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Abstract 

Migratory species – particularly long-distance migrants – are facing global population declines. 

Ongoing anthropogenic transformation of the environment may be disrupting the balance of 

fitness outcomes thought to drive the evolution and maintenance of migratory behaviours. In 

this thesis, we use partially migratory systems as natural experiments by which to explore the 

effects of migration on fitness parameters, and take a spatially explicit approach to quantifying 

the threats faced by Afro-Palaearctic migratory birds. In a meta-analysis of fitness 

consequences of migratory strategies, we find a persistent benefit to residency in birds, and 

across taxa, that fitness benefits of residency are more likely to come from survival than from 

breeding success. In a case study using long-distance partially migratory lesser kestrels (Falco 

naumanni), we find weak evidence for carryover effects of migration, with fitness instead 

better predicted by breeding site. Using risk-vulnerability composite threat-mapping 

algorithms, we combine remote-sensed maps of anthropogenic risk with distribution ranges 

of 103 Afro-Palaearctic migratory bird species to relate range-level exposure to population 

trends. We find evidence that threats relating to direct mortality – particularly in non-breeding 

ranges – may contribute to the population declines seen in these species. Finally, we use GPS 

tracking of common cuckoos (Cuculus canorus) as a case study by which to quantify 

spatiotemporal risk exposure using relevant risk surfaces. Despite greater anthropogenic 

transformation in Western Europe leading to higher mean hourly risk levels in the breeding 

season, accounting for temporal exposure reveals that total accumulated risk exposure is 

greatest in the non-breeding seasons in this species. Overall, this thesis provides evidence to 

support that the hypothesised fitness benefits conferred to individuals by migrating may be 

decreasing with spatiotemporal exposure to anthropogenic risks – in some cases possibly 

mediated by breeding season conditions – and provides a framework for quantifying 

spatiotemporal threat exposure. 
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Table S5.1 – Outputs of post-hoc tests of multiple comparisons carried out on models assessing the effect of season on mean hourly and total risk exposure for 

each of the three risk types: direct mortality, habitat change, climate change.  

Model      

Mean hourly direct mortality ~ season Pairwise comparison Estimate Std. Error z-value P-value 

 Autumn migration - Breeding -2.14 0.06 -35.8 <0.001 

 Spring migration - Breeding -2.81 0.07 -42.6 <0.001 

 Winter - Breeding -1.40 0.06 -21.9 <0.001 

 Spring migration - Autumn migration -0.66 0.06 -11.7 <0.001 

 Winter - Autumn migration 0.74 0.05 13.5 <0.001 

 Winter - Spring migration 1.40 0.06 22.8 <0.001 

  

Mean hourly habitat change ~ season Pairwise comparison Estimate Std. Error z-value P-value 

 Autumn migration - Breeding -1.90 0.06 -31.88 <0.001 

 Spring migration - Breeding -2.37 0.07 -36.22 <0.001 

 Winter - Breeding -2.75 0.06 -43.14 <0.001 

 Spring migration - Autumn migration -0.47 0.06 -8.38 <0.001 

 Winter - Autumn migration -0.85 0.05 -15.74 <0.001 

 Winter - Spring migration -0.38 0.06 -6.23 <0.001 
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Model      

mean hourly climate change ~ season Pairwise comparison Estimate Std. Error z-value P-value 

 Autumn migration - Breeding -2.23 0.05 -41.65 <0.001 

 Spring migration - Breeding -2.85 0.06 -48.35 <0.001 

 Winter - Breeding -1.60 0.06 -27.89 <0.001 

 Spring migration - Autumn migration -0.62 0.05 -12.13 <0.001 

 Winter - Autumn migration 0.63 0.05 12.89 <0.001 

 Winter - Spring migration 1.25 0.05 22.71 <0.001 

        

total direct mortality ~ season Pairwise comparison Estimate Std. Error z-value P-value 

 Autumn migration - Breeding 0.30 0.10 2.99 0.015 

 Spring migration - Breeding -0.67 0.11 -5.90 <0.001 

 Winter - Breeding 1.72 0.11 15.70 <0.001 

 Spring migration - Autumn migration -0.97 0.10 -10.00 <0.001 

 Winter - Autumn migration 1.42 0.09 15.21 <0.001 

 Winter - Spring migration 2.39 0.11 22.69 <0.001 
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Model      

total habitat change ~ season Pairwise comparison Estimate Std. Error z-value P-value 

 Autumn migration - Breeding -0.33 0.13 -2.49 0.061 

 Spring migration - Breeding -1.28 0.14 -8.84 <0.001 

 Winter - Breeding -1.80 0.14 -12.79 <0.001 

 Spring migration - Autumn migration -0.95 0.12 -7.65 <0.001 

 Winter - Autumn migration -1.48 0.12 -12.32 <0.001 

 Winter - Spring migration -0.52 0.14 -3.86 <0.001 

        

total climate change ~ season Pairwise comparison Estimate Std. Error z-value P-value 

 Autumn migration - Breeding 0.45 0.10 4.47 <0.001 

 Spring migration - Breeding -0.54 0.11 -4.87 <0.001 

 Winter - Breeding 1.83 0.11 17.03 <0.001 

 Spring migration - Autumn migration -0.99 0.10 -10.36 <0.001 

 Winter - Autumn migration 1.39 0.09 15.16 <0.001 

 Winter - Spring migration 2.37 0.10 22.96 <0.001 
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Figure S5.1 – a: Standardised population abundance change of common cuckoos between 1988–1992 and 2007–11 (Balmer et al., 2013) at a 10 km x 10km 

resolution. Black points indicate capture locations of each individual included within this analysis. Grey rings indicate the site region defined by a 25-km radius 

buffer around the capture locations. b: Standardised population abundance change included in the calculation of each site mean. c: Location of each site and 

relative spatial mean population abundance change.   
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Figure S5.2 – Autumn migration (green) and wintering tracks (yellow) of tagged common 

cuckoos from thirteen different breeding populations within the UK. The variability of routes 

taken by individuals from within a breeding site indicate weak migratory connectivity at this 

scale. Values at the top of each panel are the relative population abundance change (see 

Methods).  
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Appendix S5.1 Sensitivity analyses 

When processing cuckoo tracking data, we flagged any bird-seasons featuring a between-fix 

gap longer than 10 days and greater than 2000 km, as the inferred path between these fixes 

is unlikely to be accurate. Seventeen of the 239 fixes (7%) fit these criteria. We re-ran all 

analyses reported in the main text on a subset of the full dataset, with the seventeen data-

poor bird-seasons excluded.  

In all cases, inference remained similar to that of the results run on the full dataset. Mean 

hourly risk exposure and total risk exposure both varied with stage of the annual cycle (Table 

S5.2), with post-hoc tests revealing the same seasonal patterns of risk exposure. The effect of 

migratory longitude on autumn and winter total risk exposure scores remained similar, 

although when conducted on the dataset without the data-poor birds there was additional 

statistical support for a non-linear effect of migratory longitude on autumn habitat exposure, 

and evidence for a linear (as opposed to non-linear) effect of longitude on winter direct 

mortality exposure (Table S5.3). There was again no statistical support for any effect of total 

risk exposure in the non-breeding seasons or annually on population abundance change 

(Table S5.4).  

Table S5.2 – Summaries of six univariate linear mixed-effects models and associated likelihood 

ratio tests assessing the effect of season on mean hourly risk exposure and total risk exposure 

for the three risk types, with bird identity as a random effect, run on a subset of data excluding 

data-poor bird-seasons. Marginal r2 for linear mixed-effects models calculated following 

Nakagawa & Schielzeth (2013). 

Response variable  Likelihood ratio test statistics 

Metric Risk type Marginal r2 χ2 χ2 df P-value 

Mean hourly exposure direct mortality 0.90 518.35 3 < 0.001 

 habitat change 0.90 514.31 3 < 0.001 

 climate change 0.92 569.93 3 < 0.001 

Total exposure direct mortality 0.73 279.56 3 < 0.001 

 habitat change 0.54 165.49 3 < 0.001 

 climate change 0.74 293.89 3 < 0.001 
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Table S5.3 – Summary of linear and generalized additive models and associated likelihood ratio tests assessing the influence of autumn flyway longitude on 

autumn and winter total risk exposure scores, run on a subset of data excluding data-poor bird-seasons. Estimated degrees of freedom (edf) are presented for 

generalized additive models. 

Response variable      Likelihood ratio test statistics 

Season Risk type Model type AIC r2 (adj.) Sample size edf χ2 χ2 df P-value 

Autumn migration direct mortality GAM 231.35 0.14 84 2.91 15.84 2.91 0.001 

  linear 237.43 0.06 84 NA 5.95 1.00 0.015 

 habitat change GAM 236.04 0.10 84 3.59 12.52 3.59 0.014 

  linear 242.66 0.00 84 NA 0.72 1.00 0.397 

 climate change GAM 223.15 0.21 84 1.68 21.60 1.68 < 0.001 

  linear 224.11 0.20 84 NA 19.26 1.00 < 0.001 

Winter direct mortality GAM 145.11 0.12 52 1.00 7.45 1.00 0.006 

  linear 145.11 0.12 52 NA 7.45 1.00 0.006 

 habitat change GAM 130.44 0.35 52 2.28 24.67 2.28 < 0.001 

  linear 132.82 0.30 52 NA 19.74 1.00 < 0.001 

 climate change GAM 148.19 0.06 52 1.00 4.37 1.00 0.036 

  linear 148.19 0.06 52 NA 4.37 1.00 0.036 
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Table S5.4 – Model summaries of nine univariate models and associated likelihood ratio tests assessing the effect of the mean total risk exposure for birds from 

each of the thirteen sites on the mean abundance change per site, run on a subset of data excluding data-deficient bird-seasons. 

Predictor variable     Likelihood ratio test statistics 

Season Risk type Intercept β r2 
Sample  

size 
χ2 χ2 df P-value 

Bonferroni- 

corrected P-value 

Autumn migration direct mortality -0.20 0.06 0.07 13 0.89 1 0.345 1.000 

 habitat change -0.20 0.05 0.05 13 0.73 1 0.394 1.000 

 climate change -0.20 0.08 0.13 13 1.84 1 0.175 1.000 

Winter direct mortality -0.20 -0.07 0.09 13 1.18 1 0.278 1.000 

 habitat change -0.20 -0.12 0.26 13 3.90 1 0.048 0.684 

 climate change -0.20 0.01 0.00 13 0.02 1 0.885 1.000 

Spring migration direct mortality -0.20 0.07 0.10 12 1.23 1 0.268 1.000 

 habitat change -0.20 0.08 0.11 12 1.38 1 0.241 1.000 

 climate change -0.20 0.04 0.03 12 0.32 1 0.569 1.000 
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Appendix S5.2 Winter destination 

To explore the extent to which flyway destination affects cumulative winter risk exposure, we 

modelled total winter risk exposure as a function of initial winter fix longitude. We used linear 

models and generalised additive models (thin plate regression splines) with default selection 

of smoothing parameters to explore whether there was statistical support for non-linear 

relationships; we used r2 values and AIC values to compare the fit of the linear and generalised 

additive models.  

Results were very similar to those relating total winter exposure to mid-flyway longitude (Main 

text). Winter destination longitude predicted total winter exposure to all three risk types, with 

a non-linear relationship between winter destination and total direct mortality and habitat 

change exposure, and a negative linear relationship between winter destination and total 

climate change exposure (Table S5.5, Figure S5.3).  
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Table S5.5 – Summary of linear and generalized additive models and associated likelihood ratio tests assessing the influence of initial winter longitude on autumn 

and winter total risk exposure scores. Models in bold are presented in Figure S5.3. Estimated degrees of freedom (edf) are presented for generalized additive 

models. 

Response variable      Likelihood ratio test statistics 

 risk type model type AIC r2 (adj.) sample size edf χ2 χ2 df P-value 

winter mortality GAM 152.58 0.27 58 3.40 21.81 3.398 < 0.001 

  linear 157.65 0.17 58 - 11.94 1 < 0.001 

 habitat GAM 141.76 0.38 58 2.28 30.38 2.275 < 0.001 

  linear 147.07 0.31 58 - 22.52 1 < 0.001 

 climate GAM 163.72 0.08 58 1 5.87 1 0.015 

  linear 163.72 0.08 58 - 5.87 1 0.015 
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Figure S5.3 – Lineplots showing the relationship between initial winter longitude on metrics of 

winter total risk exposure, as predicted by models in bold in Table S5.5. Points indicate raw 

data, with each point representing a bird-season. Solid and dashed lines indicate model-

predicted means and 95% confidence intervals respectively. Points are coloured according to 

relative breeding site population abundance change (see Methods). 

 

 

Figure S5.4 – Scatterplots showing the relationship between mean hourly direct mortality (a), 

habitat change (b) and climate change (c) risk exposure in the autumn migration and autumn 

migratory route longitudes. Points are raw data, with each point representing a bird-season.  
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General Conclusions 

6.1 Summary of thesis findings  

Within recent studies of partially migratory systems suitable for meta-analysis, we found 

evidence that, in birds, residency is associated with greater fitness outcomes than migration 

(Chapter 2). Across all taxa, although fitness was approximately balanced between residents 

and migrants, in cases where residency conferred a benefit, it was more likely to be associated 

with survival than with reproductive success. These results both hint towards a destabilisation 

of the hypothesised survival benefit of migration, possibly as a result of migrants’ greater 

susceptibility to anthropogenic change, and is reinforced by the result that the effect was 

stronger in longer-running studies. The evidence for a survival benefit to residency could be 

interpreted conversely – that where migration conferred a fitness benefit, it was more likely 

to be associated with reproductive success than with survival – however, given that for birds 

(the majority of the overall dataset) residency yielded an overall fitness benefit compared to 

migration, we considered this result as tentatively indicative of a survival benefit to residency. 

In long-distance partially migratory lesser kestrels, we found limited evidence for carryover 

effects of migration to the following breeding season, with fitness metrics instead better 

predicted by breeding site location (Chapter 3). At the breeding location with lower primary 

productivity throughout the year, we found evidence for a short-lived negative carryover 

effect of migration on adult body condition, indicating that breeding site conditions may 

buffer individuals to any deleterious effects of long-distance migration – although the effect 

did not persist beyond the incubation period.  

In Chapter 4, we collated and created maps of anthropogenic risk across the Afro-Palaearctic 

region, including surveying expert opinion to create the first map of relative bird hunting 

pressure to cover the whole region (Figure 4.2), and present a framework for quantifying 

species-specific range-level risk exposure by combining remote-sensed data with species’ 

traits-based vulnerability weightings. In Afro-Palaearctic migratory birds, we find a 

relationship between range-scale non-breeding season exposure to direct mortality risks 

(encompassing metrics of human settlement, energy infrastructure, and hunting), such that 

migrants whose non-breeding ranges are characterised by higher levels of direct mortality risk 

have more negative long-term population trends. We also find evidence for a negative effect 

of non-breeding range climate change exposure mediated by migratory distance, and for a 

negative effect of breeding range direct mortality mediated by extent of breeding range 
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habitat change (Figure 4.5). These results emphasise the potential for complex between-

threat and between-season interactions, and demonstrate the utility of spatially explicit 

approaches to assessing drivers of population declines. 

By combining remote-sensed risk surfaces assembled in Chapter 4 with GPS tracking data, we 

measure spatiotemporal risk exposure faced by UK-breeding common cuckoos across the 

annual cycle (Chapter 5). We find that, despite the high levels of human modification on the 

breeding grounds, accounting for temporal variation between the seasons reveals that risk 

exposure is generally greatest in the winter, with the exception of habitat change risk. As the 

variable autumn migratory routes in this species have been linked to variation in demographic 

success (Hewson et al., 2016), we explore how autumn route relates to risk exposure, finding 

that risk exposure varies less between routes during autumn migration than it does during the 

subsequent winter period (Figure 5.3). The approaches to quantifying spatiotemporal risk 

exposure described in this chapter are generalizable to other migratory species, providing 

individual species habitat requirements, risk vulnerabilities, and life history traits are 

considered. 

Overall, in this thesis, we provide further evidence that migratory species are particularly 

vulnerable to ongoing anthropogenic change, and that exposure to environmental change 

may be disrupting the benefits of migration originally driving its evolution and maintenance 

as a viable life-history strategy. Our results reinforce the importance of full annual cycle 

approaches for the effective conservation of migratory species (Marra et al., 2015). 

6.2 Broader context 

Drivers of migratory behaviour 

Migration is hypothesised to have evolved as a means of enhancing fitness in species 

inhabiting seasonal environments (Dingle & Drake, 2007; Griswold et al., 2010), particularly 

survival (Kokko, 2011; Lundberg, 1987; Zúñiga et al., 2017). The risks inherent in undertaking 

migration (Wilcove & Wikelski, 2008) – particularly long-distance migration – indicates strong 

selective pressure on migration, i.e. that migration must, on balance, confer a significant 

survival advantage relative to not migrating (Kokko, 2011; Lundberg, 1987). The evidence we 

present here indicates that, in birds, the hypothesised relative survival benefit yielded by 

migration may have diminished due to widespread anthropogenic change (Chapter 2), and 

that levels of anthropogenic direct mortality risks on the non-breeding ranges of Afro-

Palaearctic avian migrants are particularly associated with negative population trends 

(Chapter 4). These results align with predictions that increasing levels of anthropogenic 
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modification of the environment may have disproportionately negative effects for migratory 

species (Gilroy et al., 2016; Robinson et al., 2009), and ultimately shift the balance of relative 

fitness drivers towards residency (Berthold, 2001; Pulido & Berthold, 2010) or towards 

migratory plasticity (Lennox et al., 2016; Reid et al., 2020). 

Ongoing environmental change 

When assessing the influence of anthropogenic threats classified as relating to direct 

mortality, habitat change and climate change, we found that the degree of exposure to direct 

mortality risks (infrastructure collision risks, hunting, etc.) consistently emerged as a predictor 

of population trends (Figure 4.5), although this may to some extent reflect the comparative 

ease of accurately mapping these threats (Chapter 4). All of the constituent direct mortality 

threat layers are, to a greater or lesser extent, associated with human population density and 

related infrastructure. In the context of population growth (United Nations, 2019), ongoing 

rural-urban migration (Angel et al., 2011), and growing investment in green energy (IEA, 

2020), these threats are likely to increase in intensity and in spatial coverage. Our results 

emphasise the importance of minimising threats associated with structural climate change 

mitigation measures, and more generally emphasise the threats symptomatic of current 

models of economic development. Nevertheless, the spatially discrete threats posed by direct 

mortality risks may be easier to directly mitigate than the broader scale, more chronic threats 

posed by habitat loss and climate change (Doherty et al., 2021). 

Broader applicability 

Although our assessment of anthropogenic risks focused on the regions within the Afro-

Palaearctic migratory flyway (covering most of Europe, Central and Western Asia and Africa), 

the approaches are broadly generalizable to other migratory systems. Much attention has 

been paid to measuring direct anthropogenic causes of mortality in North America (Loss et 

al., 2012, 2013, 2015; Loss, Will, & Marra, 2014b, 2014a; Loss, Will, Loss, et al., 2014; Van 

Doren et al., 2021), but this has not been done in a spatially explicit or composite holistic 

manner. Our methods allow large-scale spatial quantification of these threats, which could 

yield new insights into demographic responses of Nearctic–Neotropical migratory species to 

anthropogenic modification of the environment – particularly if used in conjunction with the 

dynamic distribution and abundance mapping recently developed using eBird records 

(https://ebird.org/science/status-and-trends/; (Fink et al., 2020)). Our approaches would be 

similarly applicable to regions in the East Asian–Australasian flyway, where rapid 

industrialisation degrading critical habitats, agricultural intensification and hunting pressure 

https://ebird.org/science/status-and-trends/
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have all been linked to population declines of migratory species (Edenius et al., 2017; Kamp 

et al., 2015; Murray et al., 2018; Studds et al., 2017; Yong et al., 2015). 

Although this thesis is predominately focused on avian migrants, the approaches and results 

outlined may be broadly generalizable to other migratory systems – particularly volant species 

with similar evolutionary drivers of migratory behaviour and facing similar anthropogenic 

threats (e.g. bats, invertebrates) (Frick et al., 2020; Malcolm, 2018). 

6.3 Future directions and conservation implications 

Literature bias 

Biases in the studies we included for meta-analysis in Chapter 2 reflect common biases in 

ecological literature more generally, with birds especially well represented, despite partial 

migration being prominent in many other orders (Chapman et al., 2011). A number of studies 

were excluded on the grounds of insufficient reporting of data, particularly older studies – 

indicating increasing rigour in reporting and in data availability. There was a particularly strong 

geographic skew towards Europe and North America. Again, this is partly symptomatic of 

existing biases in ecology (Amano & Sutherland, 2013), and possibly exacerbated by the 

northern hemisphere having greater seasonality of and hence migratory systems (Somveille 

et al., 2013). However, it is also likely to be driven in part by our having undertaken the 

literature searches in English alone, and there is a growing movement towards acknowledging 

the limitations of Anglophone-centric research in ecology and related disciplines (Amano et 

al., 2016; Konno et al., 2020). Future meta-analyses capturing studies from a wider range of 

regions and taxa may yield new and more detailed insights into the generality of migratory 

fitness trade-offs. 

Additional demographic parameters 

The single-species systems described in Chapter 3 and Chapter 5 could yield greater insights 

if analyses encompassed explicit survival data – particularly in light of the evidence from 

Chapter 2 that residency is more likely to confer fitness benefits to survival than to breeding 

success. In the case of lesser kestrels (Chapter 3), without data on survival we cannot conclude 

there are no strong demographic effects of undertaking long-distance migration, as we may 

simply fail to detect any, while carryover effects on reproduction may only manifest at 

recruitment stage. Being able to link common cuckoo risk exposure (Chapter 5) across 

migratory routes to survival would similarly aid in assessing the demographic importance of 

exposure to the threats assessed. Measuring the recruitment of juvenile individuals into 
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populations can likewise shed light on impacts of environmental change; juvenile recruitment 

may have particular importance for demographic rates (Baillie & Peach, 1992; Robinson et al., 

2014) or population responses to environmental change (Gill et al., 2014). 

Technological advances 

Technological advances facilitating the tracking of individuals continue to provide insights into 

the ecology of migratory species, from more traditional monitoring approaches such as metal- 

and colour-ringing (Balmer et al., 2013; Gunnarsson et al., 2005, Chapter 3), established 

biochemical approaches such as stable isotope analysis (Hobson et al., 2010, Chapter 3), and 

from increasingly sophisticated animal tracking and biologging systems (Robinson et al., 2010; 

Wikelski et al., 2007, Chapter 5). These will continue to increase knowledge of especially non-

breeding ecology, still lacking in many migratory species (Faaborg et al., 2010), and 

complement and contribute to ongoing population monitoring schemes (Balmer et al., 2013; 

Brlík et al., 2021; du Feu et al., 2016). Remote-sensing technologies are similarly continuing to 

improve in quality and in utility to ecology and conservation (Pettorelli et al., 2014; Tulloch et 

al., 2015; Turner, 2014); the large spatial coverage achievable makes remote-sensed data 

particularly relevant to studies of highly mobile species (Runge et al., 2014). Rising use and 

affordability of drones (Koh & Wich, 2012), increasingly high spatiotemporal resolution 

satellite imagery and sophisticated modelling approaches and a culture of open access data 

in this subject area (Masek et al., 2020), contribute to resources such as the recently 

developed global 10-m land cover map created using Sentinel-2 imagery (Karra et al., 2021), 

and the valuable time-series data provided by longer running initiatives such as Landsat 

(Huang et al., 2010; Masek et al., 2020). 

Use of radar technology is also gaining momentum as a means of remotely monitoring and 

predicting migratory flux (Bauer et al., 2019; Dokter et al., 2018; Shamoun-Baranes et al., 

2014; Van Doren & Horton, 2018). Combining an aeroecological approach with ongoing 

population monitoring and remote-sensing risk mapping could potentially be used to quantify 

threat exposure explicitly during migratory movements, marrying the spatiotemporal 

accuracy achievable through individual-scale tagging (Chapter 5) with the demographic scale 

of region- to continent-level monitoring (Chapter 4). 

Quantifying hunting 

In mapping the threats in Chapter 3, we created, to our knowledge, the first map of relative 

bird hunting pressure covering the Afro-Palaearctic region. We achieved this through soliciting 
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expert opinion and combining the responses with remote-sensed metrics of accessibility. The 

resulting layer represents only an estimated snapshot of the present situation; quantifying a 

phenomenon inherently linked to sociocultural and economic factors is difficult to accurately 

achieve (and potentially contentious). Rates of bird hunting – and drivers thereof – are not 

static, and although it would seem straightforward to use purely quantitative means to assess 

hunting prevalence (e.g. bag numbers, hunting licences issued), these are not necessarily 

objective, and will only provide an estimate to a varying degree of accuracy (depending on 

levels of governance (Brochet, Jbour, et al., 2019)). Elsewhere, hunting pressure has been 

mapped solely using remote-sensed correlates (Bogoni et al., 2020); we did not pursue this 

approach as the methods employed are more appropriate in cases where hunting is driven by 

a single identifiable factor (e.g. bushmeat demand). Surveying expert opinions yielded often 

insightful responses, particularly concerning historic drivers of attitudes towards/ necessities 

of hunting birds – a level of nuance not possible through purely indirect quantitative means. 

We therefore believe this represents an imperfect but currently the best measure of relative 

hunting across the region. That the results broadly align with existing quantitative estimates 

of illegal bird hunting (Brochet et al., 2016; Brochet, Jbour, et al., 2019; Brochet, Van Den 

Bossche, et al., 2019) (Chapter 4 Supplementary Materials) reinforces the potential 

importance of this resource for informing the conservation of migratory species. 

Conservation of migratory species 

In this thesis, we add to the considerable evidence for population declines in long-distance 

migratory birds (Laaksonen & Lehikoinen, 2013; Robbins et al., 1989; Sanderson et al., 2006; 

Vickery et al., 2014; Yong et al., 2015), and for the relative importance of non-breeding season 

conditions for population trends (Adams et al., 2014; Cresswell et al., 2007; Ockendon et al., 

2014; Peach et al., 1991; Szép, 1995). Nevertheless, we also find that breeding season 

conditions may play a non-trivial role in driving reproductive fitness (Chapter 3) and 

population trends (Chapter 4) of migratory birds – as reported elsewhere (Morrison et al., 

2013; Ockendon et al., 2013). Indeed, our results support the evidence for potentially complex 

interseasonal effects (Dhanjal-Adams et al., 2019; Finch et al., 2014; Howard et al., 2020; 

Vickery et al., 2014), which may be idiosyncratic (Buchanan et al., 2020; Gangoso et al., 2020; 

Mason et al., 2019) and/or vary with life-history stage (Sergio et al., 2019) or population 

density (Rushing et al., 2017). 

These results therefore reinforce the importance of holistic approaches, considering all 

demographic processes across the full annual cycle (Marra et al., 2015; Martin et al., 2007), 
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in order to understand population dynamics and responses to anthropogenic change. Given 

migratory species’ reliance on a variety of disparate regions and habitats, and – in many cases 

– intra- and international jurisdictions (Wilcove & Wikelski, 2008), successful conservation of 

migratory species requires similarly joined-up and collaborative approaches, explicitly 

incorporating species’ movements and migratory connectivity (Runge et al., 2014; Small-

Lorenz et al., 2013). At a broad scale, this may be achieved via transnational policy instruments 

(Sanderson et al., 2016; UNEP/CMS, 1979), developing interdisciplinary frameworks 

incorporating human socioeconomic factors (Hulina et al., 2017), and acknowledging the 

effects of socio-politics and governance on effective conservation (Amano et al., 2018). At a 

smaller scale, informed and integrated conservation of migrants may be facilitated by 

improving knowledge of species’ ecology, identifying crucial winter stopover sites/ migratory 

routes/ wintering areas, and understanding spatiotemporal distribution of population-limiting 

effects (Faaborg et al., 2010; Martin et al., 2007; Runge et al., 2015). 

Identifying population-limiting factors may inform targeted and effective conservation actions 

in the cases when such factors are themselves limitable or reversible (e.g. Van Doren et al., 

2017). However, in some cases, directly mitigating or addressing these may be less cost-

effective than actions elsewhere which buffer populations to these effects (Runge et al., 

2014), particularly in light of evidence that conditions in one season may mediate the effects 

of conditions experienced in previous seasons (Clausen et al., 2015; Harrison et al., 2013; 

Lisovski et al., 2020), Chapter 3, Chapter 4). For instance, while we find evidence for the 

importance of direct mortality threats in the non-breeding season for population trends 

(Chapter 4), realistic conservation measures on the breeding grounds may nevertheless be 

the most immediately practical means of bolstering populations, particularly in species for 

which breeding site productivity has a strong influence on population persistence (Morrison 

et al., 2016; Robinson et al., 2014; Sanderson et al., 2016). 

Migration has been framed as a phenomenon of abundance (Wilcove & Wikelski, 2008); 

conservation of migration as a concept must be anticipatory, acting not only prior to 

extinction, but, where possible, prior to scarcity (Wilcove & Wikelski, 2008), and informed by 

predicted population responses to ongoing environmental disruption (Barbet-Massin et al., 

2009; Doherty et al., 2021; Parmesan, 2006; Zurell et al., 2018). 
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