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A B S T R A C T   

Predators are frequently victims of wildlife crime due to conflicts with human interests. Where predators are 
protected, killing may occur covertly and novel methods, including satellite tracking, are often required to assess 
population consequences. Wildlife crime persists in the British uplands, where raptors are illegally killed on 
moorland managed for Red Grouse Lagopus lagopus scotica shooting. To understand impacts on one such species, 
the Hen Harrier Circus cyaneus, we analysed data from 148 individuals tracked across Britain between 2014 and 
2021. Using remotely sensed land-use data and continuous-time survival methods, we quantified survival rates, 
contributions of natural causes and illegal killing to mortality, and spatial and temporal associations between 
mortality and land managed for grouse shooting. Annual survival was low, especially among first-year birds 
(males: 14 %; females: 30 %), with illegal killing accounting for 27–43 % and 75 % of mortality in first-year and 
subadult (1-2 years) harriers respectively. Illegal killing is likely attributable to grouse moor management 
because i) a 10 % increase in grouse moor use resulted in a 43 % increase in mortality risk; ii) a strong overlap 
existed between mortality and grouse moor extent in 20 km squares, identifying hotspots of illegal killing in 
northern England and northeast Scotland; iii) death due to natural causes showed different spatial and temporal 
patterns; and iv) timing of mortality peaked around the shooting season and during breeding territory estab-
lishment. Governments have failed to reduce illegal killing of Hen Harriers and other raptors in Britain and our 
results emphasise that further legislative reform is needed to tackle this enduring criminality.   

1. Introduction 

Conservation conflicts are an increasing challenge facing conserva-
tion practitioners, commonly arising where wild animals pose a 
perceived or actual threat to human livelihoods, safety, or economic 
activities (Woodroffe et al., 2005; Redpath et al., 2013). Predators lie at 
the heart of some of the most intractable conflicts due to their impacts on 
livestock or wild species exploited by humans (e.g., Gusset et al., 2009; 
Cummings et al., 2019). Many predators are of high conservation 

concern and legally protected (e.g., Wipple et al., 2014), but illegal 
killing may continue where human interests are perceived to be 
compromised by predator conservation (Redpath et al., 2013). 

Illegal killing of predators is typically carried out covertly to mini-
mise chances of detection and prosecution, and quantifying its magni-
tude is challenging. Limited evidence suggests that such killing can 
contribute significantly to overall mortality. Liberg et al. (2012) found 
that 50 % of wolf Canis lupus mortality in Scandinavia was attributable 
to illegal killing, although only one third of this was directly verifiable, 
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whilst Whitfield and Fielding (2017) discovered that covert killing 
accounted for 74 % of mortality of young Golden Eagles Aquila chrys-
aetos in Scotland. Another difficulty when predators are killed covertly is 
determining whether this mortality is additive, compensatory, or 
partially compensatory to natural mortality, which is also key to un-
derstanding population impacts (Murray et al., 2010). 

To tackle the challenges posed by covert wildlife crime, researchers 
increasingly apply tracking and biologging technologies. Tracking de-
vices on albatrosses have been used to monitor illegal fishing (Wei-
merskirch et al., 2020) and as an early warning system to alert 
authorities to poaching activities based on the movements of tracked 
non-target species (De Knegt et al., 2021). Modern tracking methods also 
hold promise for quantifying illegal killing in predator populations, as 
they permit near constant, real-time monitoring of individuals and can 
yield insights on where and when mortality occurs (Whitfield and 
Fielding, 2017; Murgatroyd et al., 2019; Sergio et al., 2019a). 

Recreational shooting of Red Grouse Lagopus lagopus scotica occurs 
across large parts of the British uplands. The high post-breeding 
numbers of grouse desired by this form of shooting requires the use of 
uniquely intensive game management, including habitat management, 
predator and disease control (Thompson et al., 2016; Mustin et al., 
2018). Raptor predation can reduce the number of grouse available for 
shooting (Thirgood et al., 2000). As the capital value of shooting estates 
is determined by the number of grouse shot per annum (Knight Frank, 
2014), there is a strong economic incentive to reduce losses of grouse to 
raptor predation. Illegal killing of raptors is thus widespread on grouse 
shooting estates and limits the distribution and population size of 
several species in Britain (Etheridge et al., 1997; Whitfield et al., 2003; 
Whitfield et al., 2004a; Whitfield et al., 2004b; Whitfield et al., 2008a; 
Smart et al., 2010; Fielding et al., 2011; Amar et al., 2012; Whitfield and 
Fielding, 2017; Melling et al., 2018; Murgatroyd et al., 2019; Newton, 
2021). 

The magnitude of Hen Harrier mortality due to illegal killing on 
grouse moors has previously been difficult to quantify due to steps taken 
by perpetrators to conceal their crimes. Annual recorded incidences of 
illegal killing are widely accepted to represent only a fraction of the 
number of individuals persecuted (McMillan, 2011; RSPB, 2021). Now, 
however, satellite transmitters afford new insights into the pervasive 
impacts of illegal killing. A recent study found that only 17 % of satellite- 
tracked Hen Harriers survived their first year, the probability of mor-
tality rose with increasing use of grouse moors and was highest in pro-
tected areas comprising a proportionately greater area managed for 
grouse shooting (Murgatroyd et al., 2019). Our study extends these 
previous findings and greatly enhances our understanding of illegal 
killing by presenting results from the largest programme of Hen Harrier 
tracking globally. This dataset includes individuals tagged in nests 
across a large proportion of the species’ distribution in Britain and the 
Isle of Man, and both individuals known or suspected to have died of 
natural causes and those illegally killed. This enables a novel compari-
son of the relative contribution of natural causes and illegal killing to 
mortality rates, as well as an examination of spatial and seasonal pat-
terns of mortality and whether these are related to land management for 
grouse shooting. Specifically, in this study, we address the following 
questions:  

1. What is the survival probability of Hen Harriers, and how does this 
differ between sexes and age classes?  

2. What is the relative contribution of natural causes and illegal killing 
to mortality, and how does this differ between sexes and age classes?  

3. What are the seasonal patterns of survival, and how do these differ 
between natural causes and illegal killing?  

4. Is weekly survival associated with use of grouse moors, and does this 
relationship vary between birds that died of natural causes or that 
were killed illegally?  

5. What are the spatial patterns of survival, and do associations with 
grouse moors vary between birds that died of natural causes or that 
were killed illegally? 

2. Methods 

2.1. Hen Harrier and environmental data 

2.1.1. Satellite tagging 
Hen Harrier breeding attempts were monitored by experienced 

fieldworkers at traditional nesting grounds across Britain and the Isle of 
Man between 2014 and 2020 (Fig. 1). Nest locations were pinpointed 
using either observations of adult behaviour (n = 91) or fixes from in-
dividuals tagged as chicks, which were now breeding (n = 8). Nests were 
visited under licence when chicks were between 26 and 32 days old to fit 
satellite tags. We tagged between 1 and 4 chicks per nest (mean = 1.7), 
selecting individuals heavy enough to meet licence conditions, and, 
where possible, tagging an equal number of males and females. Sexes 
were separated in the nest based on iris colouration (Picozzi, 1981; 
Hardey et al., 2009). 

We fitted satellite transmitters to 148 harriers (65 males, 83 females; 

Fig. 1. The number of Hen Harriers fitted with transmitters and the number of 
nests at which tagging occurred in different regions of Britain. Bar charts for 
Mull and Orkney were too small to label and the relevant figures are four in-
dividuals and three nests tagged on Mull and three individuals and three nests 
tagged on Orkney. 
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mean = 21 per year, range = 6–37). Most were solar-powered Argos PTT 
transmitters with a duty cycle of 4 h of transmission and 19 h switched 
off (n = 123; Microwave Telemetry Inc., Columbia, MD, USA; 9.5 g tags 
on males (n = 58, although two 12 g tags were inadvertently deployed 
on males early in the project) and 9.5 g (n = 28) or 12 g (n = 35) tags on 
females), with a smaller cohort fitted with either 11.5 g (n = 14, females 
only; Pathtrack Ltd., Otley, UK) or 10 g (n = 11, 5 males & 6 females; 
Ornitela, Vilnius, Lithuania) GPS-GSM tags. Transmitters were fitted 
using 6 mm Teflon-ribbon thoracic cross-strap single weak-point back-
pack harnesses (Anderson et al., 2020) mounted on neoprene bases. 
Approval for use of 9.5 g harness-mounted devices on males between 
290 and 400 g and 9.5 g or 12.0 g devices on females between 390 and 
750 g was granted by the Special Methods Technical Panel of the British 
Trust for Ornithology (endorsement number 2673), reviewed annually 
following an assessment of the previous year’s tagging returns. The 
combined weight of the tag and harness constituted 2.48 % (9.5 g tag) or 
2.96 % (12 g tag) of average adult female body mass and 3.7 % of 
average male body mass (9.5 g tag, Scharf and Balfour, 1971). 

Argos transmitters estimated locations in this study based on Doppler 
shift of signals received during passes of polar-orbiting satellites and did 
not have on-board GPS functionality due to weight constraints. The 
accuracy of Argos transmitter locations is generally lower than that of 
GPS and depends particularly on the number of signals (Costa et al., 
2010). With individual location estimates, the Argos system yields a 
location class that summarises expected positional error. Location 
classes 3, 2, 1, and 0 correspond to spatial errors of <250 m, 250–500 m, 
500–1500 m and > 1500 m respectively, while the A, B and Z classes are 
associated with unquantified errors. Following Murgatroyd et al. 
(2019), the latter three location classes were excluded from consider-
ation in this study due to low positional accuracy. The expected oper-
ational lifespan of these Argos transmitters is at least three years, but 
they often last well beyond this deployment period (Whitfield and 
Fielding, 2017; Sergio et al., 2019a). 

2.1.2. Allocation of fates to Hen Harriers 
Bird locations and tag engineering data were downloaded and 

scrutinised daily. Where data suggested a harrier was stationary or that a 
tag had ceased transmitting, one or more field visits were made to 
relocate the individual or retrieve the tag and/or remains and gather 
evidence of circumstances of death. In cases where we had reason to 
believe that a tag had stopped working in suspicious circumstances, we 
first informed the police and then made attempts to recover the bird as 
soon as it was practicable to do so. Search areas initially focused on 
ground immediately surrounding the final Argos location, but these 
were widened where initial recovery attempts failed, and in the end 
often covered several square kilometres. We used a Goniometer RXG- 
134 receiver and AXG-134 antenna to aid recovery of actively trans-
mitting Argos tags, which enabled a relatively high recovery rate of 36 % 
(e.g., Sergio et al., 2019b). Remains of recovered birds were sent for 
veterinary post-mortem examination to diagnose cause of death (Sup-
plementary Materials 1). Using all available evidence, we assigned 
tracked harriers to six fate categories using a modified version of the 
classification in Murgatroyd et al. (2019; see Supplementary Materials 2 
Fig. S1). 

2.1.3. Grouse moor distribution 
Grouse moor managers burn patches of moorland on a rotation of 

10–25 years to create a mosaic of different ages of heather Calluna vul-
garis used by grouse as food and shelter (Thompson et al., 2016). The 
resulting strip burns are detectable on remotely sensed images, and here 
we use the burning map of Douglas et al. (2015) to represent the spatial 
distribution of grouse moor habitats, defining a 1 km square as being 
subject to grouse moor management if it contained strip burns (see also 
Chapman et al., 2010; Allen et al., 2016). 

2.2. Statistical analysis  

(1) What is the survival probability of Hen Harriers, and how does 
this differ between sexes and age classes? 

We estimated annual survival for male and female harriers using 
Kaplan-Meier survival analysis (Table S1). The survival dataset was 
configured i) specifying staggered entry of individuals into the study on 
their tagging date and ii) using a recurrent annual timescale (Fieberg 
and DelGiudice, 2009) from 1 June to 31 May, permitting separate 
estimation of survival for first-years (0–1 years), subadults (1–2 years) 
and adults (>2 years). Annual survival was specified as a binary vari-
able, with ‘0’ indicating survival/censored and ‘1’ indicating death. 
Other variables recorded the time an individual entered and exited the 
tagged population, measured in days since 1 June. The small number (n 
= 4) of individuals suffering tag technical failures were right-censored 
on the date of their final fix.  

(2) What is the relative contribution of natural causes and illegal 
killing to mortality, and how does this differ between sexes and 
age classes? 

We created aggregate fate classes to examine the relative contribu-
tions of natural causes and illegal killing to mortality (Fig. S1). Illegally 
killed (IK) individuals were combined with the Stop No Malfunction fate 
class under ‘known or probable illegal killings’ (e.g., Whitfield and 
Fielding, 2017), whereas the natural and unknown classifications were 
pooled as ‘known or probable natural deaths’. We strongly suspect that 
most individuals with unknown fates died naturally. For example, re-
mains and/or tags were recovered for 9 of 32 Hen Harriers in this fate 
class. The fact that these individuals were available for recovery is cir-
cumstantial evidence for natural causes of death, as attempts are often 
made to conceal acts of illegal killing. Furthermore, there was no evi-
dence from tag engineering data or circumstances surrounding the 
disappearance of the remaining unrecovered harriers indicating death 
due to anything other than natural causes. We estimated mortality rates 
due to illegal killing and natural causes for two different age classes 
(first-years and subadults) of male and female Hen Harriers by deriving 
cause-specific cumulative incidence functions (Table S1, Murray and 
Bastille-Rousseau, 2020) using the survival package (Therneau, 2022) in 
R (R Core Team, 2022). Mortality rates were not calculated for adults (>
2 years) due to the small number of individuals contributing to these age 
classes.  

(3) What are the seasonal patterns of survival, and how do these 
differ between natural causes and illegal killing? 

Seasonal patterns of mortality were examined using the cyclomort 
package in R (Gurarie et al., 2020), which fits a flexible parametric 
periodic hazard function to identify multi-modal mortality peaks from 
continuous time survival data (Table S1). We tested whether birds dying 
of natural causes and those illegally killed differed in the seasonal timing 
or number of mortality peaks. We first examined seasonal timing using 
the entire cohort of tracked harriers and fitted models that assumed 
different numbers of seasonal peaks (0–4), which were compared using 
Akaike’s Information Criteria (AIC, Burnham and Anderson, 2002). This 
analysis revealed that a three-peak model was optimal. We then tested 
for differences in the timing of mortality of harriers dying of the two 
causes by contrasting the fit of models specifying either common or 
cause-specific three-peak periodic hazard functions using a Likelihood 
Ratio (LR) test. We also examined whether the two causes differed in the 
number of seasonal mortality peaks by fitting models with different 
numbers of seasonal peaks to the two groups separately and compared 
these using AIC. 
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(4) Is weekly survival associated with use of grouse moors, and does 
this relationship vary between birds that died of natural causes or 
that were killed illegally? 

Associations between weekly mortality and use of grouse moor 
habitats were investigated using competing-risks Cox proportional 
hazards models implemented in the survival package in R (Table S1, 
Murray and Bastille-Rousseau, 2020). This approach is appropriate 
when deaths have been attributed to multiple causes and insights are 
desired on cause-specific influence of covariates (Murray and Bastille- 
Rousseau, 2020). 

Prior to analysis, we processed the satellite-tracking dataset using the 
approaches set out in Supplementary Materials 3. We configured the 
input data by first recording information on survival during each week 
of life. As previously, birds entered the dataset at time of tagging, and we 
structured the dataset using a recurrent annual timescale (Fieberg and 
DelGiudice, 2009). We accommodated the competing causes of death 
using the data augmentation method of Lunn and McNeil (1995), which 
replicates data sets by the number of risk factors (i.e., two in our case to 
reflect natural causes of death and illegal killing). These replicates were 
indexed in the dataset by a risk type dummy variable, which we fitted in 
the competing-risks Cox proportional hazards models as a stratification 
factor (method B, Lunn and McNeil, 1995). Individuals were censored in 
one of the data replicates depending on which cause of death applied 
(Lunn and McNeil, 1995; Murray and Bastille-Rousseau, 2020). 

Following Murgatroyd et al. (2019), we quantified use of grouse 
moor during each week by calculating the percentage of satellite fixes 
that overlapped 1 km squares classified as burned. This measure of 
grouse moor use was then included as a covariate in proportional hazards 
models to test whether it explained variation in weekly mortality risk. 
We also included an interaction term between grouse moor use and risk 
type to evaluate differences in this relationship between natural causes 
and illegal killing. Other covariates were age (two-level factor: first-year 
or older birds), sex, tagging date (number of days since 1st June) and the 
two-way interaction terms between age*grouse moor use and sex*grouse 
moor use. 

We tested for violations of the Cox proportional hazards assumption 
using graphical checks and tests of the Schoenfeld residuals (Murray and 
Bastille-Rousseau, 2020). The age covariate did not conform to the 
proportional hazards assumption, so we stratified our models by age. We 
assessed the importance of individual covariates and their interaction 
terms using Type III Wald p-values derived with robust variances to 
account for repeated observations of weekly survival from individual 
harriers. Fully-specified models were simplified by iteratively removing 
non-significant interaction terms and then main effects.  

(5) What are the spatial patterns of survival, and do associations with 
grouse moors vary between birds that died of natural causes or 
that were killed illegally? 

We derived a spatial measure of mortality as the number of fixes from 
the final week of life in 20 km UK National Grid squares as a proportion 
of the total number of fixes recorded in a square across the tracking 
period, following Murgatroyd et al. (2019). We calculated this metric 
separately in each square for males and females, first-year and older 
birds, and birds dying of natural causes or illegal killing, resulting in 
replicated measures for 20 km squares. This measure of mortality was 
specified as the response variable in statistical models as a two-column 
matrix comprising the count of final week fixes and the count of non- 
final week fixes per square. We also derived a spatial index of grouse 
management for each 20 km square as the proportion of 1 km squares 
with strip burning. 

Associations between the distribution of harrier final fixes and 
covariates were analysed using beta-binomial generalized linear models 
(GLMs, Table S1). We did not continue with initial attempts to use mixed 
models (GLMMs) to accommodate repeated observations from 

individual 20 km squares, as the square ID random intercept accounted 
for negligible variance. Alongside the grouse management covariate, we 
specified three other main categorical variables, namely fate class (nat-
ural causes vs. illegal killing), age (first-year or older birds) and sex. We 
also tested interactions between these and the grouse management co-
variate. We assessed the influence of covariates and their interaction 
terms using p-values derived from Type III Likelihood Ratio (LR) Tests 
and simplified the model using backwards stepwise deletion of non- 
significant terms. Beta-binomial GLMs were fitted using the glmmTMB 
package (Brooks et al., 2017), and LR tests implemented using the monet 
package (Singmann, 2022) in R. 

3. Results  

(1) What is the survival probability of Hen Harriers, and how does 
this differ between sexes and age classes? 

The median lifespan of harriers after tagging was 121 days (range =
2–2171 days). Kaplan-Meier survival analysis suggested that annual 
first-year (0–1 years) survival rates were 14 % for males and 30 % for 
females (Fig. 2, Table 1). These increased to 56 % and 58 % for male and 
female subadults (1–2 years), and adult female annual survival (> 2 
years) was 80 %. Too few males (n = 1) survived past two years of age by 
the end of the study to allow an estimate of adult male survival.  

(2) What is the relative contribution of natural causes and illegal 
killing to mortality, and how does this differ between sexes and 
age classes? 

Mortality due to illegal killing increased or remained consistent over 
the first two years of life (Fig. 3; males: first-years = 22.9 %, subadults =
33.3 %; females: first-years = 31.0 %, subadults = 31.6 %) but natural 
mortality declined (males: first-years = 62.5 %, subadults = 11.1 %; 
females: first-years = 40.4 %, subadults = 10.5 %). The percentage of 
overall annual mortality attributable to illegal killing was: first-year 
males (27 %), first-year females (43 %), subadult males (75 %) and 
subadult females (75 %). In the absence of illegal killing (and assuming 
causes of death act additively), annual survival rates would be 38 % and 
60 % for first-year males and females, and 89 % and 90 % for subadult 
males females respectively.  

(3) What are the seasonal patterns of survival, and how do these 
differ between natural causes and illegal killing? 

Seasonal timing of mortality differed between natural causes and 
illegal killing, (LR test: χ2 = 24.71, df = 9, p = 0.003), as did the number 
of mortality peaks, with three peaks for harriers dying naturally and 
either zero or two (models separated by only 0.03 AIC points) for birds 
killed illegally (Table S2). For natural deaths, a brief peak of mortality 
occurred in early August, followed by another at the end of October and 
then a prolonged period of high mortality through the winter months 
(Fig. 4). For birds killed illegally, models could not distinguish whether 
mortality was consistent throughout the year or there was a longer peak 
centred on mid-October, followed by a briefer peak in early of April 
(Fig. 4).  

(4) Is weekly survival associated with the use of grouse moors, and 
does this relationship vary between birds that died of natural 
causes or that were killed illegally? 

Associations between mortality risk and use of grouse moor habitats 
varied significantly between causes of death (Fig. 5, Table 2a). The risk 
of illegal killing increased with greater use of grouse moors (hazard 
ratio = 5.30, 95 % CI: 2.69–10.50), with every 10 % increase in grouse 
moor use accompanied by a 43 % rise in mortality risk. In contrast, 
natural mortality decreased with increasing grouse moor use (hazard 
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ratio = 0.32, 95 % CI: 0.13–0.82), declining by 7 % with each 10 % rise 
in use. Mortality risk was also higher for birds tagged later in the 
breeding season and differed significantly between years (Table 2a).  

(5) What are the spatial patterns of survival, and do associations with 
grouse moors vary between birds that died of natural causes or 
that were killed illegally? 

The proportion of final-week fixes of birds killed illegally increased 
with the proportion of grouse moor in the landscape (Table 2b, Fig. S2a 
& b). Males were almost six times and females three times more likely to 
be illegally killed in 20 km squares where grouse moors were a dominant 
(≥50 %) land use compared to squares not managed for grouse (females: 
emm0 = 0.018, 95 % CI: 0.012–0.025; emm0.5 = 0.055, 95 % CI: 
0.032–0.092; males: emm0 = 0.007, 95 % CI: 0.004–0.012; emm0.5 =

0.039, 95 % CI: 0.020–0.075). Areas with high levels of illegal killing 
included the Pennines in northern England, and in and around the 
Cairngorms National Park in northeast Scotland (Figs. 6, S3a & b). The 
proportion of final-week fixes of birds dying naturally was not related to 
the proportion of grouse moor in the landscape in either sex (Fig. S2a & 
b). Significant differences in the relationship between grouse moor 
management and harriers dying naturally and illegally were only found 
in males (males: est. = 5.30, s.e. = 1.28 p < 0.001; females: est. = 1.81, s. 
e. = 1.04, p = 0.300). 

4. Discussion 

4.1. Hen Harrier survival estimates and potential impacts of tags 

Annual survival of first-year Hen Harriers reported by this study was 
14 % for males and 30 % for females, which is consistent with the 17 % 
of individuals that survived their first year in a smaller cohort of 
satellite-tracked Hen Harriers tagged in northern England and southern 
Scotland (Murgatroyd et al., 2019). Picozzi (1984) and Rothery (1985) 
estimated age-dependent survival of Hen Harriers on the Orkney Isles, 
where there is no grouse moor management, but where individuals do 
migrate to the mainland outside the breeding season. They derived es-
timates of apparent survival between 0 and 2 years of 14 % and 29 % for 
males and females respectively. When first-year and subadult age classes 
are pooled in this study, comparable estimates of (true) survival between 
0 and 2 years were lower for both males and females (males = 8 %, 95 % 
CI: 3.3–17.9 %; females = 17 %, 95 % CI: 10–29 %). Survival increased 
with age, and our estimates for adult females was similar to or above 
those documented previously by studies on mainland Scotland (40 % 
and 78 %, Etheridge et al., 1997), but below that for the population on 
Orkney (90 %, Picozzi, 1984, Rothery, 1985). 

We selected the largest individuals in Hen Harrier broods for tracking 
to comply with licence conditions. A consequence of this preferential 
selection of larger individuals for tagging is that estimates of survival, 
particularly of juveniles, may not be fully representative of the wider 
population, which may be lower than estimated here. 

Tracking devices can sometimes detrimentally affect the survival of 
tagged organisms (Bodey et al., 2018). Post-mortem examinations of 
recovered harriers (n = 53; up to and including October 2022) provided 
little evidence for deleterious effects of tags on harriers in this study, 
with all either reporting no (n = 29) or only superficial impacts such as 
feather loss or damage (n = 8; remaining 16 birds were too decomposed 
to allow any assessment). We also found that male Hen Harriers had 
lower survival in their first year than females. Between-sex differences in 
survival are generally rare in raptors (Newton et al., 2016), so it is 
possible that the sex difference in mortality could indicate an adverse 
impact of tags primarily in males, the lighter sex (but see later). An 
ongoing programme of colour-ringing to estimate survival for untagged 
birds will be used to test for tag impacts on survival rates when sufficient 

Fig. 2. Kaplan-Meier survival functions for different age-classes and sexes of Hen Harrier in Britain. The figures in the legend represent the number of harriers that 
contributed to estimates of survival in each class. 

Table 1 
Estimates of annual survival for different sexes and age classes of Hen Harrier 
derived from Kaplan-Meier survival analysis based on an annual recurrent 
timescale from 1st June-31st May.  

Sex Age class Annual survival estimate 95 % CIs # harriers 

Female First-year  0.303 (0.218–0.423) 83 
Subadult  0.579 (0.395–0.850) 19 
Adult  0.800 (0.621–1.000) 7 

Male First-year  0.135 (0.074–0.249) 65 
Subdult  0.556 (0.310–0.997) 9  
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resighting data becomes available. If present, any adverse effects of tag 
deployment are most likely to present as an excess of natural mortality in 
first-year males. 

4.2. Role of illegal killing 

The most likely cause of low Hen Harrier survival is illegal killing. 
We have direct, incontrovertible evidence that several harriers tagged 
during this project were illegally killed. Post-mortem examinations 
confirmed that three individuals were victims of shooting with shotguns, 
one was snared in a spring trap, and one was poisoned with a banned 

pesticide, carbofuran. A further post-mortem examination indicated a 
Hen Harrier that died of natural causes contained shot gun pellets from a 
previous persecution attempt (RSPB, 2017). 

Powerful circumstantial evidence of widespread illegal killing also 
comes from the 43 harriers whose previously well-performing satellite 
tags suddenly stopped transmitting, with these birds never recovered, 
despite intensive searches. Beyond illegal killing, there are few other 
plausible explanations to account for such a large cohort of tracked in-
dividuals disappearing. A few disappearances could be attributable to 
incidents where a transmitter suffered catastrophic damage or where a 
naturally predated harrier was taken to an underground burrow, thus 
obscuring the tag from the view of satellites, but we have no evidence of 
this from our cohort of tracked birds. Signal transmission from grounded 
Argos tags can be compromised when a tagged bird dies on its back, but 
this would probably have been a rare occurrence as many tags continue 
to transmit at a lower rate in this position (Gordon, 2020). Tag failure is 
also unlikely to underpin the abrupt cessation of these tags. Whitfield 
and Fielding (2017) documented that failure rates of satellite tags fitted 
to Golden and Bald Eagles in America, Norway and Scotland were 
around 2 % (Whitfield and Fielding, 2017), close to the 3 % of tagged 
individuals in our Tag Failure fate class. Higher failure rates have been 
recorded in other studies (e.g. Klaassen et al., 2014; Sergio et al., 2019b), 
but this tends to occur in non-persecuted species where long de-
ployments bring tags close to or over their expected operating lifespans. 
For tag failure to account for many of the Stop No Malfunction classi-
fications, there would need to have been a failure rate of 32 %, much 
greater than previously documented and highly implausible. Further-
more, sensitivity analysis suggested that key results documented by this 
study were robust to high levels of tag failure misspecification (Sup-
plementary Materials 4). Illegal killing, and disabling of satellite tags to 
evade detection, remains the most plausible explanation to account for 
the loss of so many Hen Harriers. 

The distribution of final satellite tracking locations of Hen Harriers 
known or likely to have been illegally killed corresponded closely with 
areas managed for grouse shooting. Our results showed that weekly 

Fig. 3. Cumulative incidence functions for different 
age classes (first-year and subadult) of male and fe-
male Hen Harriers in Britain showing the probability 
of birds dying separately from natural causes and 
illegal killing. No incidence functions were calculated 
for adult males or females due to the small number of 
individuals surviving past two years of age. Figures at 
the top-left of each plot indicate the number of har-
riers at risk in each of the sex and age classes. The 
numbers of birds dying of natural causes (N) and 
illegal killing (IK) in each sex and age class were: first- 
year females: N = 28, IK = 24; first-year males: N =
37, IK = 14; subadult females: N = 2, IK = 6, subadult 
males: N = 1, IK = 3).   

Fig. 4. Predicted seasonal peaks in mortality risk (plus 95 % confidence in-
tervals) calculated from periodic hazard models for subsets of birds dying due 
to natural causes and illegal killing. Marginal histograms also denote the 
numbers of birds dying in each time period. Grey shaded area marks the grouse 
shooting season. 
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mortality rates of illegally killed Hen Harriers, but not those dying of 
natural causes, increased with greater use of grouse moors. There was 
also a strong spatial correspondence between the distribution of final- 
week fixes of illegally killed harriers and the prevalence of areas 
managed for grouse shooting in 20 km squares. The most parsimonious 
explanation for this is that satellite-tagged Hen Harriers were killed on 
grouse moors. Together with Murgatroyd et al. (2019), our findings 
suggest that illegal killing on grouse moors continues to severely reduce 
the survival of Hen Harriers across the British uplands, more than 25 
years after these impacts were first quantified by Etheridge et al. (1997) 
and almost 70 years since this species was first afforded legal protection 
under the Protection of Birds Act, 1954. 

Mortality due to illegal killing was apparently higher in first-year 
female harriers than males. Different sex-specific behaviors may 
render females more vulnerable to illegal killing. Whereas male harriers 
typically move to coastal and lowland areas during winter, females tend 
to remain in upland areas, including on grouse moors where they may be 
exposed to illegal persecution for a greater proportion of the annual 
cycle than males (Etheridge and Summers, 2006). During the breeding 
season, females spend more time at the nest site than males, which likely 
makes them more susceptible to illegal killing where nesting birds are 
targeted (Newton et al., 2016). 

Murgatroyd et al. (2019) identified that the intensity of illegal killing 
of Hen Harriers in northern England was higher in protected areas with 
more grouse moors compared to those with little grouse moor. We 
examined the relative magnitude of illegal killing within the protected 
area network by superimposing protected area boundaries on top of 
spatial maps of the proportion of final-week fixes in 20 km squares 
(Fig. S3a & S3b). This showed hotspots of harrier mortality due to illegal 

killing within the same areas highlighted by Murgatroyd et al. (2019) 
(Fig. S3a). Our data collected over a wider geographic area also enabled 
us to identify additional mortality hotspots, most notably in the central 
and eastern Highlands of Scotland, centred on the Cairngorms National 
Park (Fig. S3b). Whitfield and Fielding (2017) found clusters of mor-
tality in similar areas of the central and eastern Highlands for satellite- 
tagged Golden Eagles known or suspected to have been killed illegally. 

Seasonal patterns of mortality also lend support to illegal killing of 
Hen Harriers being associated with grouse moor management. Models 
identified two equally plausible seasonal patterns of harrier mortality 
due to illegal killing. The first distinguished no seasonal peaks, whereas 
the second identified two mortality peaks. The first protracted peak 
coincided with the grouse moor shooting season from August to 
November, when first-year birds are dispersing from their natal sites 
(Etheridge and Summers, 2006) and may travel into areas of increased 
risk. This is also the point in the year when harriers are targeted at 
communal winter roosts (RSPB, 2019). The shorter mortality peak 
identified in March/April coincides with territory establishment and 
may reflect illegal killing to prevent breeding attempts being initiated on 
grouse moors. 

4.3. Role of natural sources of mortality 

Among first-year birds, males were apparently more susceptible than 
females to natural mortality, thus contributing to the lower survival of 
tagged males. Although tagging effects are a possible explanation, other 
studies have documented lower survival rates of male than female 
harriers (Picozzi, 1984; Rothery, 1985; Whitfield and Fielding, 2009), so 
these patterns may be natural. For example, the fact that polygyny has 

Fig. 5. Predicted relationships between Hen Harrier survival (as measured by hazard ratios) and grouse moor use, showing contrasting risks of Hen Harriers dying 
due to natural causes and illegal killing with increasing use of grouse moor habitats. Dashed lines denote the 95 % confidence intervals of predictions. 
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been widely reported in Hen Harriers (Balfour and Cadbury, 1979; 
Picozzi, 1984) and related species (e.g., Simmons et al., 1986), more so 
than other raptors (Newton, 1979), is consistent with natural differences 
in survival between the sexes leading to biased sex ratios in the adult 
breeding population (Picozzi, 1984). Smaller males may be more sus-
ceptible to mortality during periods of food scarcity or adverse envi-
ronmental conditions as they are less able to compete with larger 
females and older males for high quality wintering ranges (e.g. Temeles, 
1986) or may experience elevated mortality during longer migratory 
journeys to wintering grounds (Etheridge and Summers, 2006). 

Temporal peaks in mortality due to natural causes of death differed 
from those attributable to illegal killing. We identified three seasonal 
peaks in natural mortality during August, October and January–March, 
which respectively correspond approximately to the post-fledging 
dependence period, the period of dispersal from the natal territory 
and settlement at wintering sites and the winter period (Jan-Mar), all 
points when juvenile birds may be particularly susceptible to predation, 
starvation or the impacts of inclement weather (McFadzen and Marzluff, 
1996; Sergio et al., 2019b). The timing of fledging was also an important 
determinant of subsequent survival, with late-fledged Hen Harriers 
surviving poorly relative to earlier-fledged counterparts. Similar pat-
terns have been reported for passerines (e.g., White et al., 2021), but 
such findings for raptors are rare. Early-hatched individuals may have 
more time to gain condition or improve hunting proficiency before in-
dependence due to longer periods of post-fledging parental care (e.g. 
Arroyo et al., 2002), or earlier departure from their natal territory may 
mean that they can locate, establish and monopolise high quality 
wintering territories (e.g. Akresh et al., 2021). 

Natural mortality declined with greater use of grouse moors. This 
may indicate a partially compensatory relationship between illegal 

killing and natural mortality, perhaps resulting from density-dependent 
mechanisms reducing natural mortality in areas with high rates of illegal 
killing (e.g., Murray et al., 2010). However, should this be the case, 
compensatory processes are unlikely to fully offset mortality due to 
illegal killing (Fig. 5). On grouse moors, legal killing of mammalian 
mesopredators such as Red Fox Vulpes vulpes is widespread as part of 
grouse management. These mammalian predators are potential preda-
tors of incubating females, and it is possible that harriers on grouse 
moors benefit from this control. Illegal killing of apex avian predators 
such as Golden Eagle and Goshawk Accipiter gentilis may also reduce 
levels of intraguild predation on harriers (Fielding et al., 2003). 
Furthermore, harrier hunting success can be higher on grouse moors 
compared to other land uses (Redpath et al., 2002). Thus, where harriers 
escape illegal killing, lower natural predation pressure and higher prey 
capture rates may positively impact survival (Fig. 6). 

5. Conclusions 

Survival of Hen Harriers in this study was abnormally low and 
mortality hazards due to illegal killing were higher for individuals using 
upland areas managed for grouse shooting. The magnitude of mortality 
due to illegal persecution, which accounted for between 27 and 75 % of 
annual mortality depending on age class and sex, has undoubtedly 
contributed to the decline of Hen Harriers in the UK (Wotton et al., 
2018) and the species’ ongoing absence from large areas of the uplands, 
particularly grouse moors (Fielding et al., 2011). Our results, together 
with those of previous studies of Hen Harriers (Etheridge et al., 1997; 
Whitfield et al., 2008b; Fielding et al., 2011; Murgatroyd et al., 2019) 
and other raptors (Whitfield et al., 2003, Whitfield et al., 2004a, Whit-
field et al., 2008a, Amar et al., 2012, Northeast Scotland Raptor Study 

Table 2 
Results from (a) competing-risks Cox proportional hazards models examining associations between use of grouse moor habitats and weekly mortality risk of tracked 
Hen Harriers and (b) beta-binomial GLMs exploring the spatial overlap in the distribution of the proportion of final-week fixes and intensity of grouse moor man-
agement in 20 km squares in Britain. For both analyses, we compare differences in the relationship with grouse moor between fate classes, age classes and sexes. 
Statistical significance was assessed based on p-values from Wald’s or likelihood ratio tests. Results from both fully specified (containing all fitted main effects and 
interaction terms) and reduced (simplified via backwards deletion) models are presented.  

Model term (a) Competing-risks Cox proportional hazard model (b) Beta-binomial GLM 

Fully-specified model Reduced model Fully-specified model Reduced model 

est s.e. χ2 p est s.e. χ2 p est. s.e. χ2 p est s.e. χ2 p 

Main effects 
Intercept na1    na1    − 3.80 0.17 487.92 <0.001 − 3.72 0.16 487.91 <0.001 
Grouse moor − 0.97 0.61 2.55 0.111 − 1.13 0.48 5.60 0.018 3.50 0.61 27.27 <0.001 2.93 0.55 22.84 <0.001 
Fate class [N] na2    na2    − 0.18 0.24 0.59 0.442 − 0.28 0.23 1.53 0.215 
Sex [M] 0.43 0.22 3.83 0.050 – – – – − 0.99 0.30 12.41 <0.001 − 0.99 0.28 14.12 <0.001 
Age class [Ad] na2    na2    − 0.55 0.34 2.77 0.096 − 0.93 0.25 16.13 <0.001 
Year – – 16.30 0.023 – – 16.61 0.020 na3    na3    

Tagging date 0.36 0.08 19.47 <0.001 0.34 0.08 17.79 <0.001 na3    na3     

Interaction terms 
Grouse moor:fate 

class 3.00 0.67 20.00 <0.001 2.80 0.58 23.27 <0.001 − 2.45 1.09 5.50 0.019 − 1.83 1.04 3.36 0.067 
Grouse moor:sex − 0.31 0.94 0.11 0.744 – – – – 1.21 0.95 1.61 0.204 1.50 0.92 2.64 0.104 
Grouse moor:age 

class na2    na2    − 2.44 1.25 4.34 0.037 – – – – 
Fate class:sex na2    na2    1.60 0.38 18.73 <0.001 1.63 0.37 21.10 <0.001 
Fate class:age class na2    na2    − 2.05 0.91 6.92 0.008 − 1.13 0.53 5.38 0.020 
Grouse moor:fate 

class:sex − 0.81 0.99 0.66 0.417 – – – – − 3.35 1.67 4.11 0.043 − 3.56 1.64 4.75 0.029 
Grouse moor: fate 

class: 
age class na2    na2    3.35 2.66 1.34 0.246 – – – – 

Fate class:age 
class:sex na2    na2    – – 1.01 0.604 – – – –  

1 Intercepts are incorporated into the baseline hazard and are not reported by Cox proportional hazard models. 
2 These covariates did not conform to the proportional hazards assumption and were either used as stratification variables (main effects) or excluded from the model 

(interactions). 
3 These covariates could not be incorporated in this model due to its specification. 
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Group, 2015, Whitfield and Fielding, 2017, Melling et al., 2018), 
demonstrate the deeply ingrained and widespread illegal killing of 
raptors across UK grouse moors (Newton, 2021). 

Little sustained action has been taken by consecutive devolved and 
national governments to address the issue of illegal raptor killing. For a 
long time, those committing these wildlife crimes have been able to do 
so largely with impunity, with low detection and conviction rates and 
inadequate penalties from the courts (RSPB, 2021). The Scottish Gov-
ernment has published a new Wildlife Management and Muirburn Bill 
(Scottish Government, 2023), which outlines plans to introduce a 
licensing scheme for grouse moors, with individual licences potentially 
revoked where criminal activity is detected. In England, the DEFRA-led 
Hen Harrier Action Plan outlines three (of six) actions – diversionary 
feeding, a southern reintroduction, and trialling a brood management 
scheme – designed to reduce conflict between harriers and grouse 
shooting interests (DEFRA, 2016). As satellite tagging is the main 
method that provides insights into the magnitude of illegal killing, 
continued investment in tracking will be crucial to monitor the success 
of these contrasting approaches in resolving the longstanding conflict 
between Hen Harriers and grouse moor management in Britain. 
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