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Māris Strazds cg,ch, Mark Boorman ci, Mark Zvidzai cj, Marta Acácio ck, Marta Romero cl, 
Martin Wikelski ba,cm, Matthias Schmidt cn, Maurizio Sarà co,cp, Michael J. McGrady cq, 
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A B S T R A C T   

Human-induced direct mortality affects huge numbers of birds each year, threatening hundreds of species 
worldwide. Tracking technologies can be an important tool to investigate temporal and spatial patterns of bird 
mortality as well as their drivers. We compiled 1704 mortality records from tracking studies across the African- 
Eurasian flyway for 45 species, including raptors, storks, and cranes, covering the period from 2003 to 2021. Our 
results show a higher frequency of human-induced causes of mortality than natural causes across taxonomic 
groups, geographical areas, and age classes. Moreover, we found that the frequency of human-induced mortality 
remained stable over the study period. From the human-induced mortality events with a known cause (n = 637), 
three main causes were identified: electrocution (40.5 %), illegal killing (21.7 %), and poisoning (16.3 %). 
Additionally, combined energy infrastructure-related mortality (i.e., electrocution, power line collision, and 
wind-farm collision) represented 49 % of all human-induced mortality events. Using a random forest model, the 
main predictors of human-induced mortality were found to be taxonomic group, geographic location (latitude 
and longitude), and human footprint index value at the location of mortality. Despite conservation efforts, 
human drivers of bird mortality in the African-Eurasian flyway do not appear to have declined over the last 15 
years for the studied group of species. Results suggest that stronger conservation actions to address these threats 
across the flyway can reduce their impacts on species. In particular, projected future development of energy 
infrastructure is a representative example where application of planning, operation, and mitigation measures can 
enhance bird conservation.   

1. Introduction 

Across the world, anthropogenic stressors are contributing to the 
decline of bird populations of many species, resulting in the deteriora-
tion of their conservation status (BirdLife International, 2022; Lees et al., 
2022; Rosenberg et al., 2019; Şekercioğlu et al., 2004). Some stressors 
directly kill individuals (e.g., road collision, illegal shooting, or trap-
ping) while others have indirect impacts (e.g., habitat loss and degra-
dation). Annually, millions of birds die from direct anthropogenic 
stressors (hereafter referred as human-induced mortality), affecting 
hundreds of bird species worldwide (Calvert et al., 2013; Loss et al., 
2015). For some species groups like predatory raptors (Madden et al., 
2019), vultures (Ogada et al., 2016b), and bustards (Collar et al., 2017), 
human-induced mortality can be particularly important, with impacts 
on their conservation status (Chevallier et al., 2015; Di Vittorio et al., 
2018; López-López et al., 2011). Despite its importance, relatively little 
is known about how human-induced mortality varies geographically 
and temporally, and the anthropogenic, ecological, and abiotic factors 
influencing this variation (Loss et al., 2015). For many species with 
declining populations, reducing direct mortality can help arrest those 
declines (Etheridge et al., 1997; Oppel et al., 2023; Whitfield et al., 
2004). Thus, a better understanding of human-induced mortality is 
crucial for the effective conservation of birds (Longcore and Smith, 
2013). 

Tracking technologies have been increasingly used during the last 30 
years to gain insights into avian ecology and biology (Kays et al., 2020; 
Nathan et al., 2022; Wilmers et al., 2015). During the last decade, there 
has been an increasing interest in understanding bird mortality, with 
important examples of studies for a variety of species like white stork 
(Ciconia ciconia) (Cheng et al., 2019; Rotics et al., 2021; Rotics et al., 
2017; Rotics et al., 2016), black stork (Ciconia nigra) (Cano et al., 2013), 
Egyptian vulture (Neophron percnopterus) (Buechley et al., 2021; Oppel 
et al., 2015), black kite (Milvus migrans) (Sergio et al., 2019; Sergio et al., 
2018; Sergio et al., 2014), little bustard (Tetrax tetrax) (Marcelino et al., 
2018), osprey (Pandion haliaetus), European honey buzzard (Pernis api-
vorus) and harriers (Circus spp) (Klaassen et al., 2014; Strandberg et al., 
2010). While a wealth of conservation-relevant data pertinent to un-
derstanding bird mortality are generated during tracking projects, these 
data are often not analysed or published by researchers whose focus is 
typically on other research questions. The high spatial and temporal 

accuracy of tracking technologies allow to reduce the biases in detection 
and reporting of bird mortalities, providing a great opportunity to 
investigate general trends in avian migrants’ mortality in a multi-species 
framework. 

Human socio-economic features, as well as ecological and biological 
factors, may influence the magnitude of different causes of mortality to 
bird populations (Buchan et al., 2022) and these can vary geographically 
throughout their ranges (Oppel et al., 2021; Santangeli et al., 2019). 
Studies at large spatial and temporal scales are particularly important to 
analyse this variability and assess how particular causes of mortality 
impact species (Kirby et al., 2008; Vickery et al., 2014). However, many 
studies are conducted at national or regional scales or relate to only a 
single population or species. Multi-species approaches can be helpful in 
providing information about shared causes of mortality that can be 
pooled among taxonomic groups and different geographic areas to 
generate a more complete picture. In this way, tracked individuals can 
act as sentinels, providing data which, when pooled across many species, 
contribute to our understanding of spatial patterns and temporal trends. 

To assess the relative importance and prevalence of different causes 
of mortality in the African-Eurasian flyway, we gathered information 
from multiple researchers/studies on 45 migratory bird species. Spe-
cifically, our main objectives were to: i) investigate multi-species 
tracking data to gain insights into causes of bird mortality, ii) investi-
gate temporal trends in human-induced and natural causes of bird 
mortality, iii) identify the main causes of human-induced mortality and 
iv) investigate factors influencing human-induced causes. 

2. Material and methods 

2.1. Data collation 

The study area focused on the African-Eurasian flyway. This flyway 
has been intensively studied compared with other parts of the world in 
terms of the number of tracking studies (Guilherme et al., 2023; Kays 
et al., 2020), making it an ideal focal flyway for this work. 

Our analysis was restricted to large bodied terrestrial birds: storks 
(Family Ciconiidae), cranes (Family Gruidae), and raptors sensu lato 
(Family Accipitridae, Falconidae and Pandionidae) identified as meeting 
the Convention on Migratory Species (CMS) definition of ‘migratory’ 
(Article I of the CMS convention text https://www.cms.int/en/convent 
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ion-text, and UNEP/CMS 2020) and distributed within the African- 
Eurasian flyway (see full list of species in Supplementary material – 
Table S1). The reason for restricting the study to these taxonomic groups 
was that until recently only larger-bodied bird species could be tagged 
with the heavier transmitter types that generate accurate positional in-
formation (Bridge et al., 2011) that could be retrieved from dead ani-
mals. We focused exclusively on data from PTT, GPS, and GPS-GSM 
since these have the necessary spatial and temporal accuracy for iden-
tifying mortality events correctly and transmit the geographical infor-
mation remotely. Moreover, the selected taxonomic groups comprise 
many species that have been studied for sufficiently long in the study 
area that there were enough tagged individuals to permit robust 
analyses. 

To identify potential data holders working on the focal species, we 
conducted a literature review (scientific and grey) and web search 
(completed in February 2021). For the literature review we employed 
Google scholar, using the formula = TITLE-ABS-KEY (“common name” 
OR “scientific name”) AND (“ptt” OR “satellite” OR “gps” OR 
“tracking”). The web search was done using Google, with a particular 
focus on tracking databases (e.g., Movebank, Satellitetracking.eu, 
Birdtelemetry.cz, Birdmap.5dvision.ee). BirdLife International partners 
(national NGOs) assisted in identifying and contacting potential col-
laborators. In total, 207 potential collaborators were contacted and 
requested to contribute data related to mortality events in a standard-
ized data template. This comprised a summary information section and a 
mortality information section (Supplementary material – Table S2). In 
the summary section we requested data from each species on i) number 
of individuals tagged, ii) number of mortality events identified, iii) 
number of technical failures, and iv) number of unknown causes of tag 
malfunctioning or transmission failure. Technical failures included 
events where researchers could confirm the tags fell from the individual 
or stopped transmitting before the estimated life expectancy of the de-
vice. Unknown causes included all those events in which the fate of the 
bird and/or the tag could not be determined. We estimated the mini-
mum proportion of mortality events from a cohort of tagged birds by 
excluding unknown causes, and the maximum potential proportion of 
mortality events by assuming all unknown causes related to mortality of 
the tagged bird. 

In the mortality section, we requested general information about the 
mortality events for each species. Since mortality events derived from 
tracking data can be identified using different methods with different 
likelihoods of a correct assessment, we asked researchers to classify the 
reported events according to three categories (modified from Klaassen 
et al., 2014):  

- Possible death of bird. Loss of signal occurred abruptly and despite 
preceding good transmission and/or battery performance, or trans-
mitter was continuously transmitting from the same position without 
indicating movement (activity counter stopped). No further investi-
gation was made using any remote or on the ground method (or if 
used it did not provide any useful insights into the event); cause of 
death would be ‘unknown’ for events in this category most of the 
time.  

- Very probable death of bird. Tracking data indicated mortality, and 
this was categorized as very probable using remote methods (see 
details below) that helped in the identification of the event (e.g., 
Sergio et al., 2018). These methods include any type of analysis 
performed remotely and/or assisted by other devices tagged to the 
birds (e.g., use of GIS software, statistical analysis of tracking data, 
accelerometer data, insights from weather conditions, remote 
sensing, temperature sensors). Since the likelihood of a correct 
identification varies with the precise method employed, slight dif-
ferences may be found between methods.  

- Confirmed death of bird. Tracking data indicated mortality, and this 
was confirmed by additional in-situ observations (e.g., field obser-
vation by researcher or local contacts). Events classified in this 

category had the highest probability of correctly identifying a mor-
tality event. 

Lastly, information was requested about causes of death. The data 
form included five natural and eight human-induced categories covering 
the most common causes reported. The natural category included: i) 
drowning, ii) predation, iii) starvation/exhaustion, iv) disease, and v) 
other. The human-induced category included: i) illegal killing (i.e., 
intentional direct killing, considered illegal in some countries of our 
study), ii) electrocution, iii) power line collision, iv) wind-farm collision, 
v) road collision (i.e., hit by vehicle), vi) other collision (e.g., building), 
vii) poisoning, and viii) other. Within the poisoning category we did not 
distinguish between different types of poisoning (e.g., intentional, 
accidental, environmental) because of the difficulty in determining the 
nature of these events. No information was collected on the certainty of 
the method used to identify the cause of mortality. 

2.2. Data analyses 

To investigate the relative importance of human-induced, natural, 
and unknown causes of mortality, we calculated the proportion of each 
of these three categories in relation to total deaths across different 
taxonomic groups, geographic areas, and age classes. Moreover, to 
investigate whether the proportion of human-induced mortality 
changed over time, we fitted generalized linear models (GLM) with a 
logit-link function and a binomial error distribution using the R package 
“stats” (R Core Team, 2023). The response variable was the percentage 
of human-induced mortality in relation to the total known causes of 
mortality (i.e., natural mortality + human-induced mortality) pooling 
all species together, and the year in which the mortality occurred was 
used as a continuous explanatory variable. To explore the effect of the 
unknown causes of mortality in the compiled dataset, three different 
models were developed. The first model included only mortality events 
with known causes of mortality excluding those with unknown causes of 
mortality (n = 1026); the second model included mortality events with 
unknown causes assigned to the category ‘human-induced mortality’ (n 
= 1697). The third model included mortality events with unknown 
causes assigned to the category ‘natural mortality’ (n = 1697). In this 
way, we could explore the minimum and maximum proportions be-
tween human-induced and natural mortalities. A total of seven mortality 
events did not include a death date and were excluded from this part of 
the analysis. To ensure model suitability, we tested uniformity of re-
siduals using the function provided in the R package “DHARMa” (Hartig, 
2017). 

Different factors may influence the probability of a bird dying from a 
natural or a human-induced cause. These can be socio-economic factors 
that affect the prevalence of certain threats like illegal killing (Brochet 
et al., 2016), the degree of landscape modification (Arrondo et al., 
2020), or simply intrinsic biological and ecological traits of the species 
(De Pascalis et al., 2020). Moreover, these threats can also show 
geographical gradients that may influence their importance on bird 
mortality (Buchan et al., 2022; Oppel et al., 2021), and ultimately 
inform conservation efforts across regions. To analyse this probability 
and the influence of different socio-economic, ecological, geographical, 
and biological factors, we fitted random forest (RF) models for classifi-
cation of the mortality events with an identified cause. To simplify the 
response variable, we pooled the different mortality causes into two 
categories: natural and human-induced mortality (n = 1030). 

RF is a machine learning algorithm and a powerful statistical clas-
sifier that is widely used for statistical analysis of ecological data; the 
approach creates an ensemble of classification trees and then combines 
the predictions from all trees (Breiman, 2001; Cutler et al., 2007; Liaw 
and Wiener, 2002). Moreover, RF can deal with continuous and cate-
gorical data as predictor variables in the models. In our analysis, a total 
of 500 trees were constructed using bootstrap samples from the dataset 
without replacement (Strobl et al., 2007). To assess the accuracy of the 
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model, c.63 % of the original data are used to construct the trees, the rest 
of the observations (‘out-of-the-bag’ sample) were used to assess the 
classification success of the tree structure. The relative importance of 
each predictor variable was evaluated as the mean decrease in accuracy 
of the model if that predictor was randomly permuted (Cutler et al., 
2007), and its statistical significance was tested using the permutation 
algorithm implemented in the library rfPermute using 1000 runs 
(Archer, 2015). 

To build the RF model, we used a combination of categorical and 
continuous predictor variables that accounted for the main potential 
drivers of mortality. The categorical variables included in the models 
were: i) taxonomic group: species were pooled together in 10 taxonomic 
groups: buzzards (genera Buteo, and Pernis), cranes (genus Grus), eagles 
(genera Aquila, Circaetus, Clanga, Haliaeetus, and Hieraaetus), falcons 
(genus Falco), harriers (genus Circus), hawks (genus Accipiter), kites 
(genus Milvus), ospreys (genus Pandion), storks (genus Ciconia), and 
vultures (genera Aegypius, Gyps, Gypaetus, Necrosyrtes, Neophron, Torgos, 
and Trigonoceps), which reflect the different ecological and biological 
characteristics of the species that may influence the cause of mortality, 
ii) age: differences in development and maturation of the different 
species made it difficult to impose consistent sub-categories of age or 
maturation on non-adult individuals. Therefore, only two generic cate-
gories that could be applied consistently were used for an individual’s 
age: ‘adult’ and ‘non-adult’, iii) migratory status: even if all species 
included in our analysis are considered as migratory using the CMS 
definition (see methods), some populations of these species may be non- 
migratory or partial migratory (i.e., migratory and non-migratory in-
dividuals exist within the same population). To analyse the influence of 
this factor, we specifically categorized the migratory status (i.e., 
migratory, non-migratory, and partial migratory) at a population level 
for each species included through a literature review and information 
from the data-holders participating in the study (Supplementary mate-
rial – Table S9), iv) origin: the dataset included wild individuals and 
individuals that had been reintroduced to the wild from captive 
breeding programs. The influence of this factor is context-dependent 
with some studies reporting an effect on bird mortality (Armstrong 
et al., 2017; Tavecchia et al., 2009), while others have not found any 
effect (Buechley et al., 2021; Efrat et al., 2022). 

Four continuous predictor variables were also employed: i) latitude 
of mortality event, ii) longitude of mortality event, iii) year, and iv) 
human footprint index: created by the Wildlife Conservation Society 
(https://wcshumanfootprint.org/); this index is a proxy for landscape 
modification and is calculated based on five categories: population 
density, land cover/land use, built infrastructure, accessibility, and 
power consumption (Sanderson et al., in press; Venter et al., 2016). 
Recent versions of the index cover years from 2000 to 2019 and are 
available at 300 m spatial resolution. This allowed us to calculate the 
value of the index for the same year in which the mortality event 
occurred and the specific geographical location. Mortality events from 
2020 and 2021 were assigned to the latest information from 2019. Two 
different generations of maps have been produced, the so-called “first- 
generation” from 2000 to 2013 and the “second-generation” from 2014 
to 2019. To make these two periods comparable we normalised all 
values from 0 to 1. To check for potential multi-collinearity between 
continuous predictor variables a variance inflation factor (VIF) analysis 
was run using the R package HH (Heiberger, 2018). All VIF values were 
lower than 2 meaning that no collinearity was detected (Supplementary 
material – Table S4). 

Finally, partial dependence plots were constructed to represent the 
relationship between the predictor and the response variables based on 
the RF constructed. These plots evaluate the RF model based on the 
variation within one selected variable while all other variables remain 
fixed at their actual values. Thus, these plots represent averaged pre-
dictions based on a selected variable (Strobl et al., 2008). 

3. Results 

In total we received 1704 mortality records from July 2003 to August 
2021. These records included 45 different species (Supplementary ma-
terial – Table S1) tagged in 48 countries and dying in 91 countries across 
the study area (Fig. 1). A total of 376 events (22.07 %) were classified as 
“possible”, 336 (19.72 %) were classified as “very probable”, and 992 
(58.21 %) were classified as “confirmed”. From the 1704 mortality 
events identified, 1030 (60.45 %) had a known cause of mortality while 
674 (39.55 %) had an unknown cause of mortality. 

3.1. Frequency of identification of mortality events 

From a total of 4097 individual birds tagged, researchers could 
identify 1704 mortality events (41.6 %) and 497 events of technical 
device failure or malfunctioning (12.13 %). There were 1124 tags that 
continued transmitting or that completed their expected life cycle 
(27.43 %). However, researchers could not determine the fate of the 
devices/birds in 769 events (18.77 %). 

Mortality proportion (i.e., number of dead birds/numbers of total 
birds tagged) calculated at species and project level was 0.40 (range 
0–1) on average. The technical failure proportion (i.e., number of 
technical failures/total birds tagged) was 0.12 (range 0–1) on average 
(Supplementary material – Table S3). These different proportions across 
species and projects were statistically significant (χ2 = 2561.8, df = 411, 
p < 0.01). These numbers must be interpreted cautiously since tag’s 
manufacturer, project duration, number of tagged birds and scale and 
type of effort made to identify mortality varied widely between projects. 

3.2. Human-induced versus natural causes of mortality 

The proportion of mortality events identified as human-induced was 
consistently higher than the proportion identified as natural mortality 
across taxonomic groups, geographic areas, and age classes (Fig. 2). 
When analysing the relationship between human induced and natural 
mortality (i.e., ratio human-induced/natural), we found that human- 
induced causes of mortality (37.38 %) were 1.64 times more 
commonly identified than natural causes of mortality (23.06 %). The 
ratio between human-induced (31.83 %) and natural mortality (13.28 
%) was significantly higher in Africa (2.4 times) than in any other 
continent (χ2 = 69.61, df = 4, p < 0.01) (Fig. 2B). Non-adult birds 
showed a higher percentage of natural mortality (24.79 %) than adult 
birds (17.48 %) (χ2 = 31.33, df = 4, p < 0.01) (Fig. 2C). When 
considering mortality events with a known cause of mortality (i.e., 
human, and natural) the probability of a correct identification was as 
follows: “possible” = 4.56 %, “very probable” = 20.01 % and 
“confirmed” = 75.34 %. Since the proportion of mortality events with a 
known cause identified as “possible” was so low, we decided to keep all 
records in further analysis regardless of this category. 

None of the three GLM models investigating the temporal trend in 
the proportion of human-induced and natural mortality detected any 
significant effect of year (Fig. 3) (Model 1: χ2 

1 = 0.88, p = 0.35, Model 2: 
χ2 

1 = 1.42, p = 0.23; Model 3: χ2 
1 = 0.02, p = 0.9) (Supplementary 

material – Table S5). To reduce the influence of the probability of correct 
identification of mortality events, we fitted the same GLM model only 
including the “very probable” and “confirmed” cases of natural and 
human-induced mortality. Similar to the models using the full dataset, 
this model could not detect any significant effect of year (χ2 

1 = 2.88, p 
= 0.09) (Supplementary material – Table S6). 

3.3. Human-induced mortality 

When pooling all species together, three main causes of mortality 
were the most frequently recorded: electrocution (40.5 %), illegal killing 
(21.66 %), and poisoning (16.33 %) (Fig. 4). For predatory raptors, and 
storks and cranes, the primary identified cause of mortality was 
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electrocution (36.25 % and 54.47 %, respectively), followed by illegal 
killing (23.9 % and 21.27 % respectively). For vultures, poisoning was 
the main cause of mortality (39.74 %), followed by electrocution (25.83 
%) and illegal killing (18.54 %). Illegal killing had the highest preva-
lence as a cause of mortality in Africa (48.03 %), while electrocution was 
most prevalent as a recorded cause of mortality in Europe (47.2 %). 
Energy infrastructure-related mortality (i.e., electrocution, power line 
collision, and wind-farm collision combined) accounted for 48.98 % of 
all mortalities across all species combined. Most human-induced mor-
tality events were categorized as “confirmed” (77.86 %) and “very 
probable” (19.78 %), thus we decided to keep all records regardless of 
the classification category in subsequent analysis. 

The RF model showed an overall accuracy of 73.4 % (Supplementary 
material – Table S8) in classifying whether a mortality event was natural 
or human-induced. The most important predictor was taxonomic group, 
followed by latitude, and human footprint index. Longitude, migratory 
status and origin had intermediate importance (Fig. 5), but no discern-
ible pattern in the partial dependence plots (Fig. 6). Partial dependence 
plots showed that buzzards, harriers, and cranes had the lowest pre-
dicted probability of human-induced mortality, while eagles showed the 
highest. Human-induced mortality was highly likely across most lati-
tudes but decreased substantially north of 40◦ N. Finally, human- 
induced mortality was highest at intermediate human footprint index 
values between 0.25 and 0.75, with very low probabilities in undevel-
oped regions (<0.25) and low probability in highly developed urban 

regions (>0.75, Fig. 6). Two variables had no significant (p > 0.01) 
influence on whether a mortality event was human-induced or natural: 
age and year. 

4. Discussion 

Tracking technologies can be a powerful tool to investigate avian 
mortality in wild populations. Our study shows how these data can be 
used to quantify the extent of human-induced mortality among pop-
ulations of large birds. Investigating mortality can be challenging, both 
because of the necessary time and expertise to evaluate and analyse this 
type of data, and because of the cost and time needed to investigate this 
in the field. However, data on mortality have great value, not only for 
scientific research but also for conservation. The large numbers of birds 
tagged in recent years could contribute important information on this 
topic if additional efforts were made to gather and analyse these data, 
particularly during the design stage of tagging projects. 

Our results agree with previous studies on the high importance of 
human-induced mortality over natural mortality, but the strength of this 
importance varies. For instance, De Pascalis et al. (2020) using ringing 
data, found that natural mortality was just c.5–8 % of total mortality 
events registered, a much lower percentage than our findings. However, 
these numbers could be highly influenced by the increased likelihood of 
finding and reporting a bird dying from human-induced causes close to 
human settlements. Data on raptor mortality from wildlife rehabilitation 

Fig. 1. Spatial distribution of mortality events in the study area, the African-Eurasian flyway.  
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Fig. 2. Percentages of human-induced, natural, and unknown causes of mortality for all mortality events recorded depicted by: A) taxonomic groups, B) continents, 
and C) age groups. All age classes not considered as adults were classified as non-adults. One mortality event recorded in the middle of the Atlantic Ocean could not 
be assigned to a continent and four other events did not include age. 

Fig. 3. Probability of human-induced mortality ±95 % CI in relation to year, calculated as the proportion of this kind of mortality in relation to total mortalities. 
Three different GLM models were built to incorporate unknown causes of mortality in the analysis. None of the resulting models were significant (p > 0.01). 
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centres in Spain, which could be biased in a similar way, showed similar 
figures of natural mortality (Martínez et al., 2016). Remote tracking 
devices provide an opportunity to reduce this bias by revealing locations 
of dead individuals away from human settlements. Studies carried out 
using tracking data provide similar results to ours. For instance, 
Buechley et al. (2021) reported that for Egyptian vultures tracked across 
the African-Eurasian flyway, 51.1 % of the total known causes of mor-
tality were human-induced, and Monti et al. (2023) found that 60 % of 
mortality causes for GPS-tracked Griffon vultures in central-southern 
Italy were also human-induced, like our overall results. 

Our models could not detect any change in the frequency of human- 

induced mortality in the last 15 years. Although events with an unknown 
cause of mortality generate uncertainty in our results, none of the 
different scenarios we modelled indicated that human-induced mortal-
ity is declining. It is possible that we did not detect any change because 
both (natural and human-induced) have increased or decreased at the 
same rate. Likewise, it is also possible that some threats have been 
replaced by others across time and/or geographical areas. For instance, 
previous studies from Spain indicate that in recent decades the number 
of cases of illegal killing has decreased, while fatalities related to energy 
infrastructure have increased (Martínez et al., 2016; Martínez-Abraín 
et al., 2009). New threats have also emerged. For instance, intentional 

Fig. 4. Percentages of human-induced causes of mortality by: A) taxonomic groups and B) continents, calculated from all known human-induced causes of mortality 
(n = 637). 

Fig. 5. Relative variable importance influencing a random forest model’s accuracy in classifying whether a mortality cause was human-induced or not. Mean 
decrease in accuracy measures the reduction in the accuracy of the model when randomly permuting that particular variable while maintaining the rest. Variables 
marked with an asterisk were significant (p < 0.01) after 1000 permutations. 
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poisoning has increased sharply in Africa, having a major impact on 
vulture populations (Henriques et al., 2020; Ogada et al., 2016a). These 
new emerging threats may have counteracted the reduction of previous 
ones. 

Our analysis shows that not all bird species are equally at risk of 
human-induced mortality. The importance of taxonomic groups in our 
RF model reflects ecological and biological characteristics of species that 
make them particularly sensitive to certain causes of mortality. Sec-
ondly, the importance of latitude indicates that threats are not evenly 

distributed across space but vary geographically in intensity and 
persistence (Buchan et al., 2022; Gauld et al., 2022). This is consistent 
with our findings of a spatial variation in the importance of threats 
between continents. For instance, according to our results, illegal killing 
is higher in Africa than in any other continent. This finding could be 
related to the combination of several factors like direct persecution of 
vultures for belief-based uses (Ogada et al., 2016b), a high level of 
hunting pressure in some African countries like Egypt (Brochet et al., 
2016), and/or the increasing demand of hunting for bushmeat in sub- 

Fig. 6. Partial dependence plots showing the relationship between the most important variables detected by a random forest model and the probability of human- 
induced mortality if all other variables were held at their actual values. Shadowed areas and error bars represent the standard deviation around predicted mean 
probability. 
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Saharan countries (Whytock et al., 2016). Lastly, the importance of the 
human footprint index reflects the strong association between human 
presence and avian mortality. Interestingly, we did not find a monotonic 
increase in the probability of human-induced mortality with the foot-
print index, but a peak at intermediate values. This relationship in-
dicates that even moderate human presence can have large impacts on 
avian mortality, but that human-induced mortality events are not more 
likely in extremely modified urban landscapes. We speculate that most 
large bird species simply do not find suitable habitat in highly developed 
or urbanized areas, and thus limit the time they spent there. 

We acknowledge that our study presents some limitations. First, we 
could not estimate absolute mortality rates and thus quantify de-
mographic impacts. Capture-mark-recapture or recovery models applied 
to tracking data could be used to estimate mortality rates and relative 
contributions of mortality causes (Buechley et al., 2021; Schaub and 
Pradel, 2004; Swift et al., 2020). However, our focus was on identifying 
broad scale spatiotemporal patterns in mortality rather than estimating 
species-specific demographic parameters. Our estimates are conditional 
on the probability of finding and reporting a mortality event from a 
particular cause, which may lead to bias if certain mortality causes have 
a higher probability of being detected and diagnosed than others 
(Tavecchia et al., 2012). However, mortality information derived from 
tracking data has a higher probability of detection and fewer potential 
sources of bias than that from other sources (e.g., Bro et al., 2001). 
Lastly, since we collected data from multiple studies there is a large 
heterogeneity in the methods used to determine the mortality events. 
Nevertheless, from all mortality events included in our analysis of 
known causes of mortality, 95.4 % were classified as “confirmed” or 
“very probable”. We are therefore confident that the main conclusions of 
our study are robust. 

In the coming decades, investment and development in renewable 
energy is expected to grow substantially worldwide. With much of the 
expected growth relying on solar and wind energy (70 %), this means 
that by 2050 we can expect a ten-fold increase in the current total 
onshore wind energy capacity (IEA, 2021; IRENA, 2019). This massive 
expansion of renewables will require a proportional growth of the 
electricity transmission grid to distribute this energy. With almost 50 % 
of all human-induced mortality events being related to energy infra-
structure, our results highlight the impact that this source of mortality 
already has on birds. Therefore, the expected expansion of this infra-
structure could have dramatic consequences for the conservation of 
these species (Serrano et al., 2020). Currently, the proportion of mor-
tality events that are energy-related is lower in Africa (26 %) than in 
Europe (57 %). This may be related to the smaller size of the energy 
infrastructure network in Africa compared to Europe. However, the 
rapid expansion of electricity networks in developing countries will 
likely increase energy infrastructure-related mortality. This is already 
evident in some countries like Kenya and Ethiopia, where collisions/ 
electrocutions have been identified as an important threat for raptors 
(Ogada et al., 2022; Oppel et al., 2022). Birds could benefit from careful 
planning to minimise these impacts, and tracking technologies can help 
us in this task, providing opportunity for energy investors and de-
velopers to take account of the important areas and routes for migratory 
birds, and to build bird-safe infrastructures (Gauld et al., 2022; Oppel 
et al., 2021). 

5. Conclusions 

Our study, covering 45 species across 91 countries, reveals that 
human-induced factors—predominantly electrocution, illegal killing, 
and poisoning—constitute the major threats to bird mortality, high-
lighting a critical issue in global biodiversity conservation. Our results 
further support targeted actions as an important mechanism to combat 
these threats. For example, insulating power lines and strategically 
shutting down wind turbines during bird migrations can substantially 
reduce deaths due to infrastructure (Chevallier et al., 2015; Ferrer et al., 

2022; McClure et al., 2021). Tackling illegal killing and poisoning can be 
based on robust law enforcement, widespread awareness campaigns, 
and community involvement to instil conservation values (Badia-Boher 
et al., 2019; Oppel et al., 2023). Comprehensive environmental assess-
ments for new infrastructural projects can prevent potential harm to 
avian populations. These practical measures will benefit specific species 
and have wider implications. The insights gained from this extensive 
study can guide international conservation efforts, informing policy 
adjustments and fostering cross-border collaborations to safeguard 
avian species. In doing so, they contribute to broader objectives of 
maintaining ecological balance and protecting global biodiversity, 
resonating with the goals of international environmental agreements 
and conservation strategies. 
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Nemček would like to thank Jozef Chavko, Lucia Deutschová, Boris 
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Saveljic, D., Sheldon, R.D., Shialis, T., Tsiopelas, N., Vargas, F., Thompson, C., 
Brunner, A., Grimmett, R., Butchart, S.H.M., 2016. Preliminary assessment of the 
scope and scale of illegal killing and taking of birds in the Mediterranean. Bird 
Conserv. Int. 26, 1–28. https://doi.org/10.1017/S0959270915000416. 

Buchan, C., Franco, A.M.A., Catry, I., Gamero, A., Klvaňová, A., Gilroy, J.J., Field, R., 
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Andreotti, A., Arkumarev, V., Berger-Tal, O., Bermejo Bermejo, A., Bounas, A., 
Ceccolini, G., Cenerini, A., Dobrev, V., Duriez, O., García, J., García-Ripollés, C., 
Galán, M., Gil, A., Giraud, L., Hatzofe, O., Iglesias-Lebrija, J.J., Karyakin, I., 
Kobierzycki, E., Kret, E., Loercher, F., López-López, P., Miller, Y., Mueller, T., 
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Nakev, S., Ngari, A., Onoja, J., Osta, M., Özuslu, S., Petrovski, N., Popgeorgiev, G., 
Pourchier, C., Qaneer, T., Ruffo, A., Shobrak, M., Sidiropoulos, L., Skartsi, T., 
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