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A sƟcky trap at a Constant Effort Site in Hungary. © Aniko Benke 
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Abstract 

Recent research has revealed considerable spaƟal variaƟon in the producƟvity of landbirds across breeding 

sites in Europe, which is consistent across species and years. Most landbird species are insecƟvorous in the 

breeding season, and so one potenƟal driver of this variaƟon could be the abundance of insect prey. We 

conducted a high-resoluƟon, large-scale Pan-European study using a network of ciƟzen scienƟsts to 

examine how insect abundance maps onto spaƟal variaƟon in producƟvity. We also explore whether insect 

abundance varies with the composiƟon of the surrounding landscape. Flying insect abundance was 

measured at 176 Constant Effort bird ringing sites across 10 countries in 2024 using sƟcky traps. This was 

related to mean producƟvity across bird species at each site (averaged across years 1998 to 2019), as well 

as the dominant land cover type and management intensity within 1 km. Mean producƟvity across bird 

species showed a posiƟve relaƟonship with the mean insect count per hour at study sites. This relaƟonship 

was significant but showed a high degree of variaƟon. Insect abundance did not vary significantly among 

land use types or management intensity categories. These findings highlight the importance of conserving 

and enhancing insect populaƟons for supporƟng landbird populaƟons in Europe. We were unable to 

idenƟfy any landscape features associated with insect abundance in this study, and so it’s possible that 

local-scale factors are more important. Further work is needed to understand how site-level habitat affects 

insect abundance, in order to idenƟfy the condiƟons needed to maintain and enhance insect populaƟons 

and the food webs that they support.   
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4.1. IntroducƟon 

Food availability plays a key role in driving bird populaƟon abundance (Newton, 2002) and can be 

successfully manipulated by conservaƟon efforts to help declining populaƟons recover (e.g. Siriwardena et 

al., 2007). Much emphasis has been placed on winter food availability and its impact on survival rates, but 

food limitaƟon can also occur during the breeding season and negaƟvely impact producƟvity (Mallord et al., 

2007). Such impacts can occur via different mechanisms acƟng at mulƟple stages of the reproducƟve cycle 

(MarƟn, 1987). For example, if food is scarce, females may lay reduced clutch sizes (Sanz and Moreno, 

1995), lower provisioning rates may cause nestling starvaƟon or reduced body condiƟon, with negaƟve 

impacts on chick survival rates at the nestling and post-fledging stages (Grüebler et al., 2018; Jones et al., 

2017), and parents may spend longer away from the nest searching for food, increasing the risk of hatching 

failure or nest predaƟon (Brickle et al., 2000; Duncan Rastogi et al., 2006).     

Several studies have demonstrated posiƟve associaƟons between insect abundance or biomass and bird 

abundance (Benton et al., 2002; Evans et al., 2024; Møller, 2019), as well as reproducƟve success (Martay et 

al., 2023; Seress et al., 2018; ShuƩ et al., 2018), while supplementaƟon experiments have shown direct 

posiƟve impacts of insect food provision on reproducƟve success (Peach et al., 2015). In addiƟon, a recent 

meta-analysis demonstrated that, generally, increased insect food availability is associated with both 

greater reproducƟve success and chick body condiƟon in insecƟvorous birds, suggesƟng that this is a 

common phenomenon across species and geographic areas (Grames et al., 2023). Widespread declines in 

insecƟvorous bird populaƟons across conƟnents have therefore been aƩributed to widely reported declines 

in insect populaƟons (Bowler et al., 2019; Dirzo et al., 2014; Hallmann et al., 2017; Sánchez-Bayo and 

Wyckhuys, 2019; Tallamy and Shriver, 2021; Wagner, 2020). Importantly, the impacts of these insect 

declines are not likely to be restricted to insecƟvorous species because most landbirds feed invertebrates to 

nestlings, regardless of adult diet (Cramp, 2006).  

Previous work has idenƟfied substanƟal and consistent site-level spaƟal variaƟon in producƟvity of 

landbirds at European breeding sites (see Chapter 3), which covaries between species remaining in Europe 

throughout the year and those migraƟng to sub-Saharan Africa (Morrison et al., 2021, 2022). It is currently 

unknown whether insect prey availability is related to this spaƟal variaƟon in producƟvity (Pearce-Higgins 

and Morris, 2022). If insect abundance maps onto this variaƟon, such that sites with poor bird producƟvity 

record lower insect abundance than high producƟvity sites, this raises the possibility of enhancing insect 

populaƟons to help boost producƟvity rates of European landbirds. However, our capacity to do so depends 

on our ability to idenƟfy the condiƟons associated with high insect abundance. Land use change is 

considered one of the greatest drivers of insect declines (Sánchez-Bayo and Wyckhuys, 2019), and so 

landscape composiƟon around sites may play an important role (Sinclair et al., 2025). For example, insect 

prey availability has been shown to be greater in semi-natural landscapes compared to urban environments 

(Seress et al., 2018) and agricultural landscapes (GarreƩ et al., 2022). There is also evidence for negaƟve 
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impacts of agricultural intensity on insect abundance (Benton et al., 2002), with one driving factor being the 

increased use of pesƟcides in more intensive areas. Several studies have shown reduced insect and bird 

abundance and/or producƟvity in areas with increased pesƟcide applicaƟons (Brickle et al., 2000; Hallmann 

et al., 2014; Hart et al., 2006; Morris et al., 2005). Furthermore, how far the benefits of increasing insect 

abundance could extend across the bird community depends on whether responses differ between species. 

For example, sub-Saharan migrants are more constrained in their Ɵming of breeding compared to residents 

(Both and Visser, 2001; Hedenström, 2007; Knudsen et al., 2011), and so may be expected to show 

different responses to insect abundance. In addiƟon, species that are more strongly insecƟvorous, including 

most migrants (Jiguet et al., 2007), may show stronger associaƟons between producƟvity and insect 

abundance than species feeding on other resources, such as granivores. 

Most studies examining relaƟonships between bird producƟvity and insect prey availability have been 

conducted over small spaƟal extents and/or on a single species, but there are calls to examine these 

relaƟonships across species at large scales (Grames et al., 2023; Martay et al., 2023). We conducted a Pan-

European ciƟzen science study which measured insect abundance at sites where standardised bird captures 

are used to provide annual esƟmates of producƟvity. Our study was both high-resoluƟon; relaƟng site-level 

insect abundance to long-term, site-level producƟvity, and large-scale; spanning countries across Europe. 

Our aims were three-fold: (1) to examine whether insect abundance maps onto spaƟal variaƟon in cross-

community bird producƟvity at sites in Europe, (2) to explore how this varies between resident and 

migratory bird communiƟes, and across individual species, because differences may be masked at the 

community-level, and (3) to examine how insect abundance varies spaƟally and temporally within and 

across sites, and with the composiƟon of the surrounding landscape.  

 

4.2. Methods 

Insect Abundance 

We recruited ciƟzen scienƟst volunteers taking part in the European Constant Effort Sites (EuroCES) 

programme, previously described in Chapter 3, to measure insect abundance on their sites during the 2024 

CES season. A total of 176 sites from 10 CES schemes contributed insect data, covering a wide laƟtudinal 

and longitudinal range (Table 4.1, Figure 4.1). During every other CES ringing session, volunteers hung a 

single double-sided yellow sƟcky trap measuring 25 x 10 cm at approximately 1.5 – 2 m height, from a 

branch or other suitable vegetaƟon in a random, fixed locaƟon within 10 m of the mist-net rides. SƟcky 

traps are a simple, low-cost but effecƟve method for monitoring (mostly flying) invertebrate abundance 

(Kent et al., 2019), which allowed us to maximise the number of sites collecƟng insect data. Volunteers 

were asked to record the date, start and end Ɵmes of trap deployment (Table 4.2), and to return 

photographs of each side of the traps, which were then imported into Fiji image processing soŌware 
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(Schindelin et al., 2012) and the total number of insects caught on each trap manually counted (plus any 

arachnids, grouped with insects for simplicity). The total insect count for each trap was divided by the 

number of hours the trap was deployed (median = 4 hours; Figure S4.1) to obtain a total insect count per 

hour for each trap. The total number of traps was 741 and the number of trapping occasions per site ranged 

between 2 and 7 (see Table 4.1 for scheme-specific informaƟon). Dates of trapping varied between sites but 

were evenly spread across the breeding season (Figure S4.2). It was not feasible to operate more than one 

trapping locaƟon per site, but a pilot study conducted in 2023 with six traps installed per site demonstrated 

significant within-site repeatability in insect counts recorded on traps deployed on the same day (Appendix 

4.1). The insect trapping was conducted with approval from the University of East Anglia Research Ethics 

CommiƩee (ETH2223-2236), and relevant local site permissions were sought before sampling took place. 

Table 4.1: For each Constant Effort Sites scheme, the three-leƩer abbreviaƟon used in subsequent figures, the total 

number of sites that contributed sƟcky trap insect data, the number of these sites with producƟvity data in at least 

three years between 1998 and 2019, and the range in number of trapping occasions at sites within that scheme.  

Scheme 

 

Code Total Number of 

Sites  

Number of Sites with 

ProducƟvity Data 

Number of Trap Occasions 

Per Site 

Czechia CZE 15 12 3 – 5 

Denmark DEN 7 5 3 – 6 

Finland FIN 15 9 4 – 7 

France FRA 52 20 2 – 5 

Great Britain & Ireland GBT 29 16 4 – 6 

Hungary HUN 13 11 2 – 4 

Italy ITA 12 12 4 – 6 

Spain (Basque) SPB 6 6 3 

Spain (Catalonia) SPC 24 23 3 – 4 

Sweden SWE 3 3 6 – 7 

 

Table 4.2: Mean and standard deviaƟon for the start Ɵme (HH:MM), end Ɵme (HH:MM) and total hours of deployment 

of sƟcky traps measuring insect abundance across 741 trapping occasions at 176 European Constant Effort Sites in 

2024. 

 Mean Standard DeviaƟon 

Start Time 05:37 00:55 

End Time 11:31 01:10 

Trap Hours 5.90 0.95 
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Figure 4.1: Constant Effort Sites (CES) which contributed data to this study. In orange are sites which contributed both 

insect abundance and mean landbird producƟvity data. Mean producƟvity could only be measured at sites with at 

least three years of producƟvity data between 1998 – 2019, and some CESs which monitored insect abundance did 

not meet this threshold and so did not contribute producƟvity data to this study (blue). In grey are all CESs in Europe 

acƟve at any Ɵme during 1998 – 2019 (many no longer acƟve and so could not contribute to this study).  
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QuanƟfying Site-level Mean ProducƟvity 

ProducƟvity data were available for the years 1998 through to 2019, and were used to calculate a mean 

annual producƟvity value for each site, across years and species. As described in Chapter 3, the mean 

juvenile-adult raƟo across years for each species at each site (‘species-site mean’) was esƟmated in a series 

of binomial generalised linear mixed models (GLMMs). We restricted the species list to passerines because 

the CES methodology most reliably measures producƟvity rates for these species, and excluded invasive 

non-naƟve species, resulƟng in a final list of 80 species across our sample of sites (Table S4.1).  

We then calculated the mean producƟvity across species at each site, employing a bootstrapping procedure 

to incorporate error associated with the individual species-site means. For each species at each site, 1000 

esƟmates of across-year mean producƟvity were generated by randomly sampling from a normal 

distribuƟon with a mean equal to the species-site mean esƟmate and standard deviaƟon equal to the 

standard error around this esƟmate. To account for differences in species composiƟon between sites, 

species-site esƟmates were standardised by subtracƟng the overall species mean across sites and dividing 

by the standard deviaƟon (similarly to Chapter 3, but within each of the 1000 datasets here). This 

standardisaƟon process was done within each scheme separately to avoid methodological differences 

biasing the producƟvity values. Subsequently, the 1000 standardised esƟmates were used to calculate the 

mean site-level producƟvity across species at each site and the standard deviaƟon, which incorporates error 

around the species-site means.  

Mean producƟvity was calculated across all species at a site, as well as across species classified into one of 

three migratory groups: (1) resident within Europe or short-distance migrant (“resident”), (2) long-distance 

migrant overwintering in the arid-zone of sub-Saharan Africa (“arid”), or (3) long-distance migrant 

overwintering in the more southerly humid-zone of sub-Saharan Africa (“humid”). We used the 

classificaƟons from Morrison et al., (2021), resulƟng in 48 residents, 14 arid-zone migrants and 18 humid-

zone migrants. The above process was carried out for all CE sites in each scheme to contextualise the mean 

producƟvity values on our sample of sites contribuƟng insect data, and to increase the number of species 

included in our dataset (because standardisaƟon is not possible if fewer than two sites record that species). 

The distribuƟons of site-level mean producƟvity for the enƟre CES dataset and for our sample of sites were 

very similar, with medians of -0.07 and -0.08 respecƟvely (Figure S4.3). The study sites can therefore be 

considered a random, representaƟve sample of bird producƟvity on CE sites in Europe. Mean producƟvity 

could only be measured at sites with at least three years of producƟvity data between 1998 – 2019 (n = 117, 

Table 4.1; see Chapter 3 Methods), which was not available for 59 of the 176 sites contribuƟng insect data. 

These 59 sites were therefore excluded from analyses of producƟvity (see below).  
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For 13 of the 15 sites recording insect data in Finland, we also had concurrent producƟvity data from 2024 

(the remaining two sites did not meet the minimum monitoring duraƟon threshold for calculaƟng 

producƟvity). This was within a wider dataset of 36 CE sites collecƟng producƟvity data in the 2024 season 

in Finland (Figure S4.4). Mean standardised producƟvity across 27 bird species was calculated following a 

very similar, but simplified procedure: 1) the juvenile-adult raƟo was calculated for each species at each of 

the 36 sites, 2) values were standardised within each species across all 36 sites, and 3) the mean and 

standard deviaƟon was calculated across species at each of the 13 sites with insect data.   

Landscape ComposiƟon 

As previously described in Chapter 3, we used the Land System typology from Dou et al., (2021) to 

characterise the landscape composiƟon around sites using two categorical variables: system and intensity. 

First, each of the 176 CE sites contribuƟng insect data was assigned the land system and sub-system 

category for the 1 km square in which it occurs. System was then simply defined by the land system 

category of that square (Table 4.3a), while intensity was defined by the management intensity level of the 

sub-system category (Table 4.3b; see Table S4.2 for sub-system groupings). Amongst the CE sites where 

insect data were collected, arable cropland landscapes were the most common and formed a greater 

proporƟon of sites surveyed compared to their proporƟon in the full EuroCES dataset (from Chapter 3, 

Table 3.2a), while grassland landscapes were under-represented. In addiƟon, sites within low-intensity 

landscapes consƟtuted nearly half of the sample of sites, which is a greater proporƟon compared to the full 

dataset (from Chapter 3, Table 3.2b). Meanwhile comparaƟvely few sites were in high-intensity landscapes, 

which formed the greatest proporƟon in the full dataset. 

Table 4.3: The number (#) and percentage (%) of Constant Effort Sites (CES) contribuƟng insect data within 1 km scale 

landscapes dominated by each (a) system type, and (b) management intensity. The percentage of sites in the full 

EuroCES dataset represented by each category is also presented for comparison (taken from Chapter 3, Tables 3.2a and 

3.2b). 

 

a) 
System # sites % sites 

All CES 

% sites 

 

b) 
Intensity # sites % sites 

All CES 

% sites 

Arable Cropland 45 26 18 Low 82 47 34 

Forest 32 18 14 Medium 65 37 26 

Grassland 7 4 11 High 29 16 40 

Mosaic 25 14 16  

SeƩlement 28 16 20 

Shrub 7 4 0 

Wetland 32 18 20 
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StaƟsƟcal Analysis 

ProducƟvity and Insect Abundance 

i. All Species 

To examine the associaƟon between producƟvity and insect abundance at sites across Europe, we ran a 

linear model using the lm funcƟon in the ‘lme4’ R package (Bates et al., 2015), with mean producƟvity 

across all species at each site as the response variable and the mean insect count per hour across traps at 

each site as a predictor variable (n = 117). The inverse of the standard deviaƟon from the bootstrapped 

esƟmates of mean site-level producƟvity was used as a weighƟng variable to account for error around the 

individual species-site means. We accepted significance of the predictor variable if p < 0.05 in the model 

summary. We also ran the same model with an interacƟon term between mean insect count per hour and 

scheme to examine how the associaƟon between producƟvity and insect abundance varies across Europe. 

The emtrends funcƟon in the ‘emmeans’ package (Lenth et al., 2024) was used to extract the slope esƟmate 

and 95% confidence intervals for each scheme, accepƟng significance if the intervals did not include zero. In 

addiƟon, to examine the relaƟonship between concurrent producƟvity and insect abundance data in 

Finland, we ran a linear model with the mean standardised producƟvity at sites in 2024 as the response 

variable, and the mean insect count per hour as a predictor (n = 13; Figure S4.4). 

ii. Migratory Groups and Individual Species 

We then ran three separate models with the same main model structure as above, each with mean 

producƟvity across species in the different migratory groups (residents, arid-zone migrants and humid-zone 

migrants) as the response variable. Further, to examine how responses varied between individual species, 

standardised producƟvity values (taken from the binomial GLMMs menƟoned previously) for species 

recorded on 5 or more sites (n = 52, see Table S4.1) were fiƩed as the response variable in a linear model, 

with mean insect count per hour and its interacƟon with species as predictor variables. The standard error 

from each of the species binomial GLMMs was used as a weighƟng variable. Slope esƟmates and 95% 

confidence intervals for the relaƟonship between producƟvity and insect counts were extracted for each 

species from this model, again accepƟng significance if the intervals did not include zero.   

Insect Abundance and Landscape ComposiƟon 

To examine the effect of land system on insect counts, we ran a linear mixed model (LMM) using the lmer 

funcƟon in the ‘lmerTest’ package (Kuznetsova et al., 2017), with the log-transformed mean insect count 

per hour at a site as the response variable, the system category for each site as a categorical fixed effect, 

and scheme as a random intercept. We ran a similar model to examine the effect of management intensity 

on insect counts, with the intensity category for each site as a categorical fixed effect. System and intensity 

were fiƩed in separate models because wetland and shrub sites were always classified as “low intensity”, so 
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including the predictors in the same model would have confounded their effects. We assessed categorical 

predictor significance using term deleƟon and likelihood raƟo tests, accepƟng significance if p < 0.05.  

For all models, we inspected the distribuƟon of residuals and checked for influenƟal points using the 

‘performance’ package (Lüdecke et al., 2021). All analyses were conducted in R 4.4.3. (R Core Team, 2025).  

 

4.3. Results 

Landbird ProducƟvity and Insect Abundance 

Across all sites, mean standardised producƟvity showed a weakly significant posiƟve relaƟonship with the 

mean insect count per hour recorded on sƟcky traps (Table 4.4). Sites with the lowest producƟvity values     

(<-0.3) only ever recorded fewer than 10 insects per hour on average, while sites recording more insects 

had mean producƟvity across the full range of values (Figure 4.2). The relaƟonship between mean 

producƟvity and insect counts varied somewhat across schemes (Figures 4.3 and 4.4, Table S4.3). Finland 

was the only scheme to demonstrate a significant posiƟve relaƟonship, while none of the schemes 

demonstrated a negaƟve slope. Within Finland, we also found a significant posiƟve relaƟonship between 

mean producƟvity recorded at sites in 2024 and the mean insect count per hour (β = 0.05, standard error = 

0.02, t = 2.42, p = 0.03; Figure 4.5). In addiƟon, mean producƟvity at Finnish sites with both the historic 

producƟvity (1998-2019) and 2024 producƟvity datasets (n = 7) was significantly posiƟvely correlated 

(Spearman’s rho = 0.93,   S = 4, df = 5, p = 0.01; Figure S4.5).    

 

Table 4.4: Model output from a linear model with mean standardised producƟvity across all landbird species at a site 

as the response variable and mean insect count per hour recorded on sƟcky traps at that site in 2024 as a predictor 

variable, weighted by the inverse of the standard deviaƟon of mean producƟvity. N sites = 117. (Model R2 = 0.04). 

 EsƟmate Standard Error t value p value 

Intercept -0.15 0.06 -2.59 0.01 

Mean Insect Count Per Hour   0.01 0.01 2.05 0.04 
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Figure 4.3: Slope esƟmates (points) and 95% Confidence Intervals (line intervals, CIs) from a linear model of mean 

standardised producƟvity across landbird species (1998 – 2019) at Constant Effort Sites (CES), fiƩed as a funcƟon 

of mean total insect count per hour recorded on sƟcky traps in 2024, and its interacƟon with CES scheme. Number 

of sites for each scheme is shown in brackets aŌer the scheme code (see Table 4.1). Significant associaƟons 

highlighted in orange (95% CIs do not overlap 0). 

Figure 4.2: RelaƟonship between the mean standardised producƟvity across 80 landbird species (1998 – 2019) 

and the mean insect count per hour recorded on sƟcky traps in 2024 at 117 Constant Effort Sites across Europe. 

Grey shading indicates 95% Confidence Intervals.  
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Figure 4.4: RelaƟonship between the mean standardised producƟvity across landbird species (1998 – 2019) and 

the mean insect count per hour recorded on sƟcky traps in 2024 at Constant Effort Sites within different schemes. 

Grey shading indicates 95% Confidence Intervals. A combined plot shows fiƩed regression lines on the same scale.   
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The relaƟonship between mean producƟvity and mean insect count per hour also varied between groups of 

landbirds with different migratory strategies. Mean producƟvity of species resident within Europe was 

significantly posiƟvely associated with mean insect count per hour, while mean producƟvity for arid-zone 

and humid-zone migrants was not significantly associated with insect counts (Table 4.5, Figure 4.6).  

Table 4.5: Output from a linear model of mean standardised site-level producƟvity across a) 48 resident landbird 

species, b) 14 arid-zone migrants, and c) 18 humid-zone migrants, in relaƟon to mean insect count per hour recorded 

on sƟcky traps at Constant Effort Sites across Europe, weighted by the inverse of the standard deviaƟon of mean 

producƟvity. (Number of sites: a = 116, b = 81, c = 108; model R2: a = 0.06, b = 0.01, c = 0.01).  

a) Residents EsƟmate Standard Error t value p value 

Intercept -0.19 0.06 -3.11 <0.01 

Mean Insect Count Per Hour   0.02 0.01 2.62 0.01 

b) Arid-zone migrants EsƟmate Standard Error t value p value 

Intercept -0.26 0.13 -1.99 0.05 

Mean Insect Count Per Hour   0.01 0.02 0.68 0.50 

c) Humid-zone migrants EsƟmate Standard Error t value p value 

Intercept -0.14 0.09 -1.49 0.14 

Mean Insect Count Per Hour   0.01 0.01 0.87 0.39 

 

Overall, two species showed a significant posiƟve relaƟonship (slope 95% confidence intervals did not 

contain zero) between standardised producƟvity and mean insect count: one resident (Reed BunƟng, 

REEBU; Figure 4.7) and one humid-zone migrant (Pied Flycatcher, PIEFL; Figure 4.8). None of the arid-zone 

species showed significant relaƟonships (Figure 4.9). In addiƟon, 23 out of the 32 resident species 

examined, 6 out of 11 humid-zone migrants examined and 5 out of 9 arid-zone migrants examined showed 

non-significant posiƟve relaƟonships (slope 95% confidence intervals contained zero; Table S4.4).  

Figure 4.5: RelaƟonship between the mean standardised 

producƟvity across 27 landbird species and the mean 

insect count per hour recorded on sƟcky traps in 2024 at 

13 Constant Effort Sites in Finland. Grey shading indicates 

95% Confidence Intervals. 
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Figure 4.6: RelaƟonship between the mean standardised producƟvity across 48 resident landbird species, 14 arid-zone migrants and 18 humid-zone migrants (1998 – 2019) and 

the mean insect count per hour recorded on sƟcky traps in 2024 at 116, 81, and 108 European Constant Effort Sites, respecƟvely. Grey shading indicates 95% Confidence Intervals.   
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Figure 4.7: Slope esƟmates (points) and 95% Confidence Intervals (line intervals, CIs) from a linear model of mean 

standardised producƟvity (1998 – 2019) in relaƟon to mean total insect count per hour recorded on sƟcky traps in 

2024, and its interacƟon with species, for 32 landbird species that stay within Europe throughout the year. Number 

of sites for each species is shown in brackets aŌer the 5 leƩer species code (see Table S4.1). Significant associaƟons 

highlighted in orange (95% CIs do not overlap 0). 
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Figure 4.9: Slope esƟmates (points) and 95% Confidence Intervals (line intervals, CIs) from a linear model of mean 

standardised producƟvity (1998 – 2019) in relaƟon to mean total insect count per hour recorded on sƟcky traps in 

2024, and its interacƟon with species, for nine arid-zone migrant landbird species. Number of sites for each species 

is shown in brackets aŌer the 5 leƩer species code (see Table S4.1). Significant associaƟons highlighted in orange 

(95% CIs do not overlap 0). 

Figure 4.8: Slope esƟmates (points) and 95% Confidence Intervals (line intervals, CIs) from a linear model of mean 

standardised producƟvity (1998 – 2019) in relaƟon to mean total insect count per hour recorded on sƟcky traps in 

2024, and its interacƟon with species, for  11 humid-zone migrant landbird species. Number of sites for each 

species is shown in brackets aŌer the 5 leƩer species code (see Table S4.1). Significant associaƟons highlighted in 

orange (95% CIs do not overlap 0). 
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VariaƟon in Insect Counts 

Within sites, insect counts varied across trapping occasions to differing degrees. The coefficient of variaƟon 

(CV) of insect counts per hour for each site was significantly posiƟvely correlated with the mean insect 

count per hour (Pearson’s cor = 0.17, t = 2.23, df = 174, p = 0.03), such that sites recording higher insect 

counts on average showed greater variaƟon across trapping occasions. While sites with low mean insect 

counts showed consistently low counts, sites with high mean counts oŌen had one or two very high counts, 

alongside medium and low counts (e.g. Figure 4.10; all schemes Figures S4.6 – S4.15). However, there were 

many sites with high mean counts that showed consistently high counts; hence the correlaƟon between the 

CV and mean insect count was weak. Across schemes, there was no obvious phenological paƩern to the 

temporal variaƟon in insect counts over the trapping occasions, and so high and low counts could occur in 

any month throughout the sampling period (Figures S4.6 – S4.15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Total insect count per hour on each sƟcky trap (points), as well as the mean insect count per hour across 

traps for each site (bar), deployed at 13 Constant Effort Sites in Hungary. Points are coloured by the month in which 

the trap was deployed in 2024. The overall mean (±95% Confidence Intervals) across all traps in Hungary is also shown 

in black. 
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 Figure 4.11: Frequency distribuƟons of total insect count per hour across all sƟcky traps deployed in each Constant Effort 

Sites scheme in 2024. The mean (± 95% CIs) count per hour (point) across all traps is also shown for each scheme in black. 

Note the y-axis differs for each scheme. 
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We also detected broad-scale spaƟal variaƟon between countries in insect counts, but there was no clear 

laƟtudinal structure to this (Figure 4.11). Mean insect count per hour across traps was highest in the Basque 

region of Spain, and lowest in Sweden. Both of these schemes had a limited sample size (six and three sites, 

respecƟvely) and so insect counts may not be as representaƟve as in the other schemes. For the 

intermediate schemes, the mean insect counts across traps were very similar, with the main differences 

being the frequency of high-count traps. 

Landscape CharacterisƟcs and Insect Abundance 

Mean insect count per hour did not significantly vary with the land system (LRT: Χ2 = 5.17, df = 6, p = 0.52; 

Table 4.6, Figure 4.12) or land-use intensity (LRT: Χ2 = 2.90, df = 2, p = 0.23; Table 4.7, Figure 4.13) within the 

1 km landscape surrounding the site.  

Table 4.6: Mean insect count per hour on sƟcky traps deployed at Constant Effort Sites within 1 km landscapes with 

different dominant land system categories. EsƟmated from a LMM with the log-transformed mean insect count per 

hour as the response variable, land system as a fixed effect and scheme as a random intercept, using the emmeans 

package. EsƟmates are provided on the response scale, and the 95% Confidence Levels (CL) are asymmetrical.   

Land System Emmean Standard Error df Lower CL Upper CL 

Arable Cropland 4.91 0.60 55.33 3.83 6.28 

Forest 3.89 0.57 57.69 2.89 5.22 

Grassland 5.35 1.48 154.09 3.10 9.22 

Mosaic 4.94 0.81 81.32 3.57 6.84 

SeƩlement 4.08 0.63 87.58 3.00 5.56 

Shrub 4.43 1.33 134.71 2.45 8.01 

Wetland 5.62 0.81 72.97 4.22 7.49 

 

Table 4.7: Mean insect count per hour on sƟcky traps deployed at Constant Effort Sites within 1 km landscapes with 

different dominant land-use intensiƟes. EsƟmated from a LMM with the log-transformed mean insect count per hour 

as the response variable, land-use intensity as a fixed effect and scheme as a random intercept, using the emmeans 

package. EsƟmates are provided on the response scale, and the 95% Confidence Levels (CL) are asymmetrical.   

Land-use Intensity Emmean Standard Error df Lower CL Upper CL 

Low 5.23 0.53 20.34 4.24 6.46 

Medium 4.24 0.46 29.46 3.40 5.30 

High 4.48 0.68 76.78 3.31 6.07 

 

 

 

 



186 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: Boxplots of mean insect count per hour on sƟcky traps deployed in 2024 at Constant Effort Sites 

within 1 km landscapes dominated by different land system types. Each data point is a site and the number of 

sites in each land system category is provided at the base of each boxplot. Horizontal bars indicate medians, 

boxes indicate interquarƟle range, and whiskers indicate minimum and maximum values, with any outlying data 

points beyond those more than 1.5 Ɵmes higher or lower than 1st and 3rd interquarƟle, respecƟvely. 
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Figure 4.13: Boxplots of mean insect count per hour on sƟcky traps deployed in 2024 at Constant Effort Sites within 

1 km landscapes dominated by different land-use intensiƟes. Each data point is a site and the number of sites in 

each land-use intensity is provided at the base of each boxplot. Horizontal bars indicate medians, boxes indicate 

interquarƟle range, and whiskers indicate minimum and maximum values, with any outlying data points beyond 

those more than 1.5 Ɵmes higher or lower than 1st and 3rd interquarƟle, respecƟvely. 
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4.4. Discussion 

With the help of a network of ciƟzen scienƟsts, we conducted a Pan-European study of site-level bird 

producƟvity and flying insect abundance, that was both large-scale and high-resoluƟon. We found a posiƟve 

relaƟonship between insect abundance measured in 2024 and mean producƟvity across species and years 

at CE sites in Europe, with sites recording higher insect abundance tending to be those with higher mean 

producƟvity. For Finland, we also found a posiƟve relaƟonship between insect abundance and concurrent 

mean producƟvity measured at sites in 2024, suggesƟng that the relaƟonship between insects and 

producƟvity is consistent across years. We further show that sites with low mean insect counts invariably 

recorded low counts across the breeding season, while sites with high mean insect counts recorded more 

variable counts, but these were sƟll generally higher than those at ‘poor’ sites. We did not find that the 

observed spaƟal variaƟon in insect abundance was related to the dominant land system or land-use 

intensity in the landscape surrounding sites.  

The overall relaƟonship between insect abundance and producƟvity was relaƟvely weak: while high insect 

abundance was not observed at the lowest producƟvity sites, not all sites with high producƟvity recorded 

high insect abundance. Our capacity to detect associaƟons between insects and producƟvity was likely 

influenced by whether sampling captured periods of high insect acƟvity at the more variable ‘good’ sites, 

and so we may have missed high insect count peaks at some high producƟvity sites. Insect emergences can 

be localised in space as well as Ɵme, and so the lack of spaƟal replicaƟon of trapping within sites is likely to 

have introduced some random noise into the measurement of insect abundance and limited the 

representaƟon of the wider site, especially given the short Ɵme period of each trapping occasion. 

Furthermore, while producƟvity varies relaƟvely liƩle between years (Morrison et al., 2021), insect numbers 

can vary considerably due to weather condiƟons (Duchenne and Fontaine, 2024; Fourcade et al., 2017), and 

so the strength of the relaƟonship between producƟvity and insect abundance could also vary between 

years. Therefore, the single-year snapshot of insect data collected in this study could have weakened the 

observed relaƟonship, and further years of data would be valuable to improve our understanding. 

The observed paƩerns could also suggest that addiƟonal factors may play a role in driving producƟvity in 

conjuncƟon with food availability. For example, it is possible that the poorest producƟvity sites have a 

combinaƟon of low insect food and other limiƟng condiƟons, such as high nest predaƟon rates, while some 

sites are able to achieve relaƟvely high producƟvity despite a lack of food if these other condiƟons are 

favourable (ZaneƩe et al., 2003). Importantly, greater insect food availability allows some sites to achieve 

higher producƟvity despite other limiƟng factors. For example, increased food may allow parents to 

increase reproducƟve investment and raise larger or mulƟple broods (O’Brien and Dawson, 2013; Ruffino et 

al., 2014), potenƟally counteracƟng negaƟve impacts of higher predaƟon rates on producƟvity. In addiƟon, 

an increase in food abundance may reduce the Ɵme parents spend away from the nest foraging, therefore 
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increasing Ɵme available for nest guarding and thus reducing the probability of nest predaƟon (Duncan 

Rastogi et al., 2006).  

The associaƟon between insect abundance and producƟvity varied across the individual schemes. Despite 

having a relaƟvely small number of sites, the most robust associaƟon between insect abundance and 

producƟvity was observed in Finland.  It is unclear why insect abundance did not map onto spaƟal variaƟon 

in producƟvity in the other schemes with larger samples of sites, not appearing to relate to the magnitude 

or variability of insect counts recorded in these schemes compared to Finland. A possible explanaƟon could 

be the comparaƟvely high laƟtude of the Finnish sites, if insect abundance is more strongly limiƟng for 

producƟvity at more northerly laƟtudes where the breeding season is shorter, while other factors, such as 

the availability of nesƟng sites or predaƟon rates (Newton and Brockie, 1998), may be more important 

elsewhere. In addiƟon, producƟvity values at lower laƟtude sites may be less representaƟve of site-level 

producƟvity than at higher laƟtudes, because captures of transient migratory juveniles at the end of the CES 

season are more likely as they move their way down through Europe, potenƟally weakening the observed 

relaƟonship with local insect abundance. 

Regardless of the exact mechanisms driving the paƩerns observed, these findings suggest that managing 

sites to increase insect prey availability could help boost producƟvity rates of European landbirds. However, 

the success of these efforts may vary between species, because there was some variaƟon in the associaƟon 

between insect abundance and producƟvity across the species community. Mean producƟvity across 

resident species was significantly associated with insect abundance, but we did not detect the same overall 

relaƟonship in migratory species. This may result from the increased Ɵming constraints on the breeding 

period of migratory species compared to residents (Both and Visser, 2001; Hedenström, 2007; Knudsen et 

al., 2011), making them less able to take advantage of the peaks in insect abundance at good-quality 

breeding sites for maximising reproducƟve success.  

However, we did find that one humid-zone migrant, the European Pied Flycatcher (Ficedula hypoleuca), 

showed a significant posiƟve relaƟonship between insect abundance and producƟvity. This may reflect the 

fact that the diet of this species is mainly composed of flying insects (Cramp, 2006), which made up the 

majority of insects caught by sƟcky traps, although, the producƟvity of another flycatcher species (SpoƩed 

Flycatcher, Muscicapa striata) did not show a similar posiƟve response. The only other species showing a 

significant posiƟve relaƟonship was the Reed BunƟng (Emberiza schoeniclus), which do feed insects to 

nestlings, but it is not clear why this species and not others would show this relaƟonship. There was a large 

degree of uncertainty around many of the individual species’ relaƟonships, likely a result of limited sample 

sizes and considerable noise in the insect data, limiƟng our power to detect these effects. It is possible that 

the two significant species relaƟonships resulted from chance alone, due to the large number of species (n = 

52) considered in the model relaƟve to the number of data points (n = 117). It is therefore difficult to draw 

any species-specific conclusions pertaining to diet or other characterisƟcs. The fact that many of the species 
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considered here primarily feed on ground- or soil-dwelling invertebrates, which are not sampled by sƟcky 

traps, is likely to have weakened the overall relaƟonship between insect abundance and mean producƟvity, 

depending on the extent to which abundances of different invertebrates are correlated. Future work could 

sample addiƟonal invertebrate groups to determine relaƟonships with producƟvity, for example piƞall traps 

(e.g. Ndithia et al., 2017) or caterpillar frass traps (e.g. Smith et al., 2011), but these sampling techniques 

would require addiƟonal processing by parƟcipants, which would likely limit the scale over which this could 

be implemented.   

Our capacity to manage insect prey availability to boost producƟvity rates ulƟmately depends on our ability 

to idenƟfy the condiƟons associated with high insect abundance. We did not find that insect abundance 

varied with the land system or land-use intensity in the local landscapes surrounding sites. This contrasts 

with several other studies demonstraƟng reduced insect abundance or biomass with increased urbanisaƟon 

(De Wolf et al ., 2025; Piano et al., 2020; Svenningsen et al., 2022; Uhler et al., 2021). While our sample of 

sites covered a range of habitats, very few were located in high-intensity urban environments (three sites), 

and the immediate habitat in which insects were sampled at these sites sƟll consisted of semi-natural 

vegetaƟon suitable for catching birds. In fact, most of our sites were in low-intensity landscapes across the 

land system types, so we may have lacked the power to detect variaƟon along a land-use intensity gradient. 

In addiƟon, while the effects of urbanisaƟon have been consistently shown, responses of insect populaƟons 

to agricultural intensity have been relaƟvely mixed (Benton et al., 2002; Svenningsen et al., 2022), and so 

our groupings of intensity categories across systems may have been too simplisƟc to pick up more complex 

effects of specific land-use types. In addiƟon, with a single trapping locaƟon per site, the insect abundance 

may not have been fully representaƟve of the wider site and surrounding landscape, therefore limiƟng our 

ability to detect the effects of larger-scale processes associated with the landscape variables explored.  

It is also possible that our measurement of insect abundance and not biomass could have hidden responses 

in the insect community. For example, a study on Diptera found negaƟve impacts of increased agricultural 

intensificaƟon on biomass but not abundance, which the authors hypothesised to result from community 

turnover towards smaller-bodied species (Powell et al., 2024). Newly published research idenƟfies different 

responses in small- and large-bodied insects to agricultural intensity at different scales; small (<4 mm) insect 

abundance was best explained by factors operaƟng at the field level, whereas that of larger insects (>4 mm) 

was best explained by soil type and landscape characterisƟcs (Jansma et al., 2025). Most of the insects we 

trapped were smaller than 5 mm (84% insects on subsample of 619 traps), which in combinaƟon with these 

findings, may explain why we did not detect landscape effects.  

InformaƟon on site-level habitat characterisƟcs was not available for this study but may be an important 

driver of variaƟon in insect abundance across our sites, and warrants further invesƟgaƟon, especially where 

this can directly inform management. For example, within-field level variaƟon in herbaceous vegetaƟon 

structure produced by different mowing pracƟces has been shown to influence insect abundance, which 
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increases with structural diversity (Crist et al., 2006). In addiƟon, sward structure in grasslands can also 

influence prey accessibility for foraging insecƟvores (Kleijn et al., 2010; Vickery et al., 2001). Meanwhile, a 

factor that might be important in more urban seƫngs is the pervasiveness of non-naƟve plants, which 

cannot support large populaƟons of naƟve herbivorous insects (Tallamy and Shriver, 2021), thereby 

reducing prey availability for insecƟvores, with negaƟve consequences for their reproducƟve success 

(Narango et al., 2018). Future work should look to explore the effects of local-scale drivers of insect 

populaƟons at breeding sites and idenƟfy management acƟons which could support and enhance both 

insects and landbirds.  

Conclusions 

We show that sƟcky traps can be an effecƟve method of collecƟng high resoluƟon insect abundance data at 

large-scales that is representaƟve of trophic interacƟons. Given the various sources of noise in the insect 

abundance data, it is compelling that we detected a posiƟve relaƟonship with bird producƟvity, and so 

insect abundance does seem to be a good metric for quanƟfying the quality of breeding sites. These 

findings suggest that insect declines across Europe (PiloƩo et al., 2020) may be detrimental to producƟvity 

rates in landbirds, but also that managing insect prey availability could be a route to help boost those rates. 

We don’t yet know what is driving this variaƟon in insect abundance, and so further work is needed to 

explore effects of site-level characterisƟcs. We suggest that if local factors are more important than 

landscape factors for insect abundance, there is a possibility for any landscape to host sites with high or low 

insect abundance, providing wide opportuniƟes to increase insect prey availability through site-level 

management to boost bird producƟvity.  
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Chapter 4 Supplementary Material 

Table S4.1: 80 landbird species for which average producƟvity across sampling years falling between 1998 – 2019  was 

measured at Constant Effort Sites (CESs) in Europe. Listed for each is their migratory status, number of sites for which 

average producƟvity was measured, and, if greater than five sites, five-leƩer species code used in species plots. 

English name LaƟn name Migratory Status # Sites Code 

Eurasian Blackbird Turdus merula Resident 91 BLABI 

Eurasian Blackcap Sylvia atricapilla Resident 86 BLACA 

Great Tit Parus major Resident 83 GRETI 

Eurasian Blue Tit Cyanistes caeruleus Resident 67 BLUTI 

European Robin Erithacus rubecula Resident 61 ROBIN 

Common NighƟngale Luscinia megarhynchos Humid 52 NIGAL 

Common Chiffchaff Phylloscopus collybita Resident 51 CHIFF 

Eurasian Reed Warbler Acrocephalus scirpaceus Humid 49 REEWA 

Garden Warbler Sylvia borin Humid 43 GARWA 

Dunnock Prunella modularis Resident 41 DUNNO 

Song Thrush Turdus philomelos Resident 41 SONTH 

Common Chaffinch Fringilla coelebs Resident 40 CHAFF 

Sedge Warbler Acrocephalus schoenobaenus Arid 40 SEDWA 

European Greenfinch Chloris chloris Resident 39 GREFI 

Long-tailed Tit Aegithalos caudatus Resident 39 LOTTI 

Whitethroat Curruca communis Arid 36 WHITE 

Reed BunƟng Emberiza schoeniclus Resident 36 REEBU 

Willow Warbler Phylloscopus trochilus Humid 35 WILWA 

Lesser Whitethroat Curruca curruca Arid 30 LESWH 

Eurasian Wren Troglodytes troglodytes Resident 29 WREN 

Marsh Warbler Acrocephalus palustris Humid 26 MARWA 

Melodious Warbler Hippolais polygloƩa Humid 25 MELWA 

European Goldfinch Carduelis carduelis Resident 24 GOLDF 

Ceƫ's Warbler Ceƫa ceƫ Resident 22 CETWA 

House Sparrow Passer domesƟcus Resident 22 HOUSP 

European Serin Serinus serinus Resident 22 SERIN 

Eurasian Bullfinch Pyrrhula pyrrhula Resident 20 BULLF 

Great Reed Warbler Acrocephalus arundinaceus Humid 16 GRRWA 

Sardinian Warbler Curruca melanocephala Resident 16 SARWA 

Yellowhammer Emberiza citrinella Resident 15 YELHA 

Eurasian Tree Sparrow Passer montanus Resident 13 TRESP 

Savi's Warbler Locustella luscinioides Arid 13 SAVWA 
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Short-toed Treecreeper Certhia brachydactyla Resident 13 STTRE 

Red-backed Shrike Lanius collurio Humid 11 REBSH 

Bluethroat Luscinia svecica Arid 11 BLUTH 

Grasshopper-Warbler Locustella naevia Arid 11 GRAWA 

Subalpine Warbler Curruca canƟllans/iberiae/subalpina Arid 11 SUBWA 

SpoƩed Flycatcher Muscicapa striata Humid 10 SPOFL 

Barn Swallow Hirundo rusƟca Humid 9 SWALL 

Bearded Reedling Panurus biarmicus Resident 9 BEATI 

Cirl BunƟng Emberiza cirlus Resident 9 CIRBU 

Marsh Tit Poecile palustris Resident 8 MARTI 

European Pied Flycatcher Ficedula hypoleuca Humid 8 PIEFL 

Fieldfare Turdus pilaris Resident 7 FIELD 

European Starling Sturnus vulgaris Resident 6 STARL 

Eurasian Siskin Spinus spinus Resident 6 SISKI 

Hawfinch Coccothraustes coccothraustes Resident 6 HAWFI 

Redpoll Acanthis flammea/cabaret Resident 5 REDPO 

Common Redstart Phoenicurus phoenicurus Arid 5 REDST 

Crested Tit Lophophanes cristatus Resident 5 CRETI 

Redwing Turdus iliacus Resident 5 REDWI 

Western Orphean Warbler Curruca hortensis Arid 5 WORWA 

Barred Warbler Curruca nisoria Arid 4  

Eurasian Penduline-Tit Remiz pendulinus Resident 4  

Moustached Warbler Acrocephalus melanopogon Resident 4  

Bonelli's Warbler Phylloscopus bonelli/orientalis Arid 4  

Common Firecrest Regulus ignicapilla Resident 4  

Woodchat Shrike Lanius senator Arid 4  

Eurasian Linnet Linaria cannabina Resident 3  

White Wagtail Motacilla alba Resident 3  

Thrush NighƟngale Luscinia luscinia Humid 3  

Whinchat Saxicola rubetra Humid 3  

Tree Pipit Anthus trivialis Humid 2  

Willow Tit Poecile montanus Resident 2  

Coal Tit Periparus ater Resident 2  

Eurasian Nuthatch SiƩa europaea Resident 2  

Gray Wagtail Motacilla cinerea Resident 2  

European Stonechat Saxicola rubicola Resident 2  

Rock BunƟng Emberiza cia Resident 2  

Bank Swallow Riparia riparia Arid 2  
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Western Yellow Wagtail Motacilla flava Arid 1  

Black Redstart Phoenicurus ochruros Resident 1  

Mistle Thrush Turdus viscivorus Resident 1  

River Warbler Locustella fluviaƟlis Humid 1  

Icterine Warbler Hippolais icterina Humid 1  

Goldcrest Regulus regulus Resident 1  

Collared Flycatcher Ficedula albicollis Humid 1  

Eurasian Golden Oriole Oriolus oriolus Humid 1  

Citril Finch Carduelis citrinella Resident 1  

Red Crossbill Loxia curvirostra Resident 1  

 

Table S4.2: The number of Constant Effort Sites in 1 km landscapes dominated by different land sub-systems from the 

Dou et al., (2021) classificaƟon, and the higher-level system and intensity groupings used in this study.  

System Sub-system Intensity Number of sites 

arable cropland low-intensity cropland low 2 

arable cropland medium-intensity cropland medium 24 

arable cropland high-intensity cropland high 19 

forest low-intensity forest low 14 

forest medium-intensity forest medium 14 

forest high-intensity forest high 4 

grassland low-intensity grassland low 3 

grassland medium-intensity grassland medium 2 

grassland high-intensity grassland high 2 

mosaic forest/shrubs and cropland mosaics low 10 

mosaic forest/shrubs and grassland mosaics low 6 

mosaic forest/shrubs and mixed agriculture mosaics low 4 

mosaic low-intensity agricultural mosaics low 1 

mosaic medium-intensity agricultural mosaics medium 3 

mosaic high-intensity agricultural mosaics high 1 

settlement low-intensity settlement low 3 

settlement medium-intensity settlement medium 22 

settlement high-intensity settlement high 3 

wetland water body low 8 

wetland wetland low 24 

shrub shrub low 6 

shrub extensive perm-crops low 1 
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Table S4.3: For each Constant Effort Sites (CES) scheme, the esƟmated slope value, standard error, degrees of freedom 

(df) and 95% Confidence Intervals from a linear model with mean standardised producƟvity (1998 – 2019) across 80 

landbird species at 117 CESs as the response variable, and the interacƟon between mean insect count per hour on 

sƟcky traps deployed in 2024 and CES scheme as a predictor, weighted by the inverse of the standard deviaƟon of 

mean producƟvity. EsƟmated using the emtrends funcƟon from the ‘emmeans’ package.  

CES Scheme Slope Standard Error df 95% Confidence Intervals Number of sites 

CZE -0.003 0.02 97 -0.04 – 0.04 12 

DEN 0.10 0.05 97 -0.002 – 0.20 5 

SPB 0.03 0.02 97 -0.02 – 0.07 6 

SPC 0.0001 0.02 97 -0.03 – 0.03 23 

FRA 0.04 0.03 97 -0.02 – 0.09 20 

GBT -0.02 0.03 97 -0.07 – 0.03 16 

HUN 0.03 0.02 97 -0.01 – 0.07 11 

ITA -0.02 0.02 97 -0.06 – 0.03 12 

FIN 0.06 0.02 97 0.01- 0.11 9 

SWE 0.15 0.14 97 -0.13 – 0.43 3 

 

Table S4.4: For each species, the esƟmated slope value, standard error, degrees of freedom (df) and upper and lower 

95% confidence intervals (CI) from a linear model with mean standardised producƟvity across 52 landbird species at 

117 Constant Effort Sites as the response variable, and the interacƟon between mean insect count per hour on sƟcky 

traps deployed in 2024 and species as a predictor, weighted by the inverse of the standard deviaƟon of mean 

producƟvity. EsƟmated using the emtrends funcƟon from the ‘emmeans’ package. 

Species Code Slope Standard Error df Lower CI Upper CI 

SWALL 0.06 0.06 1279 -0.05 0.18 

WREN 0.02 0.03 1279 -0.04 0.08 

DUNNO 0.01 0.05 1279 -0.08 0.11 

ROBIN -0.02 0.02 1279 -0.07 0.02 

NIGAL -0.02 0.02 1279 -0.07 0.02 

BLUTH -0.05 0.05 1279 -0.15 0.06 

REDST 0.12 0.12 1279 -0.11 0.36 

BLABI -0.01 0.02 1279 -0.05 0.03 

FIELD 0.01 0.11 1279 -0.20 0.23 

SONTH 0.01 0.03 1279 -0.05 0.07 

REDWI -0.05 0.09 1279 -0.22 0.12 

CETWA 0.02 0.03 1279 -0.04 0.07 

GRAWA -0.08 0.06 1279 -0.20 0.05 

SAVWA -0.02 0.04 1279 -0.10 0.05 
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SEDWA 0.02 0.02 1279 -0.02 0.07 

MARWA 0.01 0.03 1279 -0.06 0.08 

REEWA -0.01 0.02 1279 -0.05 0.03 

GRRWA -0.07 0.03 1279 -0.13 0.00 

MELWA 0.03 0.04 1279 -0.05 0.10 

SUBWA -0.07 0.12 1279 -0.31 0.16 

SARWA 0.02 0.08 1279 -0.14 0.18 

WORWA 0.15 0.42 1279 -0.66 0.97 

LESWH 0.07 0.05 1279 -0.03 0.18 

WHITE 0.07 0.04 1279 -0.002 0.15 

GARWA -0.02 0.03 1279 -0.08 0.04 

BLACA 0.0004 0.02 1279 -0.04 0.04 

CHIFF 0.02 0.03 1279 -0.04 0.08 

WILWA 0.05 0.04 1279 -0.02 0.12 

SPOFL -0.04 0.08 1279 -0.19 0.12 

PIEFL 0.29 0.14 1279 0.01 0.57 

BEATI 0.001 0.05 1279 -0.10 0.10 

LOTTI 0.001 0.05 1279 -0.10 0.10 

MARTI 0.16 0.18 1279 -0.18 0.51 

CRETI 0.10 0.18 1279 -0.26 0.46 

BLUTI 0.03 0.02 1279 -0.02 0.07 

GRETI 0.04 0.02 1279 -0.0001 0.08 

STTRE -0.01 0.04 1279 -0.10 0.07 

REBSH 0.08 0.08 1279 -0.07 0.23 

STARL -0.07 0.12 1279 -0.31 0.18 

HOUSP -0.03 0.04 1279 -0.10 0.05 

TRESP -0.01 0.06 1279 -0.12 0.10 

CHAFF 0.01 0.05 1279 -0.08 0.10 

SERIN 0.004 0.05 1279 -0.09 0.10 

GREFI 0.02 0.03 1279 -0.04 0.09 

GOLDF 0.01 0.04 1279 -0.08 0.10 

SISKI 0.04 0.13 1279 -0.20 0.29 

REDPO 0.04 0.13 1279 -0.21 0.29 

BULLF 0.07 0.07 1279 -0.06 0.20 

HAWFI -0.12 0.24 1279 -0.59 0.35 

YELHA 0.08 0.13 1279 -0.17 0.33 

CIRBU 0.15 0.14 1279 -0.13 0.42 

REEBU 0.07 0.03 1279 0.01 0.12 
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Figure S4.1: Number of hours each sƟcky trap was operaƟonal for (points) and the mean number of 

hours across traps deployed in 2024 (bar), ploƩed by each Constant Effort Sites scheme. Total number 

traps = 741. 
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Figure S4.2: Frequency distribuƟons of sƟcky trapping occasions in 2024 by Julian date, grouped into 

10-day periods, for each Constant Effort Sites scheme.  
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Figure S4.3: DistribuƟons of site-level mean standardised landbird producƟvity (1998 – 2019)  amongst all 

Constant Effort Sites (CESs) in parƟcipaƟng schemes (grey) and all CESs in our study sample (red).  

Figure S4.5: Mean standardised producƟvity across 27 landbird species, calculated in 1998 – 2019 and 2024 

at Constant Effort Sites in Finland contribuƟng insect data in 2024 (n = 7).  
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Figure S4.4: LocaƟons of Constant Effort Sites in Finland used for different aspects of the analysis. Shown are all 

sites collecƟng 2024 landbird producƟvity data (2024Prod, n = 36), all sites collecƟng insect data (InsectData, n = 

15) and sites for which both 2024 producƟvity and insect data were available (2024Prod_InsectData, n = 13). 

Sites with producƟvity data for both the period 1998 – 2019 and 2024 are also shown (HistoricProd_2024Prod, n 

= 7). Each site is only represented with one symbol. 
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Figure S4.6: Total insect count per hour on each sƟcky trap (points), as well as the mean insect count per hour 

across traps for each site (bar), deployed at 6 Constant Effort Sites in the Basque region of Spain. Points are 

coloured by the month in which the trap was deployed in 2024. The overall mean (±95% Confidence Intervals) 

across all traps in the Basque region is also shown in black. 
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Figure S4.7: Total insect count per hour on each sƟcky trap (points), as well as the mean insect count per hour 

across traps for each site (bar), deployed at 13 Constant Effort Sites in Hungary. Points are coloured by the month 

in which the trap was deployed in 2024. The overall mean (±95% Confidence Intervals) across all traps in Hungary 

is also shown. 
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Figure S4.8: Total insect count per hour on each sƟcky trap (points), as well as the mean insect count per hour 

across traps for each site (bar), deployed at 7 Constant Effort Sites in Denmark. Points are coloured by the month 

in which the trap was deployed in 2024. The overall mean (±95% Confidence Intervals) across all traps in Denmark 

is also shown in black. 
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Figure S4.9: Total insect count per hour on each sƟcky trap (points), as well as the mean insect count per hour across traps 

for each site (bar), deployed at 15 Constant Effort Sites in Czechia. Points are coloured by the month in which the trap was 

deployed in 2024. The overall mean (±95% Confidence Intervals) across all traps in Czechia is also shown in black. 
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Figure S4.10: Total insect count per hour on each sƟcky trap (points), as well as the mean insect count per hour across traps for each site (bar), deployed at 29 

Constant Effort Sites in Great Britain & Ireland. Points are coloured by the month in which the trap was deployed in 2024. The overall mean (±95% Confidence 

Intervals) across all traps in Great Britain & Ireland is also shown in black. 
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Figure S4.11: Total insect count per hour on each sƟcky trap (points), as well as the mean insect count per hour across traps for each site (bar), deployed at 24 

Constant Effort Sites in the Catalonia region of Spain. Points are coloured by the month in which the trap was deployed in 2024. The overall mean (±95% Confidence 

Intervals) across all traps in Catalonia is also shown in black. 
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Figure S4.12: Total insect count per hour on each sƟcky trap (points), as well as the mean insect count 

per hour across traps for each site (bar), deployed at 12 Constant Effort Sites in Italy. Points are coloured 

by the month in which the trap was deployed in 2024. The overall mean (±95% Confidence Intervals) 

across all traps in Italy is also shown in black. 
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Figure S4.13: Total insect count per hour on each sƟcky trap (points), as well as the mean insect count per hour across traps 

for each site (bar), deployed at 15 Constant Effort Sites in Finland. Points are coloured by the month in which the trap was 

deployed in 2024. The overall mean (±95% Confidence Intervals) across all traps in Finland is also shown in black. 
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Figure S4.14: Total insect count per hour on each sƟcky trap (points), as well as the mean insect count per hour across traps for each site (bar), deployed at 52 Constant Effort 

Sites in France. Points are coloured by the month in which the trap was deployed in 2024. The overall mean (±95% Confidence Intervals) across all traps in France is also 

shown in black. 
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Figure S4.15: Total insect count per hour on each sƟcky trap (points), as well as the mean insect count per hour 

across traps for each site (bar), deployed at 3 Constant Effort Sites in Sweden. Points are coloured by the month 

in which the trap was deployed in 2024. The overall mean (±95% CIs) across all traps in Sweden is also shown in 

black. 
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Appendix 4.1. 

In 2023, we conducted a pilot study in the UK to invesƟgate the suitability of sƟcky traps for measuring 

insect abundance at Constant Effort bird ringing sites, and whether this was related to average bird 

producƟvity at these sites. Full details of this pilot study are provided in SecƟon 1.5 of Chapter 1, with the 

primary focus here being the repeatability of insect abundance measurements within sites. In summary, 12 

scrub-dominated sites from the BriƟsh Trust for Ornithology’s Constant Effort Sites scheme were selected 

within central England, and were each visited on two separate occasions in 2023: once during the nesƟng 

period in June (n = 10 sites), and once during the post-fledging period in July/August (n = 12 sites). Visits to 

the different sites were made as close together as possible on days with warm, dry weather. To measure the 

relaƟve abundance of flying or foliage-dwelling insects (plus arachnids, grouped with insects for simplicity), 

6 yellow sƟcky traps were deployed throughout the mist net rides for approximately 8 hours (~08:00 – 

16:00), placed in the same locaƟons on both visits. All insects > 1 mm caught on the traps were 

subsequently counted.  

The repeatability of insect counts recorded on traps on the same day within sites was measured using the 

rptPoisson funcƟon from the ‘rptR’ package in R (Stoffel et al., 2017). Total invertebrate counts on traps 

were modelled in a Poisson generalised linear mixed model (GLMM) with a log-link funcƟon and site fiƩed 

as a random effect, separately for each visit period. 1000 rounds of parametric bootstrapping were run to 

esƟmate the standard error and 95 % confidence intervals for the repeatability esƟmates. Likelihood raƟo 

tests (LRT) were then run to determine whether these repeatability esƟmates were significantly different 

from 0. The agreement repeatability esƟmates represent the raƟo of variance among groups (i.e. sites) to 

the total variance in the insect counts (Stoffel et al., 2017). In the June visits, 61% of the observed variaƟon 

in total insect counts on traps was explained by differences between sites, with this repeatability esƟmate 

significantly greater than 0 (Table A4.1, Figure A4.1.1a). In the July/August visits, the repeatability esƟmate 

was lower but sƟll significantly greater than 0 (Table A4.1, Figure A4.1.1b), with 47% of the observed 

variaƟon in insect counts explained by differences between sites. This demonstrates that, for the most part, 

the between-site variaƟon in insect counts was greater than the within-site variaƟon, but there was also 

some random noise in insect counts within sites (Figures A4.1.2a-b).  

Table A4.1. Repeatability esƟmates (R) of total insect counts recorded across sƟcky traps deployed on the same day 

within sites during June (10 sites) and July/August (12 sites) visits in 2023. Calculated as agreement repeatabiliƟes with 

the ‘rptR’ package (Stoffel et al., 2017), using two Poisson GLMMs with a log-link funcƟon and site as a random effect, 

subjected to 1000 rounds of parametric bootstrapping to esƟmate the Standard Error and 95% Confidence Intervals. A 

likelihood raƟo test (LRT) was run on each to determine whether the R esƟmate is significantly different from 0.  

Visit n R Standard Error 95% Confidence Intervals LRT p value 

June 60 0.61 0.15 0.20 – 0.79 <0.0001 

July/August 72 0.47 0.14 0.12 – 0.68 <0.0001 
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a) 

b) 

Figure A4.1.1: Repeatability esƟmates (blue point) of total insect counts recorded across sƟcky traps deployed on 

the same day within sites during a) June (10 sites) and b) July/August (12 sites) visits in 2023, with 95% confidence 

intervals (CI) and a histogram from 1000 bootstrap esƟmates. EsƟmates are agreement repeatabiliƟes calculated 

with the ‘rptR’ package (Stoffel et al., 2017), using two Poisson GLMMs with a log-link funcƟon and site as a random 

effect. 
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Figure A.4.1.2: Total insect counts on 6 sƟcky traps deployed on the same day at each site during a) June (10 sites), 

and b) July/August (12 sites) visits in 2023 (blue points). The mean insect count across the traps for each site during 

each visit is also shown (black dash). Site name abbreviaƟons are given on the x-axis to allow comparison between 

a) and b).  

b) 

a) 
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Chapter 5: General Conclusions 
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5.1. Synthesis of Results 

Exploring spaƟotemporal variaƟon in demography can provide vital insights into the environmental drivers 

of populaƟon dynamics and effecƟve and efficient conservaƟon acƟon. In Chapter 2, I reviewed the 

spaƟotemporal structure of avian demographic research, and found that most studies have taken place over 

small spaƟal scales and annual Ɵmescales. While this captures local, short-term effects well, we may be less 

able to detect the impacts of changes operaƟng over much larger spaƟal scales and longer Ɵmescales, such 

as land-use or climate change. To further understand the extent of this knowledge gap, it will be important 

to determine the degree to which local-scale studies can capture large-scale processes. As demonstrated in 

subsequent chapters, many of the pracƟcal barriers to studying demography at large scales can be 

overcome with collaboraƟve research projects and data collecƟon by ciƟzen scienƟsts. 

In Chapter 3, I used a long-term, conƟnent-wide bird ringing dataset to show that spaƟal variaƟon in the 

producƟvity of European landbirds is at least partly driven by characterisƟcs of the landscape surrounding 

breeding sites. Sites within landscapes locally dominated by wetlands and, at larger-scales, low-intensity 

land-uses are more frequently associated with higher producƟvity across the bird community. Whilst these 

results help inform landscape-level conservaƟon acƟons which could benefit both resident and migratory 

bird populaƟons across Europe, it is important to recognise that a large proporƟon of the spaƟal variaƟon in 

producƟvity was leŌ unexplained by the landscape-level variables explored. This suggests that local-scale 

processes, such as site-level habitat characterisƟcs, and/or addiƟonal landscape factors to those examined 

here may also be important determinants of producƟvity.  

In Chapter 4, I recruited ciƟzen scienƟsts across 10 European countries to explore insect prey availability as 

a mechanism behind the associaƟons between landscape composiƟon and producƟvity found in Chapter 3. 

The data on flying insect abundance they collected revealed an overall posiƟve associaƟon between insect 

abundance and cross-community bird producƟvity at sites, although there was a high degree of variaƟon 

around this relaƟonship. InteresƟngly, sites with the lowest producƟvity always recorded low insect counts, 

whereas not all sites with high producƟvity recorded high insect counts. Therefore, while insect prey 

availability does seem to be a key factor influencing spaƟal variaƟon in landbird producƟvity, addiƟonal 

factors, such as nesƟng habitat availability or predaƟon, may also play an important role. Insect abundance 

was not related to land-use type or management intensity, and so we did not find evidence that it was 

driving the high producƟvity at sites within wetland and low-intensity landscapes. This contrast in responses 

of insects and birds may reflect the fact that the insect data was highly localised to a single locaƟon in the 

site, while the producƟvity data was representaƟve of a larger area because of the greater vagility of birds. 

Although data was not available on site-level habitat for this study, local characterisƟcs are likely important 

for insect abundance, and are considered in more detail further below.    
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The large-scale and community-wide scope of the work presented in Chapters 3 and 4 meant that the 

analyses performed were relaƟvely coarse, which was reflected in the high degree of variaƟon around the 

paƩerns observed. The findings outlined above could therefore be seen as relaƟvely conservaƟve, which 

suggests that the underlying relaƟonships between producƟvity and landscape structure, and producƟvity 

and insect abundance may be much stronger than presented here. This also highlights how challenging it is 

to idenƟfy and miƟgate drivers of populaƟon dynamics in communiƟes of widespread but declining species, 

especially because of the potenƟal interacƟve effects of local and landscape-scale processes. Studies which 

combine data on drivers at mulƟple scales can help tease apart these varying processes acƟng on 

populaƟons, but this can prove difficult with limited resources.  

Comparisons of species with different migratory strategies can also be revealing for understanding drivers of 

populaƟon dynamics (Morrison et al., 2013). Residents and migrants might be expected to show different 

demographic responses to factors on breeding grounds, because residents experience these condiƟons all 

year round, while migrants experience a wide range of condiƟons across their migratory routes (Vickery et 

al., 2014). Contrary to this, I found that relaƟonships between producƟvity and landscape features were 

largely consistent between species with different migratory strategies (Chapter 3), which is in agreement 

with previous work idenƟfying co-variaƟon in site-level populaƟon trends and producƟvity of residents and 

migrants (Morrison et al., 2021). The findings presented here further suggest that migratory species’ 

producƟvity is strongly driven by impacts of condiƟons at breeding grounds. However, unlike resident 

species’ producƟvity, migrant producƟvity did not show a significant relaƟonship with insect abundance at 

sites. This could result from the lower sample size associated with many migratory species, which may have 

reduced our power to detect this relaƟvely weak effect, or it could suggest that insect food availability 

might not be as important for driving variaƟon in migrant producƟvity as it is in residents. This, in 

combinaƟon with the lack of landscape effects on insect abundance, may suggest that the high producƟvity 

in wetland and low-intensity grassland landscapes detected across residents and migrants is driven by 

mechanisms other than insect prey availability, or a combinaƟon of processes that differ between these 

species groups. For example, producƟvity of long-distance migrants in grassland habitats has been shown to 

be strongly affected by nest predaƟon rates (Pärt, 2001; Rime et al., 2025). EffecƟve conservaƟon acƟon is 

best informed by an understanding of mechanisƟc processes, and so future work should look to examine 

how spaƟal variaƟon in landbird producƟvity is related to nest predaƟon rates, and if this is associated with 

landscape characterisƟcs. For example, the BriƟsh Trust for Ornithology’s Nest Record Scheme monitors 

nest success rates and, where possible, reasons for nest failure, including predaƟon (Crick et al., 2003). 

These nest predaƟon rates could be spaƟally matched to CESs collecƟng producƟvity data and in turn 

related to the landscape variables explored in Chapter 3, to determine if nest predaƟon rates are a possible 

mechanism for the landscape effects found.  
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5.2. Annual VariaƟon in Insect Abundance 

Annual variaƟon in insect abundance may partly explain the weakness of the observed relaƟonship with 

site-level producƟvity at the European scale (Chapter 4). ProducƟvity was measured over several years at 

each site, and has been shown to be largely spaƟally consistent across those years (Morrison et al., 2022; 

Finland producƟvity data in Chapter 4). In comparison, insect abundance is known to vary considerably 

from year to year due to weather condiƟons (Duchenne and Fontaine, 2024; Fourcade et al., 2017), and so 

its associaƟon with bird producƟvity is also likely to vary in strength from one year to the next. Indeed, 

annual variaƟon in insect abundance, and spaƟal variaƟon in the degree of this annual variaƟon, is also 

evident in some of the data I collected. As part of my research, six UK sites were sampled for insect 

abundance in 2023 (pilot study reported in Chapter 1) and 2024 (insect monitoring reported in Chapter 4), 

providing an opportunity to explore annual variaƟon in insect abundance (Figure 5.1). Three sites had 

consistently high producƟvity values (‘good’), and three sites had consistently low producƟvity values 

(‘poor’). For three of the sites (two good and one poor), the mean insect count per hour was highly 

consistent between the two years, whereas the other three sites recorded greater mean insect counts in 

2024 compared to 2023. These laƩer three sites also showed greater between-trap variaƟon in insect 

counts in 2024, while the sites with consistent mean values showed similar levels of variaƟon across the 

two years.  

As the European-scale insect data was only collected in a single year, we currently have a limited picture of 

the extent of variaƟon in this relaƟonship between annual insect abundance and bird producƟvity, and our 

understanding could be much improved by replicaƟng this data collecƟon across mulƟple years. For 

example, a parƟcularly valuable line of enquiry could be to compare spaƟal and temporal variaƟon in insect 

abundance across sites and years, and determine if insect abundance shows similarly consistent spaƟal 

variaƟon to that observed in producƟvity (Morrison et al., 2022). Furthermore, the small sample of sites 

with insect data from the two years revealed that some sites show a greater degree of annual variaƟon in 

insect abundance compared to others. Within a wider sample, it may be possible to idenƟfy environmental 

characterisƟcs associated with sites showing differing degrees of annual variaƟon in insect abundance, 

which could inform management of insect populaƟons, and advance our understanding of food limitaƟon in 

birds.  
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Figure 5.1: Mean insect count per hour on sƟcky traps at UK sites in 2023 and 2024. The 2023 pilot study sites were 

grouped into two quality categories: those with consistently high mean bird producƟvity (‘good’, orange) and those 

with consistently low mean bird producƟvity (‘poor’, blue). Circles were monitored in both years, and error bars 

represent the standard error in insect count per hour across traps at each site. Squares represent sites which were 

monitored in 2023 only, and triangles represent sites which were monitored in 2024 only. These 2024 sites were not 

categorised by quality because producƟvity data was not available for all sites.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One of the main challenges faced in the Europe-wide insect sampling study was the considerable Ɵme 

resources required for administraƟng the project and manually digiƟsing insect counts from images of the 

traps, which prevented me from running the sampling again in 2025. A possible soluƟon for a more Ɵme-

efficient methodology in future years could be the use of machine-learning to digiƟse the insect counts, and 

potenƟally carry out coarse idenƟficaƟon and size classificaƟon (e.g. Colares et al., 2025). AutomaƟon was 

explored as a possibility for the 2024 study, but the requirement for high quality, standardised images with 
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uniform lighƟng posed a barrier. Successful automaƟon can be achieved with relaƟvely simple, inexpensive 

lighƟng setups and the use of smartphone cameras (Böckmann et al., 2021). However, to maximise the 

number of sites collecƟng insect data, we aimed to make the tasks required of volunteers as simple as 

possible, and so this addiƟonal need for equipment was beyond the scope of this study. Having already 

recruited volunteers, who now have one year of experience with deploying traps, it may be possible to 

increase the demand of the tasks and retain similar levels of parƟcipaƟon. As well as standardised trap 

photography and automaƟon, a further improvement to this study could include the sampling of mulƟple 

locaƟons per site to improve the accuracy of site-level esƟmates of insect abundance, and to examine local-

scale variaƟon, especially if paired with data on local habitat condiƟons (see below). Furthermore, if Order-

level idenƟficaƟon was possible, it could be informaƟve to explore different responses to terrestrial and 

aquaƟc insect abundance, because aquaƟc prey have been shown to be of higher quality and more strongly 

associated with producƟvity than terrestrial prey in insecƟvorous birds (Twining et al., 2018).  

5.3. ImplicaƟons for ConservaƟon and Management 

Based on the findings presented in this thesis, spaƟal variaƟon in landbird producƟvity seems to be driven 

by a combinaƟon of large-scale processes associated with landscape composiƟon, as well as local-scale 

processes, likely through effects on insect prey availability. A combinaƟon of landscape-level conservaƟon 

strategies and local management acƟons are therefore needed to increase the number of high-quality 

breeding sites in Europe and help achieve recovery in landbird populaƟons. 

Landscape-level ConservaƟon Strategies 

Chapter 3 idenƟfied an urgent need to protect and restore wetland landscapes due to their associaƟon with 

high producƟvity sites. Nearly a quarter of Europe’s wetlands have been lost since 1700, as a result of 

drainage for agriculture, forestry and urban areas, as well as peatland extracƟon (Fluet-Chouinard et al., 

2023), and so it is important that further loss is prevented by spaƟal prioriƟsaƟon of wetlands for protected 

areas. Recent work in the UK demonstrated that protected areas which contain breeding sites with higher 

bird producƟvity rates are also associated with more posiƟve populaƟon trends for several European 

species (Barnes et al., 2023), and so this could help prevent further reducƟons in landbird populaƟons. 

However, wetlands are generally well-covered by the protected area network in Europe (Biodiversity 

InformaƟon System for Europe, 2025), and so gains through further protecƟon may be limited. AcƟons 

outside of protected areas are likely to be of greater significance for bringing about populaƟon recovery in 

common and widespread species like the landbird species considered in this thesis (Burgess et al., 2019). 

For example, the results of Chapter 3 showed that sites within urban wetland landscapes can host just as 

high producƟvity for migratory species as those within large wetland landscapes. Urban wetlands are at 

high risk of degradaƟon or destrucƟon (Ward et al., 2010), but, as shown here, provide important habitat 

for many bird species, including non-aquaƟc species, as well as contribuƟng a variety of ecosystem services 

(Morgan et al., 2025). These “urban blue spaces” therefore need to be given proper weight in urban 



225 

planning that recognises their value, and managed appropriately to prevent polluƟon and vegetaƟon 

encroachment.  

In addiƟon, landscapes dominated by low-intensity management were also shown to be beneficial for 

producƟvity, especially in grassland systems. Compared to high-intensity landscapes, less intensively-

managed areas have a greater proporƟon of primary producƟvity remaining aŌer human appropriaƟon 

(Pellissier et al., 2017), reduced chemical inputs and higher habitat heterogeneity with greater retenƟon of 

semi-natural features (Perkins et al., 2000; Vickery and ArleƩaz, 2012). In grasslands, extensive 

management is typically characterised by low livestock density, reduced inorganic ferƟliser and herbicide 

applicaƟons, as well as lower mowing frequency (Dou et al., 2021; Vickery et al., 2001). Extensive grasslands 

are one of the most threatened habitats in Europe due to intensificaƟon and abandonment (Klein et al., 

2020; Shipley et al., 2024). ProtecƟon of semi-natural grasslands and tradiƟonal management pracƟces will 

therefore be criƟcal for maintaining high producƟvity sites, while the number of these sites could be 

increased through widespread restoraƟon of extensively managed grassland landscapes.  

Large-scale replicaƟon of the condiƟons associated with high producƟvity requires policy mechanisms 

which discourage intensificaƟon, and make extensive management and the removal of areas from 

producƟon economically viable. Subsidies through flexible, regionally appropriate agri-environment 

schemes are a key method for achieving this (see Shipley et al., 2024), but the success of these schemes has 

been limited due to poliƟcal and financial instability prevenƟng the widespread uptake required for large-

scale populaƟon recovery (Podruzsik & Fertő 2024). Newly emerging biodiversity credit schemes could help 

with delivering stable income for landowners to support de-intensificaƟon and therefore supplement these 

schemes (Manez & CliŌon 2025), especially if organised into landscape recovery projects which facilitate 

coordinated conservaƟon acƟons across large areas.  

One of the challenges associated with large-scale land-use de-intensificaƟon is the need to strike a balance 

with food producƟon and security. The “land-sharing” and “land-sparing” paradigms represent the two 

extremes of land-use strategies to balance the conservaƟon of natural habitats with food producƟon. Land-

sharing strategies involve the co-existence of biodiversity and lower intensity agriculture across the enƟre 

landscape, while land-sparing approaches involve strictly separaƟng smaller areas of high-intensity 

agricultural land from protected natural areas. The results of Chapter 3 indicated that, for the most part, 

producƟvity at sites within medium-intensity landscapes did not differ from that at sites within high-

intensity landscapes, and so significant reducƟons in land-use intensity would be required to see increases 

in bird producƟvity and potenƟal recovery of populaƟons. This could be more achievable under land-

sparing scenarios, rather than widespread but small reducƟons in land-use intensity seen under land-

sharing. Previous research in the UK demonstrated that land-sparing scenarios were the most beneficial for 

bird populaƟons, including extreme land-sparing scenarios with wetland restoraƟon, and “three-

compartment” sparing scenarios where areas of low-yield farmland were included alongside spared natural 
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areas and high-yield arable land (Finch et al., 2021). The conservaƟon recommendaƟons made in this thesis 

could fit within these land-sparing scenarios, with the protecƟon and restoraƟon of wetlands and extensive 

grasslands within spared areas. 

Informing Local Management AcƟons 

The results of Chapter 4 highlight the importance of conserving and enhancing insect populaƟons for 

supporƟng landbird populaƟons in Europe. It is not yet clear what is driving the variaƟon found in insect 

populaƟons at sites, but the fact that landscape effects on insect abundance were not idenƟfied suggests 

that local factors are likely to be important. Further invesƟgaƟon is therefore needed to idenƟfy the site-

level characterisƟcs beneficial for insects, especially where this can directly inform management acƟons.  

The focus on landscape structure in this thesis was partly a result of the availability of remotely sensed data 

for the vast area covered by the EuroCES dataset. This enabled me to idenƟfy factors driving spaƟal 

variaƟon in producƟvity at a European scale, but the large degree of unexplained variaƟon demonstrates 

that the limited resoluƟon of this approach could have missed some key smaller-scale variables. For 

example, the hydrological data used in Chapter 3 are likely to have overlooked the presence of small water 

bodies in non-wetland landscapes. These are important sources of insects in farmland, especially when 

appropriately managed (Lewis-Phillips et al., 2020), with posiƟve effects on insecƟvorous bird producƟvity 

(Berzins et al., 2022; McKellar et al., 2025). Fine-scale variaƟon in vegetaƟon structure is another potenƟally 

important variable that cannot be easily detected with remote-sensing, but has been shown to influence 

insect abundance, which increases with structural diversity (Crist et al., 2006), as well as prey accessibility 

for foraging insectivores (Kleijn et al., 2010; Vickery et al., 2001). A further consideraƟon when working with 

remotely sensed data is that it typically represents a snapshot in Ɵme rather than recording changing 

condiƟons, such as local soil moisture levels, which are important for insect abundance (Carroll et al., 2011), 

with implicaƟons for birds foraging in these habitats (Poulin et al., 2002). Measurement of wetness 

throughout the season can provide insights into how local land management pracƟces interact with 

weather condiƟons to influence habitat quality, but on-the-ground data is typically required.  

Fine-scale data which can be used to explore local processes such as these oŌen require intensive fieldwork 

and thus research projects collecƟng such data are typically small in extent (Klein et al., 2020). The ciƟzen 

science study detailed in Chapter 4, and indeed the EuroCES scheme in general, provide great examples of 

where local-scale data collecƟon can be replicated over large areas to expand the scope of research 

projects. CiƟzen science can be used to collect robust, reliable data if well-designed with trained volunteers 

(Brown and Williams, 2019). These studies need careful design to maximise the informaƟon collected for 

answering the research quesƟons, while ensuring the methodology is manageable for parƟcipants to 

encourage as wide a parƟcipaƟon as possible.  
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5.4. Conclusion 

CollecƟvely, the results presented in this thesis highlight the importance of considering spaƟal and temporal 

scales when interpreƟng paƩerns in demography and potenƟal drivers, and informing conservaƟon acƟons. 

ProducƟvity-based conservaƟon prioriƟsaƟon requires not only protecƟng the best-quality breeding sites, 

but also replicaƟng the associated condiƟons across large-scales. Key recommendaƟons for future work are 

1) further invesƟgaƟon of the mechanisms driving landscape composiƟon effects on producƟvity, 2) 

conƟnuaƟon of the Europe-scale insect project in future years, with potenƟal improvements to the 

methodology, and 3) exploraƟon of the local-scale condiƟons which might be important drivers of insect 

abundance and producƟvity, and can inform management acƟons. The most significant takeaway from this 

thesis is the incredible value of collaboraƟve research projects across insƟtutes and ciƟzen science to draw 

links between local-scale processes and large-scale paƩerns.  
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